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We study the following class of scalar hyperbolic conservation laws
with discontinuous fluxes:

3p + aFx, p)=0. (0.1)

The main feature of such a conservation law is the discontinuity
of the flux function in the space variable x. Kruzkov’'s approach for
the L!-contraction does not apply since it requires the Lipschitz
continuity of the flux function in x; an additional jump wave may
occur in the solution besides the classical waves; and entropy
solutions even for the Riemann problem are not unique under the
classical entropy conditions. On the other hand, it is known that, in
statistical mechanics, some microscopic interacting particle systems
with discontinuous speed-parameter A(x) in the hydrodynamic
limit formally lead to scalar hyperbolic conservation laws with
discontinuous fluxes of the form

3P + 0x(L(0h(p)) =0. (0.2)

The natural question arises which entropy solution the hydrody-
namic limit selects, thereby leading to a suitable, physical relevant
notion of entropy solutions of this class of conservation laws. This
paper is a first step and provides an answer to this question
for a family of discontinuous flux functions. In particular, we
identify the entropy condition for (0.1) and proceed to show
the well-posedness by combining our existence result with a
uniqueness result of Audusse and Perthame (2005) for the family
of flux functions; we establish a compactness framework for the
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hydrodynamic limit of large particle systems and the convergence
of other approximate solutions to (0.1), which is based on the
notion and reduction of measure-valued entropy solutions; and
we finally establish the hydrodynamic limit for a ZRP with
discontinuous speed-parameter governed by an L* entropy solu-
tion to (0.2).

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

We are concerned with the following class of scalar hyperbolic conservation laws with discontinu-
ous fluxes:

3o + F(x, p(t,x) =0 (11)
and with initial data

Ple=0 = po(x), (1.2)

where F(x, p) is continuous at all points of (R\ A) x R except on a set A" C R of measure zero.

The main feature of (1.1) is the discontinuity of the flux function in the space variable x. This
feature causes new important difficulties in conservation laws. Kruzkov’s approach in [18] for the L!-
contraction does not apply; an additional jump wave may occur in the solution besides the classical
waves; and entropy solutions even for the Riemann problem of (1.1) are not unique under the classical
entropy conditions.

Several different entropy conditions have been suggested in the literature (see [1,2,4,5,10,15,17,21]
and the references therein). One type of entropy conditions involves a rule how the solution should
behave at the jump wave induced by the discontinuity in the flux, that is, the solution is required
to satisfy an additional condition on its traces at the discontinuous points of the flux function, for
which the existence of traces of the solution is needed. An alternative entropy condition in [2,4] is
an adapted entropy condition that uses steady-state solutions to replace the constant parameter in
the Kruzkov entropy inequality. This is quite an attractive notion since it does not require the traces
of the entropy solution, which allows the solution only in L. In this paper, we establish the well-
posedness in L for conservation laws with a certain class of flux functions (cf. conditions (H1)-(H2)
and (H3) or (H3’) in Section 2 below) by providing an existence proof to supplement the uniqueness
result in [2].

The entropy condition based on the traces of solutions at the jump waves has lead to the existence
and uniqueness of the solutions for a wider class of flux functions than those satisfying (H1)-(H2)
and (H3) or (H3') in Section 2. The Cauchy problem (even the Riemann problem) may lead to dif-
ferent solutions depending on which choice of the conditions on the traces of solutions is made (for
example, see [2]). If one restricts oneself to the flux functions satisfying (H1)-(H2) and (H3') in Sec-
tion 2 (in which F(x,-) in (1.1) is monotone) and to the entropy solutions in the class of functions
of bounded variation, the two notions of entropy conditions addressed above will lead to the same
solution. This is not the case for the flux functions satisfying (H1)-(H2) and (H3) in which F(x, ) is
non-monotone.

On the other hand, in statistical mechanics, some microscopic interacting particle systems with
discontinuous speed-parameter A(x) in the hydrodynamic limit formally lead to scalar hyperbolic con-
servation laws with discontinuous flux of the form

3P + dx(L(Oh(p)) =0 (13)
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and with initial data (1.2), where A(x) is continuous except on a set of measure zero and h(p) is Lips-
chitz continuous. Equation (1.3) is equivalent to the following 2 x 2 hyperbolic system of conservation
laws:

{am + 0x(rh(p)) =0, (1.4)
dr=0. '

In particular, when h(p) is not strictly monotone, system (1.4) is nonstrictly hyperbolic, one of the
main difficulties in conservation laws (cf. [7,9]). The natural question is which entropy solution the
hydrodynamic limit selects, thereby leading to a suitable, physical relevant notion of entropy solutions
of this class of conservation laws. This paper is a first step and provides an answer to this question
for a family of discontinuous flux functions via an interacting particle system, namely, the attractive
zero range process (ZRP). This ZRP leads to a conservation law of the form (1.3) with A(x) > 0 and
h(p) being monotone in p. Furthermore, its hydrodynamic limit naturally gives rise to an entropy
condition of the type described in [2,4].

Motivated by the hydrodynamic limit of the ZRP, in this paper we adopt the notion of entropy
solutions in the sense of Audusse and Perthame [2] for a class of conservation laws with discontinu-
ous flux functions, including the non-monotone case, and establish the existence of such an entropy
solution via the method of compensated compactness in Section 3. This completes the well-posedness
in L* by combining a uniqueness result established in [2] for this class of conservation laws under
their notion of entropy solutions.

In order to establish the hydrodynamic limit of large particle systems and the convergence of
other approximate solutions to (1.1) rigorously, we establish a compactness framework for (1.1)-(1.2)
in Section 2. This mathematical framework is based on the notion and reduction of measure-valued
entropy solutions developed in Section 2, which is also applied for another proof of the existence of
entropy solutions for the non-monotone case in Section 3.

In Section 4, we establish the hydrodynamic limit for a ZRP with discontinuous speed-parameter
A(x) governed by the unique entropy solution of the Cauchy problem (1.2)-(1.3).

2. Notion and reduction of measure-valued entropy solutions

In this section, we first develop the notion of measure-valued entropy solutions and establish their
reduction to entropy solutions in L* (provided that they exist) of the Cauchy problem (1.1)-(1.2)
satisfying that

(H1) F(x, p) is continuous at all points of (R \ N) x R with N a closed set of measure zero;

(H2) 3 continuous functions f, g such that, for any x € R and large p, f(p) < |F(x, p)| < g(p) with
f(p) 20 and f(Fo0) = o0;

(H3) there exist a function p;,;(x) from R to R and a constant Mg such that, for x e R\ N, F(x, p) is
a locally Lipschitz, one-to-one function from (—oo, pr] and [pm, 00) to [Mg, 0o) (or (—oo, Mg])
with F(x, pm(x)) = Mo and with common Lipschitz constant L; for all xe R\ A and all p €]
that is any bounded interval in R;

or

(H3') for x e R\ N, F(x,-) is a locally Lipschitz, one-to-one function from R to R with common
Lipschitz constant L; for all x€ R\ A and all p €I that is any bounded interval in R.

One example of the flux functions satisfying (H1)-(H2) and (H3) or (H3') is

F(x, p) = 2(x)h(p), (2.1)
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where A(x) is continuous in x € R with 0 < A1 < A(x) < A2 < oo for some constants A1 and Aj, except
on a closed set N of measure zero, and h(p) is locally Lipschitz and is either monotone or convex (or
concave) with h(ppm) =0 for some pp, in which case My = 0.

It is easy to check that, if the flux function F(x, p) satisfies (H1)-(H3), then, for any constant
a € [Mo, 00) (or o € (—o0, Mg]), there are two steady-state solutions m7 from R to [om(x), co) and
m, from R to (—oo, pn(x)] of (1.1) such that

F(x,m{(x)) = for ae. xeR. (2.2)

In the case (H1)-(H2) and (H3'), mJ (x) = my (x) which is even simpler.

2.1. Notion of measure-valued entropy solutions

First, the notion of entropy solutions in L* introduced in Audusse and Perthame [2] and Baiti and
Jenssen [4] can be further formulated into the following.

Definition 2.1 (Notion of entropy solutions in L°°). We say that an L*° function p : Ri =Ry xR—R

is an entropy solution of (1.1)-(1.2) provided that, for each « € [Myp, o0) (or a € (—oo, Mp]) and the
corresponding two steady-state solutions mﬁ(x) of (1.1),

/(|,o(t, X) — mf(x)|8f] + sign(p(t, x) —m(f(x))(F(x, p(t.x)) —o)dxJ) dtdx
+ [ o060 =m0 1.0 dx >0 23)

for any test function J:R2 > R.
It is easy to see that any entropy solution is a weak solution of (1.1)-(1.2) by choosing « such that
mE (x) > || pllLe and my (x) < —||pll, respectively, for a.e. x € R.

From the uniqueness argument in Audusse and Perthame [2] (also see [8]), one can deduce that,
for any L > 0,

tlin(l) / |o(t, x) — po(x)|dx=0. (24)
IxI<L

Following the notion of entropy solutions, we introduce the corresponding notion of measure-
valued entropy solutions. We denote by P(RR) the set of probability measures on R.

Definition 2.2 (Notion of measure-valued entropy solutions). We say that a measurable map
7 :R2 - PR)

is a measure-valued entropy solution of (1.1)-(1.2) provided that (g x; k) = po(x) for a.e. x € R and,
for each o € [Mg, 00) (or a € (—o0, Mg]) and the corresponding two steady-state solutions mai((x)
of (1.1),

/((nm; lk —mZ®)|)3 J + (e x: sign(k —mE ) (F(x, k) — o))y ] ) dxdt
+ [ oo = m 0] 7.0 dx >0 (25)

for any test function J:R? > Ry.
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If a measure-valued entropy solution ¢ x(k) is a Dirac mass with the associated profile p(t, x), i.e.
e x (k) = 8p(t.x) (k), then p(t,x) is an entropy solution of (1.1)-(1.2), which is unique as shown in [2].

Note that, when the flux function F(x, p) is locally Lipschitz in p and globally Lipschitz in x,
one can use the Kruzkov entropy inequality, instead of (2.5), to formulate the following notion of
measure-valued solutions:

(ex; Ik = cl) + Ox{me.x; sign(k — ©) (F(x, k) — F(x,0))) + (7¢.x: sign(k — ©)axF (x,c)) <0 (2.6)

in the sense of distributions and to establish their reduction as in DiPerna [14]. One of the new
features in our formulation (2.5) in Definition 2.2 is that the constant c¢ in (2.6) is replaced by the
steady-state solutions m(f(x) such that the additional third term in (2.6) vanishes, as in [2,4], and
thereby allows the discontinuity of the flux functions on a closed set of measure zero for measure-
valued entropy solutions.

2.2. Reduction of measure-valued entropy solutions

In this section we first establish the reduction of measure-valued entropy solutions of (1.1)-(1.2)
and prove that any measure-valued entropy solution 7t; x(k) in the sense of Definition 2.2 is the Dirac
solution such that the associated profile p(t, x) is an entropy solution in the sense of Definition 2.1.
That is, our goal is to establish that, when g x(k) = 8, x) (k).

Tt x (k) = Sp(t.x) (K, (2.7)

where p : Ri — R is the unique entropy solution determined by (2.3). The reduction proof is achieved

by two theorems. We start with the following theorem which yields the L'-contraction between the
measure-valued entropy solution 7 x and the unique entropy solution p(t, x) of (1.1)-(1.2).

Theorem 2.1 (L!-contraction). Assume that there exists a measure-valued entropy solution 7 : Ri — P(R)
of (1.1) in the sense of Definition 2.2 with t; x having a fixed compact support for a.e. (t, x). Assume that there
exists a function p : Ri — R with initial data pg € L>°(R) and 1o x(k) = 8py(x) (k) for a.e. x € R satisfying
the following inequality:

[ (e

for any test function J : ]R%r > R.. Then the function [ (1t x; [k — p(t, X)|) dx is non-increasing in t > 0, which
implies 1 x (k) = 8p,x) (k) when 7wq x(k) = 8p,x) (k) for a.e. x € R. Furthermore, o is the unique entropy
solution of (1.1)-(1.2) in the sense of Definition 2.1.

k— p(t,x)|)oc ] + (e sign(k — p(t, ) (F(x, k) — F(x, p(t, x))))oxJ) dxdt >0 (2.8)

Proof. In expression (2.8), we choose the test function as the product test function J;(t)H(x), with
Jj(t) converging to the indicator function Ly, ¢,1(t) as j — oo for tp > t; > 0. Then (2.8) is equivalent
to

/H(x)(mhx(k); [k — p(t1,%)|)dx — / Hx) (7w, x(k); |k — p(t2, x)|)dx
ty
+ff H' (x)(7r¢ x (k); sign(k — p(t, %)) (F(x, k) — F(x, p(t, x))))dxdt > 0. (2.9)
t
In (2.9), we choose

H = e 7V IHHE (%) y,N>0,
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for x € C3°(—2,2) with x(x) =1 when x € [-1,1] and x(x) > 0. Letting N — oo first and y — 0
then yields that, for any t, > t; >0,

/(ﬂtz,XJ

In particular, when t; =t > 0, t1 — 0, then g x(k) = §,x) (k) implies

k—p(tz,x)|)dx—/(ml,x; k— p(ty,%)])dx <0.

/(m,x; [k — p(t.x)|)dx <0

so that ¢ x(k) = (t,x) (k) for any t > 0.

Plugging this into inequality (2.5), we obtain inequality (2.3). Thus, p(t, x) is an entropy solution
which is unique by [2]. O

It thus remains to prove inequality (2.8).
Theorem 2.2. Assume that p : Rf_ > R is the unique entropy solution of (1.1)—(1.2) with initial data pg €
L (R). Assume that there exists a measure-valued entropy solution m : ]R%r — P(R) of (1.1) in the sense of
Definition 2.2 with ¢ x having a fixed compact support for a.e. (t,x) and mo x(k) = 8p,x) (k) for a.e. x € R.

Then inequality (2.8) holds for any test function J : Ri — R,

Proof. The proof is divided into nine steps.

Step 1. We first notice the following:

e Under assumption (H3’), F(x, p) is continuous in x a.e. Then we can define a function p(s, y, X)
for a.e. (s, y,x) € Ry x R? such that, for fixed (s, y),

F(x, p(s,y.%) == F(X.MEy, p(s.) ®)) = F(y. (5, y)), (210)
where the last equality follows from (2.2). Thus, we define
p(s,y,X) =g,y (x) with B(s,y) :=F(y, p(s, ¥)).

In the same way, we can define a function m(x, c, y) for any constant c € R and for a.e. (x, y) € R?
such that, for fixed x,

F(y.m(x,c,y)) :=F(y,mpxo)(y)) = F(x,0). (2.11)
Thus, we define
mx, ¢, y) =myx,e)(y) with y(x,¢) = F(x,0).

e For the case (H3), we define o (s, y, x) such that the sign of the difference between p(s, y, x) and
Pm(y) is the same as the sign of the difference between the corresponding solution and o (y),
that is,

sign(p(s, ) — pm(¥)) = sign(p(s, y, x) — pm(¥)). (2.12)
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It can be achieved by defining

PG,y %) i=mh (X)sign (p(s, ¥) — pn(Y)) +mpg (0 sign_(p(s,y) — pm(¥)),  (213)

since Py (y) is the minimum (or maximum) point of the flux function with F(y, pm(y)) = Mo.
Similarly, we define

mx, ¢, y) :=my ., o (y)signy (c — pm (X)) +m (V) sign_(c — pm (). (214)
Then we have as in (2.10) and (2.11),
F(x.p(s.y.%) =F(y.p(s.y)) = B(s. ¥)
and
F(y.mx,¢,y)) = Fx,0) =y (0.

With these notations, we can rewrite inequality (2.5) as follows:
(7 [k = B(s, ¥, %)|) + Ox(7me x: sign(k — 5(s, ¥, %)) (F(x, k) — F(y, p(s, ¥)))) <O (215)
in the sense of distributions, and inequality (2.3) can be rewritten as
ds|p(s, y) —mx, k, y)| + dy (sign(p(s, y) —m(x. k, ) (F(y. p(s. y)) — F(x.k))) <0
for any k € R, which implies

(e [P (s, y) — M, k, y)|) + dy (e x: sign(p(s, y) — . k, ) (F(y. p(s, ¥)) — F(x,k))) <0 (2.16)

in the sense of distributions.

Step 2. We next perform an integration by parts against a test function of the form

t+s x+y
27 2

Jr,w(tafoJ/):]( )Hr(t—s)Hw(x—y)>0. (217)

Here J e Cg° (]Ri) and the two families of functions H;, H, € C°(R) are defined as
_ 1-/z 1 z
Hr(z):—H(—> and Hw(z):—H<—) for T,w > 0,
T T o \w

for a positive, compactly supported function H € Cg°(R) and a positive function He C3°(R) with
compact support in (—1,1) such that [y H(z)dz= [ H(z)dz=1.

We first choose the test function in (2.15) as defined above for fixed (s, y) and then integrate the
resulting inequality with respect to (s, y) to obtain

/<7Tt,x;

+ /(m,x; sign(k — p(s, y, %) (F(x, k) — B(s, ¥)))dxJr,0(t, X, 5, y) dtdxdsdy

k—p(s,y,0[)0 Jr0( x5, y)dtdxdsdy

+ /\po(X) — (5, Y. 0| J,0(0,x,5, y)dxdsdy > 0. (218)
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Furthermore, after integration, it follows from (2.16) that

/(ﬂt,x:

+ /(m,x; sign(p(s, y) — i, k, ) (F(y, p(s, ¥)) — ¥ (%, K)))3y Jr.0(t, X, 5, y) dt dxdsdy

p(s,y) —mx,k, ¥)|)ds Jz.w(t, x, s, y) dt dxdsdy

+ /(m,x; |oo(y) —m(x.k, )|)Jr.(t.x.0, y)dtdxdy > 0. (219)

We next add (2.18) and (2.19) together to obtain the following inequality:
T1+Ty+T3+T4+T5+Tg >0, (2.20)

where

1
Ty = 5 /(”t x5

1 -
+5 / (e sign(k — 3G5, y,0) (Fx, k) — B, )

t+s X+y

k—pGs,y, x)|)8t]< )I:Ir(t—s)Hw(x—y)dtdxdsdy

t —
x ij( +S x+y)H,(t — $)H,(x — y) dt dxdsdy,

2
T — 1 .
2= 5 f(”t,xv

1 5
+5 /(ﬂt,x§ sign(p(s, y) —mx. k. y))(F(y. p(s. y)) — ¥ (x.K)))

t+s x+y
27 2

p(s.y) —mx, k, y)|)osJ ( )Ht(t $)Ho(x — y) dtdxdsdy

t
X ay]< ts x;y)Hf(t —S)H,(x — y)dtdxdsdy,

T3:= f{m,x;

Ty:= /(m,x; (F(x.k) — F(y. p(s. y)))(sign(k — o (s, y. X)) +sign(p(s. y) — m(x. k. y))))

- t+s x4+
k—p(s,y.0| = |p(s.y) — m(xky)|)( 2

)H/r(t —S)Hy(x — y)dtdxdsdy,

" ]<t+s X+y

2 2
Ts:= /(ﬂt,x§

Ts _/|PO(X) 5.y, x)U(s ”)Ha $)Ho(x — y)dxdsdy.

)I:Ir(t —$)H,(x — y)dtdxdsdy,

- t -
Po(y) —m(x, k, y)‘)](i, HTy)HI(t)Hw(X — y)dtdxdy,

Step 3. We first show that T4 = 0. This requires to show that
sign(k — p(s, y,x)) = sign(m(x, k, y) — p(s, )). (2.21)
With this result, the integrand of T4 cancels for a.e. (t, x, s, y) € R? x R2, which yields that T4 = 0 for

every w, T > 0.
To prove (2.21), we apply (2.13) and (2.14). For ae. (t,x,s,y) € R2 x R%, we obtain

F(x,k) — F(x, p(s,y,%) = F(y.m(x, k, y)) — F(y. p(s, y)).
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Under (H3’), the result follows immediately, since F is monotone in the second variable.
Under (H3), we find from (2.12) that

sign(k — pm (%)) — sign(Mm(x, k, y) — pm (X))

=0=sign(p(s, y) — pm(¥)) — sign(p(s, ¥, %) — pm(¥))- (2.22)
We have two cases:

If sign(k — pm(x)) = sign(p(s, ¥) — pm(¥)), the problem is reduced to the monotone case since
F(x,-) is monotone on each interval [—o0, pr(X)] and [om (X), co];
If sign(k — pm(x)) # sign(p(s, ¥) — pm(¥)), the result follows immediately from (2.22).

In Steps 4-6, we will show that, in the limit as w — 0 first and T — 0 second, inequality (2.8)
follows from T + Ty + T3 + T5 + Tg > 0.

Step 4. We first show that

A(s.y.0 2 ps.y.y) =p(s.y) forae. (s.y) €RZ, (2.23)
and
mx, k, y) RN m(x,k,x) =k forae. xeR. (2.24)

For the case (H3’), since the flux function is continuous outside a negligible set N/, then, for

yeR\WN,
F(x, 5(s, ¥, ) =25 F(y. p(s, ¥, ).
On the other hand, we have F(y, o(s,y,y)) = F(x, p(s, ¥, X)). Therefore, we have
F(x, p(s,y.%) = F(x, 5(5, y, y)) == 0,

and (2.23) is a consequence of the fact that F(x, -) is a one-to-one function.
Similarly, for x € R\ \V, we have

F(y, k) =5 Fx, k),
while F(x, k) = F(y, m(x,k, y)). Therefore, we have
F(y.m(x.k,y)) — F(y.k) == 0,

and (2.24) is a consequence of the fact that F(y,-) is a one-to-one function.
For the case (H3), it is clear from the definition of 4(s, y,x) and m(x, k, y) in (2.13) and (2.14),
respectively.

Step 5. We show that, when w — 0 first and T — 0 second, T converges to

3 [ (s

k= p(t,%)])3 J (¢, %) + (e sign(k — p(t, ) (F(x, k) — F(x, p(t,x))))3x ] (t, X)) dtdx. (2.25)
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Observe that

‘/(ntx,
t+s x+y

/wmwk—p@yJMWJ< > )HJP—QHMX—yMHM$d4

/(/Ip(s Y.%) = p(s. ¥, Y|Ho(x — y) 8rJ<t+s x;y)

— 0 when w — 0, (2.26)

t+s xt+y
2

k—pG,y, x)|)8t]< )Hr(t—s)Hw(x—y)dtdxdsdy

dx)I:IT(t —s)dtdsdy

by the Dominated Convergence theorem and the fact that

t+S X+
a”( zy)

dx — 0,

/Ip(s ¥.0) = (s, y. )| Ho(x —y)

when w — 0 for a.e. (s,y) € ]Ri since pO(s, ¥, X) Lt p(s,y,y)=p(s,y) by Step 4. Furthermore,

a1(”+sx+y)—auam>

H:(t —s)Hy, (x — y)dtdxdsdy

/(m,x; k= p(s, ) 5

=0(w)+O(tr) — 0, (2.27)

when @w — 0 first and 7 — 0 second. Then, to find the limit of the first part of Ty, it suffices to
compute the limit of
/<7Tt,x§

Thus, it suffices to show that p(s, y) can be replaced by p(t, x) in (2.28), i.e.,, when w — 0 first and
T — 0 second,

k— p(s, )|)3 J (¢, X)He (¢ — S)He(x — y) dt dxdsdy. (2.28)

/Ip(t, X) = p(s, Y)|0 J(t, x)He (t — s)Hoy (x — y) dt dxdsdy
= f\p(t, X) — p(t + Tr,x+ wz)|0. J (t, ) H(—r)H(—2) dt dxdr dz — 0. (2.29)
This is guaranteed by the fact that

lim lim /|,0(t X)— p(t+1r,x+ wz)|dtdx =0,

T—>0w—0

and the Dominated Convergence theorem since all the functions involved are bounded. This implies
that, in (2.28), we can indeed replace p(s, y) by p(t, x).
On the other hand, hypothesis (H2) on F(x, p) implies
|sign(k — (s, y. %) (F(x. k) — B(s. y)) —sign(k — 5(s, y. ) (F(x.k) — F(x, 5(s. ¥, y)))|
= |sign(k — (s, ¥, X)) (F(x.k) — F(x, p(s, y. %)) — sign(k — p(s, y)) (F(x, k) — F(x, p(s, y)))]

<Clp(Gs, y. %) — p(s, ).
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Integrating the last expression with respect to x against the function Hw(x y) yields its convergence
to 0 by the same argument as above when w — 0. Since | € C°°(R ), as above, the limit of the
second part of T is the same as the limit of

f(qu; sign(k — p(s, ¥)) (F(x, k) — F(x, p(s, ¥))))3xJ (t, ) He (t — $)He (x — y) dt dxdsdy,

and it suffices to prove that, when w — 0 first and T — 0 second,

/(ﬂt,)d

x O J (t, X)Hy (t — S)Heo (x — y) dt dxdsdy — 0.

sign(k — p(s, y)) (F(x, k) — F(x, p(s, y))) — sign(k — p(t, %)) (F(x, k) — F(x, p(t.x)))|)

Using the Lipschitz property and fact (2.29), we achieve the result for the second part of T;.

Step 6. T, converges to (2.25) as well. This follows by the same argument as used already in Step 5
and observing that

‘/Wm;

t+s x+
_/<m,x;|p(s,y) k|)as]< -, Zy)H (t — )Hy (x — y)dt dxds dy

t+s x+y
27 2

p(s, y) —m(x, k, y)|)ds ] ( )I:Ir(t—s)Hw(x—y)dtdxdsdy

< f(m,x; e, k, y) — K|}

t+s x+y
i

- )'Flf(t—s)Hw(x—y)dtdxdsdy.

Again the right-hand side of the last expression converges to zero when w — 0. Using the same
argument as in Step 5, we achieve the result for T,.

Step 7. T3 converges to 0 when w — 0. Since

lim | [ (me.x;
w—0

< lim (e [k = m(x, k, y)|)Ho (x — y) dxdy + al)iglof(m,x; |0(s,y) — (s, ¥, %)||Ho(x — y) dxdy

a)4>

=0’

k—p(s. .0 —|p(s.y) —mx, k, y)|)He(x — y)dxdy‘

the result follows as in Steps 5 and 6.

Step 8. Tg converges to zero when T — 0 after w — 0. Note that

/HPO(X) p(s.y.%)| — |po(x) — p(s. y. y)H]( +y)Hr( $)Hy(x — y) dxdsdy

</|/3(s,y,><)—ﬁ(s,y,y)|]<0 %)HI( $)He(x — y) dxdsdy.

Again with (2.29), the right-hand side converges to zero when w — 0. We therefore next compute the
limit when @ — 0 first and T — 0 second of

/!po(x) PG, y>u( +y)Hf( $)Ho(x — y) dxdsdy.
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As before,

(})@O/Ip(s, X) = ps, y)l](%, HTy)Hr(_S)Hw(X — y)dxdsdy =0.

Therefore, the next goal is to compute the limit when 7 — 0 of
N ~ Tr -
/\po(X) - p(s, x)|]<5, X> Hy(—s)dxdsdy = /!po(X) —p(tr, x)l](? X>H(fr) dxdr.  (2.30)

Since all the functions are bounded and supp H C (—1, 1), by the Dominated Convergence theorem,
this converges to 0 when T — 0, and thereby (2.30) converges to 0.

Step 9. Ts converges to zero by the analogous argument as in Step 8 and using the fact that
mox(k) = 8po(x) ).

With Steps 3-9 and by (2.20), we complete the proof. O

3. Existence of entropy solutions

In this section, we establish the existence of entropy solutions (1.1)-(1.2) in the sense of Defini-
tion 2.1, as required for the reduction of measure-valued entropy solutions. More precisely, for each
fixed € > 0, p® denotes the unique Kruzkov solution of (1.1)-(1.2) in the sense (3.3), where the flux
function depends smoothly on the space variable x; then it is shown that the sequence p® converges
to an entropy solution of (1.1)—(1.2).

3.1. Existence of entropy solutions when F is smooth
Define F¢(x, p) the standard mollification of F(x, p) in x € R:

FE(x, p):= (F(-, p) x0°)(x) > F(x,p) ae.ase—0, (3.1)

with 0% (x) := 9(%), 6(x) >0, suppéf(x) c [—1,1], and f_11 0(x)dx = 1. For fixed € > 0, consider the
following Cauchy problem:

dp + 0xF8(x, p) =0,
3.2
{;0|t:0=,00(x)>0- (32)

Kruzkov's result in [18] indicates that there exists a unique solution p¢ of (3.2) satisfying the
Kruzkov entropy inequality:
3 |p°(t, x) — c| + x(sign(p® (t, x) — ) (F* (x, p°(t, X)) — F(x,0)))
+ sign(p®(t, x) — ¢)9F°(x,¢) <0 (3.3)
in the sense of distributions. Notice that, since F¢ is now smooth in the first variable, we can define

steady-state solutions mﬁ;i(x) for each x € R. In particular, the steady-state solutions mg’i(x) also
satisfy the Kruzkov entropy inequality (3.3):

3 |mE* () — c| + dx(sign(m&~ (0) — ¢) (F* (v, mE* (%) — FE(x, 0)))

+ sign(mé’i(x) —¢)3xF°(x,0) <0 (3.4)
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in the distributional sense. This can be also seen as follows: Since the level set {x € R: mgi(x) =c}
is discrete for a.e. ¢, o, and this level set coincides with the set {x € R: F®(x,c¢) = «}, it follows
from the Sard theorem that the set of critical values of the function S (mﬁ,‘i(x)) = sign(mé’i(x) —
) (F¢(x, mﬁ;i(x)) — Fé(x, ¢)) has measure zero, which implies (3.4).

We now prove that the entropy solution p¢ also satisfies (2.3).

Proposition 3.1. Let p® (t, x) be a solution of the Cauchy problem (3.2) satisfying the Kruzkov entropy inequal-
ity (3.3). Then p® (t, x) also satisfies the entropy inequality (2.3) with steady-state solutions m¥ = mﬁ;i(x).

Proof. We divide the proof into five steps.

Step 1. In (3.3), we choose the constant ¢ = mg‘i(y) for any o € [Mp, o0) (or o € (—o0, Mp]) for
fixed (s, y), and integrate against the test function (2.17) first in (t, x) and then in (s, y) to obtain the
following inequality:

/\Pg(fgx) —my* (V|0 Jr.w(t. X, 5, y)dtdxdsdy
+ / sign(p® (¢, x) — mEE () (FF (x, p° (6, %)) — FE (x, m5E (1)) 0 J .0 (L, X, 5, y) dt dxdsdy
- / sign(0° (£, %) — = (1) F° (x, my = (1) Jr.0(t, X, 5, y) dt dxdsdy
+/’P8(O’ X) —m&E ()] Jr,0(t, 0,5, y) dxdsdy > 0. (3.5)

On the other hand, the Kruzkov entropy inequality (3.3) is satisfied for any steady-state solution m{;’i,
for any c € R and o € [Mg, o0) (or a € (—o0, Mg]). For fixed (t, x), the steady-state solutions mﬁ;i(y)
as functions in y satisfy (3.4) with (s, y) replacing (t,x) and the constant ¢ = p(t, x). We integrate
against the test function J 4 first in (s, y) and then in (¢, x) to obtain the following inequality:

/!mi'i<y) — pE(t, 0| Jzw(t, %, 5, y)dt dxdsdy
+/Sig“(m3’i0’>—P5(ﬁ %) (F (y. m§E (1) — FE (. 0° (£, %)))dy Jr.0(t, X, 5, y) dt dxdsdy
- / sign(m*(y) — p° (€. %)) 3y F* (y. p°(t. X)) J.w(t. x. 5. y) dt dxdsdy
+ /\mf;’i(y) — PPt %)| Jz.0(t. .0, y)dtdxdy > 0. (3.6)

Adding (3.5) and (3.6) together, we then have
Ii+1;+13 >0,
where

t+s x+y
2 2

1 B}
=3 /Ips(t,X) —mg* ()| @) +851)( )Ht(t*S)Hw(X* y)dtdxdsdy

+ % / sign(p® (t, x) — m& =) (FE (x, p° (£, %) — F¥ (x, m§E (1))

t+s x+y
2 2

x (ax+ay)j< )I:It(t—s)Hw(x—y)dtdxdsdy,
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. e,+ & . et
I ._/\ma W -p (t,x)|]r,w(t,x, 0, J/)dtdxdy+/|p (0,x) —mg; (y)!]f,w(o,x,s,y)dxdsdy,

I3:= / sign(p® (t, x) —m&E (1)) (F (x, p° (£, %)) — FE (x, mE (1)) + FE (v, m5= () — F* (v, p° (£, %))

t —
% ](¥ X;y>HT(t—s)H;)(x—y)dtdxdsdy

- / sign(p® (t, x) — mEE () (0 FE (x, m5~(y)) — 3y FE (y, p°(£,%)))

XJ(H—S X+y

S )ﬁ,(t—s)Hw(x—y)dtdxdsdy.

In order to prove Proposition 3.1, we need to show that I1 4+ I, converges to the left-hand side of
the entropy inequality (2.3) and I3 — 0, when t — 0 after w — 0.

Step 2. We start with the following two useful identities:
al)iinO/ Ho(x — y)[m&~(y) — mE = (x)| dxdy = 0; (3.7)
and, for any continuous function G of mgi,
01)1510/ H,,(x — y)(x — )| G(m&=(y)) — G(mE* (%) |dxdy = 0. (3.8)

We first show that the steady-state solutions are continuous on R for each «a € [Mg, o0) (or « €
(=00, Mo]).
We start with o # My: Since the flux function is continuous in the first variable,

Fe(y,m5t (%) 225 Fe (x,m& T (x)).
On the other hand, Fé(y, m& ™ (y)) = F&(x,m5 ™ (x)). Therefore, we have
FE (v, m* (1) = FE (y.mg* (0) == 0,
and, as a consequence of the fact that F¢(y, -) is a one-to-one function on [pp(y), 00),
m&t(y) =5 mE* (x) for any x € R.
Similarly, we can show for each o # My that
ms = (y) Rind.N m 7~ (x) for any x € R.
If @ = Mg, then mi,‘,oi(x) = P& (%),
FE(y, p&(0) X255 F8(x, p5(0)) = Mo.

On the other hand, we have Fé(y, pf (y)) = My. Therefore

FE(y, p& () — F (v, pf (%)) 255 0,
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and, as a consequence of the fact that F¢ is a continuous function in the second variable, we obtain
pE(y) =5 pE(x) for any x € R.

With this, as in the proof of Theorem 2.2, we obtain (3.7).
Notice that, for any continuous function G of mg‘i, we have

f H,,(x — y)(x — y)|G(mE*(y)) — G(mE* ()| dxdy
= / H,,(—w2)(-w2)|G(m5* (x + 2)) — G(m* (x)) |wdxdz
= / ZH' (=2)|G(m&* (x + w2)) — G(m&*(x)) | dxdz
— 0 when w— 0,
since mﬁ;i is continuous and is in L®°. Thus, (3.8) follows.
Step 3. With (3.7) and
|p° (6, %) —mE= ()| = |p° (6, %) —myF )| < M=) —my* ()],

as in the proof of Theorem 2.2, we obtain that, when w — 0 first and T — 0 second, I; converges to
/ (Io° (€, %) —m&*(o[ae J £, %) + sign(p® (¢, ) —mG*(0)) (F* (x, p° (£, 0)) — &) J (¢, %)) de dx.

In the same way, we can replace mﬁ,‘i(y) by mggi(x) and p®(t, x) by p®(0,x) in I, when w — O first
and T — 0 second. Then both terms of I, converge to

1
5 / |07 (0, %) —m&=(y)| ] (0, x) dx.

Step 4. It remains to show that lim;_¢lim,_¢ I3 = 0. To avoid confusion, from now on, we denote
the derivative of F®(x,-) with respect to the first variable by F§(x, -).
Notice that

I3 = /(— sign(o® (¢, x) —me; = (1) (F* (v, p° (6, %) = F* (x, p° (£, %) = Fx (x. p°(£,00) (y =)

+sign(p® (t, x) — mEE () (FE (v, m5E () — FE(x, mEE () — FE (x, mE* (1) (v — )

t+s x+y
27 2

)I:I,(t — $)H,, (x — y)dtdxdsdy

+/sign(p8(t,x> —mi**(y))Fi(y,pe(r,x>)1(¥, X;y)t'if(t—s)Hw(x—y)dtdxdsdy

sign(p® (¢, X) — m&E (W) FE (x, p° (6, %)) (y — X)

x ](% X+y)FIT(t—s)H;)(x—y)dtdxdsdy
. t+s x+ -
- / sign(p® (¢, X) —mg;* () F (x, mfﬁ(y))](T, 2y )Hra—s)Hw(x—y)dtdxdsdy
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+ / sign(p® (¢, x) — m&E () FE (x, mE () (y — %)

t+
7

1%}

Xty

x ] )Hr(t—s)Hw(x—y)dtdxdsdy

= /(— sign(p® (£, x) —m&* () (FE(y. p° (£, %)) — F¥ (x, p° (. X)) — F5 (x, p° (£, %)) (¥ — %))

+ sign(p® (¢, x) — m&EW)) (FE (v, m5~(y)) — FE (x, m5=(y)) — FE(x, mE=(0) (y — )

t+s x+y
20 2

)Hf(t —S)H,,(x — y)dtdxdsdy

+ f sign(p® (¢, ) — m&E W) (FE (x, p° (6, %) — FE (x, mEE (1)) (Ho (x — y) + Hy (x — ) (x — )

t+s x+y
N\ 773

)I:I,(t —s)dtdxdsdy

+ [ sign(o €0 = mEEW) (F3 (0. 07 00) — F (€. )

t+s x+y
2 2

)I:Ir(t — $)Hy(x — y)dtdxdsdy.

The last term of this expression is of order O(w), since F¢ is at least C! in the first variable, all the
functions in the integrand are bounded, and the support of H is also bounded. Therefore, this term
converges to 0 when w — 0.

Step 5. It remains to show that the first and the second terms in the last expression vanish in the
limit. The first term is equal to

1
3 f sign(o® (6, x) — m& = (1) (FE (5, ma® (1)) — FE (&, p° (£, %) + O(ly — x1)) Hly(x — y)(x — ¥)?

(t—i—s X+y
N2

>I:I,(t —s)dtdxdsdy.

Since p¢ € L* and F¢ is smooth in the first variable, by (H2), the first term of the last expression is
bounded above by

1 — t _
C/—ZH’<U) — x| ]< +s X+y)Hr(t—s)dtdxdsdy
w w 2

t4s 2 _
=Cw/H(z)z j( +s X—;wz>Ht(t—s)dtdxdsdz=O(w)—>0 when @ — 0.

The second term is equal to

fsign(pg(t, X) — mg’i(y))(Ff (x, p°(t, %)) — Fg (x, mfx’i(y)))

t+s x+y
20 2

X (Ho(x — ) + Hy,(x — y)(x — Y))<(]( ) —J, X)) + J(t, X))Hr(t —s)dtdxdsdy
=0(w) + O(1) +/](t, %) (Ho(x = y) + Hy,(x = y)(x = ¥))

x (sign(p® (¢, x) —mEE W) (FE (x, p° (£, %)) — FE(x. mE*(y)))
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— sign(p® (¢, x) —m&E (%) (FE (x, p°(t, %) — Fg (x, mg’i(x)))) dtdxdy
+ / sign(p® (t, X) — m&E @) (FE (x, p° (£, %)) — FE (x, mE* (%))
X (/(Hw(x— V) +H,x—y)x—y) dy)](t,x)dtdx.
Notice that
sign(p® —m5®)(FE (x, p°) — FE(x, m5™))
is a continuous function of mfx’i. Thus, the third term of the last expression goes to zero if w — 0 by

(3.7) and (3.8).
In the remaining last term, the integral with respect to y is equal to 0 because

Ho(X—y) 4+ H,(x = y)(x — y) = =0y ((x — Y)Hu (X — ¥)).
This concludes that I3 vanishes in the limit when w — O first and T — 0 second. O

Thus we conclude the existence of an entropy solution p.(t,x) in the sense of Definition 2.1 for
each F¢ with fixed € > 0.

Remark 3.1. Notice that the sequence of approximate entropy solutions converges to a measure-valued
entropy solution when ¢ — 0: First, since pg € L*°, we find that, for o big enough,

m&~(x) < po(x) <m&T(x) forall xeR.
From [2], it then follows that
m& ™ (x) < p°(t, x) <m&T (),
which implies the uniform boundedness of p®(t, x) in & since mé’i(x) are uniformly bounded in €.
Then there exist a compactly supported family of probability measures 7; x on R (i.e. Young mea-

sures; see Tartar [23]) and a subsequence (still denoted by) p®(t,x) such that, for any continuous
function f(p),

f(pf(t,x) X (mex, fk)) when & — 0. (3.9)

On the other hand, by Section 3.1, the sequence p¢(t,x) satisfies the entropy inequality (2.3) for
Fé(x, p) and the steady-state solutions m(f = mg’i. In particular, we use (3.9) and the definition of
the sequence F¥(x, p) in (3.1) to conclude that, when ¢ — 0, the compactly supported family of

probability measures m; x satisfies that, for any test function J :R?F — Ry,
f((nnx; [k —mZE®)])3 J + (e x: sign(k —mZ) (F(x, k) — o)) J) dxdt
+ /!po(x) —mZ(x)|J(0,xdx > 0. (3.10)

Thus, 7; x is @ measure-valued entropy solution of (1.1)-(1.2) with compact support for a.e. (t, x) € Ri
in the sense of Definition 2.2.
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3.2. Existence of entropy solutions when F is discontinuous in x

We are now ready to state the main theorem of this section.

Theorem 3.1. Let F (x, p) be strictly convex or concave in p for a.e. x € R and satisfy (H1)-(H3), or let F(x, p)
satisfy (H1)-(H2) and (H3'). Let po(x) € L*°. Then the sequence of entropy solutions p? of the Cauchy problem
(3.2) (in the sense of Definition 2.1) converges to the unique entropy solution of the Cauchy problem (1.1)-(1.2)
in the sense of Definition 2.1.

Proof. We consider the two cases separately.

For the case (H1)-(H2) and (H3’), that is, the flux function F is monotone in p, we apply the
compactness framework established in Section 2 to establish the convergence. For this case, the ex-
istence of entropy solutions has been established in [4]. In Remark 3.1, we have shown that the
limit of the entropy solutions p* is determined by a measure-valued entropy solution m; . Then, by
Theorems 2.1-2.2, 7y x is the Dirac measure concentrated on the unique entropy solution p(t,x) of
(1.1)-(1.2) in the sense of Definition 2.1, which implies the whole sequence converges.

For the case (H1)-(H3), since we have not established the existence of an entropy solution, we
employ the compensated compactness method to establish the convergence of the entropy solutions
of the Cauchy problem (3.2), which also yields the existence of a unique entropy solution of the
Cauchy problem (1.1)-(1.2).

From Remark 3.1, we know that p¢ is uniformly bounded in L* which implies that there exists a
subsequence p® converging weakly to a compactly supported family of probability measures v; x on
Ry such that, for any function f(p,t,x) that is continuous in p for a.e. (t, x),

F(P°(t,%),6,%) = (vex, F(k,£,%) when & — 0. (3.11)
In particular,
PF(, X) = (Ve k) =: p(t, x) € L. (3.12)

Our goal is to prove the strong convergence of p®(t,x) to p(t,x) a.e., equivalently, v¢ x = 8,(,x), which
implies that p(t, x) is an entropy solution of (1.1)-(1.2), that is, p(t, x) satisfies the entropy inequality
in Definition 2.1.

From Section 3.1, we know that the sequence p¢ exists and satisfies

E® := 0| pe (£, X) — O (5, ¥, X)| + dx(sign(p® (¢, ) — p° (5, ¥, %)) (F* (x, p° (£, %)) — ¥ (5, ¥))) <O
in the sense of distributions, where
PGS, y, %) =m0 sign (p(s, ¥) = pm(Y)) +m 6 ) () sign_(0(s, ¥) — pm ()

Notice that y (s, y) := F(y, p(s,y)) is independent of €. Thus, for fixed (s, y), we have the strong
convergence of mﬁg y)(x) to a steady-state solution m}f(s ) (x) of (1.1)-(1.2) when & — 0. In particular,

16%]l1e <M, M independent of ¢;

and, for a.e. (s,y,x) e RZ xR,

PE(s.y.%) = p(s,y.x) :=m) ¢  (0)sign, (05, ) — pm(¥)) + M, () sign_(p(s. y) = pm(¥)),
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when & — 0. By Schwartz’s lemma, E® is a sequence of measures; by Murat’s lemma [20], E¢ is
uniformly bounded measure sequence in the measure space, which implies that

E® is compact in W_l’p(Rf_) for any p € (1,2). (3.13)

loc

On the other hand, since the vector-field sequence

(|pfct. %) — m;‘:g’y) ()], sign(p®(t,x) — mzytif’y) @) (F&(x, p°(t. ) — ¥ (5, ¥)))

is uniformly bounded in & for any fixed (s, y), it follows that
E® is bounded in W 1™ (R2). (314)

loc

With (3.13)-(3.14), we obtain by a compactness interpolation theorem in [6,13] that

E? is compact in leg (R2). (3.15)
On the other hand,
dp® + 0xF®(x, p°) =0 which is automatically compact in Hl;g (RZ). (3.16)

Moreover, since p%(s, y, x) strongly converges a.e., then we find that, when & — 0,

ni(p°.t.x,s,y) = |p°t,x) — p°(s, ¥, %)|

= (wex(k);

k—p(s, y. %))
= {vexi Mk, t, x5, ),

@5 (0% t.x.5, y) = sign(p° (€0 — 5° (5. 7. 0) (F* (x. °) — ¥ 5. )
2 (vex(K); sign(k — A(s, v, 0) (F(x. k) — y (5, )
= (v qi(k.t.x.5.9)),

n5 (0% (£, %)) = p°(t,x)
2 e ®); k) = p(t, %)
=: (Ve m2(K)),
a5 (0 (t. %), x) := F¥ (x, p°)
= (v F(x, k)

= <l)t,X; qz2 (k’ X)>, (3'17)

*
— {Vt,x;

and

mk,s,y,%) qik,s,y,x)
n2(k) q2(k, x)

N1 (t,%),8,y,%) q1(p°(t,%),s,y,%)
n2(0° (t, X)) q2(p° (£, %), X)

>, (3.18)

where
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(mk,t.x5,y),q1(k,t, x,5,9)) = ([k = p(s, y, %], sign(k — 4(s, y, X)) (F(x. k) — ¥ (5, ),
(m2(k). q2(k, x)) = (k. F(x.k)).

Together (3.15)-(3.16) with (3.17)-(3.18), we apply the Div-Curl lemma (see Tartar [23] and Murat
[19]) to obtain

<Vt,x§

for all (s, y), (t,x) € R\ M with M a set of measure zero in Ri. Thus, we have

Wexs mk, s, y,%)  (Vex: qr(k, s, y, X))
(ve.x; m2(k)) (ve,x; g2k, X))

Nk, s, y,x) qik,s,y,x)
n2(k) q2(k, x)

k—p(s, y. 0)|F(x, k) — ksign(k — p(s, y, %)) (Fx, k) — v (s, )))
= (vex; [k = A5, ¥, %) |)(vex: FX.0)) — (e, k){vex; sign(k — 4 (s, y, %) (F(x, k) — y (s, y)))-

(W,x?

Equivalently, we have

k—p(s.y. 0| (F(x. k) — (ve.x: F(x. b))
— (Ve (k= p(t. %)) sign(k — (s, y.0) (F(x. k) — F(y. p(s, )))) =0.

<Vt,x§

Since this is true for all (s, y) and (t, x) except on a set M of measure zero, we then choose (s, y) =
(t,x) for (t,x) e R\ M to obtain
(Ve [k = €, 0| (Fx. k) — (ve.x: F(x,K))))
— (vt (k= p(t, %)) sign(k — p(t, %)) (F(x, k) — F(x, p(t, x)))) =0,

that is,

(vex: [k = o, %)|)(F(x, p(t, %)) — (vex: F(x, k) =0. (3.19)

There are two possibilities:
When (vt x; [k — p(t, x)|) =0, then we have vt x(k) = §t,x) (k).
When (v x; F(x,k)) — F(x, p(t, x)) =0, we note that

(vex: F(x, k) — F(x, p(t, %)) = (ve.x: F(x, k) — F(x, p(t,x)))
1

ferp (x,00(t,%) + (1—6)k) do (k — ,o(t,x))2>

0

1
= <Vt,x§ Fp(x, p(t, %) (k — p(t, %) + 5

1
=Fp (X7 p(t, X))(Vt.x§ k— po(t, X)) + %<Vt,x§ /QFpp (X’ Opt,x) +(1— Q)k) do (k - P(f,X))2>
0

1
- ;<vt’x;/9Fpp(x, 9p(t, %)+ (1 —0)k)do (k — p(t,x))2>-

0

Since F(x, p) is strictly convex or concave in p, we conclude

Vex (k) =38p¢,x) (k) for (t,x) ae. (3.20)
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Therefore, we have
pE(t,x) = p(t,x) ae. when & — 0.

Since the limit is unique via the uniqueness result in [2], the whole sequence p®(t,x) strongly con-
verges to p(t,x) a.e. It is easy to check that p(t,x) is the unique entropy solution of the Cauchy
problem (1.1)-(1.2) in the sense of Definition 2.1. O

Remark 3.2. In [5], the existence of entropy solutions (1.1)-(1.2) in the sense of Definition 2.1 is
proven for the case A(x)u®. They used the vanishing viscosity method combined with a mollification
for A(x).

Remark 3.3. The conditions on the flux function F(x, p) in Theorem 3.1 for the non-monotone case
can be relaxed as follows: F(x, p) satisfies (H1)-(H3) and is convex or concave with

LYp: Fpp(x,p)=0} =0 forae xeR,
where £! is the one-dimensional Lebesgue measure.

4. Hydrodynamic limit of a zero range process with discontinuous speed-parameter

In Section 2, we have established a compactness framework for approximate solutions via the
reduction of measure-valued entropy solutions of (1.1)-(1.2) in the sense of Definition 2.1. In this
section we focus on a microscopic particle system for a zero range process (ZRP) with discontinuous
speed-parameter A(x). We apply the compactness framework to show the hydrodynamic limit for the
particle system, when the distance between particles tends to zero, to the unique entropy solution of
the Cauchy problem

3P + I (L(Oh(p)) =0 (41)
and with initial data
Ple=o = po(x) >0, (4.2)

where h(p) is a monotone function of p, and A(x) is continuous in x € R, except on a closed set N
of measure zero, with 0 < A1 < A(X) < A2 < oo for some constants A1 and Ay. Then mj =mg :=m,
for « € [0, 00).

Rezakhanlou in [22] first established the hydrodynamic limit of the processus des misanthropes
(PdM) with constant speed-parameter. Covert and Rezakhanlou [12] provided a proof of the hydrody-
namic limit of a PdAM with nonconstant but continuous speed-parameter A. Bahadoran [3] proved this
for a simple exclusion process. In all these papers, the most important step is to show an entropy in-
equality at microscopic level, which then implies the (macroscopic) Kruzkov entropy inequality, when
the distance between particles tends to zero, and thereby implies the uniqueness of limit points. In
this section, we generalize this to the case when the speed-parameter A(x) has jumps for the attrac-
tive Zero Range Process (ZRP). In Section 4.1, we analyze some properties of the ZRP. In Section 4.2,
we prove the one-dimensional microscopic entropy inequality letting ¢ = &(N) =N~?,0 € (0, 1), for
a ZRP with discontinuous speed-parameter when N — oo, where ¢ is as in Section 3 and N is the
inverse of the distance between particles. In Section 4.3, we show the existence of measure-valued
solutions via the microscopic entropy inequality and how inequality (2.3) follows.
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4.1. Some properties of the microscopic interacting particle system

We consider a system of particles with conserved total mass and evolving on a one-dimensional
lattice Z according to a Markovian law. With the Euler scaling factor N, the microscopic particle
density is expected to converge to a deterministic limit when N — oo, which is characterized by a
solution of a conservation law. Under the Euler scaling, % represents the distance between sites. Ob-
viously we have two space scales: The discrete lattice Z as embedded in R with “vertices” % and
u € Z. In this way, the distances between particles tend to zero if N increases to infinity. Sites of the
microscopic scale Z are denoted by the letters u, v and correspond to the points §, § in the macro-
scopic scale R. Points of the macroscopic space scale R are denoted by the letters x, y and correspond
to the sites [xN], [yN] in the microscopic space scale, where [z] is the integer part of z. We denote
by n:(u) the number of particles at time t > 0 at site u. Then the vector n; = (n:(u): u € Z) is called
a configuration at time t with configuration space NZ.

In general, the ZRP can be described as follows: Infinitely many indistinguishable particles are
distributed on a 1-dimensional lattice. Any site of the lattice may be occupied by a finite number of
particles. Associated to a given site u there is an exponential clock with rate Ag(%)g(n(u)) depending
on the macroscopic spatial coordinates. Each time the clock rings on the site u, one of the particles
jumps to the site v chosen with probability p(u, v). The elementary transition probabilities p: Z >
[0, 1] are supposed to be

(i) translation invariant: p(x, y) = p(0,y —x) =: p(y — X);

(ii) normalized: Zyp(x, y)=1, p(x,x) =0;
(iii) assumed to be of finite range: p(x, y) =0 for |y — x| sufficiently large;
(iv) irreducible: p(0,1) > 0.

Without loss of generality, we assume that ), p(z)z =y = 1; otherwise, for y # 1, we replace the
function h(p) by h(p)/y in the following argument. The rate g: N — R is a positive, nondecreasing
function with g(0) =0, g(oc0) = 00, and

k
% — 0 when k — oo. (4.3)

With this description, the Markov process 7; is generated by
u
NLYfF) =N ke (N)g(n(u))p(v —u)(f(n™") = f@). (44)
u,v

Here N comes from the Euler scaling factor speeding the generator, thus n; denotes a configuration
on which this speeded generator NLQ’ has acted for time Nt, and n'-V represents the configuration n
where one particle jumped from u to v:

n(w) ifw=£u,v,

ntV(w) = { nw -1 ifw=u,
nw)+1 if w=v.

For any ¢ = ¢(N) > 0 and for any constant « > 0, we define a product measure given by

1 o)

0Ny =TV , 4.5
Ve (1) Uzm/xs(%))<As(%)>ﬂ<“>g<n(u>>! 1:[”“(”(”)) 42

where Z is a partition function equal to

®)
Z(— )=
<)‘€(N)

aﬂ

(e (g

¢

(4.6)

Il
o

n
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Then the expected value of the occupation variable n(u) is equal to

22
Egy[nw] = — ﬁ:R(%)'
R 2G5 T e

Now let h be the inverse function of R to obtain

o o u u
(r(5fp))=ntm = ~(WheEabwh=a o sbw)=m(g)

where my, is a steady-state solution to

3o + (e h(p)) =0. (4.7)

Esp[g(nw)] = h(ma (%))

umaw)—]'[vma( i (1) =T w2y (7). (4.8)

u

Furthermore, it follows that

From now on, we set

The important attribute of the ZRP with nonconstant speed-parameter is that the product measure
M, () is invariant under the generator NLY, i..,

/ LN (Fan)d. (=0 (4.9)

As a reasonable initial distribution, we choose the product measure /Lg () associated to a bounded
density profile defined as follows: For a bounded density profile pg > 0, the probability that particles
at time t = 0 are distributed with configuration n is equal to

I 1 (h(py,n))T®

: 410
w Z((pu,N)/2e () (e (N1 g(0(w))! (410)

nd () =

where p, v > 0 is a sequence satisfying limy_, oo f | oy, N — Po(X)|dx = 0 for [Nx] as the integer part
of Nx. With this definition, we say that a sequence of probability measures N is associated to a
density profile p >0 if

1
Jim (i 315 Jnwr = [ 1wecodx

Furthermore, let /L{V denote the distribution of a configuration at time t initially distributed by MS’ :

>= 0 for every test function J.

uN =N s ul), (411)

where S{\’ —etNLY s the semlgroup corresponding to the generator NLN Then the attractiveness for

two initial measures p! 0, and /,Lwo with profiles p¢ and wy, respectlvely, implies that

N N N N
Mpog'u“wo = 'ungﬂwt
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is satisfied by the assumption that g is a nondecreasing function. Moreover, it is easy to prove that
Hpo < Moy if po < wp. It then follows by attractiveness and (4.9) that, for any constant « such that
Mg (X) > po(x), we obtain that the inequality uf < M%a implies

St o < St iy = M, - (4.12)

Since our initial distribution has a bounded density profile, then the density profile remains bounded
at later time t.

The goal in proving the hydrodynamic limit of a ZRP is that, if we start from a configuration
no distributed with an initial measure ,u,g associated to the bounded density profile pg, then the
distribution ul of the configuration 7, at later time t is associated to the density profile p(t, -),
where p is the solution of the Cauchy problem (4.1)-(4.2) in the sense of Definition 2.1. In other
words, our main theorem in this section is the following.

Theorem 4.1 (Hydrodynamic limit of an attractive ZRP with discontinuous speed-parameter). Let n; be an

attractive ZRP with (4.3) initially distributed by the measure [,LON associated to a bounded density profile
£0 :]R%r — R as defined in (4.10). Let e = &(N) = N~?, 0 € (0, 1). Then, at later time t,

1
NZI(%)m(u)—/](X)p(t,X)dx

Jim (it )=0 (413)

for any test function | : Ri — R, where p(t, x) is the unique solution of the Cauchy problem (4.1)-(4.2) in
the sense of Definition 2.1.

To achieve this, we have to establish an entropy inequality in the sense of Definition 2.1 at micro-
scopic level. This will be done in Section 4.2 by using the scaling relation e =&(N) =N~7,0 € (0, 1).
Associated to each configuration 7;, we may define the empirical measure viewed as a random mea-
sure on R by

1
X' ®) 1= 1 D ma)dy (0. (4.14)
u
Then (xN(), J()) = % 3, J(#)ne(u), and we can rewrite (4.13) by

Jimoo<“?’ () ‘(xt” (). JO) = / Jep(t 0 dx

>= 0. (4.15)

4.2. The entropy inequality at microscopic level

The following proposition is essential towards the hydrodynamic limit.

Proposition 4.1 (Entropy inequality at microscopic level for ¢ = N~ with o € (0,1) when N — o0). Let
mé, be the steady-state solutions of (3.2) as defined in (1.3) with F&(x, p) = A¢(x)h(p). Let n; be the ZRP
generated by NLQ’ defined by (4.4) and initially distributed by the measure ,ug defined by (4.10). Let n’(u) be
the average density of particles in large microscopic boxes of size 21 + 1 and centered at u:

1
”'(”):ﬁ > nw).

lu—vI<l

Then, for every test function | : Rf_ — Ry,
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t
. . N 1 u I sfU u
o g ] 5 (o (s ) (3 s (3 )
0

1 u ef U
+N2u:-l<0’ ﬁ) ﬁf)(u)—mO((—)‘)—S}: . (4.16)

N
Inequality (4.16) is the entropy inequality (2.3) with p replaced by the average density of particles
in the microscopic boxes of length 2I+ 1. To prove the microscopic entropy inequality, we consider
the coupled process (1, &) generated by NLY, where L’s\’ is defined by

/\5<%)h(n§(w) p

INfm.6) =) pv—uie <%) min{g(nw)), g(EwW)}(f(n" . ") — f(n.&))
+ X0 - wie () 8rw) - @)} (F1"".€) = f. )

u u,v
3o —um(ﬁ){g(au» —g)}, (FO1E™") ~ fm.8). (a1

Furthermore, denote the initial distribution of (n;,&) by f§ = ) x uN., where pf is the initial
measure with density profile py defined by (4.10) and uzs denotes the invariant measure as defined
in (4.8).

Then, to prove Proposition 4.1, it suffices to prove the following proposition.

Proposition 4.2. Let (¢, &) be the coupled process, starting from /18’ , generated by N if;’ as defined by (4.17).
Let iN = S) « i, where SY is the semigroup corresponding to the generator NLY. Then, for every test
function | :]R%r — R, and every e = N~% witho € (0, 1),

T
. - 1 u u u
'gg'}gnmuy{ / N Z{as](s, N)\né(u) —&W]+ ax1<s, N)As(ﬁ)}h(né(m) —h(és’w))l}ds
0

u

1 u
TN Xu:J(O, N)Wo(”) —Ew)| > —8} =1.

Recall that a microscopic entropy inequality leading to the Kruzkov entropy inequality has been
proved in [12] for the process of PdAM with nonconstant but continuous speed-parameter Ag. Since
there does not exist an invariant product measure for a PdM in general such that E#NF [Ew)] =

mg, (§). to replace the process & by mg, (), one has to apply the relative entropy method of Yau [24].
In our case of a space-dependent ZRP, the invariant product measure is available so that we can
approximate the steady-state solution m{, by a process ¢ distributed by the invariant measure [,LTNHS
o

for any « € (0, 00). Then, Proposition 4.1 indeed directly follows from Proposition 4.2.
4.3. Proof of Proposition 4.2

We split the proof in three steps.

Step 1: Lower bound for the martingale. For a test function | with compact support in R2, define by
M[] the martingale vanishing at time t = 0:
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1 1
=3 XH:J(L %)!m(u) —aW)| - ;1(0, %)\ﬂo(u) — &)

t
/as—i-NLN( Z]( )Ins(u)—és(u)|>d5-

0
Since J has compact support, then, for t large enough,

t

1
M{z—ﬁZ](O, %)Mo(u)—éo(u)!—/ 35+NLN< Z]( )|ns<u)—ss<u>|)ds
u 0

We now calculate
LY |nw) — )| =) p(w —v)ie (%) {min{g(n(), g(EW)}(|n"" @) — " W)| - [nw) — E@)|)

+{g(n(v)) — g(¢(v))
+{g(E(Wv)) —g(nm)

=Z(1—Gu,v(n,s))( p(v—u>x< ) (nw) —g(sw)|

\4

L") — s = [n@) - s@)])

}
b (In) =&Y )| — [nw) —&w))}

+P(U—V))»e( )!g( ) - (sm)l)

_XV:G“’VW&)< (v—u)xg( >|g( W) —g(Ew)|

v
+P(U V)i <N> g(n(v) - g(s<v>)|>, (418)
where G,y is the indicator function that equals to 1 if n and & are not ordered, i.e.,

Guv(.8) =1{nw) <&w): n(v)>EW)} +1{nw) >&w): n(v) <&}

Notice that the second sum is nonpositive. Therefore, plugging the last expression in the martingale
Mtj and then interchanging u and v in the last term, we can bound the martingale below by

t
1 1
-5 ;;(o, %)Mo(u) — )| - / m ;asj(s, %)Ms(u) — & ()| ds
0

t

! / ;(1 (S’ %> - 1(5, %))m —w(t- Gwv(”sfs))ls&)!g(nsw)) —g(&w)| ds.

0

Since the transition probability p is of finite range, i.e. p(z) =0 if |z| > r for some r, then

u Y _ 1 9 u 0 1
(](s, N)—J(S,N));ﬂ(V—u)——N(V—u)p(V—u) x]<s, N)Jr (ﬁ)



G.-Q. Chen et al. / ]. Differential Equations 245 (2008) 3095-3126 3121

With v =u + y, it then follows that the martingale is bounded below by

t

1 u
—/N;{asf(s,ﬁ>|ns(u>—ss<u)l
0
to\s ( >A( N)fu (Z yp (A — Go,y>)|g(ns<0)) — g(&(0))] } ds
y

1 u 1

N Zj(o, N){m(u) — Eou)| + O(ﬁ)'

Step 2. We show
lim Ew[(M/)*]=0. (419)

N—oo I

Recall that
t
/ (NLY (A (s, m, g)) —2A) (5,7, &)NLY (Al (s,n,8)))ds
0

is a martingale vanishing at time t =0, where A/ is defined by
I 1 u
Al =33 Ity )Inw — &,
u

Then, by definition, Eﬁé" [st] =0 for all 0 <s <t. Thus, it suffices to show that the expectation of the

integral term of th converges to zero when N — oo. In order to prove this, we first find that, by a
careful calculation,

NI (Al (5,0, 8)* —2NAI (5,0, LY (A) (5., §))

—Zp(w—v)mg< ){\g ns(v)) — ($s<v>)|,\}2(1—vaw("sv&))(/@rvv)‘f(s’;))z

+[g(6) — gn) vaws,ss)(J( )+1<s,;’">>2}.

Since J is a smooth function, the first term of this expression is less than O(%) for some constant
C depending on the total initial mass and therefore converges to zero when N — oo by (4.3). For the
second term, we know that (J(s, %) + J (s, ¥))* < 4|l J |4, which implies

NIN (AT (s, 1, 8))% —2NAT (s, 1, 6)IN (AL (s, 1, &))

CN 4
= O<g(1\12 )) N ||J||oc ZG" w (s, E)p(w — v)kg(%)|g(§s(v)) —g(ns(n)].
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Then, to conclude the proof of (4.19), it suffices to show

ﬂ |:/(Z Gv,w(s, &)p(w — V)Aa(%) |g(§s(V)) - g(ns(v))D dsi| =0(). (4.20)
0

For this, we use the martingale Mt] vanishing at 0 with | =1, that is,

t

1 1 1 -
Mei= =D |new) = &)| = 5 D |no@) — éow)| - / N 2N [ns(u) — s ds.

0

By (4.18), the integral term of the martingale is equal to

t
2 u
/ N ZNGU,V(T]S’ Ep(v —we (N) |g(775(u)) - g(fs(u)) ’ ds,
o u,v

by interchanging u and v in some terms. Then we find

t
Eﬂ{" [/zzcu,v(ns; E)p(v — u))\8<%)‘g(ns(u)) - g(&s(u))|ds:|

0

t t
1 1
= E;n U N 2_lmow) — &) ds} — Egn [/ N 2l — &) ds}
0 U 0 U

t
1
SEgy U ~ 2_lmo —Eo(u)|d5:|-
0 u

Since we assumed that both marginals of [L{V are bounded, (4.20) follows, which leads to (4.19).
With the result of Step 1 and (4.19) and using the Chebichev inequality, we obtain

t
1 1
ﬂy{ﬁZ]@’ %)|’70(“)_§0(”)|+/NZH8S]<S’ %)\ns(u)—és(uﬂ
u 0 u
1
+ax1< N)xg( )tu<2yp(y)(1—00y)(77 s>)|g(ns<0> (55(0))|}d3+0<ﬁ)<_5}

< {M! > s} < a{|m/] > 5} < ny[(M[’)z], (4.21)

which converges to 0 when N — oo, for all § > 0.

Step 3. We next use the following summation by parts formula: For any bounded function a of 1(-)
with a(0) = 0 and for any smooth test function J : R — R, we obtain that, for any L > 0,

= Z J( ) a(n(w) = N(21+1) > 1<N) > a(n(v>)+0<””$). (4.22)

\u\<LN [ul<LN lu—v|<I
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Since we restrict € = N77,0 € (0,1), then |A¢llLip < C/e = CN? and O(%) = O(Nll,(,) -0
when N — oo so that we can use this summation by parts formula (4.22) to replace inequality (4.21)
by

1
lim lim ]} {NZ](O u)21+1 Z [n0(2) — & (2)]

|I->o00 N—oo
u |z—u|<I

t
1 u
+/N2851(5 N>21+1 Y Ins@ —&@)|ds
0

|z—u|<I
‘ 1 1
u u
+/NZB"]<S’ N)“<ﬁ>—zz+1
0
x ) (Z p(y)<1—60y><ns,ss)lg(ns(O))—g(ss(O))|ds<—a}

—0. (4.23)

Notice that, in (4.23), since ] is a positive function, by the triangle inequality, we can remove the sum
inside the absolute value in the first line. Following the same argument as in [12,22] (also [11]), since
we first set € = ,\,17 independent of A¢(x), we can obtain the following one block estimates:

lim lim E, {[ Z‘ztﬂ Y 5@ = &@)| = 1w - &w)| ds}_o (4.24)

I-o00 N—oo
lu—z|<I

and

—o0o N—oo

T +1Z (Zyp(y)(l—cow(ns,ss)!g(nsm) g2(&(0)]

1z|<

t
1
’llm lim Eur{ NXU:
0

— |n(1}©) — h(gl©)] ds} =0. (4.25)

Combining (4.23) with (4.24)-(4.25), we complete the proof of Proposition 4.2.
4.4. Existence of measure-valued entropy solutions
In this section, we prove that Theorem 4.1 implies the existence of a measure -valued entropy

solution associated to the configuration 7. We recall the empirical measure X[ (x) associated to a
configuration n; in (4.14). We define the Young measures associated to 7; as follows:

1
M x k) = N Za% 08,1y K, (4.26)
u

which implies (r, tN ’, = %Zu ](%, nf(u)) for any J € Co(R x R4). If E is the configuration space,

then these two measures are finite positive measures on E and, for any J € Co(R), they are related
by the formula

(kg 0) ~ (XN O 16). (4.27)
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Notice that, since there are jumps, the probability measure ,u?’ defined by (4.11) must be defined on
the Skorohod space D[(0, o0), E], which is the space of right continuous functions with left limits
taking values in E. Then, using the one-to-one correspondence between the configuration n; and the
empirical measure X[N(~), the law of xN with respect to M{V will give us a probability measure QN
on the Skorohod space D[(0, c0), M (R)], for the space M, (R) of finite positive measures on R
endowed with the weak topology.

In the same way, we can associate a probability measure Q N/ on the space D[(0, c0), M+(Ri)].
With these definitions, we can state the main theorem of this section as follows.

Theorem 4.2 (Law of large numbers for the Young measures). Let (uN)n>1 be a sequence of probability
measures, as defined by (4.10), associated to a bounded density profile po : R — R_.. Then the sequence Q N'!
converges, when N — oo first and | — oo second, to the probability measure Q concentrated on the measure-
valued entropy solution ¢  in the sense of Definition 2.2.

Proof. In order to be allowed to take the limit of QN and Q M-/, we must know that the sequences are
tight (weakly relatively compact). If Q V! is weakly relatively compact, we can take Q' as a limit point
if N — oo for each I. Denote by Q a limit point of Q V! if N — oo first and | — oo second. Therefore,
the proof of Theorem 4.2 consists in two main steps: The first is to show that Q N/ is weakly relatively
compact and the second is to show the uniqueness of limit points. The key point in the proof is that
these can be achieved independent of the choice of mollification A; of the discontinuous speed-
parameter A with our choice of the notion of measure-valued entropy solutions.

These can be achieved by following exactly the standard argument in [12,16,22] since it requires
only the uniform boundedness of A in the proof. That is, we can conclude the following: Let /L{V be
a measure defined by (4.11). Then

(i) the sequence QN defined above is tight in D[(0, 00), M (R)] and all its limit points Q are
concentrated on weakly continuous paths (¢, -); _
(ii) similarly, the sequence QN is tight in D[(0, 00), M, (R x R;)] and all its limit points Q are
concentrated on weakly continuous paths 7 (t, -, -);
(iii) for every t >0, 7 (t, x, k) := 7t (x, k) is absolutely continuous with respect to the Lebesgue mea-
sure on R, Q a.s. That is, Q a.s.
7t (X, k) = 71 % (k) @ dx; (4.28)
(iv) for every t € [0, T], 7t x(k) is compactly supported, that is, there exists kg > 0 such that
mex([0,kol) =0 V(t,x) [0, T] x R;

(v) mrx is @ measure-valued entropy solution in the sense of Definition 2.2 for any o € [Mp, 00), i.e.,

3t(7Tt,x;

k —mg (x)|) + ox{me x; [R(K)A.(X) — ) < O (4.29)
in the sense of distributions on Ri for any o € [Mg, 00) or a € (—o0, Mp].

The last result follows from the entropy inequality at microscopic level in Theorem 4.1. Indeed, in
terms of the Young measures, the expression (4.16) of Proposition 4.1:

oo
. . 1 u u
p i | [ (o5 e ()
0

u
con(i )

Ae(N)(%)h('?f(u)) -

}dt}—&}:l
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can be restated as

I—-o00 N—oo

T
lim lim QM! /((m(x, k); [k —mq (x)|9:H (¢, %))
0

+ (e (%, K): [Aeny Oh(K) — a0 H(E, X)) dt > =8 ¢ =1

for every smooth function H : (0,T) x R +— Ry with compact support, any o € [Mg,00) or o €
(=00, Mo], and any & > 0. Since Q is a weak limit point concentrated on absolutely continuous mea-
sures and since we already proved that 7; x is concentrated on a compact set (and therefore the
integrand is a bounded function), we obtain from the last expression that

T
Q //((m,x; |k — mg (0)|)3:H(t, %) + (7ex; | A (k) — | )axH (t, %)) dxdt > —§ ¢ = 1.
0

Letting § — 0, we have that Q a.s. (4.29) holds on (0, T) x R in the sense of distributions for every
o € [0, 00). This proves the uniqueness of Q and thereby concludes the proof of Proposition 4.2. O

Then Theorem 4.1 follows immediately from this result since the measure-valued entropy solution
reduces to the Dirac mass concentrated on the unique entropy solution p(t,x) of (4.1)-(4.2) as we
noticed in Section 3.2.
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