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Abstract. In this paper, a nonhomogeneous system of pressureless flow

pe+ (pu)e =0, (pu)e + (pu?)s = pz
is investigated. It is found that there exists a generalized variational principle from which

the weak solution is explicitly constructed by using the initial data; i.e.,
2 2

0° . .
plz,t) = ~ a2 myln F(y;z,t), pla,t)u(z,t) = pyn rr;ln F(y;z,t)

hold in the sense of distributions, where F(y;z,t) is a functional depending on the
initial data. The weak solution is unique under an Oleinik-type entropy condition when
the initial data is of measurable function. It is further shown that the solution u(z, )
converges to x as ¢ tends to infinity. The proofs are based on the generalized variational
principle and careful studies on the generalized characteristics introduced by Dafermos

[5]-

1. Introduction. In this paper, we consider a nonhomogeneous system of pressure-
less flow

Pt + (pu)x = Ov
. (1.1)
(pu)e + (pu®)z = pz,
with the initial data
po(z) € L},.(R), wuo(x) € L®(R), po(x) >0, ae. (1.2)

Here p and u denote the density of mass and velocity respectively and px should be
considered as the external force.

Recently, the problem of pressureless type system has attracted a great deal of at-
tention since {1,4,9]. We refer to [1,3,4,9,11,12,15,16] and references therein. The main
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feature of such a system is the formulation of the delta wave, no matter how smooth the
initial data are. This poses new challenges to the analysis of the solutions. An interesting
phenomena is that a generalized variational principle (GVP) exists for the homogeneous
pressureless flow (cf [9,11,15]). By the procedure of GVP, the measured value solution
can be explicitly constructed using the initial data, although the pressureless flow is es-
sentially a coupled system. It is worthwhile to point out that neither the usual Lax nor
Oleinik entropy condition is enough to ensure the uniqueness of weak solution under the
usual initial condition. An additional initial condition, called the energy condition (see
[11]), needs to be imposed, which together with the Oleinik entropy condition, guarantee
the well-posedness for the homogeneous pressureless flow.

In this paper we consider a nonhomogeneous system of pressureless flow (1.1) and
are interested in whether the GVP still exists so that the weak solution can be exactly
constructed by the initial data. We stress the fact that the velocity u{z,t) is unbounded
in any strip [0,T] due to the effect of the nonhomogeneous term; even the initial velocity
ug(x) is uniformly bounded and thus beyond the scope of the investigations by Oleinik
[13]. This kind of nonhomogeneous system was also investigated in [7], where the solu-
tion to a nonhomogeneous Burger’s equation was clearly constructed by using Hopf-Cole
transformation. It is shown in [8] that the solution constructed in {7] converges to the
weak solution of the corresponding Hopf’s equation when the viscosity vanishes. Unlike
the scalar equation of [7] and [8], our system (1.1) is a coupled system and its solution
has more singularity due to the delta wave. We show in present paper that the GVP
indeed exists for the nonhomogeneous system (1.1) and the weak solution is explicitly
constructed by a careful study of the generalized characteristics introduced by Dafermos
[5]. It is also proved that the weak solution is unique under an Oleinik-type entropy con-
dition when the initial data is of measurable function. Compared with the homogeneous
pressureless flow, we need more subtle analysis of generalized characteristics to establish
the uniqueness of solution due to the fact that the back generalized characteristic is no
longer a straight line. A byproduct of our result is that the solution u(z,t) converges to
z as t tends to infinity.

Before formulating our main result, we first give the definition of the entropy solu-
tion proposed by Wang, Huang, and Ding [11,15]. If p and u are bounded measurable
functions, then m(zx,t) = f(((;(’)t)) pdx — pudt is independent of integral path and satisfies
my = p due to the fact that the first equation of (1.1) is conserved. Therefore the system
(1.1) becomes, by the new variable m(z, t),

{ my + umg = 0,

(mgu); + (meu?), = myx.

We focus our attention on the system (1.3) instead of (1.1).

DEFINITION 1. Let m(z,t) be of bounded variation locally in & and u(z,t) be bounded
and measurable to m;. Assume that the measures m, and um, are weakly continuous
int. (p,u) = (mg,u) is called a weak solution of (1.1) or (m,u) is called a weak solution
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//go,md:cdt—//goudmdtz(],

/ Yru + Yu® + 3 dm dt = 0,

holds for all ¢, v € C§°(R?). Here [ [ ---dmdt denotes Lebesgue-Stieltjes integral. The
initial value is understood in the following sense: as ¢ — 0+,

of (1.3), if

(1.4)

m(a:,t)—>/ podn, in Lis.(R), (1.5)
0

z+0 z
/ udm—»/ poupdn, in L{S.(R). (1.6)
00 0

DEFINITION 2. Let (p,u) be a weak solution of (1.1). (p,u) is called an entropy solution
of (1.1) if it satisfies an Oleinik-type entropy condition; i.e., for any z; < x2 and almost
everywhere ¢ > 0,

. t —t
u(zg,t) — u(z1,t) < ete (17)
Ty — T et —et

REMARK 1. The right-hand side of (1.7) is due to the effect of the nonhomogeneous
term, while it is exactly 1/t for the homogeneous one. It is noted that the RHS of (1.5)

behaves like 1/t as t — 0+.
Our main result is

THEOREM 1 (Existence theorem). Let the initial data pg(x) and uo(zx) satisfy condition
(1.2). Then

om(z,t 0%
oty = 220D T in Py 1), (18)
om(z,t) o2

plz, tyufz,t) =

e u(z,t) = 5o Min F(y;z,t) (1.9)

is the entropy solution of the system (1.1), where the derivatives in (1.8) and (1.9) are
understood in the sense of distributions and

Y
F(yiat) = [ pol) it + uo(n)she — )dn, (1.10)
0
et +et et —et
=T =" .
cht 5 v S t 5 (1.11)

Furthermore, u(z,t) converges to x as t — oo.

THEOREM 2 (Uniqueness theorem). Let (mj,u;) and (m2, u2) be any two entropy solu-
tions of (1.1) with the same initial data pg, uo in the sense of Definition 2. Then

mp =mg a.e., U =Uy a.e (1.12)

with respect to the measure my, = my,.

REMARK 2. Our initial condition (1.5-1.6) is stronger than the usual initial condition;
i.e., as t — 40, the measures p and pu weakly converge to pg, poug respectively. This is
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because our initial data is of measurable function, not Radon measure. It is noted that
the solution constructed in Theorem 1 satisfies the initial condition (1.5-1.6) and such
solution is unique in Theorem 2.

REMARK 3. Since the solution of (1.1) is usual a Radon measure, it is natural to study the
general case when the initial data is a Radon measure. We conjecture that the solution
for the measure initial data can also be constructed by a similar procedure as in Theorem
1. Since the initial data is no longer a measurable function, the initial condition (1.5-1.6)
is too strong and the usual initial condition should be introduced instead. Similar to the
homogeneous pressureless flow, we guess that the Oleinik-type entropy condition (1.7)
and an energy condition introduced by [11] (i.e., the measure pu? weakly converges to
pou? as t — 0) are enough to guarantce the uniqueness for the nonhomogeneous system
(1.1). This will be investigated in the future.

An outline of this paper is as follows. In Secc. 2, we introduce the GVP and construct
an entropy solution using the initial data. In Sec. 3, we prove the solution constructed in
Sec. 2 is indeed an entropy solution. In Sec. 4, we establish the uniqueness of the entropy
solution.

2. Construction of the entropy solution. We observe that for smooth solution,
the system (1.1} is equivalent to

pt + (pu)s =0,
(2.1)
U + UlUy = Z.
Direct computation yields the characteristic for (2.1)s from the point (xg,0) is
x(xg,t) = xocht + ug(xg)sht. (2.2)

We expect that the solution u(x,t) of (1.1) has the similar structure as that of the scalar
equation (2.1);. Motivated by this observation, we define for any fixed (x,t),

F(y;a,t) = /Oy po(n)(ncht + ug(n)sht — z)dn, (2.3)

which only depends on the initial data. Motivated by [11,15], we also expect that the
entropy solution of (1.1) can be constructed by a procedure of taking the minimum of
F(y;z,t). To achieve this goal, we need careful studies on the functional F(y;xz,t). We
first have

LEMMA 2.1. For any point (x,t), as a function of y, F(y; x,t) has a finite low bound and
achieves its minimum at some points.

Proof. Let M = |lug||p=. For any y; < yo < =+ (x — Msht), or y; > yo > Eﬁ(m +

cht
Msht), we have

Y1
Fly;z,t) — Fyg; 2, t) = / po(n)(ncht + ug(n)sht — x)dn > 0, (2.4)

Y2

which implies the Lemma. g
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Let
v(z,t) = min, F(y;2,0),  S(z,t) = {y; F(y;2,1) = vla, )}, 25
y*(x,t) = minyES(z,t){y}v y* (:I}, t) = maXyGS(z,t){y}'
It is easy to verify that
1
" —(x — Msht) < yu(z,t) < y*(z,t) < Tt(x+ Msht). (2.6)

Furthermore, we have

LEMMA 2.2. y,, y* are increasingly monotonic in z. In particular, y*(z1,t) < y.(z2,t)
holds for any 1 < x5.

Proof. For any y1 € S(z1,t),y2 € S(z2,t), we calculate

Y2
Fyo;21,t) — F(y1;21,t) = / po(n)(ncht + ug(n)sht — x1)dn > 0, (2.7)

Y1

and
K
F(y1;22,t) — F(y2; 72,t) = / po(n)(ncht + ug(n)sht — z2)dn > 0. (2.8)
Y2
Combining the above two inequalities, we obtain
Y2
(w2 =2) [ polmin > 0. (29)
n
This implies y2 > y; and then Lemma 2.2 is proved. (]

LEMMA 2.3. As a function of z and ¢, y.(z,t) and y*(z,t) are lower- and super-semicon-
tinuous, respectively. Furthermore, at the point where y.(z,t) = y*(z,t), both functions
are continuous.

Proof. We omit the proof because it is quite similar to that of Lemma 2.2 in [15]. O

Since for smooth solution, the system (1.1) can be reduced to a decoupled system (2.1),
the generalized characteristic method introduced by Dafermos [5] could be applied here.
For each point (xo,to), we define the left and right backward generalized characteristics
C1, 02 as follows:

h sht

Cy: x= Sh—ttxo + y. (2o, tg)(cht — Fchto) for t <ty, (2.10)
h sht

Co: x= 2 o+ y (20, to) (cht — “-chtg), for ¢ < to. (2.11)
Sht() h

We have the following properties of the backward generalized characteristics.

LEMMA 24. y.(z,t) = y*(z,t) holds along each backward generalized characteristic.
Furthermore y,(x,t) = y*(z,t) = y«(z0,t0) along C; and y.(z,t) = y*(z,t) = y*(xo,to)
along Cs.

Proof. Here we only prove Lemma 2.4 for C; because the proof for Cs is the same.
Let yo = yu(xo,tp). For any point (x,t) located at the curve Cy and any y # yo, we
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calculate

F(y;z,t) = Flyo;z,t) = /y po(n)(ncht + uo(n)sht — z)dn

Yo
sht [Y
= —— [ po(n)(nchty + uo(n)shty — zo)dn (2.12)
Shto Yo
sht v
et = Sehta) [ po(n)(n - wo)dn
Shto

Yo

It is noted that the first term on the RHS of (2.12) is non-negative and cht — %chto
is positive. Hence F(y;x,t) — F(yo;x,t) > 0 if y # yo and y.(z,t) = y*(z,t) = yo holds
along the curve C1. g

In terms of Lemmas 2.2-2.4, for any two backward characteristics, either they disjoin
with each other except at the x-axis or a backward characteristic is a subset of another
one. We note that for each point (zo,%o), the backward generalized characteristics Cy,
Cs, and the X-axis form a characteristic area. We denote it by A(zg,to). See Fig. 2.1.
Similarly, we can also show that for any two characteristic areas, either they disjoin with
each other except at the z-axis or a characteristic area is a subset of another one. Thus,
we have the following lemma.

x = z(t)

(zo0.to)

A(zo, to)

Fig 2.1

LEMMA 2.5. Each point (xg,tg) at to > 0 uniquely determines a Lipschitz continuous
curve z = z(t), o = x(¢o). In particular, at every t € {r;7 > to},

1 , .

oz (£ (B)eht —5.), if yo =97,
i Elt2) —z(t) "

to,t—t+0  tg —t fy po(n){nsht + ug(n)cht)dn

JY po(m)dn

where y, = y.(z(t),t) and y* = y*(z(t),t).

(2.13)

, if g #Fy7,

Proof. Tt is observed that for any line t = ¢; > ty, the characteristic areas belonging
to (z,t1),—00 < & < 4oo disjoint each other. By this observation, we claim that all
these characteristic areas cover the whole strip 0 < ¢ < t;. Indeed, let A be the set of
points x such that A(x,t;) is located at the left side of (xo,to) and B the set of points
z such that A(z,t1) is located at the right side of (xz¢,t0). Let z,, = sup,c {z} and
z; = infycp{z}. Then we trivially have z,, = z; = Z. If (zo,t0) € A(Z, t1), then our
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claim is true. If not, without loss of generality, we consider the case that A(Z,t;) is
located on the left side of (zg,t9). By (2.10) and (2.11), there is a positive constant §
such that y*(Z,¢1) + 0 < y.(y,t1) holds for any y € B. On the other hand, Lemma 2.3
infers that limy_.z ¥, (y,t1) = ¥*(Z,t1). This is a contradiction.

In terms of the above argument, there is a unique point = x(¢;) on the line t = ¢,
such that the point (xg,t5) € A(x(¢1),t1). Since t; > to is arbitrary, we obtain a curve
z(t) with zo = x(to) in t > to. See Fig 2.1. Furthermore, z(t) is continuous due to (2.10),
(2.11), and Lemmas 2.2 and 2.3. We now establish (2.13).

Let ' = z(t'), 2" =z(t"), t" >t/ >t and

y, =z, t), ¢ =y t), (2.14)
y// — y*(xll’t//)’ y// — y*(l'",t”). (2.15)
(1)
Then Lemmas 2.2 and 2.3 imply
Y, <y <y <yt <y <y (2.16)
and
Yo = Yy Y —y" as t' ot (2.17)

We first consider the case y, = y*. Let

Shtl ” Shtl 1"
=—" ht' — —cht ). .
Ty Sht” T + Y., (C sht// cht ) (2 18)
Then (z1,t) is located on the left backward characteristic belonging to (z ,¢ ) and

satisfies 1 < z’. We calculate
2" — o " — 1z
tll — t/ - tl/ _ tl

1"

z sht’ —sht Y, sht”cht’ — sht'cht”

(2.19)

= sht” ¢ —t  sht” t—t
Let t”,# — ¢t +0; we get that the RHS of (2.19) converges to ﬁ(m(t)cht—y*). Similarly
we get
"’ — 2 1

li - > —
t”,t’l£n>t+0 t" —t' — sht

Hence we prove (2.13) for the case y, = y*.
Next we consider the case y. < y*. From the definition of y. and y*, we have

(z(t)cht —y*). (2.20)

Fy";2",t") -~ F(y,;2",t") < F(y";2',t') — F(y,;z',t). (2.21)
That is
y/l yl/
| oot + wolmshe” = ") dn < [ potn) et + uo(n)sht’ — ') dr, (222)
! y/
which gives

' -z Y v cht’! — cht’ sht” — sht’
—-—/ mwmz/ oo =M ) g (2.28)
Y, Y

Ho— Y o




516 YI DING anp FEIMIN HUANG

Similarly, from the inequality

F(y,;2",t") ~ F(y';2",¢") < Fly,;2',t') = F(y';2', 1), (2.24)
we obtain
'’ -z v v cht’” — cht’ sht”" — sht’
o / po(n)dn < / Po(n)(n—W + UO(’?)w)d’r]. (2.25)
y// y//

Let t”,t' — t 4+ 0 in (2.23) and (2.25); we obtain (2.13) for the case y, < y*. Therefore
Lemma 2.5 is proved. O
We now construct the entropy solution of system (1.1). We define

1 , .
@(xcht—y*), if yo = y*,
Yn
m(z,t) :/0 podn, u(z,t) = fyy po(nsht + ugcht)dn (2.26)

; iy # oy

S, podn
By Lemma 2.2 and (2.26), both m(z,t) and u(z,t) are of bounded variation locally in
z. We expect that (m(z,t),u(z,t)) or (p(x,t) = m(z,t),, u(z,t)) is an entropy solution
of the system (1.1) in the sense of Definitions 1 and 2. This will be justified in the next
section.

3. Existence of entropy solution. This section is devoted to the existence of the
entropy solution. Let v(z,t) be the minimum of the functional F(y;z,t). Then we have
the following lemma.

LEMMA 3.1.
T2
/ m(x,t)dr = v(x, t) — v(za, t), (3.1)
1t2
/ gz, t)dt = vz, t2) — v(x, t1), (3.2)
ty
where v
gz, t) = / po(nsht + ugcht)dn. (3.3)
0
Proof. The proof is based on the variational principle. We omit the proof here because
it is similar to that of [11,15]. O
From Lemma 3.1, we know that v, = —m, 1, = ¢ holds in the sense of distributions.

In order to establish (1.4);, we need to investigate the relation between m and q. We
have

LEMMA 3.2. dgq = udm holds in the sense of Radon-Nikodym derivatives in z.

Proof. Without loss of generality, we assume that y, is not always a constant in any
neighborhood of (z,t). Let 1 < z < x2, y1 = y«(x1,t), and yo = y.(x2,t); then y; < yo
and

y1 — Yz, 0), y2 — y*(z,t) as z1,29 — T (3.4)
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To prove Lemma 3.2, we only need to show

q(z2,t) — q(71, 1)

= t). 3.5
z2,71 —z£0 M(Xo, t) — m(xy,t) u(, ) (3:5)
When y, < y*, we calculate by (3.4)
- v sht + ugcht)d
b A2t —glnt) " po(ny2 ocht)dn _ w(et).  (36)
z2,01—2+0 m(a:g, t) - m(acl, t) z2,01—x+0 v podn

Next we consider the case y. = y*. From the definition of y., we have
Fy2;22,t) < F(y1;22,1). (3.7)
That is

Y2 Y2 hit —
/ po(chtug + nsht)dn < / pocx#dn. (3.8)
Y1 n sht

Thus
q(x2,t) — q(x1,1) < htze —u1

3.9
m(xz,t) —m(zy,t) ~ sht (39)
Let 21 -2 — 0, zo — x + 0. We get
. q(xzat) _q('rbt)
1 < t). 3.10
er B0 () = mlzy,f) = VY (3.10)
Similarly we have
— t
a@e,t) =@t o0y (3.11)

z2,81—5£0 M(Z2,t) — m(xy, 1)

Therefore the proof of Lemma 3.2 is completed. O

By Lemmas 3.1 and 3.2, the proof for (1.4); becomes straightforward and will be

postponed later. We now introduce another functional which is crucial to prove (1.4)s.

By the same method used in Lemma 2.5, there is a Lipschitz curve x = X (7, t) for each

point (n,0) on the z-axis except, at most, a countable number of points. The curve
satisfies n = X (1,0). In terms of Lemma 2.5,

X (n,t

BXIY) — u(xn),0) (3.12)
holds for almost every n and ¢. For any constant & > M, we define
Yy
G(y;z,t) = / po(n)((n+ n? + 1)sht + (uo(n) + k)cht)(X (n,t) — z)dn, (3.13)
0
Y
Hie.) = [ polm)(( + sit + keht)(X(n,0) ) (3.14)
0

Since X (n,t) is increasing in  and X(n,t) = z as y» < n < y* and 5+ 1% + 1 and
uo(n) + k are positive, we easily calculate

(2, t) & min,G(y; 2,t) = G(y; 2. 1), (3.15)
0(z,t) £ min, H(y; z,t) = H(ys; 2, 1). (1.16)
Let

Y« 1
E- / 5pol(sht + wocht)u(X (n, 1), t)dn. (3.17)
0
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Similar to Lemma 3.1, we have
o = — /0 " po(m)(n -+ 7+ D)sht + (uo(n) + K)cht)dn = —(g + @), (3.18)
o= " pol(n + 1 + Dysht + (o + K)cht)u(X (1, ), 1)y
+ /Oy* po((n+n* + 1)cht + (up + k)sht)(X (n,t) — z)dn (3.19)

Yn
=:2F + / po{ncht + ugsht)(X (n,t) — z)dn + g,
0

and
0 =—q, 0i=qo. (3.20)
In terms of (3.18)—(3.20), we have
Y
ke = —q, K¢=2F+ / po(ncht + upsht)(X (n,t) — z)dn =: 2F + o, (3.21)
0
where
Y
k(x,t) £ / po(nsht + ugcht) (X (n,t) — z)dn. (3.22)
0
By the same method as in (3.13)-(3.22), we get
Yx
Oy = —/ po(ncht + upsht)dn =: —n. (3.23)
0
Proof of Theorem 1. From Lemmas 3.1 and 3.2, we know v, = —m(z,t), vy = q(z,1),

and ¢, = um,. Hence

///gotm dz dt — // pudm dt = // mp; + qp. )dzdt 320

(vipz — Vzpr)dadt =0

holds for all ¢ € C§°(R2) and (1.4), is proved.
On the other hand, (3.21) and (3.23) yield

/ / (q¢: +2E¢; + ne)dzdt = / / (qd¢ + (2E + o) ¢y )dzdt = 0, (3.25)

for all ¢ € C§°(R%). In the same way as in Lemma 3.2, we get E; = fu?m, and

ngy = Tmy in the sense of Radon-Nikodym derivatives in z. Thus (3.25) gives for any

¥ € C§°(RY),
/ You + hpu® + xp dm dt

(3.26)
== //(qwu + 2B, + n, )dzdt = 0.

Thus (1.4)2 is established. Since y.(z,t) and y*(z,t) converge to x as t — 0, the formulas
of m and ¢ naturally indicates the initial condition (1.5-1.6). Therefore the functions
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(m(zx,t), u(x,t)) constructed in (2.26) is indeed a weak solution of (1.1). By (2.26) and
Lemmas 3.1 and 3.2, it is easy to check that

om(z,t) o .
= ——— = — —— 5 .27
p(z,t) e 52 myln F(y;z,t), (3.27)
_ Om(x,t) 9t )
plz, yul(z,t) = Tu(z,t) = Spor Nin F(y;z,t). (3.28)

It should be noted here that p(z,t) = m(x,t), is usually a Radon measure.
To show the solution constructed above is an entropy solution, we only need to justify
(1.7). In view of the construction of u(x,t), we have

1 1
- = 1 T Yx/)s ) = 7T t— * . .
u(z —0,t) i (zcht —y.), ulz+0,¢) T (zcht — y*) (3.29)
On the other hand, (2.19) and (2.20) imply

u(z +0,t) < u(z,t) < ulz —0,t). (3.30)

Hence we calculate from (3.29) and (3.30) that
u(xa, t) — u(z1,t) < u(xe — 0,t) —u(zy +0,¢) < cht
To — I3 - To — T — sht’
This shows that (p(z,t),u(x,t)) constructed in (3.27) and (3.28) is indeed an entropy
solution of the system (1.1). Finally we point out that from (2.6), |y.(z,t)| and |y*(z,t)|

are uniformly bounded as ¢ tends to infinity. Therefore (3.29) and (3.30) yield that
u(z,t) > x as t — oo0. Theorem 1 is proved. O

T1 # T3 (3.31)

4. Uniqueness of entropy solution. This section is devoted to the uniqueness
of entropy solution to the nonhomogeneous system (1.1). We shall follow the idea of
[11,16] to establish the uniqueness Theorem 2. Our strategy is to show that any entropy
solution (p,u) coincides with the standard entropy solution constructed in Theorem 1.
This naturally leads to the uniqueness Theorem 2.

Assume that (p,u) or (m,u) is any entropy solution in the sense of Definitions 1 and
2. Then we have

my +u(z, h)mgz =0, me(z) = /OI p(&)dg, (4.1)

where u(x,t) satisfies
u(zo,t) — u(z1,t) < et +et
To — T ~ et —et’

(4.2)

for any x; < x2 and almost all ¢ > 0. Let M = ||ugl|/p~ and u, = u*j, with the standard
mollifier j.; then ju®| < M and u., < gte”’  We denote z = X4 (&,t) the characteristic
curve of

et_eﬁt M

dz
i = Yo (4.3
L0 e :
The characteristics £ = X¢(¢,t) have already been studied in [16]. We state some
properties of them in the following two Lemmas.
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LEMMA 4.1. (1) There exists a subsequence X< (£, ) such that

lviE?O X(E,t) = X(&,0), (4.4)

for all £ and ¢t. Furthermore, X (&,t) is Lipschitz continuous with respect to ¢ and is
increasing with respect to €.

(2) If X(&1,t0) = X(£2,1t0) holds for some & < &5 and ¢ > 0, then X (&;,t) = X (&2, 1)
for all ¢t > tg.

(3) Let U = {€ : 3t > 0,s.t. X(£ —0,t) # X(£+0,t)}; then for any £ € R/U and
almost t > 0,

X&) = u(X(&,1), 1),
u(X(§t) —0,1) < u(X(£1),1) <u(X(§1)+0,1),
where ' denotes the upper derivative with respect to t.
(4) Let &(z,t) = sup{€ : X(£,¢t) < x}, n(z,t) = inf{€ : X(£,t) > z}; then the set
I' = {(z,t) : &(z,t) # n{x,t),t > 0} consists of at most countable Lipschitz continuous
curves. Furthermore,
X(&(z,t) = 0,t) <z < X(&(x,t) +0,1). (4.6)

(5) For any point (g, o), there exists at least one curve L’ through (zq, o) such that
&(x,t) keeps constant along the curve.

LeEMMA 4.2. If the function u(z,t) is given, then the solution of Eq. (4.1) is unique.
Furthermore,

&(x.t)
miz,) = [ €1 (47)
Proof of Theorem 2. Fix time t; we define
Cy = {z;(z,t) € R/T, X (&(z,t) — 0,7) = X (&(z,t) + 0,7),0 < 7 < t}. (4.8)

It is easy to verify that for any 0 < 7 < ¢, &(x(7),7) keeps constant along the curve
z(t) = X(&(x,t),7). For any z1,22 € C; satisfying x1 < x2, let £(z1,t) = & and
f(xg, ) =£&s. Set 21(7) = X (&, 7) and z2(7) = X (€2,7), 0 < 7 < t. Let ¢1.(x), pac(z) €
C>(R) satisfy

1, =< —¢, 1, <0
d1c() :{ 0, zzo,g 92:(2) :{ 0 r3e (4.9)

For any ¢(7) € C$°[0,1), let ¥ = ¢ (x, 7)p(T) with
‘735(3377-) = ¢25(37 - $2(T)) - ¢15(1‘ - 1‘1(7'))-
Then by (1.4)2, we have

// Vertt + Yegu® + e dm dt + /we(z, 0)ugpodn = 0, (4.10)
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which indicates

//cprqgsu + x1). dmdT + /we(%o)uopodﬁ

z1(T)

//( pd1c(zy (1) — u)udmdr (4.11)
z;ﬂzTyr)-f—s

/ /( odh(xH(T) — w)u dmdr.

By Lemma 4.1 (3) and the fact that 1,22 € Cy, we have for almost every 0 < 7 < ¢,
u(zi(r) = 0,7) = 2i(7) = u(zy(1) +0,7), i=1,2

Thus the right-hand side of (4.11) tends to zero when ¢ tends to zero. Letting ¢ — 0 in
(4.11) gives

2(1)+0 &2
/ / wru + zodmdr + / @(0)uppodn = 0. (4.12)
z1(r)—0 1
For any 0 < s < t, we choose 0 < § <t —s. Let p(7) = ps(7) satisfy
1, 0<7<s,

Then substituting (4.13) into (4.12) and letting § — 0 yields

&2 &2 s &2
[ wanin = [“xomtman+ [ [T Xt npdnar =0, (410
1 &1 0 J&
where we have used the fact that for any measurable function f with respect to m(zx, 8),
z2(s)+0 &2
[ s@dnes) = [ X s)mnan (4.15)
z1(s)—0 &1

due to Lemma 4.2, {{x1(7),7) = & and &(zo(7),7) = & for any 0 < 7 < f. Let

s b
we) = [ [ Xty (4.16)
Then we have from (4.14)
52 124 4 €2
| worndn =)+ hie) =0, h©) =0, K©) = [Tapmlmin. (417
Direct computation on (4.17) gives that for any 0 < s <,
, &2 &2
W)= [ X (ns)dn= [ po(adlichs + wo(nishlan,  (418)
&1 1
" 133 &2
W(s) = [ X (ns)dn= [ s +unliehsldn. (419

Furthermore, we have O
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LEMMA 4.3. For any z1 < 23, let & = &(z1,t) and & = £(x9.t); then for any 0 < s <,

g3 &2
/ po(n) X(n, s)dn = / po(n)[nchs + up(n)shs]dn, (4.20)

1
&2 £2
/ po(M X' (n, 8)dn = / po(m)[nshs + ug(n)chs]dn. (4.21)
1 1

Proof. Without loss of generality, we assume that z; € R/C; and x5 € C;. There are
two subcases.
i) x1 = X (& — 0,t): Let

Vi={z;3¢ st. X(£-0,t) <z < X(£4+0.0)}. (4.22)
It is easy to see that for any z € V(¢),
plz, t) = my(z,t) =0 (4.23)

due to Lemma 4.2. By the definition of Cy and Vi, R/(C;UV;) is a zero measure set. Thus
in this subcase, there exists a sequence of x1,, € Cy satisfying 1, < 1 and z;, — 1 as
n — 00. Set &1, = &(x1n,t); then the equality (4.18) yields

13 €2
/ po() X (1, 5)dy = / po(m)lnchs + uo(n)shs)dn. (4.2)

1n {111

Let n — oo; we obtain (4.20) due to Lemma 4.1 (4). The equality (4.21) can be obtained
in the same way.

i) X(& —0,t) <z < X(& +0,t): Let 21 = X(& +0,t). Then we have £(Z;,t) =
&(z1,t) = & . Following the same argument as i), we obtain (4.20) and (4.21). Hence
Lemma 4.3 is proved. O

Now we define

§(x.t)
qlz,t) = / po(n)[nsht + ug(n)cht]dn, (4.25)
0

&(z.t)
n(r,t) = / po(n)[necht + uo(n)sht]dn. (4.26)
0
We have
LEMMA 4.4. ¢, = u(z,t)m, and n, = rm, hold in the sense of Radon-Nykodym in z.

Proof. Let T'y = {z;(x,t) € T} and A = C; UV, UT,. Then by the definition, R/A
consists of at most countable points where m(z,t) is continuous. It is noted that p is
a vacuum in V;. Therefore we only need to show that Lemma 4.4 holds in the set T’
everywhere and the set C; almost everywhere. Let z € C; satisfy

=up(§), &=¢&(x.1).

It is easy to check that such points are dense in Cy. Then there exist two sequences of

Zin, Ton € Cy satisfying x € (21,22, ), 1, — x1 and x5, — r2. From Lemma 4.3, we
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have
&(z2n,t) E(zan,t)
/ po(mX'(n, s)dn = / po(n)[nshs + ug(n)chs]dn. (4.27)
‘E(zlnvt) g(mlnvt)
Letting n — oo yields
X'(€,8) = &shs 4+ ug(€)chs, 0 < s < t. (4.28)
Let s =t. We have
qr = u(z, t)my, ulz,t) = X'(£,t) = &sht + ugp(§)cht. (4.29)
Using the same argument, we obtain that for any z € I'y and 0 < 5 < ¢,
n(z,t) ) n(z,t)
| mnx osydn= [ patn)lushs + un(mehsldn (430)
&(zt) £(at)

Let s = t. Then X'(n,t) = u(zx,t) = gz(;tg) polnsht + upcht]dn holds for any n €

(&(z,t),n(x,t)) due to Lemma 4.1. Hence we obtain g, = u{z,t)m,. The relation

ng = Im, can be treated in the same way. Therefore, the proof of Lemma 4.4 is

completed. O
In terms of Lemma 4.4, Eq. (4.1) yields

my + gz = 0. (4.31)

It is noted that Eq. (4.31) is conserved and m and ¢ are left continuous functions. We
introduce the following generalized potential ®(z, )

(z:t)
O(z,t) = ?{ m(z,t)dz — g(z, t)dt. (4.32)

(0,0)
Obviously, the potential ®(x,t) is independent of the integral path and ®, =m, &, = —¢q
hold in the sense of distributions. If we can show

&(z,t) = —min F(y; z,t), (4.33)
Y

where F(y;x,t) is introduced in (1.10), then it is natural to imply the uniqueness The-
orem 2 because F(y;x,t) only depends on the initial data. We shall establish (4.33) by
two integral paths.

For any point (zo,%) € R%r, there exists at least one curve L’ through (z,%o) and
(&(zo,t0),0) such that £(z,t) keeps constant along L’ due to Lemma 4.1 (5). The first
integral path is chosen from (0,0) to (£(xo, o), 0) along the z-axis and from (£(xzo, ), 0)
to (xo,tp) along the curve L'. Let & = &(xq, tg). We compute

&o
D(xg,tg) = mo(n)dn+ | m(z,t)dx — q(z, t)dt
0 L

&o to  péo
= / (6o — m)podn — / / [nshs + wuo(n)chs]podnds
0 o 0P (4.34)
+(zo ~ &0) / podn
JO

o
= / 0 [IL‘Q — (’I}Chto + U()Shto)]dn.
0
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On the other hand, we choose another integral path which is from (0,0) to (yo,0)
along the z-axis and from (yg.0) to (xg,tp) along the curve L : x = x(t) = yocht + vosht,
0 <t < tg, where vy = ;th(,(IO — yochty). Here yg is any constant. We compute

Yo g
b(zg,tg) = / mo(n)dn + / mdx — qdt
70 L (4.35)

= /y“ mo(n)dn + / ' ' (tym(x(t), t) — q(x(t), t)dt.
0

0

To calculate the last term of (4.35), we use the following lemma, whose proof will be
given at the end of this section.

LEMMA 4.5. Let a(7) = yochr + voshr and y(7) = &(x(7),7), 0 < 7 < ¢. Then for any
O0<7<t,

y(7) -y(7)
/ po(n)dnz’ (1) > / po(mnshr + uo(n)chr]dn. (4.36)
Yo Yo

In terms of Lemma 4.5, we obtain

y(t)
' (E)m(x(t),t) —g(x(t),t) = / pol(z’(t) — nsht — ugcht)dy
7 Oyo (4.37)
> / pol(2’(t) — nsht — ugcht)dn.
Jo

Substituting (4.37) into (4.35) implies

Yo Yo ty
O (xg,t9) > / polyo — m)dn + / / po[nsht + ugcht]dn
. Jo  Jo

Oy(, (4.38)
= /0 po(xg — nechty — woshty)dn.
Since yq is arbitrary, we have
B(xg. ty) > m;lx /v polxg — nehty — ugshig)dn. (4.39)
vy Jo
Combining (4.35) and (4.39), we obtain
O (z0,t9) = max, f(;’ po(xo — nchty — ugshty)dn, (4.40)

= —miny F(y; 7o, to).

On the other hand, by the existence Theorem 1, we can construct a standard entropy
solution m, us satisfying my = ®,, ¢, = —®;, where (g5). = us(m;),. Thus by (4.40)
we have m = mg,q = ¢5 a.e. in t > 0. Thercfore the uniqueness Theorem 2 is proved.

Proof of Lemma 4.5. Without loss of generality, we assume that yo < z(7). Then we
have X (yo, 7) < x(7). We divide our proof into two subcases.

i) For any 0 < s < 7, X(yo,s) < 2(s). Let

fHE pPouodn
LP = {¢ € R;lim A = w(©)}. (4.41)

fg_s /)Odn
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Obviously, the set LP is dense in R. For any y € (yo, y(7)})NLP/U, where U is introduced
in Lemma 4.1 (3), the curve X (y, s) must intersect with the curve L: = x(s) at some
time 0 < t(y) < 7. See Fig 4.1. Let

fly) = lim &(X(y,s),s), nly)= lim n(X(y,s),s). (4.42)
s—t(y) s—t(y)
A ;
(HT), T)
X(ya,s) x(s)
A Ky DA)
x(yu,s)
Rty 1)
»
0 Ya Ell oy M &0 v WD X
Fig 4.1
Then we have
E(y) <y <n(y). (4.43)
If £(y) = y = n(y), equality (4.28) implies
X (y,8) = ychs + ug(y)shs, 0 < s < t(y). (4.44)

Since yy < y and
z(t(y)) = yocht(y) + uo(y)sht(y) = X (y, ¢(y)) = ychi(y) + uo(y)shi(y), (4.45)

we obtain ug(y) < ve. A simple calculation shows that

y—1yo _ shi(y) < chr

vo—uo(y)  chi(y) = shr’ (4.46)
which indicates
2’ (1) > ysh7 + ug(y)chr. (4.47)
If £(y) # n(y), let I, = (&(y), n(y)). From Lemma 4.4, we have
, n(y) n(y)
lim Xw.5) [ o= [ pulmloshs + uo(nichsld, (448)
sty W) W)
n(y) n(y)
lim X(y,s)/ po(n)dn :/ po(n)[nchs + ug(n)shs|dn. (4.49)
sHY) &) )

Noting that lims_y) X (y, s) = z(t(y)) and lim,_., ¢,y X'(y,s) < 2'(t(y)), we get

n(y) n(y)
Yo / podn < / pondn
&(y) 3

(y)
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n(y) n(y)
Vo / podn > / pouodn.
&(y) JE(y)

Applying the same argument as in (4.46) and (4.47) yields

7(y) n(y)
X'(r) / NIUCE /  ponlash o)l (4.50)
&y Ey

On the other hand, it is easy to check that, for all of these intervals, I, either is
equivalent or disjoint to each other due to Lemma 4.1 (1) and (2). Let A = {y; |I| #
0,y € (y0,y(7))}; then A consists of at most denumerable open intervals which disjoint
each other. Thus by (4.50), we have

X'(r) [ plnsan = [ pulalashe + wofn)chrlan (451)
N A
Since (4.47) holds for any y € (yo.y(7)) N LP/{AUU), we have
X [ = [ by +wlebrldn. (452)
(yo,y(7)}/ A (voy(v))/A
Combining (4.51) and (4.52) implies (4.36).

i) 30 < s < 7, 8.t. X(yo,80) = x(S0)-
Suppose that there exists n(n > 2) intersection points between X (yo,s) and z(s),

0 < s < 7. We denote these points by (z;,8;),1=1,2,--- ,nwiths, =0< 5,1 <--- <
s1 < 7. See Fig 4.2. Let & = £(x4,5:),m = n(x4,8:),i=1,---,n—1and §& =, = yo
and ny = y(7).
4 X(yo,8) (1), 7)
TR (s)
»
0 & £ Vo n: Mmoo W) X

Fig 4.2

It is easy to check that [yy,y(7)] = Z?;OI [i+1,m:]. It is observed that when s; <
s <7, X(yo0,5) < z(s) holds. Using the same argument as i), we have

y(T) y(7)
X'(r) / po(n)dn > / po(m) sk + wo(m)ehr]dn. (4.53)
m m
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When s2 < s < 51, we have 2(s) < X(yo,s). Again using the same argument as i) yields

m ™
X'(r) / po(mydn < / po(n)[nsht + uo(n)chldn. (4.54)
72 2
We note that
, m , m m
#(o0) [ pondn = X'tn,s) [ polnddn = [ polimlshs + won)chsildn, (4.5
1 &1 &1
which indicates
m m
X'(7) / po(n)dn > / po(n)[nshT + uo(n)chr]dn. (4.56)
I3 &1
We also note that
, 72 72
x'r) [ i < [ ool + uon)chrlan. (4.57)
&2 &2
Thus we obtain
x| pon)dn > [ po(mlnshr + uo(n)chrldy.  (458)
(£1,82)U(n2,m) (&1,82)U(n2,m1)
Substituting (4.54) into (4.58) implies that
m U
X) [ ndn = [ po(a)lshr + o) (459)
2 2
In the same way, we can show for any i =0,--- ;n — 1,
4 B
X [ mimdn= [ olshe +ualmetrlan (4.60)
Ni+1 Nit+1
Adding all of these inequalities yields
. y(7) y(7)
X [ polmdnz [ pota)rshr + uo(m)chrldn. (4.61)
Yo Yo
Therefore Lemma, 4.5 is proved. a
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