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Abstract

Divergence-measure fields in L* over sets of finite perimeter are analyzed. A
notion of normal traces over boundaries of sets of finite perimeter is introduced, and
the Gauss-Green formula over sets of finite perimeter is established for divergence-
measure fields in L. The normal trace introduced here over a class of surfaces of
finite perimeter is shown to be the weak-star limit of the normal traces introduced
in CHEN & FRID [6] over the Lipschitz deformation surfaces, which implies their
consistency. As a corollary, an extension theorem of divergence-measure fields in
L over sets of finite perimeter is also established. Then we apply the theory to
the initial-boundary value problem of nonlinear hyperbolic conservation laws over
sets of finite perimeter.

1. Introduction

We are concerned with divergence-measure (DM) fields over sets of finite
perimeter, especially their normal traces on the boundaries and the Gauss-Green
formula. The DM fields arise naturally in the study of entropy solutions of non-
linear hyperbolic conservation laws, which take the form

du—+ V- f(u)=0, ueR" xeR?, (1)

where f : R” — (R™)? is a nonlinear map.

The main feature of nonlinear hyperbolic conservation laws is that, no matter
how smooth the initial data is, the solution may develop singularities and form
shock waves in finite time. The solution must be understood in a weak sense, moti-
vated by the Clausius-Duhem inequality involving entropy in fluid mechanics. In
general, a function n : R” — R is called a mathematical entropy of (1) if there
exists ¢ : R™ — R? such that

Var(u) = Vn@)V fi(u), k=1,2,...,d. )
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The function g () is then called the entropy flux associated with the entropy 1 (u),
and the pair (n(u), g(u)) is called an entropy pair. The entropy pair (n(u), g(u))
is called a convex entropy pair on the domain K C R™ if the Hessian matrix
V2n(u) 2 0 for u € K and a strictly convex entropy pair on the domain K if
V2n(u) > 0 for u € K. Friedrichs-Lax [14] observed that most of the systems
of conservation laws that result from continuum mechanics are endowed with a
globally defined, strictly convex entropy.

A functionu € L® (R4 x R?) is called an entropy solution of (1) if u = u(z, x)
satisfies the Lax entropy inequality:

O (u(t, x)) + Vi - qu(t,x)) =0 3

in the sense of distributions, for any convex entropy pair (17, ¢) : R” — R x R?.
Taking n = +u, then we see that any entropy solution must be a weak solution.

One of the main issues in conservation laws is to study the behavior of solu-
tions in this class and to explore all possible information on solutions, including
large-time behavior, uniqueness, stability, and traces of solutions, among others.
The Schwartz lemma indicates from (3) that the distribution

Orn(u(t, x)) + Vi - qu(t, x))
is in fact a Radon measure, that is,
divi ) (n(u(t, X)), q(u(t, x))) € M(Ry x RY). @

Furthermore, since u € L, (4) is also true for any c? entropy pair (1, g) (i.e., n
is not necessarily convex) if system (1) is endowed with a strictly convex entropy,
as first observed in CHEN [4]. This implies that, for any C? entropy pair (1, ¢),
the field (n(u(z, x)), q(u(t, x))) is a DM field. Another motivation for studying
the DM fields is to construct the flux functions by the Cauchy fluxes from the
formulation of the balance law in the general framework of sets of finite perimeter
[10, 17, 18, 27]. Divergence-measure fields also arise in various other nonlinear
problems such as mass transfer problems and free boundary problems (see [2, 3]).

From the discussion above, it is clear that understanding more properties of
DM fields can advance our understanding of the behavior of entropy solutions
for hyperbolic conservation laws and other related nonlinear problems. In general,
divergence-measure fields in L* are vector fields in L*° whose divergences are
Radon measures. More precisely, we have

Definition 1. Let D C R" be open. We say that F is a divergence-measure field
in L*® over D, i.e., F € DM®>(D), if

| Fllpameepy := 1 Fllpoo(p:riy + [dIVF[(D) < o0, (%)
where

|divF|(D) = sup {/ F-Védx : ¢ € Co(D; R), [¢pllc < 1} (6)
D

is the total variation of the measure divF over D. If F € DM () for any open
set @ with @ € D C RY, then we say F € DM (D), where Q@ € D denotes
that the closure €2 of €2 is a compact subset of D.
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This space under norm (5) is a Banach space. This space is larger than the
space of vector fields of bounded variation. The establishment of the Gauss-Green
formula, traces, and other properties of BV functions in the middle of last century
(see FEDERER [13]) has advanced significantly our understanding of solutions of
nonlinear partial differential equations and related problems in calculus of varia-
tions, differential geometry, and other areas (see [1, 12, 15, 24, 25, 28]).

A natural question is whether the DM fields have similar properties, espe-
cially the traces and Gauss-Green formula, as for the BV fields. The answer is
negative in general since one cannot define the trace of each component of a DM >
field even over a Lipschitz surface in general, as opposed to the case of BV fields.

In CHEN & FRID [6, 7], a theory of divergence-measure fields over sets of
Lipschitz deformable boundaries was established, motivated by various nonlinear
problems in conservation laws. In particular, a natural notion of normal traces over
Lipschitz deformable surfaces was introduced by the neighborhood information via
Lipschitz deformation under which the Gauss-Green formula is shown to hold for
DM fields, and an explicit way to calculate the normal trace over any Lipschitz
deformable surface was developed, suitable for applications, by using the neigh-
borhood information of the field near the surface and the level set function of the
Lipschitz deformation surfaces. This theory has been applied for solving several
different problems; see [5, 8, 9] and the references cited therein.

In this paper, we extend the theory of divergence-measure fields in L* for sets
with Lipschitz deformable boundaries to that for sets of finite perimeter, which
naturally arise in various areas such as conservation laws, free-boundary problems,
and mass-transfer problems. We introduce a notion of normal traces over bound-
aries of sets of finite perimeter and establish the Gauss-Green formula for DM
fields over sets of finite perimeter. It is shown that the normal trace over a class of
surfaces of finite perimeter is the weak-star limit of the normal traces introduced
in CHEN & FRID [6] over the Lipschitz deformation surfaces. As a corollary, an
extension theorem of divergence-measure fields in L° over sets of finite perimeter
is also established. Then we apply the theory to the initial-boundary value problem
of nonlinear hyperbolic conservation laws over a class of sets of finite perimeter.

In Section 2, we first analyze some basic properties of sets of finite perime-
ter and DM fields for subsequent development. In Section 3, we introduce the
notion of normal traces over boundaries of sets of finite perimeter and establish
the Gauss-Green formula over sets of finite perimeter for DM fields. As a cor-
ollary, we also establish an extension theorem for DM fields over sets of finite
perimeter. Then, in Section 4, we further analyze the normal traces introduced in
Section 3 and show that the normal trace over a class of surfaces of finite perimeter
can be understood as the weak-star limit of the normal traces introduced in CHEN
& FRID [6] over the Lipschitz deformation surfaces of the surface, which implies
their consistency. In Section 5, as a direct application, we apply the theory to the
initial-boundary value problem of nonlinear hyperbolic conservation laws over a
class of sets of finite perimeter. It would be interesting to explore more applications
of this theory in various problems involving L vector fields whose divergences
are measures; see [J, 8, 9] and the references cited therein for applications of this
theory over sets with Lipschitz deformable boundaries.
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2. Sets of finite perimeter and divergence-measure fields

In this section, we first recall some notions and analyze some basic properties
of sets of finite perimeter and DM fields for subsequent development in Sections
3-5. For a detailed exposition on the theory of sets of finite perimeter and functions
of bounded variation, see [1, 12, 15, 28].

We start with some basic notation and definitions. First HM, M < N, denotes
the M-dimensional Hausdorff measure in RY and £V denotes the Lebesgue mea-
sure in RV, We recall that £V = HN. At times we will use |E| to denote the
LN -Lebesgue measure of the set E. In this paper, D and Q denote open subsets of
RV,

Definition 2. Let E be an £V -measurable subset of RY. For any open set D, we
say that E is a set of finite perimeter in D if the characteristic function of E, xg,
belongs to BV (D). We will refer to a set of finite perimeter in RY simply as a set
of finite perimeter.

Remark 1. If E is a set of finite perimeter in D, then V xg (the gradient of xg in
the sense of distributions) is a vector-valued Radon measure in D. We denote the
total variation of V xg as |V xg|. It can be shown (cf. [1, 12]) that

Vxe = velVXEL
where vg is the measure-theoretic inward unit normal to the boundary of E.

Definition 3. Let E be a set of finite perimeter in D. The reduced boundary of E,
denoted as 0* E, is the set of all points x € supp(|Vxg|) N D such that

() [y IVXEI > Oforallr > 0;

cey q- fB( VXE
i) lim, o 20" = yp(x);
(ii) r—0 fB(x,r) VxE] e(X);

(i) v () = L.

We recall that the space of functions of bounded variation BV in fact represents
an equivalence class of functions so that changing the value of a function in this
class on a set of £ -measure zero does not change the function. From Definition 2,
it follows that the same is true for sets of finite perimeter. Since we are concerned
only with equivalence classes of sets, we assume throughout this paper that a set of
finite perimeter E is the representative given by the following proposition, which
can be found in [15].

Proposition 1. If E C RY is a Borel set, then there exists a Borel set E equivalent
to E, which differs only by a set of LY - measure zero, such that

0 < |ENBx,r) <oy (7
forall x € 9E and all r > 0, where wy is the measure of the unit ball in R .

With the above convention, there is no ambiguity when speaking of the topological
boundary 0 E of a set E of finite perimeter.
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Definition 4. For every « € [0, 1] and every LY -measurable set E C RY, define

E N B(x,
E“::{XGRN : limw:a},

r—0 |B(x,r)| (8)

the set of all points with density «. We now define the essential boundary of E,
0°E, as

PE=RV\(E°UE"). 9)

The sets E¥ and E'! may be considered as the measure-theoretic exterior and interior
of E, which motivate the definition of essential boundaries.

Remark 2. If E is a set of finite perimeter in D (cf. [1]), then

9*E C E2 C 0°F, (10)

HN"YBE\ 9*E) =0, (11)
and

Vxe| = HN19"E. (12)

Definition 5. Let f € L'(D) and a € RY. We say that f,(xo) is the approximate
limit of f at xo € D restricted to IT, := {x € RV : x -a > 0} if, for any & > 0,

i [E €RY 21 f(0) = faxo)| < 6} N B&o, 1) N1l _

1. (13)
r—0 |B(xg, r) NI, |

Definition 6. We say that xo € D is a regular point of a function f € BV (D) if
there exists a vector a € RY such that the approximate limits f,(xg) and f_,(xo)
exist. The vector a is called a defining vector.

If x¢ is a regular point of f € BV (D), then there are two possibilities: either
fa(x0) = f—a(xp) or fz(x0) # f—a(x0). It can be proved (cf. [25]) that, in the first
case, any b € RV isa defining vector and f5(x9) = fa.(x0); in the second case, a
is unique up to sign, i.e., the only defining vectors are a and —a.

Remark 3. A classical result in the BV theory says that H" ~!-almostevery x € D
is a regular point of f € BV (D); see [1, 12, 25].

Definition 7. Given f € L\ (D), we define

loc

Fx) = lim f5(x), (14)
§—0
where fs := f * ws with ws(x) = §—N w(%) for the standard positive symmetric
mollifier w.

Remark 4. It can be proved that, if f € BV (D), then 7 is defined at each regular
point. Moreover, if xg is a regular point of f, then

Fx0) = 3 (fa(x0) + f-a(x0)) (15)

where a is a defining vector (cf. [25]).
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If E is a set of finite perimeter in D, we have from Remark 4 that x ¢ is defined
HN—1_almost everywhere. In fact, we have

3 ifx € dE,
Xp(x)=11 ifxeE", (16)
0 ifx e E°.

We recall here that H¥N~1(3°E \ 9*E) = 0.

As Proposition 2 below indicates, divF < HN=1 Thus, we do not have to be
concerned with the values of ¥z on the set 3* E \ 3* E. This fact is essential in the
proof of the Gauss-Green formula presented in Section 3.

Proposition 2. Let F € DM (D). Then the Radon measure divF in D is abso-
lutely continuous with respect to the (N — 1)-Hausdorff measure HN 1.

A proof of Proposition 2 was given in CHEN & FRID [6] by using the Gauss-
Green formula for DM fields over sets with deformable Lipschitz boundaries.

The next proposition is a direct consequence of the definitions above and can
be proved as in Proposition 1.15 in [15].

Proposition 3. Let F € DM (D). If F has compact support in D, then
|divFs|(D) — |divF|(D),
where Fs := F % ws.

The following proposition is essentially contained in [6] and, for completeness,
we give a detailed proof.

Proposition 4. Let F € DM (D). If g is a Lipschitz function, then
div(g F) = gdivF + F - Vg. a7
If E € D is a set of finite perimeter in D, then
div(xg F) = X divF + F - Vg, (18)

where F - Vxg = w —1lims_oF - V(xg)s for (xg)s = XE * ws. Furthermore, the
measure F -V x g is absolutely continuous with respect to the measure |V xg|.

Proof. Identity (17) is actually (3.1) in Theorem 3.1 in [6], which can be checked
directly from the definitions. Now we show (18).

Since x5 := (xg)s is smooth and bounded, then (17) implies that xsF €
DM*>(D) and

div(xs F) = xs divF + F - Vs. (19)

Using divF « HN~!, we find from the Dominated Convergence Theorem and
Remarks 3 and 4 that

xs divF — X g divF in M(D). (20)

Since {div(xsF)} is uniformly bounded in M (D), then {div(xsF)} converges
weakly in M(D). On the other hand, this sequence converges to div(xgF) in
the sense of distributions over D. Therefore, the uniqueness of weak limits yields
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div(xs F) — div(xgF)  in M(D). 1)

Hence, from (19), it follows that there exists a measure y := F - Vxg € M(D)
such that

F-Vyxs ~F-Vxg in M(D). (22)

We now prove that F - Vxg < |V xg|. Since u is a Radon measure, it suffices to
show that

n(A) =0

for any compact set A with |V xg|(A) = 0. Given ¢ > 0, we can cover A by a finite
number J of balls with centers x; andradiir; < ¢,1 <i < J < o0, such that

A CU;_B(xj,r;)) and |Vyxg|(Uj_B(x;, 1)) <e. 23)

We may assume without loss of generality that |Vxg|(0B(x;,r;)) = 0,1 =
1,..., J.Then, for any ¢ € Co(Ul.leB(x,', ri)), we have

/ $du = lim $(x) F(x) - Vx5 (x)dx
UL B(xi.ri) 6—0 UL B(xi,ri)

A

1 lloo | F'll o lim sup |V x5 | (U;Z B(xi, r2))

§—0
= I$llocll Flloo| VXEIU_ B(xi, 1))
S ell@llooll Flloo
from the fact that
[Vxsl(B) — |Vxel(B)

for any open set B € D with |Vxg|(dB) = 0. We can now choose 0 < ¢ < 1
such that

¢g=1onA and S e[ Flloo-

/ pdup
UL B(xi,ri)\A

Then
M(A)=/ ¢du—/ ddu
UL, B(xi,ri) UL B(xi,ri)\A
< 28| Flloo-

Since ¢ is arbitrary, we conclude that (1(A) = 0. This completes the proof. O

3. Gauss-Green formula

In this section we establish the Gauss-Green formula, i.e., the integration by
parts formula, on sets of finite perimeter for DM fields. This formula is a corol-
lary of Theorem 1 below. We also establish an extension theorem for DM fields
over sets of finite perimeter.
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Proposition 5. If F € DM (D) has compact support in D, then

/ divF = 0. (24)
D

Proof. Denote by €2 an open set with smooth boundary such that supp(F) € Q €
D.If ¢ € Cgo (D) such that ¢ = 1 on 2, then, for sufficiently small 3,

/divF5=/¢divF5=—/ Fs- V¢ = 0.
D D D

Taking § — 0 and using Proposition 3 yields the result. O

We will also use the following proposition, which can be found in [1] and [25].

Proposition 6. Let u € BV (D). Let f : R — R be a Lipschitz function such that
f(©) =0. Then
v=fouecBV(D)

and
[Vv[(D) < Lip(f)|Vu|(D).

Furthermore, if x € D is a regular point of u, that is, there exists a € RN such that
the approximate limits ui,(x) exist, then x € D is also a regular point of v with a
as its defining vector such that

Via(X) = f(Uza(X))
and
D) = 5 (f a(0)) + f—a(x))).
We now prove the main theorem of this paper.

Theorem 1. Let F € DM®™ (D). If E € D is a bounded set of finite perimeter, then
there exists an HN~'-integrable function (denoted as) F -v € L¥@°E; HN 1)
such that

/ divF=—/ F~VX=—/ F-vdHN L. (25)
E! SE SE

Proof. For simplicity, we denote yg by x in the proof.

Step 1. From Proposition 4, it follows that

div(x*F) = div (x (x F))
= Xdiv(x F) + xF - Vx
=X(xdivF+F -Vx)+ xF-Vy
= (0)*divF+ %X F-Vx + xF - Vyx. (26)

On the other hand,

div(x2F) = div(x F) = X divF + F - V. 27)
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Combining (26) with (27) yields

(> =7)divF +XF -Vx+xF -Vx—F -Vx =0. (28)
Since ¥ = % on 9*E and divF « HN-! (Proposition 2), it follows that
(0* =X divF = =3 xp g divF. (29)
Therefore, from Proposition 4 and identities (28) and (29), we have

Idiv(x F) = Yy divF + }F - Vy
= IXdivF + 3F VX — txop diVF + X F - Vx + xF -Vx — F - Vy
=3(X — sxo0p)diVF + X F-Vx + xF - Vx — AF - Vx. (30)

Step 2. Integrating both sides in (30), using Proposition 5, and noting that

(_ —_ %XBSE) divF = XEldiVF,

we obtain

1 _ 1
0=—/ divF+/7F~Vx+/xF-Vx—f—F~VX. 31)
2 E! D D D2

Now, we have

F-Vy <|Vxl, XF -V <|Vxl

from Proposition 4. Since
Vxl=H"""0*E,
it follows that
F-Vy and xF-Vyx aresupportedon 3*E.

Therefore, identity (31) implies

1 [ - l—
-/ divF:—/ 7F.vx—/ XF-VX+/ SFVy (32
2Jp O*E O*E 9*E 2

Since ¥ = % on 0*E, identity (32) reduces to

1 -
—/ divF = —/ xXF -Vyx. (33)
2 Jg IE

Step 3. We claim that x F - Vx =X F - V. In fact, for any ¢ € Co(D), we first
have

<K+ + 17, (34)

f¢7F-Vx—/ ¢ (xF)-Vyxs
D D
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where

I =

’

f¢7F'VX—/¢XgF'VX
D D

5.8 _
I, =

/¢X(§F'VX—/(¢X5)F'VX5
D D

and

1§’S=‘/D)(g(fl)F)'VXs—fDY((PF)'VXa .

We first fix § and take the limit as § — 0 in (34). Then Ig -8 converges to zero as

8 — Osince F - Vxs — F - Vx. We note that 135’8 can be rewritten as

136’5 = ‘/D(Xg —X) (@F)-Vxs|. (33)
Since
Vixs(x) = / ws(x —Y)Vx(y) = / ws(x —y)vdHV !,
D *E
we obtain
/ (X5 = X)(@F) - Vs
D
= ‘/(Xg-?)(qﬂ’)- (/ ws(x — y)v dHN_l) dx|. (36)
D E

Using the boundedness of F and interchanging the limits of integration in (36)
yields

'/ (X5 = X)(@F) - Vs
D

= C/ </ x5 (x) = X ()]s (x — y)dX) dHN ' (y).  (37)
*E D

Then, from (34)—(37), we have

lim
§—0

/¢7F~Vx—/ ¢ (XF)-Vixs
D D

=

/¢7F-Vx—/ ¢XgF-VX‘

D D

Lot / / X0 — Tlws(x — dx dHY (). (38)
8*)0 a*E D

Define the function

f3(0) =[x () = x50l
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It follows from Proposition 6 that f5 € BV (D). Therefore,

813%/1) |f50)lws(x — y)dx = f3;(y)  for KN '-ae. y. (39)

Using the Dominated Convergence Theorem in the last term on the right-hand side
of (38), we obtain

f¢7F~Vx—f ¢ (XF)-Vys
D D

lim
§—0

=

/¢7F-VX—/¢XSF-V)(‘+C/ FndHNL (40)
D D *E

Notice that the measure F - V x is supported on 0* E, since it is absolutely contin-
uous with respect to |Vy | = HN~19*E, and

lim x5(y) =% () for every y € 3*E.
§—0

Then the Dominated Convergence Theorem implies that the first term on the right-
hand side of (40) converges to zero as § — O.
We now prove that, for every y € 9*E,

) =0  asd—0. 41)
We note that the function f5(y) can be written as the composition
J5 = (gohz)(y),
where h5(y) = X () — x5(y) and g(w) = |w|.
We choose y € 3*E. We know that y is a regular point of #3(y) and therefore

there exists a(S) € RY such that the approximate limits (h3) (g)(y) exist.
Using Proposition 6, we obtain

§7 1))

1
5 (801,50 + 8 5,)))
1
= 3 (I 1+ 15, 0)1)
It suffices for (41) to show that
Slirr(l) h o) () = 0. (42)
o

In order to prove (42), we need to check that, for any fixed ¢ > 0,

I{hs < e} N B(y,r) NI 5|
lim lim — a@® _q

1 (43)
5070 |B(y,r) NI,
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Notice that h; — 0 for LN-ae. y. For any fixed 8 > 0, by Egorov’s theorem, there
exists aclosed set U C B(y, 1) such that [B(y, 1)\ U| < 6 and h5 — 0 uniformly

on U. Hence, there exists 50 such that, when § < 50,
hs(z) <e forany z € U.
This implies that, for any r, § < &,
|B(y,r)\ {hs < e}| < 6.

Since 6 is arbitrary, we arrive at the limit (43). In the same way, we can prove

limh__ ; =0.

fo 9@
Then using the Dominated Convergence Theorem yields

fdHY"' 50 asd— 0.
)
0*E

Thus, we have
f b (UF) - Vs — / 6T F VX
D D
for any ¢ € Co(D) as § — 0, which implies that
(XF) Vs ~XF-Vx.
On the other hand, from Proposition 4, we know that

(XF)-Vxs — xF-Vx.

Therefore,
XF-Vy=xF-Vx. (44)
Step 4. From (33), we obtain
1 _
—/ diVF:—/ X F-Vy. 45)
2 E! *E
Now, since ¥ = % on 0*E, we conclude
/ divF = —/ F-Vy. 46)
El *E

Since F - Vx < |Vx|, the differentiation theorem for Radon measures (cf. [12])
implies that there exists a |V y |-measurable function (denoted as) F - v such that

F-VX(A)sz-vWXl:f F-vdHN! 47)
A ANO*E

for any |V x|-measurable set A C D. From (46) and (47), we conclude

fdivF:—/ F~vdHN_1=—/ F-vdHN !, (48)
E! O*E IE

since HN (8 E \ 9*E) = 0.
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Step 5. We now proceed to prove that F - v is bounded. We recall that F - Vy =
w — limg_, o F - V xs. Therefore, for almost every r and x € 3*E, we have

F-Vx(B(x,r))
IVxI(B(x, 1))

lims o fB(x,r) F-Vys
lims_.¢ fB(x,r) IV xsl

< lims o || F|lco fB(x,r) Vs

: = [IFlloo-
lims 0 [ 1V 25 *

Thus, for ¥ ~!-almost every x € 9*E, we obtain

P VaBe
L= |1 B, )

r—0

S 1 Flloos

which completes the proof. O

Then we have the following Gauss-Green formula.

Theorem 2 (Gauss-Green formula). Let F € DM® (D). Let E € D be a bounded
set of finite perimeter. Then there exists an H™ ~-integrable function F -v on 3° E
such that, for any ¢ € Cé (RM),

Elq&divF =— aXEqSF-vdHN_l —/El F-Vé. (49)

Proof. Using Theorem 1, we obtain, for any ¢ € Cé (RM),

f div(pF) = —/ ¢oF -Vy. (50)
E! WE
Since
GF Vi =¢F Vyx
and
F-Vyx=F- -vdH !,
we have

/ div(q)F):—/ $F -vdH N (51)
E! E
On the other hand, since ¢ € Cé (RM), Proposition 4 yields
div(pF) = ¢ divF + F - V¢,
which implies

¢ divF = —/ F.v¢+/ div(¢F). (52)
E! E! E!

We complete the proof by combining (51) with (5§2). O
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Finally, as a corollary of the Gauss-Green formula in DM, we have the
following extension theorem.

Theorem 3. Let 2 € E € D be bounded open sets where E is a set of finite
perimeter in RN Let F| € DM™ (D) and F» € DM™® RN — Q). Then

F , E,
F(y)—{ 1), ye (53)

~|PO), yeRV-E
belongs to DM™®RN), and

IFlppm®yy = IF1IDMoeE) + I F2llp poe v~ )
+||F] V= F2 : V”Ll(axE;'HN—l).

Proof. Obviously, F € L*(RY; R") and
I F Nl ooy = IF1 Loy + 1 P20l oo mN — By

Now, choosing ¢ € Cé (RN) such that |¢| < 1 and using the Gauss-Green formula
yields

/F~V¢dy=/F1-V¢dy+ / F>-V¢dy

RN E RN—E

= —(divFi |, ¢) — (divFalgn_z, @) + f{ﬂ v —F-vipdHN!
S E
S |divF(E) 4+ |divEa (RN — E) + | Fi - v — Fa - vl 1 gs pogn—1y.-

Hence, by the definition of the DM norm in (5) and that of |divF| in (6), we
conclude the desired result. 0O

4. Normal traces and Lipschitz deformations

In this section, we further analyze the normal traces introduced in Section 3
to show that the normal trace over a class of surfaces of finite perimeter can be
understood as the weak-star limit of the normal traces introduced in CHEN & FRID
[6] over the Lipschitz deformation surfaces, which implies their consistency.

First we introduce

Proposition 7. Let E be a bounded set of finite perimeter. Then, for any small e > 0,
there exists a closed set Q° C 3*E and a smooth vector field v¢ : RN — RN that

satisfy

D) VIO EN 0°) <,
(ii) v®| e points toward the interior of E.



Divergence-Measure Fields, Sets of Finite Perimeter, and Conservation Laws 259

Proof. Fix small & > 0. For each point x € 3*E, there exists a measure-theoretic
inward unit normal v(x) and a measure-theoretic tangent plane 7'(x) to the set E at
x (cf. [15, 1]). Since the function v : 3*E — SN=1 i HN—1_measurable, we can
apply Lusin’s Theorem (cf. [12]) to ensure the existence of a closed set Q° C 0*E
such that

HY IO E\ QF) <&

and
v restricted to QFf is continuous.

We now apply Tietze’s extension theorem (cf. [26]) to find a continuous extension
of v to all RV, say W. If we define Wy := W % ws (where w;(x) is defined in
Definition 2.6), then Ws — W uniformly in a ball B such that E € B. Therefore,
we can choose ¢ small enough, say dp, such that the angle between Ws,(x) and
the normal v(x) is less than 7, for all x € Q°. Since each x € Q° belongs to the
reduced boundary, we conclude that W;, (x) points toward the interior of E. Finally,
we define v := Ws,. O

Definition 8. For any ¢ > 0, we define the function W¢ : RY x [0,1] - RV as
We(x, 1) =x+1V°, (54)

where v° is defined as in Proposition 7. For any 7 € (0, 1), we define W? : RN —
RV as Wé(x) = Wé(x, 7).

Remark 5. Let E be a bounded set of finite perimeter. Then, for v small enough
(depending only on the Lipschitz continuity of v® on E), the function WZ|z is a
one-to-one map.

Furthermore, we have

Proposition 8. Let ¢ > 0. Let E be a bounded set of finite perimeter, and let Q°f be
the set given in Proposition 7. Then there exists K¢ c 0, HN-1(0* \ K?) <&
and to small enough such that WE(x) € Int(E) for all T € (0, 19) and x € K?,
where Int(E) denotes the topological interior of E.

Proof. We define
1
Akz{erE : \llﬁ(x)elnt(E),r§%} for k=1,2,3,.... (55)

Then Ay C Axy1,k=1,2,3,...,and Qf = UIC;O:lAk. Since Ay C Ak+1,k =
1,2, 3, ..., it follows that
lim HV 1Ay = HV1(0%). (56)
k—o00
From (56), it follows that there exists kg = kg(g) such that
HNHQE N\ Agy) < e

We define -
K¢ = Agg-
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Then we have

HY=1 (0 \ K?) <.
Finally, we set 7y := % to arrive at the result. O

Definition 2 For any ¢ > 0, we define K = WI(K?) and E; = WI(FE), where
K¢ := int(K?).

Assume that K¢ = (O]o M;, where M; is a C! surface. Then we have the following
i=1
theorem.
Theorem 4. For any ¢ > 0, the normal trace F - v on K¢ is the weak-star limit of
the normal traces on K¢ introduced in [6] as T — 0. That is, for any ¢ € LY(K?®),
N-1
| v w
KE
= lim / (F - ve)w) (@ o (W)™ (w)dHY " (w)
7—0 K¢

= m% ((F - ve) 0 WE) (w)gp (w)dHN ! (w). (57)
T— K&‘

Proof. Let P C K? be a compact subset. We choose a test function ¢ € COl (D)
such that ¢ vanishes outside a neighborhood of P with ¢|p # Oand ¢|gsp_gs = 0.
From [6], we have

¢divF=—/ F-V¢— OF - v dHN L. (58)
E} E S E;

1
T

On the other hand, Theorem 2 also yields
¢divF=—/ F-V¢— GF -vdHN L. (59)
E! El OE

Taking the limit in (58) as T — 0 and using the Dominated Convergence Theorem,

we obtain
/E

/ F-Vo— | F.-ve.
E

E!l

q)divF—)[ ¢divF
! £

and

1
This implies
OF v dHN ! > GF -vdHN L.
3 E; BE
Our choice of ¢ implies

GF -ve dHV 1 > ¢F -vdHN! ast — 0. (60)
Ke Ke
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Now, since ¢|k: can be replaced by @|x= o (V7 )~! with an error that goes to zero
when t — 0, we obtain

lim / () W) (F - ve) (w)dHY ()
T— K.‘;
=/ ¢ (w)(F - v)(w)dHN ! (w). (61)
Ké‘

We can approximate any ¢ € L!(K?) with a sequence of C! functions {¢ i} ona
neighborhood of d E such that each ¢; is a function that vanishes outside a neigh-
borhood of P; € K® with P; — K* as j — oo. We find that, for T small enough,

] fK $¢((\I'f>*1(w))(F o) (W) dHN T (w) — /K CB)(F ) (w)d 1Y (w)
= /K B (W)™ W) (F - ve)w) = ¢ (V)™ W)(F - ve)w)dHN ™ (w)
+ [ A N v
= |, B @R w)

* /K |6 (W) (F - v)(w) = W)(F - v)w)|dHN ! (w)
=I{+1; +15.

Using the area formula,
If = fK [JWE (@ — )W) (F - ve) (W7 (w))|dH" ™! (w)

with |[JWE| < Cand |F - v¢| £ C for all small T > 0. We first fix j and let T — 0,
which shows that the term ] converges to zero since each ¢; vanishes outside a
neighborhood of P; € K*. Then we let j — oo to show that /] and /5 converge
to zero, since ¢; — ¢ in L' (K?).

Furthermore, we apply the area formula to the right-hand side of the first iden-
tity of (57) and use that the deformation is regular, i.e., lim; o JW¢ = 1, to obtain
the second identity of (57). O

Remark 6. Theorem 4 holds if £ has continuous boundary.

Remark 7. If E is a set with deformable Lipschitz boundary, our normal trace
coincides with the normal trace obtained in [6] by using Lispchitz deformations.
We can prove this fact by proceeding in the same way as in Theorem 4 when 0 E
is deformable Lipschitz. Moreover, it was proved in [6] that if 0 E is deformable
Lipschitz and |divF|(0 E) = 0, the trace obtained by Lipchitz deformations coin-
cides with the usual meaning F - v for HV~!-a.e. x € E, with v as the inward unit
normal to E. Therefore, the trace constructed in this paper has the same property.
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5. Applications to nonlinear conservation laws
o
Let E be an open bounded set of finite perimeter in R such that K¢ = U M;,
i=1
where M; is a C! surface. We define
Q0:=(0,00)x ECRI, T'=(0,00) x 9E. (62)
For each T > 0, we define
0r=0,T)xXE, r=(,T) xd°E. (63)

We consider the following initial-boundary value problem:

oru+Vy- f(u) =0 in Q, (64)
Ul{oyxE = U0, (65)
1](0,00)x9E = Ub, (66)

whereu : Q - U C R", f € CI(U;R’”Xd),uo € L®(E;R™), and u;, €
L®(T; R™).

We say that a convex function n € C!'(R™;R) is an entropy for (64), with
associated entropy flux g € C'(R™; RY), if

Vgiw) = V@V fiw, j=1,....d. (67)

Then the pair ((u), g(u)) is called a convex entropy pair. As in [22], the function
F(u,v) = (x(u,v), B(u, v)) is a boundary entropy pair if and only if, for each
veR", (a(u,v), B(u, v)) is a convex entropy pair satisfying

a(u,u) =B, v) = da(v,v) =0. (68)

Definition 10. We say that u(t, x) € L*°(Q7; R™) is an entropy solution for (64)—
(66) if

(i) d:u + Vy - f () = 0 holds in the sense of distributions in Q;
(ii) for any nonnegative ¢ € Cgo((—oo, T) x RY),

f (@ult, x), v)s + Bt x), v) - Vi)dxds
or
+/ a(up(x), v)¢ (0, x)dx
E

+ [ Bup(),v)-v(r) ¢(r)dH (r) 20, (69)
'r

where the unit vector v(r) is the measure-theoretic inward normal to I", which is
defined “-almost everywhere in I
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The existence of entropy solutions to problem (64)—(66) may be obtained by
using the vanishing-viscosity method. In fact, for each § > 0, we consider the
problem:

dqud + V- f®)y=6Au®  inQr, (70)
ulljoyxE = ud, (71)
ul0.1yx0E = U, (72)

where ug and u‘sb are smooth functions satisfying lims_, ¢ ug = ug in L1(E) and
lims—oul = up, in L' ((0, T) x JE).

The solvability of problem (70)—(72) requires the solvability of the Dirichlet
problem for the Laplace’s equation on the open set of finite perimeter E. That is, we
ask for an harmonic function w on E such that w|yg = f € C(dE). From Lemma
5 in Appendix, we obtain the desired w, which satisfies lim,_, , w(y) = f(x) for
every x € 3*E. For our application, this boundary regularity will be enough since
(E°U E')Y N 9E do not appear in the Gauss-Green formula (see Theorem 1).

Let u® = u®(z, x) be the solutions of problem (70)—(72), uniformly bounded in
L®°. Assume that u‘s(t, x) converges a.e. to an L function u = u(t, x) as § — 0.

Proceeding as in the standard way, for fixed v € R?, we multiply equation
(70) by 9, W’ (, x), v) and use the fact that u > (a(u, v), B(u, v)) is a convex
entropy pair to obtain

draud(r, x),v) + Vi - Bl (1, x), v) £ AU’ (1, x), v). (73)

Then we multiply equation (73) by a nonnegative test function ¢ € Cg°
((—o0, T) x RY) and integrate by parts to obtain

—/ a(u‘s(t,x),v)atqbdxdt —/ a(u‘s(O, x), v)¢ (0, x)dx
or E

T
— | Bt x),v) - Vipdxdt —/ B (t,x),v) - v dH! (x)dt

or 0 E

< 5/ Aca@’(t, x), v)dxdt.
or
Therefore, we have
/ ot(ua(t, x), v)0;¢p dxdt + / oz(ug, v)¢p (0, x)dx
or E

+ | BW @, x),v) - Veddxdr
or

+/ Buy(r), v) - v dH (r)

r

+5/ a®(t, x), v)Axp dxdt > 0.
or

Then, letting § — 0 in the previous inequality, we conclude that u = u(t, x) is
an entropy solution of (64)—(66).
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Since Q7 is a set of finite perimeter in R?*!, we can apply the results from
Section 4 to this set. Therefore, for any ¢ > 0, we obtain the existence of a set
ry cry, HI((Tr N3*07) \ I'?) < & and a smooth vector field v* defined on
R4+ guch that, when restricted to s, ve |1~; points toward the interior of Q7; we
also find that there exists 7o = 7o(&) small enough such that, for t < 1o,

We(r,x,7) = (t, x) + Tv°, (t,x) eTF, (74)

defines a one-to-one deformation of I'7.. We define ', | = Wi (I'}.). Using this
deformation, we can prove the following proposition.

Proposition 9. For any y € L' (r'7),
[ Fw vyt = tim [ Ea v e @k

=1im | (F(u)-vy) oW (w)yw)dH,

rj

where F(u) = (u, f(u)) or (n(u), q(u)) for any convex entropy pair (n, q), and
WE is any regular deformation.

This proposition follows from the convergence (57) and from the fact that the
fields (u, f(u)) and (n(u), g(u)) are divergence-measure fields.

Remark 8. If system (64) is endowed with a strict convex entropy 7, on the subset
in the state space {u : |u| < |lu(-,-)||z=)}, then Proposition 9 holds for any C?
entropy pair (i.e., it is not necessary for » to be convex) (see CHEN [4]).

Furthermore, we have

Proposition 10. For any y € Ll(Fg), y = 0 H%-a.e., and for any boundary
entropy flux F = (a, B),

ess lim FuoWi(r), up(r)) - v,(\lli(r))y(r)de(r) <0, (75)

0 Jre
— FST
where vy is the measure-theoretic inward normal to F% -

Proof. Let  : R4t — [0, 1] be defined by setting a(t,x) = tif (t,x) € '},
for t £ 19 with 19 small enough; h(z, x) = 0if (¢,x) € Q; and h(t,x) = 19
otherwise. In (69), we choose

o(t, x) = y((\Ilﬁ(t’x))_l(t, x))¢(h(t, x)) for (¢, x) € Image(¥?) and v < 1o,
(76)

where y € Lip(I'), spt(y) C I'7, ¥ 2 0,¢ € C°(—00, 19), and set ¢ (¢, x) = 0
for (1, x) € O\Image(¥f), v < 79. We extend ¢ to all RA+ a5 a Lipschitz function
with compact support contained in (0, T") x R?. With this choice of ¢ in (69) and
using the coarea formula, we obtain
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0
0

_/ (ﬁg Fu(r),v) v (r) y((\pi)—l(r))dr’_(d(r)) C/(S)ds
+C/ cwds +/ Blup(r), v) - v(r) y (NdH! ()¢ (0) Z 0.
0 1";

Choosing ¢(s) = x[-s,5]» 0 < 6 < 7o (mollifying and passing to the limit), and
then making § — 0, we get

ess 1im0 Fu(r), v) - ve(r) y (W)~ r)dH (r)

7
< [ By 000y ) ar ),

where we used Proposition 9 to ensure the existence of the limit on the left-hand side.
By approximation, we conclude that the above inequality holds forany y € L' (r%),
y 20, H-ae. Using the area formula, we obtain

ess lim | F(u o WE(r), v) - v (WE(r)y (rdH! (r)

—0 FST

< /F Bup(r),v) () y (R ().

Now, considering first the simple step function v, (r) and using a standard approx-
imation argument again, we deduce from the last inequality that

ess lim | F(uoWE(r), vp(r)) - v (WE(r)y (r)dH (r)

-0 Jre
< /re Blup(r), vp(r)) - v(r) ¥ (NdH (r)
T
for any vy, € Ll(FsT). Taking v, = uyp and using the fact that f(u, u) = 0 yields
the desired result. O
For m = 1, we define
TCact ={relr : ur— (u, f(u)-v(r) isincreasing}. )

Choosing F(u,v) = (lu — v|, sign(u — v)(f(u) — f(v))) and proceeding as in
Proposition 4.1 in [6] with the aid of Proposition 5.2, we obtain

Theorem 5. If u € L®°(Q7) and up, € L ('7) satisfy (69) for any boundary
entropy pair associated with (64), then

ess lim |t o WE(r) — up(r)|dH (r) = 0. (78)

=0 I‘actﬂI‘§
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Appendix

In this appendix, we recall the following lemma used in Section 5 for complete-
ness.

Lemma. Let E C RN be an open bounded set of finite perimeter and f € C(JE).
Then, there exists a function w with continuous second derivatives satisfying

i) Aw=0inkE,
(ii) limy_,x yeg w(y) = f(x) for every x in 3*E.

Proof. We refer to [19] (Chapter 8) for the existence of the desired w by using
the Perron-Wiener-Brelot method. The boundary regularity behavior of the solu-
tion w follows by the Wiener criterion (see [21], Chapter 2), which implies that
limy_, . yeg w(y) = f(x) if and only if RN \ E is not thin at x. We refer to [21]
for the rigorous definition of thinness of a set at a point, which involves the concept
of capacity of the set. Using Corollary 2.51 in [21], we find that, if RN \ E is thin

at x, then x € E!, that is, x is a point of density 1 for E. Since 0*E C E%, we
conclude that RY \ E is not thin at every x € 3*E and hence (ii) holds for every
x €0*E. 0O
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