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Introduction.

Global solutions of nonlinear first order partial differential equa-
tions have been an object of inquiry since 1950-51, when for the
particular equation

u, tuu, =0 (D

E. Hopf [16] and J. Cole [2] first succeeded in constructing
“weak solutions” —solutions in a distribution sense— in the half-
plane ¢ =2 0 with bounded, measurable initial values. Their methods,
which were similar but independently arrived at, after some years
were accomodated to other equations than (1) and additional ap-
proaches developed. At present, several ways are known to construct
global weak solutions with prescribed initial values of fairly general
types of scalar first order equations, including equations of Hamilton-
Jacobi form

u, + f(x,t,gradu) =0 (2)

and quasilinear “conservation laws”

n 9
u,=za—i~Ai(x,t,u)=C(x,t,u). 3)

i=1

Here, x = (x,,x,,...,x,) € E", u(x,t) denotes a scalar func-
tion, grad u = (u,‘l sUp 5eees uxn), Uy, = ou/ox;, u, = ou/ot. A be-
ginning has been made with scalar equations in two independant va-
riables of the form (f(u)), + (g(w)), = 0 (D.P. Ballou [1]), and
weak solutions of certain hyperbolic systems of quasilinear equations
also have been obtained (see P.D. Lax {28], J. Glimm [14], Glimm
and Lax [15], J.A. Smoller [32], J.L. Johnson and J.A. Smoller [19], (})
and the bibliographies in these papers). Nevertheless, global theory
today is incomplete, and often it is complex and delicate. Hence, it
seems worthwhile to continue to explore the scalar case, to which
this paper is devoted.

() See also J.A. Smoller and C.C. Conley [1-6] and the included references.
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Our methods are based on the idea of approximating weak so-
lutions by functions that are built up out of strict C' solutions in
appropriately narrow domains. This kind of construction seems to
have been first suggested in principle by B.L. Rozhdestvenskii [31]
(1961) and was first carried out by N.N. Kuznetsov [27] (1967).
I hit upon it later and outlined its application to equations (2)
and (3) in an A.M.S. lecture(l) in 1968, not knowing that Kuznetsov
had already introduced it. In this paper, the original methods are
greatly broadened and developed.

The principal estimates needed in this approach are, as Kuznetsov
also stresses, suitable a priori inequalities for strict solutions —solutions
of class C'— of the given partial differential equations. Besides these
inequalities, a smoothing transformation S of C'(E") into itself is
required under which the inequalities are preserved. Supposing we
have S, we can describe the idea as follows. Let u,(x) denote the
prescribed initial data. The first step is to find, in a suitably thin layer
0 <t <h, a strict solution u, (x, ¢) satisfying the initial condition
u, (x, 0) = Suy(x). The second step is to find in the layer h < ¢t < 2h
a strict solution u,(x, ¢) such that w,(x, #) = Su,; (x, ). The third
step is to find in the layer 2h4 <t < 3h a strict solution u;(x, t)
such that wu,(x, 2h) = Su,(x, 2h), and so forth. The sectionally
continuous, sectionally smooth function

ux,t) =u,(x,t) for t< h,

I

0<
u(x,t) for h<t<2h,
h <

=uyx,t) for 2h <t <3h

we call a layered, or stratified, solution. It obeys inequalities depend-
ing on u, that derive from the estimates originally established for
strict solutions. It is of course not a weak solution of the original
problem, but under appropriate conditions a sequence of layered
solutions will approximate a weak solution if the smoothing per-
formed is made finer and finer with h accordingly tending toward zero.

(1) The existence of weak solutions of first order partial differential equations,
an invited address before the Eastern Sectional Meeting of the American
Mathematical Society at Johns Hopkins University, October 26, 1968.
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A large class of smoothing operators, including arithmetic and
other types of averaging as well as quite different kinds of trans-
formations, exists with which layering works comparatively simply
for equations of forms (2) and (3).
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CHAPTER 2

GENERALIZED SOLUTIONS OF QUASILINEAR CONSERVATION
LAWS WITH BOUNDED, MEASURABLE INITIAL DATA

Global weak solutions of multi-dimensional quasilinear conser -
vation laws were first constructed by E.D. Conway and J.A. Smoller
|4], who confined their efforts to equations of the form

no9
+ 3 — A, @) = 0.

t dnnd
i1 ax,.

u

For equations
no 9

ut+izr‘la—)c:Ai(x,t,u)=C(x,t,u) (A),
that depend explicitly upon x and ¢, similar results were then ob-
tained by K. Kojima [20], extending Conway’s and Smoller’s finite
difference methods, and by N.N. Kuznetsov [27], who used a
layering procedure. Finite difference schemes in relation to the two
equations u, +V-F@w) =0 and u, +V -F(u) =vAu have been
further elucidated by D.B. Kotlow [21].

These writers required the initial data to be of bounded varia-
tion in a sense of Tonelli and Cesari, but recently new estimates in
conjunction with the “viscosity” method have made it possible for
S.N. Kruzhkov [25, 26] to dispense with all demands upon initial
data other than boundedness and measurability. In the same papers,
Kruzhkov also has presented a new definition of ‘“generalized so-
lution” under which generalized solutions of (A), are weak solutions
but, almost regardless of the nature of the A;, depend uniquely and
continuously (in LY upon their initial data(! ). In the one-dimensional
case, Kruzhkov’s generalized solutions satisfy the “entropy” or ana-
logous conditions that hitherto have served as the basis of uniqueness
theorems.

Ideas closely related to Kruzhkov’s were presented by E. Hopf
[18]. For sectionally continuous solutions, B.K. Quinn [1-5] has
provided an elegant alternative to Kruzhkov’s methods.

(') P.A. Andreyanov [1-2] recently has extended Kruzhkov’s methods and ideas
to problems with just locally bounded initial data.
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Viscosity methods like Kruzhkov’s are of interest in themselves,
as Kruyhkov stresses, but procedures not involving parabolic equa-
tions doubtless also are worthwhile. Such a procedure, which leads
relatively easily to Kruzhkov’s existence theorem, is to approximate
the given initial data by functions of locally bounded variation (in
the sense of Tonelli and Cesari) and then to pass from solutions that
have these data to the solution with the data desired by means of a
limit process based on Kruzhkov’s theorem on continuous dependence
alluded to earlier. (Kuznetsov [27] used a method somewhat like this

for equations of the form u, + Z (A,.(u))xi = 0). In this approach,

incidentally, second instead of third order differentiability of the A,
and C suffices.

This chapter is devoted to a direct approach, by means of layer-
ing, to the problem of bounded, measurable initial data and also
provides a pattern for our discussion of the case of initial data of
bounded variation (Chapter 4) and our treatment of Hamilton-Jacobi
equations (Chapter 5). The lack of a needed estimate (an appropriate
generalization of Theorem 3) restricts present considerations to
conservation laws of the form

L
+ Y — A (t,u) =C, A
U, i;]axi it u)=C(t,u) (A)
without explicit dependence upon x. Initial conditions
u(x,0) = uy(x) (B)

with bounded, measurable u, are imposed.

1. Notation, assumptions, aims.

For an arbitrary point x = (x,,...,x,) of real Euclidean space
E", we write
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If v is a bounded function of x on E”, we write
M, = su v(x)| ;
v = sup, @)

if v is a function of x, ¢ for x € E" and t = 0, and v (e , ¢) is bounded
for fixed ¢, we write

M,(t) = sup |v(x, )l

xEEKn

Similar notation is used for vector functions.

Let C(E™ denote the class of functions that are bounded and
continuous on E", and for v € C(E") write

vl = sup |v(x)|.
xEEN

For a vector f=(f,,...,f,) with f,cC(E") (i=1,...,n), we
write

[5.': f%]'”
i=1

For T> 0, M >0,a <b, h > 0, and positive integers m, define

Ifly =

0"

Z(T) ={(x,t) : x€E",0<t<T}
Z(a,b) ={(x,t): x EE",a<t<b},
Z, =2,,=1L(m - 1) h, mh),
Z, ={x,):x€E",im—-1Dh<t<mh};
Z(T;M ={(x,t,u): xE€EE",0<t<T,|ul <M},
Z@,b;M) ={(x,t,u): xE€EE",a<t<b, |ul <M},
Z(T;M) ={(x,): 0<t<T, Jul <M}
If Z represents any domain, by C*¥(Z) we shall mean the class
of functions that are bounded and continuous and have bounded,
continuous partial derivatives on Z of orders up to k(!). By C'g(Z)

we mean the subclass of C¥(Z) consisting of the functions that have
compact support in Z. Here, kK denotes any nonnegative integer. If

(1) The conditions of boundedness will be dropped in Section 3, Chapter 3, and
thereafter.
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€ CHZ), we write lfICk(Z) to mean, as is usual, the sum of the
least upper bounds in Z of the absolute values of f and of its partial
derivatives of orders up to k. By L' (Z) we mean the class of Lebesgue
summable functions on Z, and by IflLl @ the usual norm of f in
that space,

For all positive constants M, T, we assume
CECYZ(T; M), A ECHZ(T;M),i=1,2,...,n

We also assume u, to be bounded and measurable in E". Follo-
wing Kruzhkov [26], we shall say that a bounded, measurable
function u on the set Z(T) is a generalized solution of (A),, (B) if
for all real constants k£ and all nonnegative functions f € C(‘) (Z(T))
with f(x, 0) = 0, we have

ffzm i lu — k1 f, +sign(@ —k)e Y [A;(x,t,u)— Alx, t, k)

i=1
+ sign (u——k)-[C(x,t,u)—~ i A,.,x',(x,t,k)]f %dxdt
i=1 )

=0; (3a)

here, f, = 9f/d¢, fx,- = 0f/dx;. In addition, it is required that a subset
& of [0, T] of measure zero exist such that for every ball

Sr) ={x€E": |x|<r}

im [ Ju(r, %) — up@)] dx = 0, (3b)

where during the limit process 0 < ¢ < T and ¢ ¢ &. As Kruzhkov
proves, generalized solutions are weak solutions. Furthermore, all
generalized solutions of an equation for which the A; and C
are of class C!, and the first derivatives of the A; with respect to x
and t are Lipschitz-continuous, for (x , ¢, u) € Z(T , M) with arbitrary
M, depend uniquely and continuously (in L!) upon their initial data.
(See also B.K. Quinn [1-5]).
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For our purposes, we add to the previous assumptions the
following growth condition upon C : for x € E” and t = 0
sup |C(#, »)| < E(w),
viSw

where E is a nonnegative, nondecreasing function defined for w > 0
such that

[T fora > 0
—— = o fora .
« E(w)

Our principal aim in this chapter is to prove the following
result :

THi:OREM A. — Under the assumptions stated, a generalized so-
lution of (A) and (B) exists.

To employ stratified solutions in constructing the solution demand-
ed, we must first establish certain properties of strict solutions and
also suitable smoothing operators. The latter will be discussed in detail
in the next chapter, from which we shall borrow as required. We now
turn to the former.

2. Strict solutions of equation (Ao).

By a strict solution of a partial differential equation we mean
a continuously differentiable solution in the ordinary sense. In this
section, we shall discuss strict solutions of first order conservation
laws of the form

n o

t~ ax,

i= i

Ajx,t,u) =C(x,t,u). (A),

where C € C'(Z(T ; M)), A; € C*(Z(T;M)) for i=1,...,n. We
suppose a generalized form of the previous growth condition to
hold : for x € E" and ¢t = 0,

n
sup | Y Aix, (x.1,9) = Clx, t,v)] <EW),

bi<w |/
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where A; X -5;-' and E, as before, is a nonnegative, nondecreasing
i
function defined for w > 0 such that f —— = oo for ¢ > 0. An
E(w)
initial condition of the form
ux, ty) = wx) 1

is assumed, where w is an arbitrary bounded, continuously differen-
tiable function with bounded gradient :

Iwly, < w,g , lgrad wl, <w,,

w, and w, being constants. Standard theory will provide positive
constants A and a independent of w, such that u exists in the layer

Z(ty,ty + 1/(Aw, + a))

and will furnish an upper bound pertaining to this layer for M, (7).
Well known methods will also enable us to show that u —a strict
solution of (A), and (1)— is a generalized solution in an appropriate
sense. Finally, we shall prove 4 to be mean continuous (in the L,
sense) with respect to x, uniformly with respect to w,. This infor-
mation is the main content of the following three theorems.

ThroreM 1. A strict solution u of (A),, (1) exists in the layer
Z(ty,ty + h), h = 1/(Aw, + a), where the constants A and a may
depend upon w,, the bounds assumed for the first derivatives of C,
and those for the second derivatives of the A,. This solution u is
subject to a bound described as follows. Define the function

(1) = ¢(2 515, W)

by the condition

(1) dy
f =1 -—1,.
E()

wo

(Under our growth assumption, ¢ exists and is an increasing, abso-
lutely continuous function for t =t ). Then

M, (1) < @(t 51, ,wo) for 1o <t <ty h. )
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THEOREM 2. — Let u be a strict solution of (A), in Z(t,,t,),
where t, <t,, and suppose [ € C'(Z(z‘0 , t,)) to vanish identically
for |x|>r, r being any positive constant. Then for any constant k

§Iu~klft + sign (u — k) o 2 [A;(x, t, u)

Z(tg,ty) \ i=1

— A; (x,t,k)]fxi + sign (u — k) e [C(x, t,uw

-y A-x,(x,t,k)]fldxdt
i, x; ‘

i=1

1

t
t=

=fEn lu — k| fdx

fo

TuroreM 3(1). — Let u be a strict solution of (A) in a layer
Z(ty , t)) (1, < t,), in which lu(x, t)| < M. Let

n
N = sup,( 4 im) [Z (aAr/au)Z] 12
r=1

With £ € E" and T > t,, denote by D(t;§,T) the horizontal disk
D;¢,T)=1{x:|x - & <N(T - 0}

cut out of the plane with ordinate t by the back horizontal cone
with vertex (§.,T) and “slope” N. Then for any z € E" and for
ty St <t,, we have :

f lu(x+z,1 —ulx, )| dx
D(#:¢.T)

<exp[C,(t — ty)] f luCx +z,ty) —ulx, ty)ldx.
D(1g:£.T)

Here, C, = SUP7(tg.1,:M) I1C, 1.

Proof of Theorem 1. — For strict solutions, equation (A), is
equivalent to

(1) Kuznetsov [27] gives such a result in the case in which C = 0.
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u,+Zai(x,t,u)uxi=c(x,t,u), 3)

i=1

n
where @; = dA;/du and ¢ = C — ), (dA,/dx,). The coefficients in (3)
i=1

satisfy the following conditions :
1) For all positive constants M, T,
¢, €ECH(Z(T;M) ,i=1,...,n;

ii) in terms of the function E previously defined, ¢ satisfies
the condition

sup le(x, t,v)| < E(Ww)

vi<w
for x € E" and ¢t = 0.

We use the method of characteristics as follows. For an arbi-
trary point & of the initial plane #, = 0, let the n + 1 functions

U(t;z)axj(t;z)’j:1y2,---an9 (4)

denote solutions of the differential equations
du/dt =c(x,t, U), dxi/dt =ai(x,t,U), j=1,2,...,n (5

satisfying the initial conditions
Utg; ) =w(®) ,x; (1,8 =§, j=1,2,...,n. (6)
We shall find an a priori bound for U in any interval
I:ty,<t<t (t, < t;)

within which, for fixed &, the solution (4) exists and is of class C'.
By (5),

Ut ;9 =W(E)+ftc(x(s;£),s,U(s;£)) dx fort €1
0

Assumption (ii) implies that
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1
Ut < lwl, +f0 E(IUGs ; £)) ds

t
<wy + [ E(UG;HI) ds,
0
where, as required, w, is a constant such that
wly, < wg.

Since ¢ satisfies the condition ¢'(t) = E(¢(#)) almost everywhere
and ¢(t,) = w,, ¢ satisfies the condition

. ,
(1) = wo + [ E(p(s)) ds,
to
and reasoning such as is used for Gronwall’s inequality shows that
U 91 <o) for t,<t<rt,. 7)

Therefore, in particular, |U(¢, , §)| < ¢(¢,), and standard theo-
rems show that the values 7 such that the solution of (5), (6) exists
for t, <t < 7 have no finite least upper bound. Hence, this solution
(4) will exist for ¢t 2 ¢,. By well known theorems, this solution also
is of class C' with respect to ¢, § for § € E*, t > ty-

For fixed ¢, consider the transformation

=x(t;%). (8)
We can invert (8), say as
E=&x,0 )
in any layer
x€E", t,<t<ty,+$§ (10)

in which the functional determinant

IO =138 =000)/3(8)

exceeds a positive constant. In such a layer, Cauchy’s theory says
that the function

ulx, ) =U0@E; Ex, 1))

in a solution of (3) and the only solution that satisfies the initial
conditions (1). Furthermore, the functions
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p](l‘,E)'—-:ux’(x(t,s),t), j=1a2,---’n»

which are the derivatives of u regarded as functions of ¢, §, satisfy
the differential equations

n
dpj/dt =— Z (ai"‘ipi +a;,p,0) + c"i +c,p;. (A1)
i=1

These show that positive constants a and § depending on the first
derivatives of the a; and c exist such that

ldp;/dt] < a(p(t) + ),
where
p(t) = p(t ; ) = max,; |p;(t ; §)I.

By reasoning similar to that which led to (7) we have

pt ;8 <q),

where q(¢) is the function that satisfies the differential equation
dg/dt = a(q + B)* and the initial condition g (¢,) = w, = p(¢,). Conse-
quently, .

w, +af(w, +B)(t —t,)
1 —aw, +B) (t—t,)
the right hand side in fact being q(¢). This shows, in particular, that

if the transformation x = x(¢;§) can be inverted as § = §(x, t) in
a layer

p(t;® <

b

§EE", t,<t<t,+3d (12)
with
8 < 1/[2a(w, + B)] = h.
then in that layer
p() <2w, + 8. (13)

We shall now exhibit a positive lower bound for J(¢£) = J(¢ ; §)
in this layer. It is well known —and easily proved from (5) and (11)—
that
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n
dl/dt = Z (ai’xi +a;,p)J. (14)
i=1
It follows from this that
|dijdt| < (ap + 7)) for (<1<t ,+3& (15)

2 ai,xi

1

with the same « as before and vy a bound for . In view of (6),

we have J(z,) = 1, and the homogeneous differential equation (14)
implies that J > 0. By (15) and (13), '

log) = — [aRw, + B + v]h

__oz(2wl +B) +

2a(w, + B)
PR el
2aw, + 2af
>—j,
where
1 if y<op
jo = )
+
UL
208
Thus,
Jy=e'o for t,<t<t, +8. (16)

But 6 is any positive number not exceeding 2 such that the equations
x = x(t;§) can be solved for ¢ in the layer (12). Hence, in view of
this estimate for the Jacobian of the transformation, the least upper
bound of such 6 must be 4. This implies that the inversion (9) can
be performed in the layer Z(¢, , t, + h), and Cauchy’s theory now
guarantees that U(z; £(x, ¢)) is a solution of (1), (3) in this layer.
In view of (7), the absolute value of this solution is not greater than
¢(t;1,, wy), as the theorem states. Thus, this theorem is wholly
proved.

Proof of Theorem 2. — Since k is a constant, we have
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n

dmad

W — k), +

(A G, t,u) = AjGx, 1, ),
1

=Cx,t,u) - Y A, (x,0,R)=C 7
i=1

Let S denote any maximal subdomain of the cylinder
' ={(x,0: IxI<r, t,<t<t}

within which u # k ; by continuity, 4 — k has constant sign in S.
Letting S’ denote the part of the boundary of S on which ¢ # ¢,
t #t,, and |x| <r, we have by maximality

u—k=0 on S.

We intend to show that

Jlw-06+TAG L0 AL,

s
*
s

+Cpyaxdr= [ | f - b0 dx
[

S:,' denoting the part of the boundary of S on which ¢ = ¢, and S','
the part on which ¢ = ¢,. (Either or both of these parts may be empty).
Since sign (u — k) is constant in S, when (*) is justified it will imply

L=kl +sign @ —b) - [, (A, G, 1, 0) = A(x, 1, K)
S

_ sy
+Cavdr = [ flu—klax |

0

0

Then summing the relations of this form for all domains S as described
will give

/‘Z(,o,,l){f,lu — k| + sign (u — k) - [(A;(x, t,u) — A; (x, ¢, k))fx,-

(%

+C*Daxdi= [ flu—kldx|"
E

t=to

as claimed, since f is zero for |x| = r.
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We have still to justify (*). Let S, be an open subset of S with
piecewise smooth boundary S,,» =1, 2,...,suchthatS, U S, CS ,,

and U S = S. We require in addition for any point P of S,,
»=1

dist (P, 8") < ad, , d, = infoeg dist (Q, S,
where o is a constant greater than 1, and for an arbitrary set V
dist (P, V) = infg ey |P — R|.

(S, might be, for instance, a union of open cubes of edge 27v-ipm12
covering the part of S that is removed from S' by at least the distance
277 with a = 2). Set

S* = Z'\S, S¥=7Z'\s,,
and define the functions .

~

U=u in S, 17,

u in S,
=k in S% =k in SJ.
By our previous remarks, % is Lipschitz continuous in Z', say with
Lipschitz constant .
Forv=1,2,..., let ¢, (x, t) be a function in C(',(E"“) such
that §, > 0, [ ¢, dndr = 1,

$,(x, )=0 for |x|> +1*>(,/2)?,
and
IDS, (x, DI <p/d,,
where B is a suitable constant, D represents differentiation with

respect to ¢ or a component of x, and the integration with respect
to x and ¢ is over E"*'. The continuously differentiable functions

u, =8, *%,= [[ &, 6=y, 1= 9%, (v, 5 dvds

then have the following properties :
a) u, = k at all points nearer S’ than the distance d,|2 ;

b) lim #, = u and lim Du, = Du in S ;

P +oo P Yoo
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c) the derivatives Du, are bounded uniformly with respect to ».

Properties (a) and (b) are clear. To justify (c), we write

u, =8¢, *a+ 8, @, -w=Y+Z.
The first derivatives of Y are uniformly bounded, because # is
Lipschitz-continuous. Since %, = % in S* U S,, we have

DZ = D¢, (x—y,t—s)[k—u(y, s)]dyds,

s\s,,

and by the assumed estimates

IDZ| < (§/d,) ved, fs\s dyds = afyu (S\S,),

u referring to Lebesgue measure in m + 1 dimensions. Conse-
quently, DZ - 0 as v > oo, and we conclude, in particular, that
the derivatives Du, are uniformly bounded, as asserted.

For this reason, if Lu, is the expression obtained by replacing

u by u, in the first member of (17), then Ly, is bounded uniformly

with respect to ». In addition, by property (b), lim Ly, = C* in S.
r-=0

Therefore, Lebesgue’s theorem gives :

lim Lu dxdt = C*dxdt.
Jim [ Lo dxat = | 5
On the other hand, partial integrations in the usual way result in
the relation

/; fLu,dxdt = — j; i(u, - K f, +2, fx, [A;(x, t,u,)

i

~ A, b, 01 axde + [ fu, — b dx

o
So

other boundary terms disappearing because of (a). Letting v > oo
in this condition results in (*), completing our proof of Theorem 2.

A different proof is given by Kruzhkov [25].

Proof of Theorem 3. — Our aim is to prove that each strict
solution of (A) is mean continuous in x, uniformly with respect to ¢.
Let feC! (Z(t,, t))), and suppose f to vanish for |x|> r, where r
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is some constant. We multiply both sides of equation (A) by f,
integrate over the layer Z(¢,, ¢,), and then integrate by parts to
obtain :

J,

(fu + 2 f. A, + fC)dxdt = f,, fudx
Z(tg.ty) i ' E

h
o

“ 1o

An analogous relation will also hold in which f is replaced by
g =T_f, T, denoting the translation defined by the condition
T,f(x,t)=f(x+s,t) for s € E". Since, for instance,

fE,, (T_f)udx = fE , f(Tauwydx,

we can write this second relation as

1

f,(,o,,l) (f, T,u +§; &, T,A; + fT,C)dxdt = Jn fT,udx

t
i t

= to

Subtracting it from the first relation, we obtain :

dxdt
(18)

]
t

fz(ro,rl) 3 [i(Tyu —u) + foi(TsAi - A + f(T,L - 0)

i

= E,,f(Tsu— u) dx

to

The rest of the argument depends upon a proper choice of f.
Let

zsign ux+s,t)—ux,t) for |x —EI<N(T —¢,)
w(x) =

0 for |x — &> N(T - 1t)

and let w,, m=1,2,..., be continuously differentiable functions
on E” such that

w,l<1l,w, =0 for |x — &> N(T —¢)+ 1/m,

and lim w,, = w almost everywhere. (For instance,

m oo

W,(x) =m" | n, k(n(x —x) wx')dx’
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with continuously differentiable kernel k such that k =2 0, k(x) = 0
for |x| = l,f k(x)dx = 1). Soon we shall show that we can
choose f so that

&, 1) =w, (), If(x, )| < 1770,
fx,t,) =0 for |x — £|>N(T —¢ty) + 1/m,
and the left member of (18) vanishes, b denoting a constant. Then

it will be clear from (18) that

[ ow,Tu-wdx=[ T, u-wax
t=1q t=tg

Since the right side of this equality is not greater in absolute value
than

IT,u —uldx |,

eb(tl —19) f
D(tg: £, Up)

where U, = T + 1/m, letting m — oo gives the required result.

To justify our choice of f, note first that
T,C(t,u) —C(t,u)=C(t,u(x +s5,1t) — C, ulx, 1)

=@k +s,t)—ulx,))C,t,s,

where

Cox,t,5)= [ Cult,ulx, )+ 0 +5, 0 — ulx,0)do.
o

More briefly,
T,C — C= (Tyu - u)C',
and, analogously,
T, A — A, =(Tyu—uw)A;, i=1,...,n,

C' and A] all being continuously differentiable in the domain consid-

ered. Schwarz’s inequality applied to the integral expressions for the
A; shows that

T (A)? < N2, (19)
i=1
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Substituting from the previous results, we can write the expression
in curly brackets in (18) as

(Tyu —u) Lf,

where

Lf=f,+ X Aify, +CT.

and we determine f by the condition Lf = 0,

f(x, tl) = Wm(X).

Condition (19) and the nature of the support of w,, show that
f(x, ty) vanishes as required. The inequality stated for f(x, t,),
with b a bound for |C,| in the layer considered, follows from
the assumption that |w, | < 1. Thus, all the conditions demanded
of f are met, and Theorem 3 is proved.

This theorem can also be handled by such means as Kruzhkov
[25] employed to show that generalized solutions depend uniquely
and continuously upon the initial data. But those methods are as
involved for strict as for generalized solutions, simplifications appar-
ently not occuring in the case with which we are concerned.

3. Stratified solutions of initial value problems
for equation (A).

In constructing stratified solutions of this problem, we shall
smooth by means of averaging operations. Let k(x) be a function
of class C' in the cube

C:lxl<l, i=1,...,n

Assume that k = 0, that f ‘kdx = 1, and that k is an even function
C

of each individual coordinate x; of x = (x,,...,x,) when the other
coordinates are held fixed. Then if, say, f € C(E") —recall that C(E")
consists of the bounded, continuous functions on E” —define for € >0

K f(x) = K.f) (x) = fc k() fOx + ££) dE.
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This operator has the following properties :

K flo < Ifly, ()
‘/;x|<r K fldx <J )i n f] dx (2)
|grad Kefl < kl g1 ‘flo , 3)

where k, is a constant depending on the function k(-). Properties (1)
and (2) are immediate, and property (3) follows from the obvious
generalization to n dimensions of the following computation. Suppose
x to be a scalar quantity (i.e., n = 1). Then

x +e

K 00 = [ k@ s +epae=e [k —0je) o,
and '
(@ldx) K fx) = €7 k(1) fx + €) ~ k(= 1) flx — ©)]
— e KO - 0/ f0)dy,
while the integral on the right is equal to

1
et [ K@ f + e a:

Therefore,
1
Id/dx) K flo <[lk(D)] + k(= 1)| + [llk'(é)l d§l e7Ifl,

justifying (3) in this case.

Four more properties of K, will be used. In the notation
Fx) =1f @l
the fourth property is that
IK f(x) | <K, f(x). 4)

The fifth, referring to the translation operator T, defined for z € E”
by the rule T, f(x) = f(x + z), is :

KT, = T,K,. Q)
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The sixth property is that for any constant k,
K. f+k=K,(f+k) (6)
These are all trivial. The seventh property pertains to the order of
weak approximation of f by K_f : for all g € C(E™),
| [ 8K f—f)dx| <C, Iglagn, 1], a(®), 7)
E

where C, and the function a(€) depend only upon n, and

lim €7! a(e) = 0.
€0

This property will be justified in the next chapter.

Kuznetsov used averaging operators such as K_, but required
the kernel k to belong to CL(E™).

Let T> 0 and 0 < & < 1/2a with T/h an integer. (The constant
a is that of Theorem 1, Section 2). We shall construct a stratified
solution of (A), (B) in Z(T) with layer thickness 4. Smoothing will
be performed with K., where
€=2Ak, ¢(T;0, luyly) h
The resulting stratified solution v will be subject to the estimate

v IC°(Z(o,T»

So(T 50, lugly). (8)
For convenience, set ¢(t) = ¢(¢; 0, |uyl,). Since
lgrad K, ugly < k, €71 |uyly < k, €71 ¢(T),

Theorem 1 of Section 2 shows that a strict solution u, of (A) satisfying
the initial condition

u,(x,0) =K, uy(x)
exists in a layer of thickness '
1 _ 2h )
Ak, et . ¢(M+a 1+ 2ah’

since 4 < 1/2a, this thickness is 2 h, and u exists, in particular, in Z, .
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Furthermore,

lu, ICO(ZI) < o).
To proceed inductively, let m be an arbitrary positive integer < T/h,

and suppose u,, to belong to C'(Zm) and to satisfy the condition

|, < ¢(mh). &)

c%@z,,)

Since ¢(mh) < ¢(T), considerations like those in the case m = 1
show that a strict solution u,,,, of (A) exists in Z,,,, and conforms
to the restriction

Iu,,mlco(zmﬂ) S ¢((m+ Dhimh,w,),

where w,, = ¢(mh). To complete the induction, it suffices to prove
that

¢((m+ Dh;mh,w,)=¢((m + 1)h).
For this purpose, define the sequence

Fo, = lugly » F

m

=¢mh;m—-1)h,F,_ ), m=1,2,...
By definition of ¢,

F,
fl dv/[E@p)=h for i=1,...,m
Fi g

i—
Summing gives us
F
f "™ dv/E = mh
Fo

while, again by definition,
¢(mh)
f dv/E = mh.
Fo

It follows that F, = ¢(mh), as contended. Thus, the induction is
complete and inequality (8),,, in particular, proved.

We now define a stratified function v in Z(T) as
v=u, in Z, for m=1,2,...,T/h,

inequality (8),, implying inequality (8). We shall also denote v by v,.
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4. Precompactness of stratified solutions.

Let S(r),r > 0, denote the sphere,
SH={x:x€E",|x|<r}

in E" of radius r. In this section, we shall prove the following result :

PRECOMPACTNESS THEOREM. A bounded, measurable function u in
Z(T) and a null sequence {h,} exist such that, for r> 0, for t = 0,
and for almost all t in the interval (0, T),

li , 8 — , )ldx = 0.
klfl‘/;(r) vy, (e, 8) —ulx, ) dx

Our demonstration is in several steps. Let v = v, denote a
stratified solution, as constructed in Section 3, with arbitrary h. Let
f € CI(E™), and for 0 < ¢ < T set

V() =V, (1) = fE,, v, (x, 1) f(x) dx.
We intend to show that the variation
var V

of V in the interval 0 < ¢ < T is finite with a bound that is indepen-
dent of h. Since v, is stratified, V is continuous except for possible
jumps at A, 2h,..., T — h, and its continuous variation in (0, T)
is given by

T

23

mh
I Wl a
(m-1)h

"

m=1

We can obtain an upper bound on |V'|. The stratified solution v = v,
being continuously differentiable for m — 1)k < ¢t < mh and satis-
fying equation (A), we have

V' (£) = f @v/d1) fdx

= [« - ¥ a,fox,) fax

= f(Cf+ foiA,.) dx.
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Therefore,

! < ’
VIS¢ 11 gy »
where ¢’ is a constant depending on ¢(T ; 0, lugly) and the support
of f, and the continuous variation of V in (0, T) does not exceed

CTUf |t ymy -

We estimate the discontinuous variation of V from the formula
Vmh + 0) - V@h—-0) = /};n K.u,, (x, mh) — u,, (x, mh)) f(x)dx,

in which u,, is as defined in the previous section. By property (7)
of Section 3,

IV(mh + 0) - V(mh - O) |< Cz Ifl(f2(l.;") ¢(T ;0 s |uo Io) a(&)_

Since € is proportional to A, and a(g) is of higher than first order
in €, summing these inequalities for m = 1, 2,..., T/h gives us as
upper bound for the discontinuous variation of V in the interval
.considered

const. |f] 5 ., (T 50, lugly)
Cc2(EP)

Combining this with our previous estimate of the continuous var-
iation of V now gives a bound for var V that is uniform with res-
pect to A, as desired.

It follows that a null sequence {4} exists such that the sequence
{th(t)} has a limit as kK = oo for every ¢ in the interval (0 , T) (see
Natanson [29]).

Furthermore, if f/ € C(z)(E"), j=1,2,..., by a diagonal pro-
cess we can find a null sequence, which we again denote by {4},
such that the limits as k = oo of the functions

V,,k,,-(t) = /;n Va, (x, 1) f; (x) dx

exist for all j =1, 2,..., and all ¢ in the interval (0, T). As f, we
can choose a sequence dense in L'(E"). Since the v, are uniformly
bounded (see (8), Section 3), we thereby arrive at the following fact :



168 AVRON DOUGLIS

ProPOSITION 1. — If f is any bounded, measurable function on
E" with compact support, then

S v &1 1) 1) dx

converges as k > o for 0 < t < T.

The next step is to prove :

PROPOSITION 2. — Let t be a fixed value in (0, T), and consider
any subsequence {h,.} of {h,}. A subsequence {h;-} of {h,}and a
bounded, measurable function w on E" exist such that

klyfl Wy €5 1) = wlL‘(S(r)) -

for every r > 0.

Proof. — The main step in justifying this statement is to show
that for arbitrary r and ¢ as indicated, the integrals

[ e +z, 0 - v, Dldx
S(r)

converge to zero uniformly with respect to 4 as |z| = 0,z € E".
A result of M. Riesz [30] then will imply that a function w € L'(S(r))
and a subsequence {'ﬁkn} of the sequence { 4.} exist such that

im |y (-, —-w =
k"o | hk"( > D) |L‘(S(r»

A diagonal procedure will produce a further subsequence {A,..} of
{h,} and a function w bounded and measurable in E" that satisfy
the conclusion of the proposition.

Let
S, s ={x :x€EE",|x|SN(T-H+5+R,

and set

Is(t)=15(t,z (V) = j; A lv(x +z,t) —v(x, t)| dx
.5

=f IT,v — v|dx
St,s

t,
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where R>0, §=0, zEE"”, 0<t<T, and v =, as above. It
suffices for the previous argument to prove that for arbitrary R and ¢

| lim I, (¢, z;v,) = 0 uniformly with respect to A. @)
z| -0

Theorem 3, Section 2, shows that
(1) < e on — 1y iy )

for m — 1) h <t <mh, m=12,...,T/h

(T is arbitrary in Theorem 3 ; we replace it at present by T + R/N).

In addition, we can estimate Iy (mh),m = 1, ..., T/h, as follows.
On the plane t = mh, by definition of v,

v=K,u

m—-1 >

therefore,

T,v =T, K.u =K. T u

€"m—1 € z"m-1

on this plane, and we have for § = 0

t=mh
I, (mh) = L IT,K g — Keum_l ldx
mh,s
= t=mh
S5 Ke (Tottp 1 —u,,  )ldx
<f t=mh
= Smh,6+e'|Tz Up 1 — Um ldxl

= lim I, A0,

t+mh—0
€ where €' = £+/n. This and inequality (2) imply that

I, (mh) < e I, . ((m — 1)h) for m=1,...,T/h
It follows that if gh < t < (¢ + 1)h, then

Lo() < 1M 1 (gh) < eV 1, (0)< €1 1y, (0),
or, in other words,

Io(t, 2 39,) < L gy, (0,2 5K ) e for 0<t<T.
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This estimate justifies (1) and thus completes the proof of Propo-
sition 2.

Propositions 1 and 2 enable us to prove :

PRroPoOSITION 3. — Suppose that for all r > 0
fs(r)lvhk,(x D) —wx)de=>0 as k'— oo

where w is a bounded, measurable function on E", t is a fixed value
in (0, T), and {h,.} a subsequence of {h,}. Then if f is any bounded,
measurable function on E" with compact support

,l‘ii‘g j;n ) (vhk(x, ) —wkx))dx = 0. 3)

Proof. — Taking r so large that S(r) contains the support of f,
we have immediately

lim ff(x) Vi (x, t)dx =ff(x) w(x) dx,
k'»oo

the domain of integration in each case being E”. By Proposition 1,
however,

Ilcim ff(x) Va, (x,t)dx

exists, and the conclusion stated is obvious.

We can now finish proving the theorem. At most one function
w can satisfy (3) for all admitted f. Hence, the function w in Propo-
sition 2 —a different function for each f— is unique and independent
of the subsequence {v,}. Thus, every subsequence of v, (-, )
contains a subsequence of itself that converges to w in L1(S(r))
for r = 0. This means that every subsequence of the sequence of real
numbers

Ivhk("t)_ WILI(S(r))k= 1, 2,...,

contains a null subsequence of itself. It follows that the sequence
itself has the limit O, and this implies that for r > 0 Cauchy’s
condition
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im . — Vv . =
o W G20 =g € Dl gy, = 0

Qoo

is satisfied with any ¢ in (0, T). Integrating gives us for the cylinder
Cr,T)={(x,t:IxI<r,0<t<T}

the relation

lim -V
im W, = Vaglitcory

T
lim f .
koo 0 lvhk( ) ( ,t)l]_ (S( )) t

= 0.
By completeness, a function W € L (C(r, T)) exists such that

lim - W =
koo Ivhk ILl(C(r,T)) 0

Hence, for a suitable subsequence {h;.} of {h,}

kl.‘?l Wh 1) = WC, t)IL.(Sm) =
for almost all ¢+ in (0, T). On the other hand, for each such ¢, a
function w(.,t) —that previously denoted by w— exists such that
]l(lg lvhk(' ’ t) - W(' > t)Ll(S(r)) =
It follows that for almost all ¢# in (0, T), the functions w(.,¢)
and W(.,t) are equivalent members of L!(S()) and thus may be
identified. Therefore, for almost all ¢ in (0, T)
’lcl-?l Ivhk(' ) t) - W(' ) t)ILl(S(r)) =
This being true for arbitrary r, W can be regarded as the restriction to

C(r,T) of a bounded, measurable function ¥ on Z(T), and this u
obviously satisfies the demands of the theorem.
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5. The existence of a generalized solution of (A), (B).

We shall now conclude the proof of Theorem A, Section 1. In
the last section, we obtained in an arbitrary layer Z(T) a bounded
measurable function u such that for all r > 0

limlv, —u =0
K oo | by lL‘(C(r,T))

{h, } being a suitable null sequence and the Vh, stratified solutions

as described. Our aim is to prove u to be a generalized solution of (A),
(B) under the definition in Section 1. Choose arbitrarily a constant
k and a function f € C(‘, (Z(T)), and let r be so large that the cylinder
C(r,T) contains the support of f. Theorem 2, Section 2, says that
for each h = h;

f;igf, vy, — k| + sign (v, — k) [Z fy, (A2, vp)

— A, (t,K) + fC] dxdt

* t=ih
= [ fv, - kldx

E" t=(i—1)h
Summing over i gives us
‘/;(T) gf, lv, — k| + sign (v, — k) [Z fx‘,(A,-(t, V) 4}

i
— A; (2, k) +fC] dxdt + ‘/b:"f(x , 0 1v,(x,0) —k|dx =R,

where

T/h

R, = Z fE" f(x, inh) [Ivh(x, ih —0) — k| — {v,(x,ih + O)—kI]dx.
i=1

If k - oo, the left member of (1) tends toward the left member of
inequality (3), Section 1. Hence, u will certainly be a generalized
solution of (A), (B) if lign inf R, 2 0. To discuss this, set

1> 0

fx) = fx, i), v(x) = v,(x, ih — 0).
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Then
v,(x, ih + 0) = K_ v(x),

and we have
fv,(x,ih + 0) — k| = |K,v — k| = |[K, (v — K)| < K_(]v — k).

For the i — th term in R,

Lrav — k1= 1X,v — khax > [ v — kI =K (v — kD) dx

= —Ifl C2(¢(T;0,|uolo)+|k|)a(€)

c2(z(T)

by property (7), Section 3 ; the bound (8) in that section also has
been used. Multiplying the last expression by T/h gives a lower bound
for R,. Since A is proportional to € and e la(e) > 0, it follows that
the lower limit of R, as # — 0 is nonnegative, and condition (3a),
Section 2, follows.

To justify the second condition (relation (3b), Section 1) for
generalized solutions, consider again stratified solutions Vi, with

layer thickness 4, such that lim Vp, = u almost everywhere. Denot-
k-0

ing by & the set of ¢ in [0, T] for which this limit relation fails to
hold for almost all x, we have u & = 0. We first prove u, to be the
weak limit of the v, (-, f) as ¢ approaches 0 in the complement of &.
This is meant in the following sense :

ProposITION 4. — If f(x) is bounded, measurable, and has compact
support in E", then

li_r'g'_/:cn fu@e, t)ydx = j;:n F&) ugy (x) dx,

the prime indicating that t while approaching zero is positive and avoids
the null set &.

Proof. — Since u, and u are bounded, it suffices to prove the
lemma for f € C3(E"), which henceforth we shall assume. If v(x, £
is a strict solution of (A) in a layer Z(¢, , t,), integration within this

0A,
layer of the condition f (v, + Z(—') - C) = 0 and integration
i \0x;

by parts give us
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j];nf(x)v(x,t)dx 1

t=

zZ
to (19,1y)

= X f., A+ fO) dxdt.

We apply this result to the layers of a stratified solution Vi, Summing

over the layers that are contained within Z(0, ¢), where ¢ is an arbi-
trary ordinate such that 0 < ¢ < T, we obtain :

St O, G 1) = S, g ) dx =

(_ fo, A+ £C) dxdt + Ry(1),

Z(O t)

where €, is proportional to A, (Section 2), and as noted previously

IR, (DI <If] , with lim b, = 0.

C2(En) b k-0
The integral on the right side can be estimated by clflC (F")

¢ depending on upper bounds for the |A;| and |C| and on the support
of f. Denoting the support of f by Sy, we have also

/1:‘," fu, — ka ugy) dx! < |fl

cOkny Sk

where ¢ =f lug, — S, u,| dx - 0 as k > o=, Hence in sum,
k s © e o

(ct + b + ¢,).

Jon 16 1) = g dx | < 1

C2(EM)

For t ¢ &, letting k = o gives

If Jx) (u(x, 1) —ug(x)) dx| <|f]

c2m
from which Proposition 4 follows in the case in which f &€ Cf,. As
observed, the entire proposition follows from this case.

Now consider any null sequence{z,,} of positive values not in &.
Theorem 3, Section 2, insures that a subsequence {¢,,.} and a bounded
measurable function u* (x) exist such that

i . ) — u* =
”1'1'2110 lu(.,t,) —u ILI(S(’)) 0 for r>0.

This and Proposition 4 imply that /;;" fOx) W*(x) —uy (x))dx=0
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for arbitrary bounded, measurable f with compact support, and we
conclude that u* = u, almost everywhere. Therefore,

”}1‘% lu(-,t,) — uo'Ll(S(r)) =0 for r>0.
Since the original sequence {¢,} was arbitrary, we conclude that
=0 for r>0,

lim' |u(-,t) —u
0 lut, 0) 0'1,1(so»

which is (3b), the final condition to be justified.
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CHAPTER 3

METHODS OF SMOOTHING

In this chapter, we first derive formulas for the modifications
in an arbitrary function produced by averaging (Sections 1 and 2).
These lead us immediately to the estimate applied in Chapter 1
(inequality (7), Section 3) ; Kuznetsov [27] had used a similar ine-
quality, which he proved differently. In Section 3, we go to other
smoothing methods of interest in connection with solutions of finite
variation, which will be discussed in Chapters 4 and 5.

1. Symmetric averaging operators.

Let
C.={x:x=0;,....,x,),IxI<€e,i=1,...,n}

denote the cube in E” with center at the origin and edges of length
2€ (€ > 0) parallel to the coordinate axes. Suppose k£ to be in L'(CE)
and to be an even function with respect to each argument x,
i =1,...,n. For convenience, we also assume :

k>0,j; k)dE = 1.

If u denotes an arbitrary bounded, measurable function on E", we
define the average of u with kernel k to be the integral

Ku(x) = (Ku) (x) =j; k@ ux + &) dt.
For the deviation of u from its average we shall prove that
n
Ku—-u=Y DiJ, )
i=1

where J,,...,J, denote bounded, measurable functions defined al-
most everywhere on E” such that
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J1<€?luly,,i=1,...,n, 2)

and D; = 9/0x; in the distribution sense. If u € C'(E"), each J,
admits the differentiations indicated, and formula (1) holds literally.

Through integration by parts, this formula implies inequality (7),
Section 3, Chapter 1, with a(€) = €2.

Our proof of (1) is based on the one dimensional case, in which
case x = x, and we define

¢
3,09 = 3@ = [ M(sh uGx + 5) ds
where for 0 <r <€,
€ €
— ! " n
M(r)—t/" er k(r)dr'.

The formula in this case asserts that Ku — u = d?J/dx?. It suffices
to establish it for u € C' (E"). Writing

36 = [ M 9 ute + ) ds + [ M) ux + 9)ds,

we obtain

+0

DI =dljdx = [ M- 9)u'Ge +s)ds+ [, M@ u'Gx + ) ds

0 .
=f__ M'(—5) ulx +s)ds — [ M'(s) ulx + ) ds

0

and by similar manipulations

D?J = d?J/dx? = 2M'(0) u(x) +f° M (—s) ulx + s)ds

+_/:M"(s) ul(x + s)ds =—ulx) + Kux),

since M"" = k, which is even. Thus, (1) is justified in the one dimen-
sional case ; inequality (2) is immediate.

A change in notation will help in extending this result to n di-
mensions. Still with x = x, and D = d/dx,, define

k() = = M'(1x) = [ k() dy,
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and let & denote Dirac’s point distribution. I'he tormula in one di-
mension we have just proved can be written :

D* [ Pk)-utc + yydy = [ k0 utx + ) av
- /_ 80N ulx +y) dy
=f_i(k@> — 8()) ulx + y)dy.
If the integral
Ak =j:k(y) dy

is not necessarily normalized to be 1, as we previously required, by
considering k/Ak in place of k we have, more generally,

D* [ k) utx + 0 dy = [ (0) - 80) AR u + 1) drv.®)
To prove (1) in the general case, let

€
Lkx) = jl‘x’lk(x“ ce Xy a8 5 Xjyys e X,)dS,
1

Ak(x) =_/:ek(xl,...,x,._l 23S s Xjp1seensXg)ds, i=1,...,n,

and
i I3
k0=k,k,.=(‘_l;[l A)k,i=1,. .,
Then Ak is independent of the i-th coordinate, k; is independant of
the first j coordinates, and k, = 1. Formula (3) shows that if y,

is an arbitrary function —or distribution— on C,, but independent of
the i-th coordinate, we have

D? [ ko) 4,0) ux +) dy
= [ k) - 56 A0 ¥,0) e+ y)dy.

i—1
Replacing k by k;_, and y,(») by kﬂ 8(y;) gives us the following
=1

formulas we shall need :
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i—1
D} [} ki) T 60r) utx + y) dy

=Je

‘€

i—1
ki () — 8D k()] qf:l1 S Julx+y)dy,i=1,...,n(4)

Now to prove (1), we represent the left side as a telescoping
sum :

Ku(x) — u(x) =fk(y) ulx +y)dy
=S B 80 ue + ) ay

= [1k®) = k,0) 8D ulx + »)
+ [Tk, 0) = ky0) 801 80,) ulx + y)dy

+ [ 1k 0) = k00 81 8(07,) 80y ulx + ») dy

+ ...

. n-—1
+ [ s 0) = 5,00 80,01 T 80 utx + ) dy,
all integrations being over C_.. Formula (1), i.e.,

Ku—u=) D?J

dnd ivi
i

with
2 i-1
1= [, ek, I 607) utx +y)dy, )
€ q=

1
‘results, in view of (4). Since Lk, , < 5 A;k;_, = k;/2 and k; is

1
independent of the first i coordinates, we have I’ k;_, < 2 Lk, < % k;
and

<€ luly [k dys,. .. dy, =€ lul,,
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the last integration being over the domain |y,| <g,p =i+ 1,...,n
Thus inequality (2) is proved.

Later in this chapter, we shall need an estimate we now derive
concerning D;J;. For fixed i = 1,...,n, consider the rectangular
portion of hyperplane

H ={(x,,...,x,) :x;=¢

; D A SX, S by

fork =1,...,n, but k # i),

where ¢; and the g, and b, are constants with q, < b,. Obviously,
H; is contained in the rectangular parallelepiped

Qi ={(x;,....x) Ix;,—¢|<€,aq, —€<x, <b +¢
fork =1,...,n, but k # i}.
The estimate we shall require is that for u € Cl(Qf),

S iDgiax < e [, iDular, 6)
i Qi

where dx; = dx,...dx;,_, dx;., ... dx, is the element of volume
in H;. To obtain this, we first differentiate J; with respect to x; under
the sign of integration and use again the inequality

Pk, , <€k;]2

to obtain

i—1
ID;J; (x)I <(€/2)j; k; ) 1_11 S)ID; ulx + y)| dy
€ q=

= e [10) ([ 1D, u + »lav,) T 2003,

all y, with k # i being integrated over the domain |y, | < € Integrat-
ing with respect to x and y gives

Ai IDIJtI dx:’

<% € fki(y) ;I:Ill 5(,) [fH‘ (f_i IDu(x + y)ldy,-) dx;] dy,,
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while the integral in square brackets is < j(; ¢« ID;ul dx. Inequality (6)
i

follows at once.

2. Radially symmetric averaging operators.

An averaging kernel k is radially symmetric if k(x) is a function
of |x|, say

k(x) = R(Ix|).

In that case, we also call the operator K radially symmetric. For
radially symmetric averages, a more elegant deviation formula than
the previous (equation (1), Section 1) can be given, as follows.

Let
S, ={x:x€E", Ix|<¢g}
denote the ball in E" with center at the origin and radius € > 0.

Suppose k to be in L' (S.) and to be radially symmetric. We also
assume :

k>0,fS k(x) dx = 1.

If u denotes an arbitrary bounded, measurable function on E", we
define the average of u with this kernel k to be the integral

Ku() = (Ku) @) = [ k0) ux + ) dy.
For the deviation Ku — u we shall prove in this case that

Ku(x)—u(x)=AfS M(Iyl) u(x + y) dy, (1)

n
where A = ' 9%/0x} in the distribution sense, and for r > 0
i=1

€ 1 e, 0
M) = - =Y""! R(o) do| dp,
0= o= - Gy R ao] o
w, denoting the surface area of the unit sphere |x| =1 in E". If
u € C'(E"), the differentiations indicated can actually be carried
out, and formula (1) holds in the strict sense.
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‘The function M is the solution of the second order singular
differential equation

M) r" =1 RE) (2)
satisfying the initial conditions

M(g)=0 3)
and

M'(e) = 0. “4)

Verifying these statements is straightforward, the condition
€
[ keyax=w, [Re)r"tar=1
Se 0

being used in connection with (4). Two other important properties
of M are :

limr*~"M(@) =0, w, lim -1 M'(r)=— 1. (5)

r=0 r=0

It suffices to prove (1) for u € C*(E"). For such u, define
I = [ MAyD ut + ) dy.
€
In spherical coordinates, we have
Jx)=w, ftM(r) r"Yu(x, rdr,
0

u(x, r) denoting the mean value of u on the sphere with center x and
radius 7 :

ulx,r) =;)l;~/;nl=l ulx + rn)dSn ,r>0.

By dSn is meant the element of area of the sphere,|n| = 1 over which
the integration takes place. Since u is continuous, we also define
ulx,0) =ulkx).

It is known (see Courant-Hilbert [5] Vol. I1, p. 699) that

rl Au(x,r) = (" Ty, (x,r),,
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A being the Laplacean operator with respect to x, x and r being
regarded as independent variables (in all, n + 1 variables), and the
subscript r indicating partial differentiation with respect to r. Using
this formula, we have

€ n—1 : n—1
AJ(x)=w, f; M@) r Aulx,r)dr = wnj: M@) (r u,(x, r),dr.
Integrating by parts gives us, in view of (3) and (5),
R € ! -1
Al(x) = —w, fo M ()"t u, (x, ) dr.
Again integrating by parts and using (4) and (5) we obtain

AT(x) = —u(x, 0) + w, f: M) ulx, ) dr
=—ux)+w, feR(r)r"‘1 u(x,rydr
[\]

=——u(x)+fs Ry ulx + y) dy.

Thus, formula (1) is proved.

3. Other methods of smoothing.

Averaging is only one kind of process meeting the rather delicate
requirements —such as inequality (7), Section 3, Chapter 1— of strat-
ified solutions. Additional ways of smoothing and otherwise mod-
ifying functions while satisfying the requirements will be described
below ; it is believed that some will be of interest in other problems.

These more general processes pertain to functions of locally
finite variation in the sense of Tonelli and Cesari, although in this
section we shall keep to the class C'(E™). (From now on, we revert
to the usual meaning of C¥(E"), dropping our previous requirement
that the derivatives of orders up to k of a member of this class be
bounded). If f€ C'(E") and D is a domain of E”, we define the
TC-variation of f on D to be

vy = § [ lafjaxidx
i=1
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Our criterion pertains to a system of grid points in E" that
must be selected in advance. Changing our previous notation, here let

x =M, x@ . x(n)

denote an arbitrary point in E”. For i = 1,...,n, divide the x® -
axis by partition points

x,(.i)9ji=0,i1’i2"~-,
]
where
cee<xW) < x) < XD < x(D < XD <L
and
xg}z-»—-oo’xg)»oo as k = oo,

The grid points

D= (M) Q). (n)

X; (xl.l X X ),

in which j stands for the multi-index (7, ,j,, - . - ,J,), are the vertices
of the rectangular parallelepipeds

C.={x:xO<xO<<x® for i=1,...,nk
7 Ji IFAR

For any multi-index j = (j,,...,j,) and for k =1,...,n,
define the translation

Tl =Upseoosdiorsde T 1 dksrseesin)-
For any quantity g; indexed by j, define
Tea; = ar,j »
for a function f on the grid points x; define
Tof(x)) = F(T,x)),
and so forth.

Let Q be a rectangular parallelepiped in E” that is the union
of certain C,., say

Q={x:x§.f’<x(”<xf.f?,i= 1,...,n}
]

where ji' = j; + 2. Let
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Q,={x:xl§‘f,"+1 x(‘)<x};")_l for i=1,...,n},

N

Q. ={x:x}f)—€<x(")< xl.(.f)+€ for i=1,...;n},
i i

and

= () _ 5 (@) = mi (i) _ (i)
IAIQ max (x,.i+l xl.,_ ),(A)Q min (xji“ xi.- ),
the maximum and the minimum being with respect to i and j, such
that j; <j, <j',i=1,...,n
Using some of this notation, we now state the basic result of
this section. It takes the form of a condition that a function v
approximate zero in a certain sense.

THEOREM OIF APPROXIMATION. — Let v € C'(E™), and let Q denote
a parallelepiped as previously defined. Suppose that for each C; in

Q a set of n real numbers By, Byjs ..., By; exists such that

[ovax=3% @ -DB,, (1)

] k=1

where I denotes the identity. Suppose also that

I

Q
Y Bl SV ;Q) lAl,, 2

1

k

Q
where € and c¢ are constants, and 2 indicates summation over such

j
j that Ci C Q. Then

Joviax <+ 20 Vo i Q) 1Al 3)
and for f € C'(E") withf = 0 in the complement of Q,

[ x| < 430V flg 188 @)

(It would suffice to assume v € C'(Q,)).
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To prove this, we introduce the step function
1
va(x) = — f v(»)dy =v; for x€C],
|C," ¢

where C,‘-’ denotes the interior of Cj and IC,-I its measure. We shall
first show that

Jo v = vldx < Vo Q) lal. ()
Indeed, we have

Q
j; vy —vidx =Y, fcjw,. —v(x)| dx,

/

while
1
j;i e = ‘/;i I—C;Tj;] (v(x) —v(y)) dy|dx
1
= Tc,ch,f(] b(x) = v ()| dxdy.
Since

1FG) — FON < IFxD ,x@, o x ™) — W, x@ L x())
+ 1fOD  xD L xMy — £, @) x ()
+...
S I e R L AR L)
we easily see that

S weo = ylax <1al, Vo5 6,

]
and (5) follows by summing over j.

Inequality (3) now results from the decomposition

fo,|v|dx<fo.|v—vA|dx+fQ*|vA|dx=G,+Gz,
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since G, is given by (5) and G, by the calculation :

G (S)f| | dx = Z ax|= ¥ [
=V v o yadx ) vdx
2 ‘l_‘ A A ; Ci
Qt n Q n
=YY (T,-DB,| <23 ¥
j k=1 j k=1

< 2c¢V(r; Q) IAlQ.

To prove (4), we write
‘/(;fvdx =f fyvax +f (f—fvdx =73, + J,.
Q* Q*
Since |f — f,| < |f|C1 IAIQ in Q, we have from (3)

o1 < Il IAIQf Pldx < (1 +20)1fla VP ; Q) IAL,

C! abbreviating CY(E™). Since j(;‘ fA v — vA) dx = 0, we also obtain

Qs n
= [ faradx =X 5 ¥ (T - DBy,
j k=1

where fl denotes the value of f, in C;. Thus,

Q. n
R N ~
- }.4 Bkj
j k=1
Q n
— \ -1
= 2 — Ty )fl..Bkj,
i k=1

fi being zero outside Q,. Therefore,

13, 1<14l, lfl.z \“ B!
k=1 ]

<clfla Vo ; Q) a1y,

inequality (4) following from this and the previous estimate of J,.
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Notice that if f€ C'(Q) with f =0 in the complement of Q,
and v € C'(Q), then

l‘/f; fv —v,)dx

In fact, the left member of (6) is equal to

S lag VO3 Q 1A, (6)

l_/(; F-rfY)@—v)adx l< 1Alg Ifle1 g, j(; v —v,lax,

and (5) applies.

In using the Approximation Theorem just proved, we replace v
by the deviation ¥ — Su of an arbitrary function u from a presumed
approximation Su. So applied, this theorem covers, in particular,
the averaging operators K of Sections 1 and 2. To verify this, we
derive from the representation (1) of Section 1 for an arbitrary func-
tion u € C'(E™) the relation

where
A cx®) = x W () (i) (i) ;
Ci={x:x Xj) XD <xW <x(D for i# k.

This is of the form (1), with Ku — 4 = v and

B, = f(‘“ D,J, dx} .

Furthermore,
S\ % < N\ g 12
it |Bkj| = o Dy I | dxy
kK j k j ik

=YY [ DI, ldx,.
k j, = j
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where

L= c x®)— () ) < () L »() i
H"-lk {x:x Xjo o X S x O < xw for i+# k}.

Hence, by inequality (6), Section 1,

Y§m|<ﬁezflnmm—ﬁawa)
Ti ki\2 er k 2 » Ne

provided

€ < 1/2 min, (x{%) — x(F)),
i A

Tm&wMMmQHM®ch=%-

We now give an example of a smoothing process that is not aver-
aging in the sense we have considered, but falls under the previous
Approximation Theorem. The effect of this process is to approximate
an arbitrary C' function —more generally, a function of locally bounded
variation in the sense of Tonelli and Cesari— by what we shall call a
“weathered’ step function, i.e., a smooth function coinciding with a
step function except near the discontinuities of the latter. Let {x;}
be a system of mesh points such as we have described, and relative
to this system define the operator B, on the space of bounded,
measurable functions v on E" by

Bav=v,.

Let Q denote a parallelepiped of the previously indicated type, and
choose € such that

0<e<1/2(A)g.

Let K, denote an averaging operator, of the kind discussed in Sec-
tions 1 or 2, over a cube or ball of respective edge or diameter 2€.
The smoothing operator we wish to mention here is defined by :

S, =K.B,.

We apply this operator to functions u € C!(E™). Since

_/(;j B, udx =j(:. udx,

)
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we have
j;. (S u — u) dx =“/;i (K,B,u — Bpu) dx,
f ,

while the last integral can be expressed in the form

n
Y (T, - By,
k=1
where
) BB,.| < (ﬁ) eV (u : Q% . 7
T AT k] 2 )

Q* being the parallelepiped

Q*={x:x;f’_‘<x(i)<x(f? for i=1,...,n}.
i ]i+l

This is a consequence of the fact that averaging operators are subject
to the Approximation Theorem, which however we have proved
only if u € C'. We extend that theorem as follows. Requiring
0<n< (A)Q/2, define the approximations w = w, = K,u,. Rather
tedious calculations like the previous enable us to show that

Viw;Q.) < V(u;Q*).

On the other hand, w being in C' satisfies a condition of the form
f (K.w — wydx =Y, (T, — DB,
CI' &

where

- n n

X 1By <(5)evorieo < (5) evws Q.
k j

As n = 0, by means of expression (5), Section 1, we can verify that

the B,; pertaining to w have limits. These limits, again called B

must. satisfy (7) and the condition

kj>

/Ci (KGuA - uA) dx = Z (Tk - I) Bki'
k
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This outcome justifies our use of the Approximation Theorem, and
we may conclude that

‘/;.(Seu —u)dx =Y, (T, - DB,
] k

as asserted.
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CHAPTER 4

CONSERVATION LAWS WITH INITIAL DATA
OF BOUNDED VARIATION

The condition of bounded variation early became prominent
in the one-dimensional theory of nonlinear conservation laws and
was first used in several dimensions, in the sense of Tonelli and
Cesari, by Conway and Smoller [4]. K. Kojima [20] extended their
methods and results to conservation laws that might depend upon x ;
we excluded such x-dependence from equation (A), Chapter 2. N.N.
Kuznetsov [27] used the bounded variation property in his stratifying
approach. In this chapter, we wish to justify a variety of stratifying
methods based on the smoothing procedures of Chapter 3 when the
initial data are of locally bounded variation in the sense of Tonelli
and Cesari.

1. Functions of bounded variation
in the sense of Tonelli and Cesari.

Let x = (x,,...,x,) be an arbitrary point of n-dimensional
real Euclidean space E", let x}, denote the point in E"~' that is ob-
tained by suppressing the k-th coordinate of x : for instance,

XP = gy X,) X0 = (X X5, ..., X))
For Z C E” and for any function f on E", define
’ p‘ ’ !
Vi(f3Z5xy) =sup Y If(s;, x}) — fls;_y »x)I,
i=1

taking the supremum with respect to all finite increasing sequences
of real numbers s;, i = 0, 1,...,p, such that

(5;,x})§Z for i=0,1,...,p

and also with respect to all positive integers p. We call V,(f;Z ;x;)
“the variation of f with respect to x,, for fixed x}, outside Z”. For
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k=1,...,n, we define “the variation of f with respect to x,, for
fixed x;‘, outside Z” analogously, and denote it by V,(f;Z ;x;).
A function f defined in E" is said to have bounded TC-variation
—bounded variation in the sense of Tonelli and Cesari— if a set
Z C E" of measure zero exists such that

V. (f;Z;x,)EL(E*"™") for k=1,2,...,n

For such a function, we set
. n ! ’
V() = inf 2 ka(f;Z 3 X)) dx g,
k=1 :

the infimum being over all subsets Z of E” of measure zero, and
the integration being over E"~!. We call V(f) the TC-variation of
f on E".

A function f defined in E" has locally bounded TC-variation if
V(fo) <o for any cube Q C E",

where for any set E C E” X,; denotes the characteristic function
of E :

X, (x) =1 if x€E,
=0 if x¢&E.
If fe C!'(E™) with |fI <M, and Q is a cube in E" with edges of
length s, then
V(fxy) <2ns" "M + V(£ Q),

where V(f; Q) denotes the TC-variation of f on Q as defined in
Section 3, Chapter 3.

To H. Federer [8], E. de Giorgi [12, 13], W.H. Fleming [11],
and K. Krickeberg [22] (see also H. Federer [9], Section 4.5)) is
due the following criterion of precompactness.

PRECOMPACTNESS THEOREM. — Let G denote an infinite family of
locally integrable functions defined on E". Assume that any cube
Q C E" determines constants M and N such that, for any f€G,

fX)I<SM for x€Q
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and
V(fxg) < N.

Then a locally integrable function fo and a sequence f, € G,
n=1,2,..., exist such that

1193°fQ|f,,—f0|dx=0

for every cube Q C E". The limit fo has locally bounded TC-variation.

2. Suitable smoothing operators.

Let B denote the class of functions defined on E" that are
bounded and have bounded, continuous first partial derivatives. For
f € B, let

Ifly = sup If(x)1;

xEE"

if f is a member of B with continuous derivatives of orders up to %,
2t |f |, analogously denote the supremum of the moduli of the deri-
vatives of f of order k at points of E".

We permit here families of smoothing operators S,, € >0,
that map B into B and satisfy seven conditions, pertaining to an
arbitrary f € B, as follows :

i) Pointwise bounds are preserved : |S, f|0 < Iflo.
<

ii) Sharp gradients are blunted : |grad S, fl, < C, |f,/€, where

C, is a constant independent of f, x, and €.

iii) If f denotes the function defined by f(x) = |f(x)|, then
IS, fx)| <S8, fx) for x € E".

iv) The smoothed function approximates the original weakly to
better than first order in €. More precisely, for all ¢ € Cf,(‘),

[, 8. f - N ax <C, 19, ate),
E

(1) Cj here denotes the class of functions that are of class C? in E" and have
compact support.
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where a(-) is a function independant of ¢ and f such that
e la€)>0 as €-0,

and C, is a constant independent of ¢ and €, but possibly depending
on Ifl0 and V(f;supp ¢), where supp ¢ denotes the support of ¢.
The last three conditions pertain to an arbitrary cube

Q={x:g¢;<x;<b;, i=1,...,n}
with edges paraliel to the axes. Let
Q ={x:q,-e<x;<bh;te, i=1,...,n
denote the e-neighborhood of Q. We require for any such cube Q
and f € B :
v)j(; IS fldx <‘/; Ifldx +c € lflo, ¢, being a constant in-
dependent of f and €, but depending upon Q ;

vi) j(; IS, f— fldx < c,€, where the constant c¢, may depend
upon Q, |f |0, and V(£ ; Q,), but otherwise is independent of fand€;

vii) V(S, f5 Q) < V(5 Q).

These hypotheses are satisfied by the averaging operators of
Sections 1-2, Chapter 3, and also by additional smoothing operators
such as are described in Section 3 of that chapter. Smoothing ope-
rators that lead to ‘““weathered step functions”, in particular, satisfy
these hypotheses.

3. The TC-variation of strict solutions of first order
quasi-linear equations.

Conway and Smoller first showed that the TC-variation of an
arbitrary weak solution of a first order conservation law behaves
regularly, and their result was apparently new even in the case of a
solution that is strict. Kuznetsov first proved the analogous thing
for strict solutions of first order quasi-linear equations, applying
his result to weak solutions of conservation laws by a method of
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stratifying. In this section, we give our approach to these problems
treated by Kuznetsov. Our calculations are essentially like his, but
show to advantage, for instance, in the following special case. For
convenience limiting ourselves to three independent variables, consider
the partial differential equation

u, + fwu, +gwyu, =0, 1

where f and g are of class C' for all real values of their argument u.
With ¢, = 0, we take an initial condition of the form

ulx,y,ty) = wix,y), (2)

assuming w to be of class C' and to have compact support. We shall
prove that V(u) = V(w) on every plane ¢ = constant in the layer
within which u is a strict solution of (1). More precisely, our result
is as follows :

THEOREM 1. — Under the previous assumptions, a strict solution
u(x,y,tof (1), (2) exists in the layer

ty<t<ty+h,

where

h=1/219wl, max 7' +8' (1],
$ w 0

IVwl, = sup v/w, (x, ¥)2 + w,(x, »):
x,y

The solution has compact support in this layer and satisfies the
conditions

(-, Dl < lwl, 3)
and

Slu .y, Ol dxdy = [ w,(x, )l dxay,
‘ @)
Siu, .y, Dlaxdy = [ w,x, v axay,

the integrations being over the supports of the functions involved.
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Proof. — The method of characteristics gives us a formula for
the solution as follows. For an arbitrary point (¢,7) of the initial
plane ¢ = ¢, let

x(O)=ExE,m,yO=y¢ 8,0, UO=UC ¢, 1)
denote solutions of the characteristic differential equations

dx

dx dy _ du _
fQ), ar g(U),

— =0
dt

dr
satisfying the initial conditions

x(ty) =§,y(y) =n,U(y) =w(E,n).

We have immediately

U =U0¢€6,m)=wE,n.

Therefore,

x(O=x@8,m) =&+ fwE,n) @ - t,),

y@ =yt n)=n+gwE,m) (¢ —t). ©
For each fixed ¢, consider the transformation
x=x(t;E,n),y=y@;&,n). (6)
For the Jacobian determinant
_ B(x,y)zxty Cxy
aE,m nooTn

of this transformation, an explicit calculation shows :
J=1+4 ' w)yw + g w)ywy) (t — to).

Hence, with 4 defined as above,

I>— if 0<t—t,<h

| —

This implies that the transformation (6), in which ¢ is to be regard-
ed as a parameter, is invertible in the layer 0 <t — ¢, < h We
denote the inverse transformation by
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E=¢tx,y,.0D,n=n0,y,0.
Cauchy’s theory says that the function
ux,y,=wkkx,y,t,nx,y,1)

is a solution of (1), (2) in the layer 0 <¢ — ¢, <& and also that
this solution is unique.

It is clear that ¥ has compact support and satisfies condition
(3). Conditions (4) will result from the relations

u, =3"'w,u, =1"w,, (8
which we now justify. To prove the first of these relations, we write
U, = wek, +wyn,

and make the substitutions
£, =171y, =170 + g w) w,(t — 1)),
Ne=—3"y,=—Td W wt —t,).

The result is the first formula of (8), and the second is obtained in a
similar way.

By the first formula of (8), we have

Sy, v, o1 dxdy = [wy& w1 I dxdy = [ we(¢, m)l dgan,

giving the first formula of (4). The second formula of (4) is obtained
from the second formula of (8). Thus the theorem is proved.

The idea just employed in the special case of an equation of
the form (1) can be extended to the more general equations

up+ Y ax, t,wu, =cx, t,u) €)

i1

under assumptions (i) and (ii) formulated in the proof of Theorem 1,
Section 2, Chapter 2. Concerning the initial condition

u(x, ty) = wx), (10)

we assume, as in the earlier section, that w and grad w are bounded
and continuous in E”. Thus, in particular, (iii) w has locally bounded
TC-variation.
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Repeating the proof of the theorem referred to, we find that
a strict solution of (9), (10) exists in a layer Z (¢, , t, + h), where i
is an arbitrary positive number not greater than 1/(A |grad wl, + a) ;
a and A are constants depending on the coefficients in (9) and on
|w|o, but not otherwise on w. Furthermore, the solution is subject
to the bound

Iu(x,t)l<¢(t, t0)|w|0)<¢(t0+h:t0,'w|0)
for x,0E€EZ(,y,ty + h). an
Let

L S 1/2
N = supz(to,to+h:¢(to+h:to,|wlo)) [2‘ a,-] ’

1
With ¢, > ¢, + h, x, € E", and N > N/, define the disk
. = {x:x —x, I <N, - ).

Since N > N', as is well known —and follows from the proof of the
theorem in Chapter 2 to which we have been referring— the values
of u(x,t) for x €D, and ¢, <t <1, + h are determined by the
values of w on D,O. Our aim is the following estimate, essentially
first given by Kuznetsov :

THEOREM 2. — Under the indicated hypotheses, the solution of
(9) and (10) satisfies a condition of the form

V(;D,) <e® 70 Vw D, ) + (T — 1),

where b = (wn/n) N"(tl — t,)", and B depends upon bounds for
the first derivatives of the coefficients in (9). Here, w, represents
the area of the unit sphere in E".

Proof. — We continue to use the terminology and results of
Section 2, Chapter 2. Let

P(t)=V(u;D,) :fD Yl x, )l dx.
t

Changing from x to & we have in terms of the quantities P, = p,J ,
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P = [ TipeolIepde= [ Tl
0

to i
for t, <t < t, + h, J being positive in that layer.

Our aim is to estimate the last expression with the help of
the expansion

t -
P(t:8) =Pto: B + | Bils:b)ds, (12)
)

where P, = dP,/dt. We have P, =p,J + p,;J, and by substitution
from equations (11) and (14) of Section 2, Chapter 2,

Pi = 2 [ak,xk Pi - ak,x,-Pk] + CuPi + Cx,-J’
k
the terms quadratic in the p, all dropping out. Therefore,
Y IPI<BY P, +BJ,
i i
where B is a constant depending upon upper bounds for the abso-

lute values of the first derivatives of the g; and c. Hence, and because
P (t, ; §) = w, (§), we have from (12)

t
LR HI<Y w, (D) + Bfm [2‘. IP(s 3 ) + T (s ;s)] ds.

Integrating with respect to & over D,o and changing the order of
the integrations with respect to s and § gives us :

t t
P(t) <V(w;D, ) + B‘/;o P(s) ds + Bj;o (j;)rOJ(s;E)dE)ds. (13)
The last term is easily calculated, and we have :
4 . t
IGs; =
fto (tho (s ;) d¢) ds fro (jl;sdx) ds
! n
= (wn/n)_/: [N(t, — $)I" ds < b(t — t5),
0
b being the constant previously defined. If we replace the last term

on the right side of (13) by this estimate, we arrive by using
Gronwall’s reasoning at the inequality asserted in the theorem.
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4. Stratified solutions and weak solutions.

Given T > 0, determine constants A and a as in the previous
section. Fix & as a positive number not greater than 1/(2a) and such
that, for convenience, T/A is an integer. The procedures of Section 3,
Chapter 2, enable us to construct a stratified solution v with layer
thickness # if we perform our smoothing with S,, where

€ =2C,A¢(T; 0, lugly) .
We will have

vl S o(T; 0, lugly) (€))

c%z(0,T))

and, in every stratum, will be able to use the determination

Z 212
N = SUPz(o,T;¢(T;o,luolo)) [ a,-]

i
when applying Theorem 2 of the previous section.

To describe the TC-variation of v, we introduce suitable ‘‘stepped”
cones, as follows. With arbitrary ¢, > T and x, € E", let

S ={Cx, ) lx — x| SN, —8)
+(Th™' —k)e ,kh <t <(k + A}
be a frustum of a ‘““cone of determinacy” in Z,,,. For
kh <7t <(k+ 1)h, let E@) ={(x,7):(x,7)€ S5}

be a “horizontal” section of S, at the ordinate 7. We denote the base
of S, by

E, = E(kh) ={(x, kh) : Ix — x,| < N, —kh) + (Th™' — k)g},
and we denote the top of S, _, by
F, ={(x, kh) : Ix — x,| < N(#, — kh) + (Th™' — k + 1)e}.

The union of the S, for k=0,1,...,T/h is a figure we might
describe as a portion of a stepped cone. We shall prove that for any
of its horizontal sections E(¢), we have :

V(v ;E@) <eP" V(u, ; E(0) + b(eB? - 1). 2
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We have first
V(;E,) = V@ ;E®)h) = V(S, v ;Ekh — 0)),
the right hand member representing 1111; V(S.v ;E(kh — o) ; this

is by definition of v(x ;kk) in a stratified solution. Property (vii)
of smoothing operators (Section 2) shows that

V(S,.v ;E(kh — 0) <V ; Fp),
while by Theorem 2, Section 3,
V@ ;F)<eB" V(v;E,_,) + b(eB" — 1).
In sum,
Vi ;E)<eB" V@ ;E,_,) +b(B"-1) for k=1,2,...,T/h.
From this, by induction, we have
V(@ ;E) <eB¥" V(@ ;E)) + b(eP*” — 1) for k =1,2,... T/h,

which is of the desired form (2) for ¢t = kh. For kh <t < (k + 1)h,
Theorem 2, Section 3, tells us that

V@ ;;E@) <eBC- ¥V ;E) + b(eBC-FM — 1),

and substitution for V(v ; E;) from the previous result leads to (2)
in the present case as well. In this way, inequality (2) is completely
verified.

With inequalities (1) and (2) established, the precompactness
theorem of Section 1 can be applied and then the limit function
shown to be a weak solution, for instance by the methods of Chapter 2.
We omit further details.
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CHAPTER 5

EQUATIONS OF HAMILTON-JACOBI TYPE

The global theory of Hamilton-Jacobi equations is very similar
to that of quasilinear conservation laws. That this should be so is
obvious in the one-dimensional case, the Hamilton-Jacobi equation
u, + f(u,) = 0, for instance, leading to the conservation law

v, + ), =0
with v = u,.

Multi-dimensional equations of Hamilton-Jacobi type have been
treated by several authors : S.N. Kruzhkov [23] employed artificial
viscosity, E.D. Conway and E. Hopf [3] used a formulation within
the calculus of variations, E. Hopf [17] adapted the method of en-
velopes (1), A. Douglis [7] set up approximating problems in which x is
discrete, and W.H. Fleming [11,1-4] applied the stochastic calculus of
variations and also control theory and the theory of differential games.
Uniqueness theorems have been given by A. Douglis [7] and S.N.
Kruzhkov [24].

1. Aims and assumptions.

Equations of the Hamilton-Jacobi type
u, + f(x,t,u,gradu) =0 D)

permit the method of stratified solutions to be applied more simply
than do conservation laws. For given T > 0, suppose f to be of class
C? in the (2n + 2)-dimensional region

W) ={(x,t,u,p) :xEE",0<t<T,ucE' ,p€E",
and suppose that for any constant V the derivatives
foy ot u,p),i=1,....n

(') Applied to boundary problems by S. Aigawa and N. Kikuchi [1-1] and by
S.H. Benton, Jr. [1-3].



204 AVRON DOUGLIS

are bounded on the subregion

{x,t,u,p):x€EF",0<t<T,|ul<V,Ip|<Vh

We have used the notation f = 0f/op; and shall also abbreviate
of/ot, of/ox;, of/ou by f,, fx , fu, respectively, with analogous no-
tation for second derivatives.

Prescribing an initial condition of the form

u(x, 0) =uy(x), (®))
where
lug()I < U, lug(x) — ug(xN<Ulx — x| for x,x'€E" (1)

with constant U, we shall ask for a Lipschitz continuous function u
satisfying (G) in E” and (F) almost everywhere in

Z(M ={(x,H:x€EE",0<t<ThL

To obtain such solutions, we make further assumptions concerning f.

The first additional assumption is the following convexity condi-
tion : a positive constant u shall exist such that for any vector
£=(%,...,%&,) € E" we have

Zf(x»t,u:p)£,€,>”l£‘2 for (x’tyu’p)ew(’r)’ (2)
Pip;
ij

where [£]*> = §2 4+ ... 4+ £2. This and the previous suppositions al-
ready imply that at most one Lipschitz continuous function u# can
satisfy (G) in E", (F) almost everywhere in Z(T), and a ‘“semi-
concavity” requirement of the form

u(x + £, D+ ulx — £, — 2ulx, ) <K@ IE® for x, §E€ES(3)

where K(¢) <o for ¢t > 0. A Lipschitz continuous function u that
fulfills all these conditions is called a generalized solution of (F)
and (G) in Z(T).

Now we make assymptions concerning the growth of f and
its first and second derivatives. We presume a positive nondecreasing
function E(p) to exist for p = 0 such that

f dp/E(p) = forany a>0 4
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and that if ¥ represents any of the n + 1 expressions
-f+2pifi’f"i +pifu s i=1,...,m,
J
then

W(x,t,u,p)l< E(p) ()

for
x€E",0<t<T,lul<p,Ipl<p. (6)
This assumption will be responsible for an a priori estimate
of the Lipschitz constant for a solution of (F), (G). The next, our
final supposition, guarantees that strict solutions will have domains

of suitable widths. It is that if ® represents f or any one of its first
or second derivatives, then

sup [@(x, ¢, u, p)l < B(p), N

the supremum being taken for the values (6), and B(p) being a non-
decreasing function finite for p = 0.

Our principal aim is to prove :

THrOREM C. Under the assumptions stated, a generalized so-
lution of (F), (G) exists in Z(T).

2. Strict solutions of equation (F).

By a strict solution of (F) we mean a continuously differen-
tiable function that satisfies (F) at all points of its domain. We are
concerned here with strict solutions u of (F) defined in layers of
the type

Z(ty, to+h) ={(x,t) :x€EE", t,<t<t, +h}
and satisfying initial conditions of the form
ulx, ty) = wx), (N

where w is an arbitrary bounded function of class C* with bounded
first and second derivatives in E". Let W and M be constants such
that
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wl < W, [ow/ox,| < W, |a2w/ax,. ox;] <M in E" )
for i,j=1,...,n.

With fixed ¢, in the interval 0 <ty <T, let y(¢;¢,) be the
function that satisfies the differential equation dy/dt = E(y) and the

initial condition y(f,) = W. Since this function is characterized by
v (t3t0)
the relation fw dz/E(z) =t — t,, in view of condition (4), Sec-

tion 1, it exists for t 2 ¢, ; it is positive and increasing. Let A be a
constant such that

A
pr x,t,u,p)l<—— for x€E" ¢, <t<T,
i \/n

lul < p(Tity . IpI<y(Tity),i=1,...,n ()"
Any solid conical layer of the form

L=L() = Lx, . t, i1y, h)

50’
={0x, ) 1 Ix —x,|SAU, — 1), t, St <ty + h},

where x, € E" and ¢, <t, + h <T <t,, will be called a (conical)
layer of determinacy of u. As will be seen, the values of u in L will
be determined by those of w prescribed on the base

B=Bx,,t ity ={(x, t5) 1 Ix —x,| < A(t, — 1))

We can now formulate our main results concerning strict solu-
tions of (F). In the following theorem, C and C' denote appro-
priate constants depending on W and on bounds for f and its partial
derivatives of first and second order ; C and C’ do not depend upon
to, M, or u.

THEOREM. — Under the previous hypotheses, the initial value
problem (F), (G) has a strict solution u in Z(ty,ty, + h), where
i) = = 1/[CA + M)).
In Z(t,,t, + h),

i) luCe, DI <y(t;ty), oulx, )/ox;] < y(t:t,)
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and
iii) |02 ulfox; 9x;| <2nM +1 for i,j=1,...,n
With an arbitrary unit vector z = (z,,...,z,) , |z| = 1, define
, 0%u
P*(¢;2) =P*(¢;z|u) = sup Y, z;2;,
gn 1 0%;0x;

P(t) =P(t;z) = P(t;z|u) = max (C'/u,P*(t ;2 |u).
Then we have

P __C' el P(t _'C,
) BEO =€ el BPU) —C i<t b
uP(@) + C rP(ty) + C

Proof. — The characteristic equations corresponding to (F) are the
differential equations

*i :fp,- ’ﬁi = —fx‘- ‘—fupi Ef, s
. 3)
i)=2..|pifpi—f5fo, i=1,...,n,

in which - = d/dt, and f and its derivatives have (x, ¢, v,p) as
argument. Selecting an arbitrary point § = (§,,...,§,), we impose
the initial conditions :

x, =&, v=w®,p;, = ow®/o§;, for t=1t,, i=1,...,n. (4

We shall see that the problem (3), (4) has a unique solution for
ty,<t<T.

For us to be assured of a solution
x(t:8),v(@;8),p; 38, i=1,...,n, (5)

of the initial value problem (3), (4) in the interval ¢, <t < T,
it will suffice to be able to find a priori bounds for |v| and |p| in
any interval ¢, <t < t' in which the solution (5) exists. For conven-
ience, set p, = v and P = (py, p,,...,p,), then writing the last
n + 1 characteristic equations in the form

pa=fa(x,t,P), a=0,1,...,n.
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Integrating and using (4) gives us the integral relations

t
m@ﬁﬁﬂm9+[ﬂu®&LLHMBM&a=QL”qm
0

supposedly valid for t < t < t' ; here,
w, =w and W = Wy, i=1,...,n.
Defining

H=Ept 8= ¢ 2O,
p(t) =p(t;§) oMK gqu lp, (s 9l

To

in view of (2) and of assumption (5), Section 1, we have
4 ~
b (1< W+ [ Ep(s)) ds.
o
This implies that
t
p(t) < W +j;0 E(p(s)) ds.

We conclude by Gronwall’'s reasoning that p(¢#) < y(f;f,) in the
interval ¢, <t <?{t. Thus, all the dependent variables (5) have a
priori bounds in this interval, and the bounds do not depend upon ¢'.
From well known results on the maximum extent of solutions of
ordinary differential equations we can conclude that the problem
(3), (4) has a unique solution in the interval f, < ¢<T and the
estimates

@ OI<y;ty),lp;t;OI<y@:ty), i=1,...,n, (6)
hold there.

Eventually, v is identified with the solution u of (F), (G) and
p; with du/ox; in a suitable layer Z(t,, t, + h). To estimate the
height h of this layer, we are led to consider new quantities p;;,
i,j=1,...,n, which will ultimately be identified with the second
derivatives 97 u/dx; ax,.. These pij satisfy ordinary differential equa-
tions obtained by applying 9%/dx; ax,. formally to equation (F) and
the substituting p;; for 9u/dx;dx;, p; for ou/dx;, and p; = dp,;/dt

for 2, (p;/dx,) f,, + 3p;;/dt. These equations are
k
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Py = Cy + X Dy P + 2 Dy, p. —tupi
k k !

—I;prk‘pgpikpigﬁ l’jz l"°-’n3(7)

where
- Cij :fx’-xi +fuxipi +fuxipi +fuupipj’

- Dik :fx~pk + pifpku'

1}

In these equations, p; stands for p;(f;§), and the derivatives of f
have the argument (x(z;§),t,v(;§),p(t;¥). We understand the
p; to be functions of (¢ ; £) determined by (7) and the initial condi

tions
Pij(ty 5 ) = wy, %] (%). (8)
In view of (6) and assumption (7), Section 1, a constant C
independent of M and u exists such that the right side of (7) is not

greater in absolute value than C(1 + Y |p,e)?>. Hence, any solu-
k.2

tion of (7) defined, say, for t; <t < ¢ will satisfy the inequalities
- 2
51 <C (1+ 2 Inyel)
'R

and by (8), on the other hand,
py; (t s BI < M.

Summing over i and j and reasoning as in the proof of Gronwall’s

inequality shows that 2 | p,.jl < g, where q = q(¢) satisfies the integral
ij
relation

t
qt)=nM+ nC[o(l + q(s))*ds

and, equivalently, the differential equation dq/dt = nC(1 + ¢)? and
the initial condition q(¢,) = nM. The latter imply that

nM + nC(1 + nM) (¢ — ¢,)

1 —nCA +nM) (t —¢t,)

q(t) =
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if ¢ is such that the denominator is positive. Setting

= 1/[2nC(1 + nM)], )
we conclude, in particular, that
lp; (¢, I <2nM+1 if ¢, <t<t,+h i,j=1,...,n (10

the right side of this inequality being the maximum of ¢ for the indi-
cated domain of .

In view of the a priori estimate (10) just achieved, standard
methods now show that the initial value problem (7), (8) has a unique
solution in the interval ¢, < ¢t <ty + h ; it is subject to (10).

The next step is to show that the mapping x = x (¢ ; £) can be
inverted to give ¢ as a function of x, . To do so, choose x, € E"
and ¢, = T arbitrarily, and require that (¢, t,) € B=B(x,,#, ;7).
Let

Y=0:9)=>:§,....5), X=,D=0C,,...,x,, D,
X389 =0x,:8,...,x,:8,10),
and define the set
Kh) ={Y=(;8):¢,t)€EB,t,<t<ty,+ h}
In view of (2)"”, the transformation
X = X(Y) 1)

maps K(#) into L(k). Below we shall prove that the functional deter-
minant of the transformation has a positive lower bound « :
%?a for ' YEK(®); (12)
as will be seen, o can be selected to be independent of M. It will
follow from (12) that the mapping (11) is locally one-to-one. Fur-
thermore, it is easily seen that the range of the mapping is L(k).
Indeed, a characteristic curve issuing from an arbitrary point of
L(h) has spatial coordinates satisfying the conditions x; = fPi ,
i=1,...,n, and, owing to the definition of A, therefore will not
escape from L (k) through the conical sides as the parameter ¢ de-
creases to the value #,. Hence, the characteristics that emanate from
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the points of B cover L(#), which means that (11) maps K (%) onto
L(#), a simply connected region. Hence, this locally one-to-one
mapping is globally one-to-one from K(#) onto L(k). Both the
mapping and its inverse are continuous and have continuous first
and second partial derivatives. This mapping (11) embraces the
transformation

x=x(t;%)), (13)

which, for fixed ¢ in the interval ¢, <<, + h, maps a subset
S(t) of

S={t: 1§ —x,|<AE — 1)}
onto
S, ={x :Ix —x,;| <A, — -

The inverse transformation to (11) embraces the inverse transfor-
mation to (13), which we write as

E=§&(x, 1), 14)

mapping S, onto S(#). The previous remarks concerning (11) and
its inverse imply that both (13) and (14) are continuous and have
continuous first and second partial derivatives. Consequently, by
traditional theory, the function

ulx,t)=v,E0x, )
is a solution of (F) in L(k), where also
Uy, O, 1) = pi (1, E0x, D) sty (0, 1) = py (8, ECx, 1))

for i,j=1,...,n. Since x, and ¢, are arbitrary, the same is true
in Z(ty, t, + h). Finally, u satisfies the initial condition (G).

We have still to prove (12). The functional determinant on the
left equals

_ _ _0(x(;8)

I=J0)=JE,n T
the functional determinant for (13). By (4), J(¢,)=1,and by contin-
uity a positive number A’ exists such that J(¢,7) > 0 in K(&').
Denoting by &, the supremum of all 4" such that J(§,7) > 0 in K(h")
and h' < h, we shall prove that 2, = h. For any &' as described, the
argument of the previous paragraph shows that the mapping (13) has
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an inverse (14) for which u(x, ) = v(t;£(x, t) solves (F), (G), in
L(4') and Uy, =0 > x'x, = Py there. Hence, in L(h') we have the
dlfferentlatlon formulas

N O0u Ox
v, = dv/ot = ——"—Z. X g s
f, /] , asl - pk k.fj
0%u  ox,

Pig, = Op;[3%; = T = 2Pk X,
& IS ex;ox, 3F STk
where x, > = 6xk/a£ Using these when differentiating with respect

to E in thé first n characteristic equations (3) gives us

~

xi.ti - IpiXy xk,{.
k

\ﬂ Y .l
i +fp’-u /_apkxk.fi +2—t fP,‘Pk %‘kaanEj'
k k

Hence, differentiating J by rows and cancelling as is appropriate,
we obtain

V= Ly, + fouli + 2P Lpp) -
i k

Previous estimations show that the quantities in parentheses are
bounded in absolute value by an expression of the form (¢ + bM)/n,
where a and b are constants independant of M and u. Therefore,

—(a + bM)],
and since J(¢,¢)) = 1, we can deduce that
JE, )= e @MU K(h).

In K(h), we have 0 <t — ¢, < h, while by (9) h = 1/[2nC(1 + nM)]
We conclude that a positive constant o independent of M and u exists
such that J 2 a in K(#) and therefore such that (12) holds, as
required. We have thus established statements (i), (ii), (m) of the
theorem being considered.

To prove (iv), let z = (z,,...,z,) be an arbitrary unit vector :
|z] = 1. Multiplying both sides of equation (7) by z;z; and summing
gives
P*=3 PijZ; Z Cyzizp + 2% X 2Dy X, Pyjz;

ki j

ij

- f,P* - EQ fpkpg (2 Pix Zi) (Z pj!lzl)’ 1s)
k, i )
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where P* =Y, p,z,z; Constants ¢’ and ¢" independent of M and u

ij
.
exist such that X, Ch <()?, f2<c", and X, D} <c", the
ij i,k

last condition implying

218 Z z; Dy Z Pyl < 4c"[u + (/4 2 (2 pkizi)z'
ki ' :

7 k J

In view of assumption (2), Section 1, we also have
. Wl ul ul 2
Z forrg (2-« P,-kZ.-) (Z PiQZi) > (2 pkizi) .
'R i j ko
Hence, (15) leads to the inequality

P* <c/u+ (/4 P*? — GBuhH Y (Z Pkizi>2
ko

where ¢ is a bound, for instance, for ¢'u + S¢” and is taken to be
independent of u for u less than an agreed upper bound. Moreover,

Mg ae) -2 4] £ Gree]

= [E Zy 2 Dik Zi]2 = p*%

k i
It follows that

P* <c/p — (u/2) P*2. (16)
In order to discuss this, set

s =/c]2t, 50 =\/c[2ty, g = (WNZOP* ,qq = q(50)
incquality (16) becoming
dqlds <1 — q*. amn

We shall prove from it that if

Q=max (1,q),Q, = max (1,q,),
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Q Qo — 1 e—-2(s—so)
Q+1 Qo +1 ’

(18)

Four cases arise.

Case 1. |q,] < 1. In this case, (17) leads to dq/(1 — q?) <ds
and, by intcgration, to the inequality

l+q 1+qo
¢,
]_q 1 —gq,
. This implies that
§~ 1 +( +1)gq,
§+1+(§—1)qo

and thus that ¢ < 1 in this case.

where § = ¢2¢ 770

Case 2. q, < — 1. As s increases, q achieves no value exceed-
ing q,, in view of the sign of dg/ds. Hence, ¢ < — 1 in this case.

Case 3. q, > 1. Here, we have dq/(q®> — 1) < — ds, and there-
fore

q-1 ‘Io”l
q+l g, +1

§-~l
or, equivalently,

q<(§'+1)qo+§~1
(§-Dgo+§+1°

19

Case 4. |lq,| = 1. Either ¢ < 1 or else g assumes a value
q, > 1. Letting s; be the first value above s, for which this occurs,
we have by Casc 3 that for s 25,

q<(§] +1)(11 +§|—‘]
¢ - Dag, +§ + 1

where §, = exp [2(s — s,)]. Since we may sclect g, arbitrarily close
to 1, we conclude that in fact ¢ < 1 for s = 5.
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Except in Case 3, we have just seen that ¢ < 1. Hence, in all
four cases,

<(§'+1)Qo'|'§'—1
E-DQ+s+1’

the right side of this inequality exceeding the right side of (19) and
also exceeding 1. For the last reason,

E+1DQ,+¢ -1

Qs E-DQ+¢+1
Equivalently,

Q Qo -1 g_

Q+1 Qo +1 ’

which implies (iv) with C' =+/2¢. The theorem is now completely
proved.

3. Stratified solutions of (F), (G).

To construct stratificd solutions of this problem we employ
smoothing operators S_ with the properties that for an arbitrary
function f € C*(E") :

IS flo < Ifly, Q)]
l(sff)xileo <k, g™! Ifly, for i,j=1,...,n, 2)
P*(¢;2I1S./) <P*(t;zlf) for all unit vectors z € E", 3)

| [ -9 gax|< Gyl ate) forany 9ECHED. (@)

Here, as on previous occasions, C2(E") denotes the class of bounded

functions with bounded, continuous derivatives of first and second

orders in E" 5 |fly = sup |f()| ; Ifl, = max sup,, If, |;k, is
xE kKN i=1,...,n “ U

an absolute constant ; C, is a constant depending on ¢ only ; P*
is the functional defined in the theorem of Section 2 ;lima(e)/e = 0.
€0

Avcraging operators, for instance, will satisfy all thesc conditions, se¢
Chapter 3.
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Let us fix once and for all the thickness T of the layer Z(T)
within which we are to solve the given problem. Thereby the con-
stants C and C' in the theorem of Section 2 are determined. We shall
construct a stratified solution of (F), (G) with stratum thickness A
such that Ch < 1/2 and that, for convenience, T/h is an integer. We
determine € by the condition

h=1/{C[1 + k, y(D/e]},
and thus as
e = k, y(T) Ch
1-Ch °
where y(t) is the increasing nonncgative function defined by the
y ()
re]ationj:J dp/E(p) = t. In view of (2) and part (i) in the theorem

of the previous scction, an inductive procedure analogous to that
of Section 3, Chapter 2, shows that, for m =1, 2,..., T/h, a strict
solution u,, of (F)in Z, (}) exists that satisfies the initial condition

u,x,m—-1hn=Su, ,(x,(m-1)h)
and obeys the conditions

| <y(mh) , lu <y(mh) for i=1,...,n,

Unm 'c"(zm) m'xil(‘o(Zm)
uy(x , 0) standing for u,(x). Thus, the stratificd solution

v=u, in Z, (1) form=1,...,T/h
satisfies the inequalitics

< < .
0z () y(, 'v"i|c°(Z(T» (D ©)

vl
Condition (iv) of the theorcm referred to tells us that for
(m-1Dh<t<mh
’
BPW) = C' e morymy BPmos = € (6)
uP@) + C' uP,_, +C

where P(¢#) = P(t;z1u,,), P, = P(kh;zlu,), and also gives us the
relations

(') The notation is that of Chapter 2, Section 1 (p. 44).
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pPesy — C' pP((k + DAz lug,,) - C

pP ., + C pP(k + Dhszlug, )+ C

<e-C'h“P(kh sz lugyy) — C'
uPkh 5z luy,,) + C'

fork=0,1,...,T/h — 1.

But inequality (3) implies that P(kh ;z |u,,,) < P(kh ;z |lu,) =P,
Hence, the last member of the previous inequality is

<e " [uP, — C'|/[uP, + C'],
and in sum we have the recursion

Pyuy —C - B = C
—— < —— f k=1,1,...,T/h — 1.
P, +C > uP, + C o f

Multiplying these for k=0, 1,...,m — 2 and then also multi-
plying by (6) shows that

/- ]
G e e
0

from which we immediately deduce that
P(t) < (C'/y) coth (C't/2).
It follows that for an arbitrary unit vector z € E", |z| = 1, we have
2 Vxpx; 22) <(CB) coth (C'4/2) in Z(T)
ij
and thus

vix + pz,t)+vx — pz,t) + 2v(x.1t)

1 L , ,
:fo [lp 2,2y, (6 + 00 pz)d6] 0do

< (C'/w)p? coth (C't/2) for (x, ) EZ(T),z € E",|z] = 1.(7)
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4. Precompactness of stratified solutions.

We shall demonstrate the following result, similar in its nature
and its proof to the precompactness theorem of Section 4, Chapter 2.
Again v, denotes the stratified solution with layer thickness 4.

PRECOMPACTNESS THEOREM . A bounded, Lipschitz continuous func-
tion u in Z(T) and a null sequence {h,} exist such that for any t in
the interval 0 < t < T

lim v, ¢,0=u(,?)

k oo
in E", uniformly in any bounded region of E".

Again the proof is in several steps. First, we have by methods of
the earlier section :

PROPOSITION 1. — A null sequence {h; } exists such that for any
bounded, measurable function ¢ with compact support in E",

lim v, (x, t) ¢(x) dx
" Tk

koo

exists for 0 < t < T.

Secondly, we prove :

PROPOSITION 2. — Let t be a fixed value in (0, T), and let {h,}
be an arbitrary subsequence of the sequence {h,} in Proposition 1.
Correspondingly, a function u'(-',t) continuous in E" and a sub-
subsequence {h,} —a subsequence of {h,.} —exist such that

lim vh " (' B t) = u’('., t)
k'*+o0 k

in E", uniformly in every bounded region of E".

The proof is immediate from the equiboundedness and equi-
continuity of the v, (-, t) (inequalities (5), Section 3).

Propositions 1 and 2 imply that for any bounded measurable ¢
with compact support in E",
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lim [ v, G0 @G dx

im [0 600dr = [ w'x. 0 6 dx

which in turn implies that u'(- , t) is independent of the subsequence
{hy}. This and Proposition 2 give us :

PROPOSITION 3. — For each fixed value of t in (0, T), a function
u(- , t) continuous in E" exists such that
,{1_.‘2 vhk (‘ Y t) = u(' > t)
in E", uniformly in any bounded region of E".

Next, we shall prove that u is Lipschitz continuous in Z(T) and
begin by discussing its continuity with respect to ¢. For this purpose,
we return to the functions

VY= V(@) = [ o, 1) 0x)dx

with ¢ € Cg(E") and ¢ = 0. The domain of integration is E". Since
the v, are stratified solutions, the one-sided limits V(kh * Q) exist,
and for (k — 1) h <t < kh the derivative

V@) = [, (x, D $x) dx

exists, with k =1, 2,...,T/h. If 0<¢, <t, <T and, more specif-
ically,

mh<t,<(m, + 1)h<myh<t,<(m, + 1)h,

we thus have

ma—1
_ my+1)h Q) k+1)h t ’
V(tz)—V(t,)—3[: D) j: +fm22h{ V'(t) dt

k=m+1 h

+ 22 [V(kh — 0) — V(kh + 0)].

k=m;+1

Property (4), Section 3, shows the second summation on the right,
in absolute value, to be < Cy(t, — t,)h~'y(T)a(€) and thus to
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tend towards zero with h. The remaining part of the right hand
side, in absolute value, is < F,(z, — t) f(b(x) dx, where F, is

an upper bound for |f(x, ¢, u,p)l forx EE", 0<¢t < T, ul <y(T),
Ip| < y(T). Consequently, we have

im V(e 3v,,) = V5ol = | [, 1) - ute, 1) px)ax

<Fo(t, — 1) ¢ (x)dx.
This implies that
Joe) (Folt, — 1) + (ix, 1) — ulx, £,)}dx >0,
and since u is continuous with respect to x and ¢ is arbitrary,

Fo(ty — t) 2 (ux, t;) —ulx, ty)) = 0.

This says that u is Lipschitz continuous with respect to ¢ with Lipschitz

constant F,. It follows that u is Lipschitz continuous with respect
to (x, t). '

Properties (5) and (7) of stratified solutions, Section 3, carry
over to u, and we have

lutx, DI <y(M,lutx +z,t) —ulx, Nl <y()lz],
u(x +z, ) +tulx —z,t)—2ulx,t) <(C'/u)lzl*> coth (C't/2) (2)

for (x,t)€Z(0,T) and z € E".

5. Generalized solutions of (F), (G).

The Lipschitz continuous function u obtained in the previous
section obviously fulfills the initial condition (G). Now we shall
show that u satisfies the differential equation (F) almost everywhere
in Z(T).

By the previous section,

lim «™ =y in Z(T),

m 2
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where u(™ = Up , M= 1,2,..., is a suitable sequence of strati-

fied solutions as described. Since u™ is a stratified solution, we have
for 0 <¢ < T and, say, kh,, <t < (k + 1)h,,

u™ (x, t) — u™ (x, kh,, + 0)

=ft fGe,s,u™ (x,s), grad u®™ (x, ) ds ;
khpm
also,
u™ (x, jh,, —0) —u™ (x, (j— 1)h,, + 0)
= ["m ot s, u™ (x, ), grad u™ (x| 5)) ds
(G-Dh,,
for j=1,...,k

Adding these k + 1 relations, multiplying by an arbitrary test func-
tion ¢ € C2(Z(T)), and integrating over Z(T) gives us

7(T)

f ¢(x,t): u™ (x, ) — u (x , 0)

—f’f(x,s,u("')(x,s),gradu('”)(x,s)ds)dxdt (1)
0

)

K
=y fd;(x,jhm) [u®™ (x, jh, + 0) — u™ (x, jh,, — 0)] dx.
j=1

j-
We shall wish to let m — oo in this formula and therefore now consider
the convergence of the first derivatives

p™ = 3u™ | ax,

of the stratified solutions of the sequence to the respective first deri-
vatives

p; = ou/ox;
of their limit.

By Lipschitz continuity, the p, exist on a set G C Z(T) such
that Z(T)\G has measure zero. We shall now argue that the p; are
the respective limits almost everywhere of the p,f'”) as m > =

Fix the index i By Fubini’'s theorem, G includes almost all
points of almost all lines in Z(T) that are parallel to the x;-axis.
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On such a line L, almost all points of which belong to G, we regard
x; as the only variable in the functions

g™ x)=p™ (x, 1), q(x) =p,(x, 1),

and consider the other x; and ¢ to be fixed parameters. For ¢ > 0,
it follows from the last inequality (2), Section 4, that g satisfies
the one-sided Lipschitz condition

un—q&D<K

- for x; # x| 2)
X; — xi

with k = k(t) = (C'/u) coth (C't/2) ; hence, q is continuous at almost
all points on L. (See a remark on ‘“‘semi-monotonic” functions in [6],
page 78). Inequality (7), Section 3, implies that the ¢ for
m=1,2,... also satisfy a one-sided Lipschitz condition of the
form (2) and all with the same constant k independent of m. Conse-
quently, from any subsequence {m'} of indices, a sub-subsequence
{m'} can be selected such that q("'") converges almost everywhere
on L. (See [6]). The limit function q' again is subject to the one-sided
Lipschitz condition (2) and therefore is continuous at almost all
points of L. Furthermore, g™ — q' at every point at which ¢’ is
continuous.

The next step is to identify q' with g at the points at which
q is continuous. Let L' consist of the points of L at which q is
continuous and L" consist of the i — th coordinates of these points.
Setting

U™ (x)=u™ (x), U(x,) =u(x) along L,
we have for x;, a; € L"
U™ () = U™ @) + [ g™ (@) di.
ai :
Letting m = m'' > oo gives
_ Xi
UG = Uap + 4 ® d,

while the same relation holds with g in place of q'. Therefore, ¢’ = ¢

almost everywhere on L and, in particular, at every point of contin-

uity of the two functions. This means that lim q(’"") = q at every
m oo
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point of continuity of ¢ on L, while the limit g is independent of the
arbitrarily selected subsequence {m'}. With respect to the original
sequence, we conclude, therefore, that

m-eo
at every point at which q is continuous on L. It follows that

lim p(m = p,

Mmoo
almost everywhere in Z(T). Let p;“ and p,. denote the upper and
lower limits of the p™, respectively, as m — . The set of points
S at which p* — p,, > 0 is measurable and is included in the set
of discontinuities of p; with respect to x;. Hence, for almost every
line L parallel to the x;-axis the intersection SNL has one-dimensional
measure 0. Therefore, the (n + 1)-dimensional measure of S is O,
ie., lim p{™ exists almost everywhere in Z(T). Similar reasoning,

m-oo
in which p* — p, is considered, will show that lim p{™ = p  almost
everywhere. m>

It is now possible to let m — oo in (1). The limit of the right
hand side is O in view of property (4), Section 3, and we obtain :

o(x, ‘ ulx, t) — uy(x)

(

Z(T)

- fotf(x, s,u(x,s), grad u(x, S))ds) dxdt = 0.

|

Since ¢ is arbitrary, we can infer that the quantity in curly brackets
is 0 almost everywhere in Z(T) and therefore, in particular, at almost
all points of almost all line segments x = const., 0 < ¢t < T, parallel
to the t-axis. If M is such a segment, by differentiation with respect
to ¢ we have u, = f almost everywhere on M. Since u, and f are
measurable, this relation, which is (F), holds almost everywhere in
Z(T), as was to be proved.
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