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Introduction

In this thesis, we consider boundary value problems for first-order partial
differential equations (PDEs) of the form

F(Du(z),u(z),z) =0 for z € Q;
u(z) = g(x) for z € I' C 052

Above () is assumed to be a bounded domain in R™ with a smooth boundary
0f). Here
F:R"XRxR" - R and g: R" - R

are given smooth functions and the unknown solution u: Q — R is expected
to be continuously differentiable in 2. The gradient of u is denoted by Du.

We focus closely on the properties of two specific types of PDEs, scalar
conservation laws and Hamilton-Jacobi equations. In general these equations
do not have continuous solutions in the whole domain. Therefore we consider
the weak solutions to these equations.

In Section 1, we introduce the method of characteristics to solve bound-
ary value problems for nonlinear first-order PDE. The method is used to
transform the n-dimensional problem into a system of up to 2n + 1 first-
order ordinary differential equations (ODEs) that characterize the behaviour
of the solution near the boundary 0f2.

First we derive this system of characteristic ODE and then prove the
existence of unique local solution of the original initial value problem.

In Section 2, we consider scalar conservation laws, quasilinear first-order
PDEs of the form

wi(, 1) + [F(uz, )], = 0,

where F': R — R is a given function and u: Rx[0,00) — R is unknown.
By wu;, we denote the partial derivative of u with respect to ¢. Similarly,
[F(u(z,t))], denotes the partial derivative 2 F(u(z,t)).

These types of PDEs often arise from problems modelling the time be-
haviour of physical systems of objects, liquids or gases.

There does not, in general, exist a smooth solution « for all times ¢ > 0.
Instead, it is possible to define so called integral solutions for the problem.
These solutions form a family of bounded functions that satisfy the PDE
almost everywhere in R x (0, 0o).

Not all of the integral solutions are physically meaningful or possible. As
we seek to have a unique solution with properties that are useful in mod-
elling physical systems, we introduce an entropy condition to exclude the
unwanted solutions. Later we show that by further improving the entropy



condition, there exist at most one entropy solution to the problem, provided
that function F' is a convex C? function and g is essentially bounded.
In Section 3, we introduce the Hamilton-Jacobi equations

u + H(Dyu,z) =0 in R"x (0, 00);
u=yg on R"x{t = 0}.

These equations have a connection to the scalar conservation laws and we
build theory for defining weak solutions of Hamilton-Jacobi equations and
prove the uniqueness of these solutions.

In section 4, we return to the initial value problem for scalar conservation
laws. As there turns out to be many similarities to the initial value problems
for the Hamilton-Jacobi Equations, we use the theory constructed in Section
3 to derive the Lax-Oleinik formula and define entropy solutions to initial
value problems for the scalar conservation laws. We proceed to prove that,
up to a set of measure zero, there exists unique entropy solution, provided
F:R—Ris aconvex C? function and g is essentially bounded. If additionally
F is strongly convex, this solution is given by the Lax-Oleinik formula.



1 Method of Characteristics

Consider the following first-order partial differential equation
F(Du,u,z) =01in Q, (1.1)

where F': R" x R x R" — R is a given smooth function. Here 2 C R" is
a bounded domain with a smooth boundary 0f). See Section 1.2 for the
definition. Suppose further that the solution w:  — R is twice continu-
ously differentiable in Q, i.e. u € C?*(2), and that u satisfies the boundary
condition

u=gonl, (1.2)
where I' C 09 and ¢g: I' — R is a given smooth function.

To evaluate u at a point x € €, we form a path from 2° € T" to z. As
u(x?) is given by g(z"), we use this known value to evaluate « upon the path
and to obtain the value u(x).

Let x = (21, -+ ,2,) € R", p = (p1,-++ ,pn) € R" and z € R. Let
F = F(p, z,z) and denote the partial derivative of F' with respect to py by
F,,. We write

DPF(p7 <, :L‘) = (Fpl(p7 <, :L‘), FP2(p7 2 :L“), ) Fpn(p7 <, :L‘)),
DzF(p7 Z, .23) = Fz<p7 Z, Jf),
DmF(pa Z, l’) = (Fﬂm (p7 2737), F:Eg(pa Z,ZL'), te 7Fxn(p7 Z,Z')).
In deriving the characteristic ODEs, we refer to section 3.2. in [3]. In the
proofs of the Inverse Function Theorem and the Implicit Function Theorem

presented in section 1.2.2, we refer to sections 13.3 and 13.4 in [1] and to
theorems 9.24 and 9.28 in [§]

1.1 Characteristic ODEs

Let us consider a path x(s) C Q, where x(s) = (z'(s), 2%(s), -+ ,2"(s)) and
s € I with I being a subinterval in R. Suppose u € C?(Q) is a solution to
(1.1) and define

I

(s) = u(x(s)) = u(z'(s), 2%(s), -+, 2"(s));

p(s) = (p'(5), (), -+ ,p"(s)) (1.3)
= (U, (%(5)), U (x(5)), -+ s U, (X(5))).

We aim to form a system of first order ODEs for p(s), z(s) and x(s) to

solve the boundary value problem (1.1), (1.2). These are called the character-
istic ODEs of (1.1). We use the following notation for the regular derivative:

b(s) = o pls).
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Differentiating p’(s), where i € {1,2,--- ,n}, we arrive at the following equa-
tion involving second order partial derivatives of u:

5(5) = St (x(5)) = Dt (x(9)%(5). (1.4

We will choose x(s) in a way such that the second order derivatives in
(1.4) do not appear in the characteristic ODE. To this end, we differentiate
equation (1.1) with respect to z; to obtain:

Z F, (Du,u, £)uy, », + Fo(Du,u, x)uy, + Fy,(Du,u,x) = 0.
k=1

This gives us that
Z Fy (Du,u, )ty 0, = —F(Du, u, v)uy, — Fy,(Du,u, x). (1.5)
k=1
To form the characteristic ODEs for p(s), we choose x(s) so that
i*(s) = Fy (p(s), 2(s), x(s)). (1.6)
It follows from (1.4), (1.5) and (1.6) that

() = Yt (X(5)) Fy (P (5), 2(5), x(s))
k=1

= _F2<p<8)7 Z(S>7 X(‘S))pz(s) - sz<Du7 U, I)
To give the characteristic ODE for z(s) we calculate Z(s):

Z(s) = d%u(x(s)) = Du(x(s)) - x(s) = p(s) - D,F(p(s), 2(s),x(s)). (1.8)

Let us collect equations (1.6), (1.8) and (1.7) all together. We arrive at
the following system of 2n + 1 characteristic ODEs:

x(s) = DpyF(p(s), 2(s),x(s)); (1.9a)
2(s) = DpF(p(s), 2(5), x(5)) - P(s); (1.9b)
P(s) = —DaF(p(s), 2(s),X(s)) — D-F(p(s), 2(s), x(s))p(s). (1.9¢)
The functions p(s), z(s) and x(s) solving the system of characteristic ODEs

are called the characteristics and x(s) is called the projected characteristic
onto (2.

In the above we proved the following theorem.

b}



Theorem 1.1. Let u € C?*(Q) be a solution to (1.1). Suppose x(s) is a
solution to (1.9a). Then for s € R such that x(s) € Q, functions z(s)
and p(s) which are defined as in (1.3), solve equations (1.9b) and (1.9¢)
respectively.

1.2 Existence of Local Solutions
1.2.1 Flattening the Boundary

Next we show that, when considering a sufficiently small neighbourhood U C
R™ of any fixed 20 € 09, the boundary of Q can be assumed to lie on a
hyperplane.

Definition 1.2. The boundary 92 of a bounded domain €2 C R" is called
smooth, if for every 2° € 99 there exists a radius r > 0, a rotation ¢ in R
and a smooth function v: R"! — R such that

Bz, r)NQ = {x € B(2%r): ¢"(x) >~ (gzﬁl(m), ,¢”_1(x))}.

We define a mapping ®: R” — R" that flattens the boundary of {2 near
2. Let

{®k($):¢k(x) = Yk ke{L 7n_1};
o"(z) = ¢"(x) — 7 (¢'(z), + ,¢" () = Y.

We obtain the inverse mapping ¥ = ®~! by setting

{\I”“(y) Wk (y) = ke{l, - n—1}:
‘Ijn(y) = ¢n(yn + 7(917 Tt 7yn—1)) = Tn,

where 1) = ¢~!. We note that the Jacobians, as defined in Section 1.2.2, of
both ¥ and ® are equal to one.

We can use these mappings to define a change of variable for our PDE.
Set Q== ®(Q) and define u: Q@ — R by a(y) = u (¥(y)) for all y € Q. Let
us now write PDE (1.1) and the boundary value condition (1.2) in a form
involving @ and y = ®(x).



In the above, F: R"xRxR" — R is a smooth function. Let §(y) = g(¥(y))
for y € I' = ®(T"). Now u satisfies the following boundary value problem:

{

The boundary value problem (1.10) is of the same form as (1.1). Furthermore,
by Definition 1.2, it holds for every y € B(®(2°),r) N o9 that y, = " (z) =
0. Therefore we can assume without loss of generality, that for every fixed
2% € 90 there exists a neighbourhood V' C 99 of 2° that lies on a hyperplane.

=sh!

(D

=g

i,y) =0 in
7u7 y) ln ~’ (1'10)
on I

g}
Nt

1.2.2 Inverse and Implicit Function Theorems

To prove the existence of local solutions to (1.1) with the boundary condi-
tion (1.2), we need the Inverse Function Theorem and the Implicit Function
Theorem.

We use the Implicit Function Theorem to show that for suitable points
2% € T, there exists a neighbourhood V' C T of 2° where we can give initial
values for the characteristic ODEs.

The Inverse Function Theorem is used to show that there exists a neigh-
bourhood U C R"™ of V| such that each z € U lies on a unique projected
characteristic with an initial value given on V.

Definition 1.3. The Jacobian determinant of a mapping f: R” — R" is
Jf(z) = det(Df)(z),

where the Df(z) is the differential matrix of f at z € R”

n(@) e fo (@)

Df(x)=1| + .
(@) - [ (2)

Theorem 1.4. (Inverse Function Theorem). Let Q@ C R™ be open and f €

CH;R™). Suppose that for some 2° € Q, Jf(2°) # 0. Then there exist

neighbourhoods V- C Q of 2° and U C £(Q) of £(2°), such that £ : V — U is

one-to-one and the inverse function £=1 belongs to C1(U; V).

Proof. Let us first find the neighbourhoods V' of 2° and U of f(z°) where f
is one-to-one and therefore has an inverse function. Since f € C'(Q; R"), the
Jacobian Jf is a continuous function in 2. By assumption, Jf(z°) # 0 and
thus there is a ball B(z%,r) C Q, where r > 0, such that Jf(z) # 0 for every
r € B(2° r). Denote V = B(2°r).



As f* is continuously differentiable for each k& € {1,2,--- ,n}, the Fun-
damental Theorem of Calculus gives for every z,z € V' that

1

@) - o) = [ G+ ta - o)t

" (1.11)
_ /ka(x Fi(F —2)) - (7 — ) dt.

By the Mean Value Theorem, there is a t;, € (0, 1) such that

1

/ka(xﬂ(:z — ) (G —2)dt = D (e + to(E — 1)) - (F — )
0 (1.12)

- Z 5 (2 + th(F — 2))(Fi — ).

Suppose f(x) = f(z) for some x,7 € V. Then f*(#) — f*(z) = 0 for each
ke {1,...,n} and, by equations (1.11) and (1.12)

n

0=f*z) - fH(z) = Z(iz — z;) f¥ (2 + tp(T — ). (1.13)

i=1

As (1.13) holds for every k € {1,2,--- ,n}, and Jf # 0 in V, the following
system

Zfl,;($+tk(f—$))yi:0 kef{l,2,--,n},
=1

has only one solution, y; = 0 for i € {1,2,--- ,n}. This implies that z; = Z;
for every i € {1,2,--- ,n}. Thus z = Z.

Hence f: V' — f(V) is one-to-one and continuous, and therefore has an
inverse function f~': f(V) — V that is also one-to-one and continuous. The
set U = f(V) C R" is open, as it is the preimage of the open set V' under
the continuous function f=! .

Let us conclude the proof by showing that f~! € C'(U;V). Define g =
f~Lin U and let y € U. Let x = g(y) and 2" = g(y + he;), where h € R
and e; is the ith coordinate vector of R™. Since U is open, y + he; € U and
x" € V when |h]| is small enough. Now

f(2") — f(2) = he;,

8



and for k € {1,2,--- ,n} we have
fF(a™) — 5 (z) = héy,, (1.14)
where 0y,; is the Kronecker delta function, that is,

1, if k = i
Ok = . .
’ 0, if k # 1.

By the Mean Value Theorem, there exists a ¢, € (0, 1) satisfying

n

Frah) — 5 () =) (@l =) 2 (2 + te(a" — 2)) . (1.15)

J=1

Substituting z = g(y) and z" = g(y + he;), (1.14) and (1.15) give the follow-
ing system

L] he;) — ¢/
5=y LT eh) CW (4 gt — ), Ke{L2- n)
j=1

As Jf # 0 in V, this system has a unique solution for
9" (y + hei) — ()

ke{l,2,-- ,n}.

h )
By Cramer’s rule, this solution is of the form
9"y +he:) —g"(y) _ det(A,i)
h Jf(thh —+ (1 — tk).ib)’

where Ay ; is the matrix obtained by substituting d;; for f;k in Df.
By the continuity of g, 2" — z as h — 0. Since Jf # 0 in V, the limit

P lim 9" (y + he;) — g (y) i det(Ay;)
Jui = 150 h h—0 JE(x + ti(2h — z))
exists for each k € {1,2,--- ,n}. Hence we have that g € C1(U; V). O]

Let V' C R™™ be an open set and f € C'(V;R"). Then we use the
following notation for the blocks of the differential matrix of f corresponding
torz € R" and y € R™:

1 .« .. 1 1 Y 1
x1 Tn 1 Ym
Df = | : : : = (D.f, D,f).
n . .. n n . .. n
1 Tn Y1 Ym

Similarly, we write J,f(z,y) = det D, f(x,y).

9



Theorem 1.5. (Implicit Function Theorem). Let U € R™™™ be open and
f € CYU;R™). Suppose that J£(t° 2°) # 0 and £(t°,2°) = 0 for some
(t° 2°%) € U. Then there exists a neighbourhood V.C R™ of 2° and a unique
function g € CY(V;R"), for which g(z°) = t° and f(g(z),x) = 0 for every
zeV.

Proof. Let us define F: R"™ — R"t™ ag
F(t,x) = (f(t,x), x). (1.16)
Now F(t°, 2°) = (0,2°) and

Df D,.f

JE(t°,2°) = det(DF (%, 2°)) = det
0 ]me

} = det Df(t°,2°) # 0.

By the Inverse Function Theorem, Theorem 1.4, there exist neighbourhoods
V C R of (t9,2%) and U C R™™ of (0,2), such that F: V — U is
one-to-one and there is a one-to-one inverse function F1:U=>V.

Let (7,€) € U and denote F~! := G. As F is one-to-one, the equation

F(t,z) = (1,¢) (1.17)

has a unique solution for (¢, x) € % given by

t =h(r,¢);
{w A (1.18)

where h = (G!,G2,--- ,G") € CH(U;R™).

By (1.16) and (1.18), f(h(r, z),z) = 7 for every (r,2) € U. Let V C R™
be a neighbourhood of 20, for which (0,z) € U for every z € V. By defining
g: V — R" as g(z) = h(0,z), we have g(z°) = t° and

f(g(z),z) =0, for every z € V.
Lastly, recall that F~! is one to one from UtoV. T herefore, for every
x € V it holds that F~1(0,x) = (¢, z) for some unique ¢ € R". By definition
g(z) = h(0,z) =t and thus g is the unique function satisfying

f(g(z),z) =0

for every x € V. n

10



1.2.3 Local Existence Theorem

We begin to construct a local solution to the original boundary value problem,

(1.1) and (1.2), near a point z° € T'. As shown in Section 1.2.1, we may

assume without loss of generality, that for the neighbourhood V' C T of 2,

the boundary of €) lies on any hyperplane. Therefore we assume hereafter

that for the neighbourhoods V' C T in this section, y,, = 0 for every y € V.
Let us denote the initial conditions of the characteristic ODEs as

x(0) = 2°, 2(0) = 2" and p(0) = p".
It follows from the boundary value condition (1.2), that is, u = g on I', that
20— 2(0) = u(x(0)) = g(x(0)) = g(a?). (1.19)

To determine p°, we use condition (1.2) again, and see that for y € T’ near
20 it holds that

U(y) = u(yla e 7yn—170) = g<y17 T 7yn—170)'

Since function g is smooth, we have

i = P"(0) = 14, (%(0) = 11, (2°) = g4, (%), (1.20)
for k € {1,--- ,n —1}. We define p° as follows.
DY = Gu, (2°) for ke {1,---,n—1}, (1.21)
F(p® 2% %) = 0. '

Conditions (1.19) and (1.21) are called the compatibility conditions and the
triple (p°, 2%, 2°) that satisfies these conditions is called admissible.

Our goal is to evaluate the solution u at each point z € U N 2, where
U C R™ is some neighbourhood of 2° € T'. To this end, we need to give initial
conditions to each y € V for some neighbourhood V' C I of 2°.

As before, the initial value conditions for x(s) and z(s) are given for each
y el by

x(0) =y and 2(0) = g(y). (1.22)

The next theorem gives a condition for the existence of a neighbourhood
V C T of 2° on which suitable initial value conditions for p(s) can be given.

Theorem 1.6. Let 2° € T' and suppose (p°, 2°,2°) is an admissible triple
for the boundary value problem given by (1.1) and (1.2). Let x(s) and z(s)
satisfy the initial value conditions (1.22). Suppose further that

Fpn(po’zovxo) 7é O (123)

Then there exists a neighbourhood V. C T of ' and a unique q € C'(V; R")

for which (q(y), 2(y),y) is admissible for everyy € V' and q(x°) = p°.

11



The triple (p°, 2%, 2°) is called noncharacteristic if it satisfies (1.23). This
condition ensures that the projected characteristic emanating from z° is not
parallel to I' and therefore enters ) at z°.

Proof. Assume the triple (p°, 2% 2%) € R"x Rx I' to be admissible and
noncharacteristic. Let p € R" and y € I" and define G: R" x ' — R" by

Gk(p,y):p—gmk<y), /{6{1,--~,n—1};
G"(p,y) = F(p,9(y). y).

As functions g and F' in (1.1) and (1.2) are smooth, G is smooth. By as-
sumptions, G(p°, z°) = 0. We also have

(GL(py) - G} (py)
D,G(p,y) = : :
Gr(py) - Gy (py)
[ 1 0 --- 0 0 |
0 1 - 0 0
0 0 ... 1 0
ol 9()y) o B 9(y),y)]

As the triple (p°, 2%, 2°) is noncharacteristic by assumption, we have

J,G(p’, 2") = F,, (p°, g(2"),2°) # 0.

Therefore, by the Implicit Function Theorem, Theorem 1.5, there exists a
neighbourhood V' C T of 2° and a unique function q € C*(V;R"™), for which
q(z°) = p° and G(q(y),y) = 0 for every y € V.

By the definition of G, we have for every y € V' that

E(y) = for ke {1,--,n—1};
Fla(y), 9(y),y) = 0.
Therefore, the triple (q(y), g(y),y) is admissible for every y € V. O

Let z° € T and suppose the triple (p°, 2°, 2°) is noncharacteristic. Take
V C T to be a neighbourhood of z° as in Theorem 1.6. In addition to the
parameter s € R, the solutions to the characteristic ODEs depend on the

12



initial point y € V. As assumed earlier, y, = 0 for y € V. We define the
characteristics as
X(y7 5) = X(Z/la s Yn—1, 3);
2(y,8) = 2(y1,*+  Yn-1, 5); (1.25)
Py, s) =Py, Yn-1,9),

where x(y, ), 2(y, -) and p(y, -) are solutions to the characteristic ODEs with
the initial conditions given by

x(y,0) =y, 2(y,0) = g(y) and p(y,0) = q(y). (1.26)

To emphasise, x(y, s), z(y, s) and p(y, s) are here viewed as functions from
VxI CR"” to R”, where

V={g R | (41,52, - »9n1,0) € V}.

Next we show that for every # € Q near 2" there exists a unique characteristic
curve with the projected characteristic passing through .

Theorem 1.7. Let 2° € T and suppose (p°, 2°, 2°) is noncharacteristic. Then
there exist neighbourhoods V.C I and U C R™ of 2° and an interval I C R

containing 0, such that for each x € U there are uniquey € V and s € I for
which it holds that

r=x(y,s).
Proof. By the initial conditions it holds that

x(2°,0) = 2°.

Therefore the claim holds by the Inverse Function Theorem, Theorem 1.4, if
Jx(z°,0) # 0.

As it holds for every y € I that

X<y70> = X<ylay27 e 73/717170) = (yl?y27 e 7yn7170)7

we have for i € {1,--- ,n — 1} that

Sk ke{l,2,-- ,n—1}
Fal0)=<¢" e ’ 1.27
7} (", 0) {O L (1.27)

The characteristic ODEs (1.9a) corresponding to x(s) provide that

i(2°,0) = D,F(p°, 2°, 2°). (1.28)

13



Equations (1.27) and (1.28) together give us that

1 0 Fpl(p[)?ZOuxO)
Dx(2°,0) = :
( ) 0 1
0 -+ 0 Fp(p° 2" 2"

Since the triple (p?; 2%, 2°) is noncharacteristic, F), (p°, 2%, 2%) # 0 and there-
fore

Jx(2",0) = F, (p°,2°, 2°) £ 0.
By the Inverse Function Theorem, Theorem 1.4, there are neighbourhoods
V CcR" 1 of (29,29,--- 22 ), U C R" of 2° and I C R of 0, for which there
exists a unique inverse function x~1: U=V xI that is one-to-one.

Let V =V x {0}. Now V C T is a neighbourhood of z°. As x7! is
one-to-one, there are unique y € V and s € I for each x € U, such that
(y,s) = x'(x) and thus

x(y,s) = x.

The proof is finished. O]

Let again 2° € T and (p°, 2%, 2°) be noncharacteristic for the boundary
value problem (1.1) and (1.2). Let y € V, s € I and « € U as in Theorem
1.7. Denote the solutions to

X(y,s) = @
by y = y(z) and s = s(z). We use (1.25) to define

{ u(z) = 2(y(z), s(x));
p(z) :
for x € U.

p(y(z),s(x)),
We arrive at the Local Existence Theorem that ties together the solutions
to the characteristic ODEs and the solution to the original boundary value
problem.

(1.29)

Theorem 1.8. (Local Existense Theorem). The function u defined in (1.29)
is a C? solution to the boundary value problem

{F(Du,u,:c):O in U, (1.30)

u=g onUNT.
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Proof. Fix a point y € U NT. Consider p(y,-), z(y, ) and x(y, -) that solve
the characteristic ODEs with the initial value conditions for y € UNT given
as

x(y,0) =y, 2(y,0) = g(y) and p(y,0) = q(y),

where q is given by Theorem 1.6. Next we have the following two claims.
Claim 1. For every s € R it holds that when y € UNT,

F(p(y, s), 2(y,5),x(y, s)) = 0. (1.31)
This, together with Theorem 1.7, gives us
F(p(z),u(x),z) =0 forx € U.
Claim 2. Tt holds for p(z) and u(z) defined in (1.29), that
p(x) = Du(z) for xz € U.
We first prove claim 1. By Theorem 1.6, it holds for y € U N T that

F(p(y,0),2(y,0),x(y,0)) = F(a(y), g(y),y) = 0. (1.32)

Let us denote F(p(y, s), z2(y, s),x(y, s)) in the following equation by F', and
differentiate (1.31) with regard to s:

F
%——DPF-pﬂLDZFZ—i-DxF'X_O-
S

By the characteristic ODEs we then have

OF
55 = DoF (=D:F = D.Fp) + D.F(DyF - p) + D,F+(DyF)
S

=0.

(1.33)

By equations (1.32) and (1.33) it holds for every y € U NI" and s € I that

F(p(y,s),2(y,s),x(y,s)) = 0.

By Theorem 1.8, for every x € U there are unique y € UNT and s € [
satisfying © = x(y, s). Therefore it holds for every x € U that

F(p(z),u(x),z) =0. (1.34)

This proves Claim 1.
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Second, we prove Claim 2. Let us calculate the components of Du(z).

y, (1) = f—;<y<x>, s(2))

n—1 A (135)
= Z 2y, (Y (), 5(2))yz, () + 2(y (%), 5(2)) 80, ().

From the characteristic ODEs, we have

Z(y7 8) = DPF(p(y7 S>7 Z(yv S)>7 X<y7 5)) ’ p(y> S)
= X(y, ) - Py, 5)-

The chain rule gives for i € {1,2,--- ,n — 1} that

. 0 .
fuly:s) = 5o (X(y,9) -y, 9)) (1.36)
=Xy, (y,8) - Py, s) +X(y, 5) - Py, (¥, 5)-

From equation (1.31) we have Fj,(p,z,x) = 0. On the other hand, the
characteristic ODEs for x in (1.9a) give us that

F,.(p,z,x) = D,F(p,2,%x)-py, + D.F(p, 2,xX)2,, + D, F(p, 2,X) - Xy,
=x-py, + D, F(p,2,%x)zy, + D F(p, 2,X) - x,.

Since Fy,(p, z,x) = 0, the above equation becomes
X -py, = —D.Fz, — D F-xy.

By substituting the identity above into (1.36), we obtain the following ODE
for z,,:
2y =Xy, P — D Fzy, — D, JF - x,,
:Xyi 'p_DZFZy¢+(p+DZFp)'Xyi

:Xyi'p—l_p'xyi_DzFZyi‘f‘Dsz'Xyi (137)
0
- Os (p'xy") - DzF(Zyi - p'Xyi>-

Note that when s = 0 it holds by the compatibility conditions (1.19), (1.21)
and Theorem 1.6 that

25, (1,0) = g5, (y) = d'(y) = P' (¥, 0) - x,,(y,0).

Therefore 2, (y, s) = p(y, s) - Xy, (y, s) is the solution to the ODE (1.37) with
the initial condition z,,(y,0) = p(y,0) - x,,(y, 0).
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Let us now calculate u,, (x):

n—1

Uz, (7) = Z zyi(% S)Z/;k + 2(y, 5)sa)
i=1

n—1

= 2Py 5) - %0, (y, ), + (K(y,5) - P(y, 5)s,

n—1 n

=33 Py s)ad (v, s yxk+2x] Y, )0’ (Y, 5) 5z,
j=1

=1 j=1

n—1

=Zp’ Y, 8) |8 (5, 8)s0 + > @), (4,90,
=1

:Zp] Y,s Y, )

:ZPJ Jk_ ()

Therefore p(z) = Du(z) for every 2 € U. Since p € C*(U;R") and Du = p
in U, we have that u € C*(U). By equation (1.34), u solves the PDE in U.
As u(x) = 2(y(x), s(z)), the initial condition

2(y,0) =g(y) fory e UNT

ensures that u satisfies the boundary condition. Therefore u is a solution to
the boundary value problem (1.30). ]

We have shown that the method of characteristics can be used to find
unique local solutions to boundary value problems. Next we show how this
method is useful for studying the behaviour of the solutions.

2 Weak solutions

2.1 Quasilinear Partial Differential Equations

In this section we focus on scalar conservation laws, which are a type of
quasilinear partial differential equations. A PDE of first order is said to be
quasilinear, if it is of the form

F(Du(z),u(z),z) = a(x,u(z)) - Du(x) + b(x,u(z)) = 0. (2.1)
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The functions a: R™" — R” and b: R*"! — R are assumed to be continuous
and the unknown u: 2 — R is assumed to be continuously differentiable in
some bounded domain €2 C R".

Let p,x € R" and z € R. Now

F(p,z,z) =a(x,z) - p+ bz, 2),
and the method of characteristics gives the following characteristic ODEs:
X(s) = DpF(p

(
Z(s) = D,F(p(s),z(s),x(s)) - :
p(s) = —D,F(p(s),z(s),x(s)) — D, F(p(s), z(s),x(s))p(s).

By equation (2.1), we have

a(x(s),z(s)) - p(s) + b(x(s), 2(s)) = 0.
Therefore we have

2.2a)
2(s) = =b(x(s), z(s)). (2.2b)

As the characteristic ODEs of x(s) and z(s) are independent of p(s), we
have a system of n+1 ODEs which can be solved independently of p(s). The
equations for p(s) are therefore not needed to give the solution to boundary
value problems for quasilinear PDE.

Suppose the boundary of €2 is smooth and we are given a boundary con-
dition

u=g¢g onl C Q.

As we may again suppose I to be flat close to any point 2° € T", the nonchrac-
teristic condition (1.23) takes the form

B, (p°,2°,2%) = an (2", g(2")) # 0.

Again, only the initial conditions 2 and 2° need to be considered. Without
flattening the boundary of €2, this condition is

a(a®, g(a?)) - () 0, (2.3)

where v(z") is the outward pointing unit normal vector of I at point z°.
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Example 2.1. (Inviscid Burgers’ equation). Let us consider a quasilinear
PDE of first order, known as inviscid Burgers’ equation:

ug(z, t) + u(z, t)ug(x,t) = 0. (2.4)

Here u: Rx[0,00) — R is assumed to be continuously differentiable. Let
P = (Pa:pt) € R2, y = (x,t) € R? and z € R. Now we have

F(p,Z,y) =Pt + 2Dy = (Zal) e
The characteristic ODEs (2.2a) and (2.2b) are now
{ y(s) = (2(s),1); (2.5a)
Z(s) =0, (2.5b)

where y(s) = (z(s),t(s)). As we can see, we do not need to introduce the
characteristic ODEs for p(s).
Suppose that we are given the initial value condition

u(z,0) = g(z) forx € R, (2.6)

with g: R — R bounded. This gives the following initial conditions for the
characteristic ODEs,

{y<o> = (2(0),£(0)) = (2°,0);
2(0) = g(a2).

Since F,(p, z,y) = (2, 1) # 0, the noncharacteristic condition (2.3) holds for
every x € R. Solving the initial value problems for the characteristic ODEs
gives us

2(t) = g(a).

The solution u(x,t) takes the constant value u(z,t) = g(x°) along the pro-
jected characteristic y(t), that is, on the half-line

{y<t> = (z(t),1) = (g(a)t + 2°,1);

(,1) = (g($0)t + $07t)7 t=>0.

Suppose that 2% 2! € R are two distinct points with g(z°) # g(z!).
Now u(z,t) = g(z°) for (z,t) = (g(z)t + 2°,¢) and u(z,t) = g(a') for
(z,t) = (g(x')t + 2, t). Suppose it holds for some ¢; > 0 that

L0yl
g(a') = g(=°)
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Then we have
g(xo)tl + 20 = g(xl)tl + 2t

which is a contradiction, since the solution takes two different values at
(g(z)t; + 2°, ;). We arrive at the conclusion that the initial value prob-
lem (2.4) and (2.6) does not in general have a continuous solution defined
for all ¢ > 0, as it is possible for two projected characteristics to intersect,
without giving a unique value for the solution.

2.2 Scalar Conservation Laws

In the light of Example 2.1, we need different notions of solutions. In this
section we define integral solutions to initial value problems for scalar con-
servation laws with one space variable:

{ut +[F(u)], =0 inR x (0,00); 27)

u(z,0) = g(z) for x € R.

Functions F': R — R and g: R — R are given, with F' being differentiable
and g bounded. The unknown u: R x [0, 00) — R is a function of one space
variable and one time variable.

In defining integral solutions and deriving the Rankine-Hugoniot jump
condition, we follow the theory introduced in section 3.4. in [3] and examples
shown on the lecture handling conservation laws in [7]. The initial value
problems for inviscid Burgers’ equation provides clear insight into the integral
solutions with shock waves and rarefaction waves.

2.3 Integral Solutions

We introduce solutions that are not necessarily differentiable at every point
(z,t) € Rx(0,00). To be more precise, we want u to solve (2.7) almost
everywhere in R x [0, 00), with respect to the Lebesgue measure in R?.

We assume temporarily that u is differentiable in R x (0, 00) and solves
the initial value problem (2.7). Let v: Rx[0,00) — R be a smooth function
with a compact support in Rx [0, c0). By equation (2.7), we have

vl + [F(u)],) = 0.

Integrating both sides of the identity over R x [0, c0), we obtain

i

8\8

(x, t)u(z, t) dxdt—i—// z,t))], dzdt.
0 —oo
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As the support of v is compact, we have by integration by parts that

0=— 77%(1‘, tyu(x,t) de dt — 71}(56, 0)u(z,0) dx

|
\-»8
\»8

v (x, t) F(u(z,t)) de dt

=— //Ut(x,t)u(x,t) + vg(x, t) F(u(z,t)) de dt — /v(az,O)u(a:,O) dx.
Since u(z,0) = g(z), we obtain
// z,t)u(z, t) + v, (z, t) F(u(z, t)) de dt + /v(x, 0)g(z)dz. (2.8)

Hence we have arrived at an identity that only requires v to be an an es-
sentially bounded function, denoted as u € L>*(Rx (0,00)). That is, there
exists a bound M > 0 such that the set {(x,t) € (Rx(0,00)) | |u(z)| > M}
is of Lebesgue measure zero. We use (2.8) to define integral solutions to the
initial value problem (2.7).

Definition 2.2. Function u € L®(Rx (0,00)) is called an integral solution
to the initial value problem (2.7), if it satisfies identity (2.8) for every smooth
test function v: Rx (0,00) — R with a compact support in R x [0, o).

2.3.1 Rankine-Hugoniot Jump Conditions

Let us further investigate the properties of integral solutions. Suppose u is an
integral solution to (2.7). Suppose further that inside some bounded domain
V' C Rx(0,00) solution u is differentiable on both sides of a C* curve S.
Denote the components of V'\ S as V; and V.. To use integration by parts, we
assume that v and its first order partial derivatives are uniformly continuous
in both V; and V.

Let v: R? — R be a smooth function with a compact support in V. Since
u is an integral solution of (2.7), identity (2.8) holds for v and v. As v has
a compact support in V', it holds that v(x,0) = 0 for all z € R. Therefore
(2.8) becomes

//th + v, F(u)dedt = 0. (2.9)

v
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We can divide the integration domain into V; and V,. As w is differentiable
in these domains, we may use integration by parts to obtain

0 ://vtu + v F(u) dx dt + //vtu + v F(u) de dt

Vr

_ _l //v (u + [F(u)],) dzdt + /v (w® + F(u)v') ds (2.10)

S

iﬂum+wmmNMﬁ—/Mwﬁ+ﬂwW3%,

where v = (v!, v?) is the unit normal vector of S pointing into V,. By w; and

u, we denote the limits of u on S from V; and V,. respectively.
Suppose that the support of v is a subset of V;. Then (2.10) is reduced to

O:iﬂMW+W@Mth (2.11)

Since (2.11) holds for every smooth function with a compact support in V;,
we have that
u + [F(u)], =0 in V.

Similarly, we also have

u + [F(uw)], =0 in V.

T

Therefore equation (2.10) is reduced to

0= /v (wr® + F(uw)v') ds — /v (u,” + Flu)v') ds

:/Qﬁm_ugﬁ+4Fmg_Fmgwqd&

Again, this identity must hold for every smooth v with a compact support
in V. Therefore it holds for v on S that

(F(w) — Flu.))v' + (u — u,)v* = 0.

This can be written as

Flw) — Fu) __»° (2.12)

U — Uy vl
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Let us assume that the curve S can be parametrized with some differen-
tiable function s: R — R as

S ={(z,t) e Rx[0,00) | x = s(t), t > 0}.
As the unit normal vector v of S is perpendicular to (5(¢),1) for every ¢t > 0,
it holds that )
t),1t
o = 0.0
vi(s(t),1)

Now we can rewrite identity (2.12) as

F(w) — F(u,)

Uy — Uy

= S.

The above identity imposed on an integral solution u of (2.7) is called the
Rankine-Hugoniot jump condition and is useful as it characterizes the be-
haviour of an integral solution on a C! curve of discontinuity.

In the above we proved the following theorem.

Theorem 2.3. (Rankine-Hugoniot Jump Condition). Let u: R — [0, 00) be
an integral solution to (2.7). Let s € C'(R) parametrize a curve S by

S ={(x,t) e Rx[0,00) | x = s(t),t > 0}.

Suppose V- C Rx(0,00) is a bounded domain that S divides into two compo-
nents V; and V,.. Then, if u and its partial derivatives are uniformly contin-
wous in Vy and V,, it holds that

F(u) — F(u,) = $(u; —u,) onS.
Here u; and u, are limits of u from V; and V,, respectively.

Example 2.4. Consider the initial value problem for inviscid Burgers’ equa-
tion

u=g on Rx{t =0},
with g: R — R defined as

1, ifz<0;

9le) = {o, itz >0

Note that inviscid Burgers’ equation is indeed a scalar conservation law and
can be obtained from (2.7) by setting

1
F(u) = §u2.
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X

1 T >

-1 0 1

Figure 1: The projected characteristics and curve of discontinuity .S for the
integral solution of Example 2.4.

Let 2° € R. By the calculations in Example 2.1, a continuous solution to
(2.13) takes the constant value u(y(z°,t)) = g(z°) on the projected charac-
teristic y(z°,t) = (g(2°)t + 2°,¢). Since it holds that

(2 ) = {(t + 2% t)  for 2° < 0;
(20, 1) for 2° > 0,
every projected characteristic starting from a point on the negative real axis
intersects with the projected characteristic starting from the origin.

Therefore there does not exist a solution that would be continuous in the
whole half plane Rx[0, 00). We apply the Rankine-Hugoniot jump condition
to find an integral solution to (2.13). Based on the initial condition, we seek
to parameterize a curve of discontinuity S, with u; = 1 and w, = 0. Thus
it holds that F(y;) = L and F(u,) = 0. By the Rankine-Hugoniot jump

2
condition, the function s: R — R parameterizing S satisfies

1

50 =979

—1 fort >0
—2 or .

Since the discontinuity starts at the origin, we set s(t) = £ and define the

integral solution u as

1 fi < L
u(z,t) = o %
0 for x> 3
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Figure 2: Trajectories of the projected characteristics given by the method
of characteristics in Example 2.5.

2.3.2 Entropy Conditions

Example 2.5. Let us continue with another initial value problem for inviscid
Burgers’ equation. Define the initial value ¢, as

(z) = 0 ifz<0;
=Y dfe>o0.

Now the projected characteristics do not intersect. In fact, the projected
characteristics are

y(2® 1) = (2% for 2% < 0;
(t+2°1¢t) for 2° > 0.

With the method of characteristics, we can uniquely define the solution for
those (z,t) € Rx [0, 00) satisfying x < 0, or x > t, as

0 < 0;
u(z,t) = { T

1 z>t.

As demonstrated in Figure 2, the method of characteristics yields no infor-
mation about determining the solution when 0 < x < t.

Let us again construct an integral solution by the use of the Rankine-
Hugoniot jump condition. As before, we will define an integral solution with
a single curve of discontinuity:.
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—1 0

Figure 3: Visualizations of the two integral solutions given for example 2.5.

By the Rankine-Hugoniot jump condition the function s parameterizing
the curve of discontinuity must satisfy

Uy — Uy

As the discontinuity again starts at the origin, we set s(t) = % and define

u(z,t) = {0 v

Y
9

<
1 >

N+ N+

for (z,t) € R x [0, 00).
Instead of giving a discontinuous integral solution, we can also construct
a continuous integral solution called a rarefaction wave. Define

0 =<0
u(z,t)=q% 0< <t
1 x>t

Now there are two curves,
S1={(z,t) e Rx(0,00) | z=0,¢>0}
and

So = {(x,t) e Rx(0,00) | x =t, t >0},
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where the solution is not differentiable. These curves can be represented

parametrically with functions s;(t) = 0 and s2(f) = z respectively. It holds
that both

F<ull) - F(uh) . %(ull - UT1)2 _ Uy, + Uy

=0=s(t
Uy, — Upy Uy, — Up, 2 1( )

and
Flu) = Flur) _ st _1HL_ ) o)
Upy — Up,y 2 2

Hence u meets the Rankine-Hugoniot jump condition on both S; and S;. It
also holds for 0 < z < t, that

w(x,t) + [F(u(z,t))], = w(z,t) +u(z, t)u,(z, 1)
r
— _t_2 + t_2 - 0.
Therefore u satisfies equation (2.13) in R x [0, 0o) with the exception of the
curves S7 and S3. As u meets the Rankine-Hugoniot jump condition on these
curves, it is therefore an integral solution to inviscid Burgers’ equation with
the initial value condition given by function g;.

As demonstrated by the previous example, an integral solution is not
necessarily unique. Of the two solutions given in Example 2.5, the later can
be seen as a more desirable one, since it does not contain discontinuities and
could therefore, for example, give a better representation of a physical wave.

To eliminate some of the physically less interesting solutions, we consider
the two initial value problems given above. In Example 2.4 the projected
characteristics intersect and therefore having a solution with discontinuities
is necessary. On the other hand, in Example 2.5 the projected characteristics
do not intersect and we were able to give a continuous integral solution.

In general, it holds for scalar conservation laws that the solution takes a
constant value g(x°) on projected characteristics

y(t) = (F'(g(z")t +2°¢t) t>0.

Therefore we would only like to accept discontinuous solutions, if the pro-
jected characteristics on the left side of the curve of discontinuities move
faster than the projected characteristics on the right side. This holds, if

F'(w) > § > F'(u,). (2.14)

The inequalities above are called the entropy condition, or the Lax entropy
condition. A curve of discontinuity that meets both the Rankine-Hugoniot
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jump condition and the Lax entropy condition, is called a shock curve and
we call an integral solution, that only has discontinuities on shock curves, an
admissible solution.

As we aim to give conditions to ensure the existence of unique weak
solutions to initial value problems for scalar conservation laws, it turns out
that the entropy condition plays an important role. In Section 4 we give
a different form of the entropy condition and achieve uniqueness of entropy
solutions to

u+ [F(u)], =0 in R x (0,00);
u=yg on R x {t =0},

when g € L°(R) and F is a convex C? function.

In the next section we give an introduction to Calculus of Variations. We
aim to use this theory in Section 4 to define the Lax-Oleinik formula for
scalar conservation laws. This formula then is used to prove the existence
and uniqueness of entropy solutions.

3 Hamilton-Jacobi Equations

Suppose that u is a solution to the initial value problem for a scalar conser-
vation law

u + [F(u)], =0 in R x (0,00);

u=g on R x {t =0}.
Suppose further that u = w, for some smooth w: R x [0,00) — R. Now w
is a solution to the following initial value problem:

Wy + [F(wy)], =0 in R x (0,00); (3.1)
Wy =g on R x {t = 0}. .
Therefore, (3.1) is satisfied, if w is the solution to
wy+ F(w,) =0 in R x (0,00); (3.2)
w=nh on R x {t =0} '

In the above h: R — R is defined as
h(r) = / 9(y) dy.
0

Problem (3.2) is an initial value problem for a 1-dimensional version of the
Hamilton-Jacobi equations:

u + H(Dyu,z) =0 in R x (0, 00); (3.3)
u=yg on R" x {t = 0}. '
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In the above, function g: R” — R and Hamiltonian H: R" xR" — R are
given and u: R"x[0, 00) — R is the unknown. Note that equation (3.2), is a
special case of (3.3). In the following, we consider the general equation (3.3)
and in Section 3.3 we return to (3.2).

In this section we study the existence and uniqueness of weak solutions to
the Hamilton-Jacobi equations. In the theory presented, we refer to sections
3.3. and 3.4. in [3].

3.1 Derivation of Hamilton’s Equations

We use the method of characteristics to consider the Hamilton-Jacobi equa-
tions. Let 2 € R and define ¢,y € R"*! as

q = (papt) = (p17p27' T 7pnapt);
Y= (fE,t) = (xlaan T 7$n>t)'

To apply the method of characteristic, we define F': R"™™! xRxR"™ — R as
F(q,zy) = p + H(p, ).
Now the Hamilton-Jacobi equations are given in R"x (0, 00) by F as follows:
F(Du(z,t),u(x,t), (z,t)) = 0.
The gradients of F' appearing in the characteristic ODEs are

DqF(Q7Z7y) = (DPH(pwr)a 1)7
D.F(q,z,y) = 0;
D,F(q,zy) = (D.H(p,x),0).

Therefore we have the following characteristic ODEs:

y(s) = (DpH (p(s),%(s)), 1); (3.4a)
2(s) = (DpH(p(s),x(s)),1) - als); (3.4b)
a(s) = —(D.H(p(s),x(5)), 0). (3.4¢)

As y"™l(s) = 1 in (3.4a), we set s = ¢ to reduce the ODEs above into a
system of 2n 4+ 1 characteristic ODEs:

x(t) = D, H(p(t), x(1)): (3.50)
£(t) = D,H(p(t),x(¢)) - p (3.5b)
B(t) = — D, H(p(t), x(t)). (3.50)

29



Equations (3.5a) and (3.5¢) together form a closed system of 2n ODEs. The
ODE for z(t) can be solved by substituting x(¢) and p(¢) into (3.5b) and
integrating the obtained equation with respect to t. Therefore the system of
characteristic ODEs for the Hamilton-Jacobi equation can be reduced to
k = D, H(p.x); 56
P = _D:cH(pv X)'

These equations are called Hamilton’s equations and are used in Hamiltonian
mechanics. To further study and solve these equations, we use calculus of
variations.

3.2 Introduction to the Calculus of Variations

A fundamental problem in the calculus of variations is to find a minimizer
for the action integral

I[w] = /L(v'v(s),w(s))ds (3.7)

in the class of admissible paths
K = {w € C2([0.R") | w(0) = y, w(t) = x}. (3.8)

Above the mapping (q,z) +— L(q,z) from R" x R™ to R is called the La-
grangian and is here assumed to be a given C? function.

In problems modelling physical systems, the admissible class K could for
example represent the class of possible paths an object can take from point
x to y in a given time step t. The action integral could in this case be an
integral over time of the difference between kinetic and potential energy of
the object on the path. The path taken by a physical system is the minimizer,
or at least a critical point of the action integral I.

Theorem 3.1. Let x € K be a path minimizing the action integral (3.7).
Then, x s a solution to the Euler-Lagrange equations:

_%DQL(X(S), x(s)) + Dy L(%(s),x(s)) = 0, (3.9)

when 0 < s < t.
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Proof. Suppose x € K is a minimizer of the action integral (3.7) and take

q € C*([0,t]; R™) satistying q(0) = q(t) = 0. Then the paths defined as
or(t) =x(t) + 7q(t),

are in IC for every 7 € R. Let A: R — R be defined as

A(T) = I[es].
As x is a minimizer of I, A has a minimum at 7 = 0. Thus it holds that
A'(0) =0.

Let ¢,z € R". We write D,L(q,x) and D,L(q, z) for the gradients of L with
respect to the first and second n-dimensional variables ¢ and x respectively.
Let us next calculate A’(7) from the action integral. By definition of A, we
have

t

= [L6es)enton

0

Al(r)

As L, ¢, and ¢, are differentiable functions, we have

= [He o) ds = [ LLn (). er(s)) ds

0 0
By the chain rule,

[ L) onl) ds = [DuLon(5):0r(9) - -0n(5) s

+ [DaLl@n(5)0r(9) - o) ds.

Recall that ¢, (s) = x(s) + 7q(s). Therefore, we have

A(r) = / D,L((s) + rd(s), x(s) + ra(s)) - a4(s) ds

+ /DIL(X(S) + 74(s),x(s) + 7q(s)) - q(s) ds.
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Let 7 = 0. Since A’(0) = 0, we have

0— /DqL(ic(s),x(s))-q(s) ds + / D, L(x(s), x(s)) - a(s) ds.

Note that q(0) = q(t) = 0. By integration by parts, we obtain that

d

0=j<j%%Mﬂ$$®»+%Mﬂ@$@0-mﬁﬁ

Since the identity above holds for every smooth q with q(0) = q(¢) = 0, we
conclude that

—%DQL(X(S), x(s)) + Dy L(%(s),x(s)) = 0,

for s € (0,t). This concludes the proof. O

Let x,p € R". We define the Hamiltonian H: R"xR"™ — R associated to
the Lagrangian L as

where we assume q(p, ) to be the unique differentiable solution to
p=D,L(q,x). (3.11)

Theorem 3.2. Suppose x: [0,t] — R" is a minimizer of the action integral
(3.7), among the class of admissible paths (3.8). Define

p(s) = D,L(x(s),x(s)) forse (0,t). (3.12)
Then x(s) and p(s) are solutions to Hamilton’s equations
{ﬂ@=mﬂm@$@%
p(s) = —D.H(p(s),x(s)),
for s € (0,t).

Proof. As the Hamiltonian is defined by (3.10), it holds for every p,x € R”
that

DPH(p7 Z‘) = (I(p, ZL’) +p- qu(p7 CL’) - DPL(q(p, m>>x)
a(p,z) +p- Dpa(p,z) — Dy L(a(p, ), x) - Dpa(p, x)
=q(p,r) + (p— DeL(a(p, ), x)) - Dpa(p, z).
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By (3.11), it therefore holds that

DyH(p,z) = q(p, x). (3.13)
On the other hand, q(p(s),x(s)) = %x(s) for s € (0,t), as

DyL(x(s),x(s)) = DyL(a(p(s), x(s)),x(s))
by (3.12) and (3.11). Hence we have for s € (0,t), that

DyH(p(s),x(s)) = x(s).

Thus we have arrived at the first of Hamilton’s equations. By the definition
of the Hamiltonian in (3.10), we have for every z,p € R" that

=D qu(p, l‘) (Q( ) ) ’ D:Bq(pu x) - DwL(q(pv SL’),J})
= (p - DqL(q( ) )) qu( b, ) - DxL(q(pa :E),ZL’)

By (3.12) and (3.11), we have for p(s) and x(s) that

Do H(p(s),x(s)) = =D L{a(p(s), x(5)), x(s)) = =D L(x(s), X(s))-

As x(s) is a solution to the Euler-Lagrange equations presented in Theorem
3.1, we have

D, L(%(s), x(5)) = - DyL(k(s), x(3)) = B(s)

Therefore, for s € (0, 1),

p(s) = —D.H(p(s), x(s)).
This proves the theorem. O]

In the above, we have shown the connection between the minimizer of
the action integral and the solutions of Hamilton’s equations. In Section 3.4
we use this connection to solve the Hamilton-Jacobi equations by finding a
minimizer to the action integral.
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3.3 Legendre Transform

We continue to study the connection between the Lagrangian and the Hamil-
tonian associated to it.

We assume the Lagrangian to be a continuous mapping from R" to R.
Further, we assume that the Lagrangian is convex and satisfies the following
growth condition:

lim L) _ 0. (3.14)

q—oo |q|

Definition 3.3. The Legendre transform of L: R™ — R is

L*(p) = sup{p-q— L(q)} forpeR"

qeR™
By condition (3.14) it holds for every p € R", that

lim p-qg— L(qg) = —oc.
lg|—o0

As L is continuous, by the extreme value theorem, there exists at least one
q* € R™ for each p € R" such that

L*(p)=p-q" — L(q"). (3.15)

If L is differentiable, ¢* is a solution, albeit not necessarily the unique one,
to p = D,L(¢*). Provided ¢* = q(p) is unique for p € R™ and this solution is
differentiable, the Legendre transform gives the Hamiltonian associated with
the Lagrangian L as defined in (3.10). Consequently, we write H = L*.

Since originally we assumed the Hamiltonian, rather than the Lagrangian,
to be the function given in the Hamilton-Jacobi equations, let us clarify the
connection between these two functions and show how one can be obtained
when the other is known.

Theorem 3.4. Let L: R" — R be convex and satisfy the growth condition
(3.14). Then H = L* is convex and for p € R",

lim Hlp) = 0. (3.16)

p—oo [p|

Moreover, L = H*.
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Proof. First we show that H = L* is convex. Indeed, let 7 € (0,1) and
p,7 € R". It holds that

H(rp+ (1 —7)r)=sup {(rp+ (1 —7)r)-q— L(q)}

= sup {r(p-q—L(g))+(1—7)(r-q—L(g)}
<7 sup pg—Llgt+(1—-71) sup {r-q—L(qg)}

=7H(p)+ (1 —7)H(r).

Hence H is convex.
Second, we prove (3.16). Let 7 > 0 and p € R™ with p # 0. Let § = 7"%'.
Now it holds that

H(p)=sup{p-q—L(q)} > p-G— L(q)

qeR™

p
=r71|p| — L(t—) > 7|p| — max L(q).
pl = Lr ) 2 7lpl = max L@

As it holds that

1
lim — (|p|7’— max L(q)> =T,

lp| o0 || ¢€B(0,7)

we have shown that for every 7 > 0,

H(p) _

lim inf

— >
Ip|—o0 !]?|

Therefore
H(p)

oo |p|

Finally, we prove that L = H*. Let ¢ € R" be fixed. By Definition 3.3 it
holds that

H*(q) = sup {q¢-p— H(p)}

pER™

= sup {q-p— sup {p-T’—L(T‘)}} (3.17)
pER? reRn

=sup inf {p-(¢—7r)+L(r)}.
pER" reRn”

Since L is convex, there is a s € R™ such that

L(r)+s-(¢g—r) > L(g), foreveryreR". (3.18)
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By (3.18) and (3.17) we have
H*(q) = sup inf {p-(¢—r)+L(r)}

peRn T‘ER”
> inf {s- (¢~ 1)+ L(r)} (3.19)

reR™

> L(q).

On the other hand, for every p € R",

H(p) > p-q— L(q).
Therefore it holds that

Lq) = sup {q-p — H(p)} = H*(9). (3.20)
pER"
By (3.19) and (3.20) we have L(q) = H*(q) for every ¢ € R™. O

3.4 Hopf-Lax Formula

Theorem 3.2 shows that for L € C? the minimizer w € K of the action
integral

is a solution to Hamilton’s equations, which form the system of characteristic
ODE:s for the Hamilton-Jacobi equations. This suggests that there is a direct
connection between the Calculus of Variations and the Hamilton-Jacobi equa-
tions. To solve the following initial value problem for the Hamilton-Jacobi
equations,

{ut + H(D,u) =0 in R"x(0,00); (3.21)

u=g on R"x {t = 0},
we modify the action integral to take into account the initial function g.
Let K == {w € C'([0,t];R™) | w(t) = z,w(0) = y} and define the action
integral for w € IC as
t
Iw()) = [ Lew(s) ds + (o).
0
We want to show that function u: R" x(0,00) — R defined by
t
w(z, ) = inf / L (s)) ds + g(y) b (3.22)
0
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where the infimum is taken over w € K and y € R", solves the initial
value problem for the Hamilton-Jacobi equation (3.21) almost everywhere in
R™x [0, 00).

We assume hereafter that the Hamiltonian H is a convex C? function
that satisfies the growth condition condition

H(p)

lim —2 —

lpl—oo [P

By Theorem 3.4, the Lagrangian H is associated to is obtained as L = H*,
and the Lagrangian also satisfies these conditions.

A more simplified form for u satisfying (3.22) is offered by the Hopf-Lax
formula. For this formulation we further assume, that the function g giving
the initial condition, is Lipschitz continuous in R™.

Theorem 3.5. (Hopf-Lax Formula). Let g: R™ — R be Lipschitz continuous.
Assume that L: R™ — R is a continuous convex function satisfying

lim L) _ 0. (3.23)

lal—o0 |q

Define u: R" x (0,00) — R as follows.

t
u(z,t) = inf {/ L(w(s))ds + g(y)} , (3.24)
0
where the infimum is taken over all w € IC, with
K = {w € CL(0,4;R") | wit) = 2, w(0) =}

and over all y € R. Then

u(z,t) = min {tL (Q) + g(y)} . (3.25)

yeR”
Equation (3.25) is called the Hopf-Lax formula.

Proof. Fix x,y € R” and t > 0. Let u be defined as above. Then for any
w € K we have that

u(x,t) < /0 L(w(s))ds + g(y). (3.26)

37



Define w(s) := y + 3(x —y) for s € [0,t]. Now w € K and

[ rsnas+ot = [1 (5 as+atw
=tL (g) +9(y).

By (3.26) and (3.27), we have for every y € R that

(3.27)

u(z,t) < tL (%) +9(y)-
Therefore it holds that

u(z,t) < inf {tL (Q) + g(y)}. (3.28)

yeR™

By Jensen’s inequality, it holds for the convex function L that

L %/tv'v(s) ds | < %/tL (v(s)) ds.

0

Thus we have for all w € IC, that

and further .
r—y .
w () +al) < [L039) ds gt
0
By taking the infimum over y € R”, we obtain

inf {tL (%) +g(y)} < u(,t). (3.29)

yeRrn

Thus (3.28) and (3.29) imply that

u(z,t) = inf {tL (%) + g(y)} .

To show that the infimum is reached by some y € R", we use the Lipschitz
continuity of g. By definition, g is Lipschitz continuous, if there exists a C' > 0
satisfying

lg(x) —g(y)| < Clx —y| for every z,y € R". (3.30)
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We denote the smallest constant satisfying this condition by ||g||ip-
Denote f(y) = tL (%%) + g(y) for y € R™. By the Lipschitz continuity
of g, it holds that

10 2 01 (52 ) = lalle ol + 90

~ ool (it (52 ol ) + 960,

Since “’t;y‘ — 00 as |y| — oo, we have by (3.23) that

t —
lim L (ac y) = 00.
lyl oo |2 — Y| t
Hence f(y) — oo as |y| — oc.
Let y° € R™. Now there exists a r > 0, such that

fy) > f@), if ly —y°| >

Note that f is continuous. By the extreme value theorem, there exists a
y* € R” satistying

fly) =min{f(y) | ly —y°| < r}.

Therefore,

fly") = inf f(y) = u(x,t).

yeRn

O

Lemma 3.6. Suppose that the assumptions of Theorem 3.5 hold. Let x € R™
andt > 0 and define u(x,t) by the Hopf-Laz formula. Then for all s € (0,1),

yeR”

u(z,t) = min {(t — )L (%) + uly, s)} . (3.31)

Proof. Fix y € R™ and s,t € R satisfying 0 < s < t. As shown above, there
exists a solution z € R" to

u(y, s) = sL (y ; Z) + g(2). (3.32)
On the other hand, it holds that
u(z,t) < tL (I - 2) +g(2). (3.33)
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Since

r—z Sy—=z2 ( S)x—y
== 1—-
t t s * t/ t—s
and L is convex, we have

L(xzz)g;L(y;Z>+<1—§>L(§:g>. (3.34)

Combining (3.32), (3.33) and (3.34), we obtain that

r— =z

(e, t) < tL (T) +9(2)
< sL (y_z) 4 (t— )L (f_y) +g(2) (3.35)

S — S

= (t—s)L (%) +u(y, s).

In Lemma 3.9 we show that u is Lipschitz continuous. By assumptions,

lim L) =

=
Therefore, by the extreme value theorem, there exists a y € R™ minimizing

(t—s)L (%) Fuly,s).

It follows from (3.35), that for every s € (0, ),

u(,t) < min {(t —$)L (”’f: i’) +u(y, s)} . (3.36)
In the following, we prove that
u(z,t) > min {(t Y (I - y) +uly, s)} . (3.37)
yERn t—s
We choose z € R™ such that
u(a,t) = tL <x — Z) +g(2). (3.38)

By definition of u, for any y € R™ we have
u(y,s) < sL (u) + g(2). (3.39)
s
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Choose yg € R" as

s s
=-z+(1--)z
Yo / ( t)
Now 1y, satisfies
T—Yo Yo—2 T—2

t—s s t
and we have by (3.38) and (3.39) that

r—z

u(a:,t):tL( t )—I—g(z)

T —z T —
2tL< ; )—3L<t_‘zo)+u(yo,s)

— (t—s)L <“;_ yo) + u(yo, 5).

— S

The above inequality holds for yo € R™. This proves (3.37). The claimed
identity (3.31) follows from (3.36) and (3.37). This finishes the proof. O

Theorem 3.7. Suppose that the assumptions of Theorem 3.5 hold. Suppose
further that the function u given by the Hopf-Lax formula (3.25) is differen-
tiable at point (x,t) € R"x(0,00). Then

u(z,t) + H(Dyu(z,t)) =0, (3.40)
where H = L* 1s the Legendre transform of L.

Proof. Let ¢ € R™ and h > 0. By Lemma 3.6,
ha —
u(z + hq,t + h) = min {hL (w) + u(y, t)}
yeR™ h
< hL(q) + u(x,1).

This gives the following estimate:

u(z,t) + q - Dyu(z,t) = lim uz+ght+h) = ule.t) < L(q). (3.41)

h—0t+ h

By definition, H = L*, therefore (3.41) implies

u(x,t) + H(Dyu(x,t)) = w(x,t) + max {q¢-Dyu(z,t) — L(q)} <0. (3.42)

By Theorem 3.5, we can choose z € R" for which

u(x,t) = ;Iel]%ll {tL (g) + g(y)} =tL (?) + g(2).
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Thus it holds for any y € R™ and s > 0 that
x—z
atet) =l s) =01 (T55) 4 a(2) ~ ul

> 11 <‘T_Z> +g(2) - sL (y_z> —g(z)  (3.43)

t S
:tL(x_Z) —sL(y_Z).
t S
Choose yy € R" as
s
y0:¥(x—z)+z.

Now

and we obtain from (3.43) that

w(z,t) —u <§(x— z) +z,s> > (t—s)L (I ; Z) :
By further setting h :== ¢t — s, we arrive at the following inequality:

u(z,t) —u(z+ 2(z —x),t — h) 2L<x—z>'

h t
By letting h — 0", we have:

r—z

Ut($7 t) +

- Dyu(z,t) > L (m - Z) . (3.44)

As H = L*, (3.44) gives us

ug(z,t) + H(Dyu(x,t)) =uy(z, t) + max {q- Dyu(z,t) — L(q)}

>uy(z,t) + ? - Dyu(z,t) — L (x ; Z) (3.45)

>0.
By (3.42) and (3.45), we end up with (3.40). This finishes the proof. O

Theorem 3.7 shows that the function u given by the Hopf-Lax formula
(3.25) satisfies the Hamilton-Jacobi equations (3.40) at every point (z,t) €
R"x(0, 00) where u is differentiable. Next we show that w is Lipschitz contin-
uous in R"x (0, 00). Thus, by the Rademacher’s Theorem, u is differentiable
at almost every point (z,t) € R"x (0, 00).
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Theorem 3.8. (Rademacher’s Theorem). Let f: Q — R™ be Lipschitz con-
tinuous in the domain 2 C R™. Then f is differentiable at almost every point

i 2.

For the proof of Theorem 3.8, we refer to section 5.8. in [3] and Theorem
3.1 in [4].

Lemma 3.9. The function u: R" x (0,00) — R, defined by the Hopf-Lax
formula (3.25), is Lipschitz continuous.

Proof. Let t > 0 and x € R"™. By Theorem 3.5, there exists a y € R" that
satisfies

u(z,t) = tL (g) +g(y).

Then, for every z € R

=u(r,t) —g(y) +9(T — x +y)
u(x,t) + gl Lip|T — .

Therefore
u(7,t) —u(z,t) < ||lgllLiplT — |-

Similarly, we can prove that
u(z,t) —u(Z,t) < |lglleiple — Z|.
Therefore
lw(z,t) —u(z,t)| < ||g||lip|T — x| for z,z € R™. (3.46)

Therefore u(-,t) is Lipschitz continuous for every fixed ¢ > 0. Next we fix
r € R"and 0 < s < t. By Lemma 3.6, we have

u(a, 1) = min {(t Y (f:f) +uy, s)}

< (t—s)L(0) +u(zx,s)
= L(0)|t — s| + u(z, s).

(3.47)
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Denote R = ||u(+, $)||ip- The Lipschitz continuity of u(-,s) gives us the
following estimate

u(z, ) = min {(t —s)L (%) +uly, s)}
zmm{@—@L(f_g>—RM—m+u@@ﬁ

yeR™

_ s T—y\ Llz—yl
=u(z,s) + (t S)Eﬁzgl{L(t—s) Rt—s}'

For the second term on the right hand side, we have

min {L (x - y) e y'} = max {R|z| — L (z)}

yeR? t z€R™

= cx— L
yelg?gmgé%%{y z— L(2)}

= H(y).
2By H W)
Therefore we have that
t) > t — H(y). 3.48
u(w.t) 2 u(w,s) + (= s) max H() (3.48)

By inequalities (3.48) and (3.47) we have

t) — < L0 H t—
ol ) = ate. ) < max { L)L, o 17| ple o

and therefore u(x,-) is Lipschitz continuous. Because wu(z,t) is Lipschitz
continuous with respect to x and ¢, it is Lipschitz continuous in R™ x (0, c0).

[]

As mentioned above, Lipschitz continuity of u gives differentiability al-
most everywhere in R" x (0,00). Therefore, by Theorem 3.7, u solves the
Hamilton-Jacobi equation almost everywhere. What remains to be shown,
is that v can be extended to satisfy the initial value condition © = g on
R™x{t = 0}. This is easily achieved through similar calculations as above in
the proof of Lemma 3.9.

Lemma 3.10. Suppose g: R — R is Lipchitz continuous. Then the function
u defined by the Hopf-Lax formula (3.25) satisfies

lim u(z,t) = g(x) for (x,t) € R"x (0, 00).

t—0t
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Proof. By definition of u we have that

u(w,t) = min {tL (g) + g(y)}
<tL(0) + g(x).

On the other hand we have

u(w,t) = min {tL (g) + g(y)}
> s {12 (£2) 4 0) ~ ol o1}

yeR™
=g(x) — tmax {[lg|lrip|2] — L(2)}

=q(x) —t max Hy).
9(x) y€B(0,llgll Lip) )

These two estimates together give us that

ule. ) g(o)] < tmax {[LON., _mox  HO)}-
yEB(0, gl Lip)

Thus, lim u(z,t) = g(x) for every x € R™. O

t—0t

To summarize, we proved the following theorem.

Theorem 3.11. Let g: R® — R be Lipschitz continuous and suppose that
H:R"™ = R is a convex C* function satisfying the growth condition (3.16).
For (z,t) € R"x (0,00), let u: R"x [0,00) — R, be defined by the Hopf-
Laz formula (3.25), where L = H*. For (x,t) € R" x {t = 0}, define u as

u(z,0) = limy o+ u(z,t). Then u is Lipschitz continuous and satisfies

uy + H(Dyu) =0 a.e. in R"x(0,00)
u=g on R"x{t = 0}.

3.5 Weak Solutions

In this section we investigate the properties of the function given by the
Hopf-Lax formula. We then use these properties to define weak solutions to
initial value problems for the Hamilton-Jacobi equations.

The next example demonstrates that there does not, in general, exist a
unique Lipschitz continuous integral solution to the initial value problems
given for the Hamilton-Jacobi equations.
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Example 3.12. Let H(p) = p? for p € R and consider the following initial
value problem:

u+ H(uy) =0  in Rx(0,00); (3.49)
u=0 on Rx{t =0}.
Now the initial value is given by a Lipschitz continuous function and the

Hamiltonian is clearly a convex function satisfying the growth condition.
This initial value problem has the trivial solution

uo(z,t) = 0.

On the other hand, function u; defined as

(2. 1) 0 for |x| > t;
u(x,t) =
! 2| — ¢ for |z <t

is Lipschitsz continuous and differentiable almost everywhere in R x (0, c0).
In addition u;(z,0) = 0 and wu; is a solution to (3.49) for almost every
(z,t) € Rx (0, 00).

Definition 3.13. Let 2 C R™. Function H: Q) — R is strongly convex, if
there exists a constant C' > 0 satisfying

H(ta -+ (1 t)y) < tH(2) + (1~ )H(y) — 5101~ )Clz —

for all ,y € R™ and ¢ € [0, 1].

Remark 3.14. Function H € C?*(Q) is strongly convez, if and only if there
exists a constant C > 0 such that

¢£-D*H(x)- €7 > CIE]*  for every x € Q and € € R™.

This holds, if the eigenvalues of the Hessian matriz D>*H (z) are limited from
below by C for every x € €.
For matrices A, B € R™", we write A > B, if it holds for every & € R"
that
E-A-ET>¢.B-¢. (3.50)

If A € R™™ satisfies A > 0, it is said to be positive semidefinite.

Lemma 3.15. Suppose H € C*(R"™) is strongly convex. Then H satisfies
the growth condition

H(z) _
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Proof. Let x € R™. By choosing y = 0 in Definition 3.13, we have for any
t € [0, 1] that

C
H(tr) <tH(x) + (1 —t)H(0) — Et(l —t)|z?,
By dividing both sides of the inequality above with ¢ and then letting t — oo,

we have

Therefore,
H(z)

]

By taking the limit |x| — oo, we have

> || — |[DH(0)| + ——.

H H
im 29 s i o) = paO) + T~ o,
X

|z|—o00 |.T’ |z| =00 ’ |
which finishes the proof. O

Definition 3.16. Let €2 C R™. Function u: R” — R is called semiconcave,
if there exists a constant C' > 0 such that

u(z + 2) — 2u(z) + u(r — 2) < O|z|?
for every x,z € R™.

Remark 3.17. Function u: 2 — R is semiconcave, if and only if the func-
tion

C
x— u(r) — §|:L’\2
is concave for some C > 0.

Lemma 3.18. Suppose H: R™ — R is strongly convex with constant C' > 0
and define u by the Hopf-Lax formula (3.25). Then u satisfies

1
w(x + z,t) — 2u(x,t) + u(x — z,t) < a|z|2

for all z,x € R™ and t > 0.

Proof. We begin by proving the following estimate for the Lagrangian asso-
ciated with H.

Q1+ Q2
2

1 1 1
sl + 3t <2 (EE) s o -wP (5
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for all ¢1, ¢ € R™.
Indeed, by Theorem 3.4, L = H*. Let q1,p; € R™ and g2, po € R™ be two
pairs satisfying (3.15), that is,

L(g)=p-q— H(p). (3.52)
Now we have
1 1 1 1
§L(CI1) + §L(Q2) = 5(]91 g1+ D2 q2) — §(H(p1) + H(p2)). (3.53)
Since H is strongly convex with constant C' > 0, we have
1 1 + 1
§H@D+§H@ﬁ2H(m2m)+gﬂm—mﬁ (3.54)

By Theorem 3.4, H(p) = L*(p), where L* is the Legendre transform of L
given in Definition 3.3. Therefore

H<p1;p2> zpl;rpz_%;%_L(%)‘ (3.55)

Now (3.53), (3.54) and (3.55) give the estimate for the Lagrangian

1 1 Gt
—L —L <L|———
L)+ 3L <L (15

1

C
- Z(pl +p2) - (@1 + @) — §|p1 — pal.

For the last three terms on the right hand side of (3.56) we have the following
estimate.

1
) +§(p1 g1+ D2 q2)
(3.56)

1 1 C
5(171 cg1 P2 @) — Zl(pl +p2) - (1 + q2) — §|p1 —p2\2

—= (Clp1 — p2l* = 2(p1 — p2) - (1 — @)

ool»—ooh—t

(C’|p1 p2]2 —2|p1 — pal|lq1 — Q2|)

2
1
= -3 <\/5|P1—p \/—|CI1—Q2|) +@|QI_Q2|2

_8dm—@h
It follows from (3.56) and the above estimate that for every ¢, ¢, € R”
1 1 O+ 1 2
- - < S .
sha)+ 3L <L (252) + Ll -l 650
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Let u: R™ — R be defined by the Hopf-Lax formula. Let x,z € R", ¢ > 0.
By Theorem 3.5, there exists a y € R” that satisfies

ute.t) =12 (252 ) + g0
By (3.57), we have

u(z + z,t) — 2u(x,t) + u(x — z,t)

gPL(fi%iﬂ>+g@4—2&L<£%ﬂ)+g@ﬂ

]

Lemma 3.19. Suppose the initial function g: R™ — R is semiconcave. Then
the function u defined by the Hopf-Laz formula (3.25) is semiconcave in the
x variable.

Proof. Let x € R™ and ¢t > 0. By Theorem 3.5 there exists a y € R" such
that

u(a,t) = tL ("”” - y) +g(y).

By the Hopf-Lax formula and the semiconcavity of g, we have for each z € R"
that

u(z + z,t) — 2u(z,t) + u(x — 2,t)

SPL(£%£>+gw+zﬂ—2PL(£%E)+g@ﬂ
+PL<£%£)+9@—24

—g(x+2) — 2g(2) + g(a — 2) < CJ2.

Thus, if the initial function ¢ is semiconcave, u defined by the Hopf-Lax
formula is also semiconcave. O
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Next we define weak solutions to initial value problems for the Hamilton-
Jacobi equations and show the uniqueness of these weak solutions.

Definition 3.20. Function u: R" x [0,00) — R is a weak solution to the
initial value problem

{ut + H(Dyu) =0 in R"x (0, 00);
u=g on R"x {t =0},
provided it satisfies the following conditions

i) u is Lipschitz continuous in R" x [0, c0);

ii) uy + H(Dyu) =0 for a.e. (z,t) € R"x (0, 00);
iii) u(z,0) = g(z) for all x € R™;
)

iv) There exists a C' > 0 such that

ulw 4 2,0) = 2u(a, 1) + ule — 2,1) < O+ )leP,

for all x,z € R" and t > 0.

3.6 Mollifiers

In this section, we introduce mollifiers and some properties related to mol-
lifications of functions. These properties are used to prove the uniqueness of
weak solutions to the initial value problems for the Hamilton-Jacobi equa-
tions.

Definition 3.21. Let n € C*°(R") be defined as

7 f 1;
oy = {0 (i) i -

0 for |z] > 1,

where C' > 0 is a constant such that [, ndx = 1. We call n the standard
mollifier. For each ¢ > 0, we define n° by

o=t (2).

Note that for each ¢ > 0, n° € C*(R") and [, 7° dz = 1. The support of

n° lies in B(0, ¢), and therefore 7° is a smooth function in R™ with a compact
support.

Mollifiers are extremely useful in approximating locally integrable func-
tions with smooth functions. This approximation is called a mollification.
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Definition 3.22. Let u: 2 — R be locally integrable in the domain 2 C R".
For z € Q. = {z € Q| dist(z,R" \ Q) > €}, we define the mollification of u
by

W) = (1 % u)(z) = / (2 — y)uly) dy = / i (y)ulz — y) dy.
Q B(0,e)

Lemma 3.23. Let ) be a domain in R™ and suppose u is locally integrable
in Q2. Then u® € C* for all € > 0.

Proof. Fix x € ). and h > 0 such that  + hey € Q.. It holds that

ilbAs he];;) — () — (n;, *u)(x)

-\ (PR e ) ut)dy

Q

=€in Q/<% [77 (%) —n(x;y)} —émk(ﬂs—y)> u(y) dy| .

Since 7° is smooth and has a compact support in R”,

H(=220) ()] )

uniformly for y € €2, as h — 0. Therefore we have

ut(z + hek) — uf(x)

= (05, *x u)(2)

2[R () (59

—0, ash—0.

lu(y)| dy

Thus u* is differentiable, and we have for every k € {1,2,--- ,n} that

0

9z, (@) = (g, *w)().

As the convolution of u with any continuous function is also continuous, the

continuity of - e U° follows. The derivatives of higher degree can similarly be
transferred to the smooth mollifier and thus the smoothness of u® follows. [

o1



Lemma 3.24. Let 2 be a domain in R™ and suppose u: 2 — R is locally
integrable. Then u® — u as ¢ — 0 almost everywhere in 2.

Proof. Fix x € Q.. As [;,7°(x) dz = 1 for every ¢ > 0, we have

rmw—wmﬂzuuwiémﬂ@—wm@wﬁ

/B(O E)(“(x) —u(z —y))n°(y) dy‘ .

Now

/}3(078)(U($)—U(x—y))ne(y)dy‘S /|U($)—u(:p—y)|7f(y)dy
/|U —u(y)|n®(z —y)dy
xs)

/Iu —uly In($_>

Since 7 ( ) <1, we have

m@»—m@MSC'f|w@—u@ﬂ@.
B(z,e)

Above f is the integral average over the ball B(z,¢). By assumptions, u is
locally integrable in 2. Therefore, by Lebesgue’s differentiation theorem

lir% lu(z) —u(y)|dy — 0 for a.e. z € Q.
e—
B(z,e)
Therefore, u® — u as ¢ — 0 almost everywhere in €. n

Lemma 3.25. Let Q) C R" be an open domain and suppose u: ) — R is
Lipschitz continuous. Then |Duf| < ||u||Lip-

Proof. Fix z,y € R" and consider the distance of u®(z) form u®(y):
@) =) =| [ ule == [l 2 d:
B(0,¢) B(0,e)

[u(z = 2) —uly — 2)In"(2) dz

B(0,e)
< [ ke =yl () d= = lelzipls — .
B(0,¢)
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Hence |Duf| < ||u||Lip- O

Lemma 3.26. Let u: R™ — R be locally integrable. Suppose there exists a
constant C' > 0 such that

u(z + 2) — 2u(z) +u(r — 2) < C|z)? (3.58)

for all x,z € R™. Then
D*uf(z) < Clyxn

for every e > 0, and x € R™.
Proof. Define h: R" — R as

h(z) = u(z) — %|x|2

Now it holds for every z, z € R" that

hMz+z)+h(r—2)=ulz+2)+ulr—2) C(|x—z|2+|x+z|2).

2

By assumption (3.58), we have

(|x + 2+ | —2)? — 2|z|2)

Therefore h is concave. Let € > 0 and h® be the mollification of h. We have

h*(x + z) + h*(x — z) :/B(O )(h(x+z—y)—i—h(m—z—y))ne(y)dy

< /B L))y
= 2h°(x).

Hence h® is concave. By Lemma 3.23, h® is smooth. Therefore the Hessian
matrix D?h¢(x) is negative semidefinite for each x € R™, that is, D*h¢(z) < 0.
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We write h®(z) as

() = / Wz — gy (y) dy

B(0,¢)
C g
= [ (ste == Gl o) )y
BO9 . (3.59)
()~ [ Glo— sl dy
B(0,e)
€ 1 2, ¢
=u(z) =C [ Slr—yln(y) dy.
B(0,e)
Thus
D?hé(z) = D*uf(x) — Clyxn.
As D?h#(z) is negative semidefinite for every x € R", we have
D*u® < Clyun.
This finishes the proof. O

3.7 Uniqueness of Weak Solutions

In this section, we prove the uniqueness of weak solutions for Hamilton-
Jacobi equations. We also show that the Hopf-Lax formula gives the weak
solution to initial value problems for the Hamilton-Jacobi equations, when
the initial value function g is Lipschitz continuous, H € C*(R") is convex and
additionally, either g is semiconcave and H satisfies the growth condition, or
H is strongly convex.

Theorem 3.27. Suppose H € C*(R™) is convexr and g: R™ — R is Lipschitz
continuous. Then the initial value problem

{ut + H(Dyu) =0 in R"x(0,00); (3.60)

u=g on R"x{t =0}

has at most one weak solution in R™x [0, 00).

o4



Proof. Suppose that u and @ are weak solutions to the initial value problem
(3.60) and define w = u — u. We show that w = 0 in R"x [0, c0).

Fix (x,t) € R"x(0,00) and suppose u and @ are differentiable at (z,t).
Then they satisfy the PDE in (3.60) at (x,t) and therefore,

wy(z,t) = —H(Dyu(z,t)) + H(Dya(x,t)).

By using the fundamental theory of calculus, we have

1

wy(x,t) = — %H(TDxU(x, t)+ (1 —r)Du(x,t))dr

=— /DH(eru(x,t) + (1 = r)Dya(z,t))dr - (Dyu(x,t) — Dyu(x,t))
= —b(xz,t) - Dyw(z,1).
(3.61)

Let ¢: R — [0, 00) be a smooth function, that we will choose later, and define
v: R"x(0,00) = R as v(x,t) = ¢(w(x,t)). By equation (3.61),

&' (w(z, t))wy(z,t) + b, t) - ¢ (w(z, t))Dyw(z,t) = 0.
This implies that for almost every (z,t) € R™ x (0, 00)
vi(x,t) + b(x,t) - Dyv(x,t) = 0. (3.62)

Fix € > 0 and let u* and @° be the mollifications of v and @ with respect to
the x variable, that is

W) = [ e yuty.t)dy
and
@ at) = [ o= )ilyt) dy
Define b®: R"x (0,00) — R" as
1
b®(x,t) = /DH(erus(x,t) + (1 = r)D,a(z,t)) dr.
0
By equation (3.62),
vy +b® - Dyv = (b®—Db)-D,v.
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Since
div,(b*v) = b® - D,v + div,(b%)v,

we have

vy + div,(b*v) = div,(b%)v + (b® — b) - D,v. (3.63)

Again, identity (3.63) holds almost everywhere in R"x (0, 00). As H is a C?
function, we may calculate div,(b®) directly.

div,(b®) Z aTbE
k
/Z Z oep; (T Dpu + (1 — 1) D, uf) (Tui:km]- +(1— r)ﬂikmj> dr.
k=1 j=1

Since u and @ are weak solutions, they are Lipschitz continuous, by i) of
Definition 3.20. Therefore, by Lemma 3.25, it holds that

|rDyu® + (1 —r)D,af| < max {||ul|Lip, ||8]|£ip} = Co. (3.64)

By iv) of Definition 3.20, there exists a constant C satisfying
1 2
u(@+2,) = 2u(z,t) fu(r —2,) <O (1+ 2 ) |2]

and 1
u(x + z,t) — 2u(z,t) + u(x — z,t) < Cy (1 + ;) |2|?

for every z,z € R" and t > 0. Therefore, by Lemma 3.26, it holds for every
t >0 and z € R” that

1
maX{Dqu(q;, t), Diﬂ,e(gc7t)} < Cl <1 -+ ;) Iyxn. (365)

As H is convex, D*H > 0, which gives us together with (3.64) and (3.65)
that

div(b°) / max {D2H(z)}C) <1+%) dr. (3.66)

z€B(0,Co)

Therefore there is a constant C' > 0 for which

div(b?) < C (1 + %) ae. in R"x (0, 00). (3.67)
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Fix a point (zg,ts) € R"x (0, 00). We define for ¢ € [0, ()
B(t) == B(xg, R(to — t)) C R",

where R := max {|DH(p)| | |p| < max{|[ul| iy, [|al| Lip} }-
In addition, define e:[0,%y) — R by

B()
By equation (3.63), it holds that
vy = div,(b%)v + (b — b) - D,v — div,(b®v). (3.68)
Thus
) d
é(t) = pr /v(:z:,t)da:: /vtd:c—R /vdS
B(t) B(t) 0B(t)
= /divx(bs)v + (b* —b) - D,v — div,(b*v)dx — R / vdS
B(t) dB(t)
= /divx(ba)v + (b*—=Db)-Dyvdx — / (b*-v+ R)vdS
B(t) 0B(t)
1
< /C(l—l—z)v—i-(bs—b)-vadx— /(bs-u—i-R)vdS
B(1) OB(t)

In the above, v is the outward pointing unitary normal vector of 0B(t).
By definition, R > |b®| and thus, the last integrand is positive. As we
consider those points, on which v and @ are differentiable, D,u®* — D,u, and
D,uf — D,u, as € — 0. Therefore it holds that b® — b as ¢ — 0. Hence it
holds for almost every ¢ € (0,%,) that

é(t) < C (1 + %) /v de =C (1 + %) e(t). (3.69)

Fix § € (0,t9) and choose ¢ to be a smooth function such that ¢(z) = 0,
if 2| < d(JJullLip + ||U||lLip) and ¢(z) > 0 otherwise. By the initial value
condition, u(z,0) — @(z,0) = 0 for every x € R™, and therefore

v(x,s) = d(w(x,s)) = p(u(x,s) —u(x,s)) =0 for s < 4.
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Thus,
e(d) = / v(z,d)dr = / v(x,6) =0.
B(5) B(zo,R(to—9))

From (3.69), by Gronwall’s Lemma, it holds for r € (4, () that

e(r) < e(0) exp /c (1 + %) ds | =o. (3.70)

We refer to Lemma 2.7.2. in [6] for the proof of Gronwall’s Lemma. It follows
from (3.70) that for r € (0, ),

v(x,r) = ¢(w(x,r)) = 0.
That is, by definition,
u(e,r) — az,r)| < o([[ullLap + @l i) for 7€ (0,20).
Since the above holds with any ¢ € (0,ty), we have shown that
u(z,r) = u(x,r)

for all x € B(xg, R(to —r)). As the weak solutions are Lipschitz continuous,
also u(xo,tg) = U(xo,to). As this result holds for any (xg,%y) € R™ x (0, 00)
the weak solution is unique. O]

Together, theorems 3.11 and 3.27 and lemmas 3.19 and 3.18 give the
following theorem.

Theorem 3.28. (Hopf-Lax formula as weak solution) Suppose g: R™ — R
is Lipschitz continuous and H: R™ — R is a C? convex function satisfying
the growth condition

lim M—

plsoo [lp|

If either H is strongly convex, or g is semiconcave, the function given by the
Hopf-Lazx formula,

w(z,t) = min {tH* (g) + g(y)} :

yeR™?

18 the unique weak solution to

{ut + H(D,u) =0 in R"x(0,00); (3.71)

u=yg on R"x{t =0}
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4 Conservation Laws Revisited

Let us return to the scalar conservation laws. In section 2, we defined an
integral solution to the initial value problem

{ut+[F(u)]I:O in Rx (0, 00); (41)

u=g on Rx {t = 0}.

As discussed in the beginning of Section 3, by defining u = w, we can look
for w that solves

wy + F(w,) =0 in Rx (0, c0);

w(x,0) = Ofxg(y) dy for x € R. (42)

Suppose that F' € C*(R) is convex and

Fr) _

By Theorem 3.11, the function w given by the Hopf-Lax formula (3.25) is
Lipschitz continuous and solves the initial value problem (4.2) almost every-
where. If either F' is strongly convex, or foxg(y) dy is semiconcave, w is the
unique weak solution to (4.2), by Theorem 3.28.

Thus the function

Y

a(wnt) = 2 | min d P (m_y)—i—/g(z)dz , (4.3)

ox yER t

that we show in Theorem 4.2 to be defined almost everywhere in R x (0, 00),
is a natural candidate for a weak solution to the initial value problem (4.1).

4.1 Lax-Oleinik Formula

In this section, we introduce Lax-Oleinik formula that gives the function
defined in (4.3). Hereafter, we assume that F': R — R belongs to C*(R)
and is strongly convex. By Lemma 3.15, F' satisfies the growth condition
at infinity. For strong convexity, see Definition 3.13. Since F' is strongly
convex, F’ is strictly increasing and it has an inverse function. We denote
G = (F')~!. For the Legendre transform of F', see Definition 3.3, we write
L= F~*.
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Lemma 4.1. Let F: R — R be in C*(R) and strongly conver. Suppose
F(0) =0. Then L = F* is strongly convex and nonnegative.

Proof. Let ¢ € R. The Legendre transform of F' is, according to Definition
3.3,

L(q) = max {pq — F(p)} .

peR

Since F' € C?*(R), the maximum in the above equation is reached when
F'(p) = q, that is, at p = G(q). Therefore, for every ¢ € R,

L(q) = qG(q) — F(G(a))- (4.4)
By differentiation, we have
L'(q) = G(q) + 4G (q) — F'(G(a))G'(q) = G(q).
As F is strongly convex, functions F” and G are increasing. Since we have
L"(q) = G'(q) >0,

function L is strongly convex. Now L’ is strictly increasing and therefore
obtains each value at most once. Suppose that 0 = L'(qy) = G(qo) for some
g0 € R. Since L is strongly convex, ¢y is the global minimum of L. By
identity (4.4) and the assumption that F'(0) = 0, it holds that L(gy) = 0.
Therefore L is nonnegative. [

Theorem 4.2. (Lax-Oleinik formula). Assume that F € C*(R) is strongly
convex and F(0) = 0. In addition, let g € L*°(R) and define h: R — R as

hy) = /Oyg(Z) dz.

Then for each t > 0 the following statements hold.

i) For almost every x € R, there is a unique y(x,t) satisfying

min {tL (U> + h(y)} = tL (w) + (y(z,t)).

yeR t t

ii) x +— y(z,t) is nondecreasing.

iii) For almost every x € R, the function u defined in (4.3) is given by the
Laz-Oleinik formula:

u(z,t) = G (w) . (4.5)

t
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Proof. Fix t > 0 and consider x1, 22 € R, where x; < z5. As ¢ is bounded,
there exists a M > 0, for which |g(x)| < M for all € R. Therefore

|h(2) = (1) =

/ g(y)dy\g [ wldy < Mz, -
1

r1

Hence h is Lipschitz continuous. By assumption, F' is strongly convex, and
by Lemma 4.1, L is strongly convex. As in the proof of Theorem 3.5, there
exists at least one point y; € R, for which

min {tL (wl - y) + h(y)} —tL <“T1 - yl) + (). (4.6)

yeR

To calculate the minimum

min {tL (JC2 - y) + h(y)} , (4.7)

we show first that

tL (:@ " yl) +h(y:) <tL (mt_y) +h(y) forally <y

Let y < y; and
Y1—Y
Ty —T1+Y1—Y

T =

Now 7 € (0,1), and we have
o —y1 =7(@1 —y1) + (1 —7)(x2 — V)
r1—y =1 =7)(z1—y)+7(r2 —Y).

As L is strongly convex, it holds that

L(”“;yl) <7L (5“;3“) +(1-7)L (“t_y) (4.8)

and that

L(xlt_y) <(1-7L (‘“;yl) 7L (th_y) (4.9)

By adding the corresponding sides of (4.8) and (4.9) together and multiplying
the resulting inequality sidewise by t, we arrive at the following inequality:

tL (”;yl) L (xlt_y) <tL (xl ;yl) L (I2;y> . (4.10)
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As identity (4.6) implies, it holds that

tL (xl - yl) "+ h(y) < tL (‘rl - y) + h(y). (4.11)

Inequalities (4.10) and (4.11) together give us:

tL (:@ ; y1> + h(y1) < tL (xzt_y) + h(y).

Therefore, if x5 > x; and y; is the minimizer of (4.7) corresponding to z,
Yo > Y1, Where s is the minimizer corresponding to x,.

By defining y(x,t) as the smallest value among the minimizers for each
x € R, the mapping = — y(z,t) is nondecreasing for every ¢t > 0. As the set
of discontinuities of y(x,t) is at most countably infinite, y(z,t) is continuous
at almost every x € R. At these x, the minimizer y = y(z,t) is unique.
Therefore the first two statements hold.

By Lemma 3.9, the function given by the Hopf-Lax formula is Lipschitz
continuous and thus differentiable almost everywhere. As shown above, the
mapping = — y(z,t) is monotone. As shown Theorem 3.4.3 of [5], monotone
functions are almost everywhere differentiable. Therefore, given ¢t > 0, the
function in (4.3) is defined for almost every z € R.

y(w,t)

“<x’t):a% tL <%(“))+ / 9(2) dz (4.12)

- o (22D (- ) + oDl 0,

Since y(x,t) is the minimizer of ¢L <%(“)> + h(y(z,t)), the differentiable
function y — tL (2¥) + h(y) has a minimum at y(z,¢) and therefore,

—U(ilgﬁﬂ)+g@@¢»—o

t

In the proof of Lemma 4.1, we demonstrated that L' = G. With these
observations, (4.12) gives us

o) - (F7HDY g (27

t t

Hence we have shown that given ¢ > 0, u is obtained by the Lax-Oleinik
formula (4.5) for almost every = € R. O
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Theorem 4.3. Assume that F € C*(R) is strongly conver and g € L>(R).
Let u: Rx[0,00) — R be defined for t > 0 by the Lax-Oleinik formula (4.5)
and fort =0 as the limit of u(x,t) ast — 0. Then u is an integral solution
to the initial value problem

{m+{FWHm:O in Rx (0, 00);
u=yg on Rx{t =0}.

Proof. Let w(x,t) be given for z € R and ¢ > 0 by the Hopf-Lax formula

w(a,t) = min {tL (%) + h(y)} ,

where L = F* and h(z) = [[g(y)dy. By Lemma 3.9, w is Lipschitz con-
tinuous and therefore, by Theorem 3.8, differentiable almost everywhere in
R x (0,00). By Theorem 3.11, w satisfies

wy + F(w,) =0 a.e. in Rx(0, 00);
w=h on Rx{t = 0}.

Let v: Rx[0,00) = R be smooth with compact support in Rx [0, c0). Then
v, is smooth, compactly supported and satisfies

//wtvx—i—F Wy ), dx dt = 0.
0 —o0

As w is Lipschitz continuous, we have by integration by parts

o0

fjW@ﬁ%@ﬂﬂﬁz—ijLmM%mnﬁ+/MMMme

—0o0

5ﬁﬁMmeﬁMﬁ+f%m@mm.

—0o0

Hence w, satisfies condition (2.8), that is,

O]OZ% x, vz, t) + F(wy(x,t))v,(z, t) de dt +Zg( ), (x,0) da.
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By Theorem 4.2, the function u given by the Lax-Oleinik formula satisfies
u = w, almost everywhere. Therefore it holds for u that

0= //u(x, v(x,t) + F(u(x,t))v,(z, t) de dt + /g(a:)vm(:c, 0) dz.
0 —oco —o©
Hence u is an integral solution to the given initial value problem. O]

4.2 Entropy Condition

To ensure uniqueness of integral solutions to the initial value problems for
scalar conservation laws, we introduce a property of the function given by the
Lax-Oleinik formula. This property plays a similar role as the semiconcavity
condition in the weak solutions to the Hamilton-Jacobi Equations.

Lemma 4.4. Let F € C?*(R) be strongly conver and g € L®(R). Define
u: Rx(0,00) — R by the Lax-Oleinik formula (4.5). Then there exists a
positive constant C satisfying the entropy condition

C

u(z + z,t) —u(x,t) < X (4.13)

for everyt >0, x € R and z > 0.

Proof. Fix x € R and ¢t > 0. As F' is strongly convex, by Lemma 3.15, it
satisfies the growth condition at infinity. Hence there exists a M > 0 such
that the minimum in (4.3) is reached by some y € R for which

r—y
t

<

As G = (F')7! is continuously differentiable, it is bounded on the interval
[—M, M]. Thus there is a constant C' > 0 satisfying

|G(p) — G(g)] < Clp—q

for every p,q € [-M, M].
Since both G' and y(-,t) are nondecreasing, as shown in the proofs of
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Theorem 4.1 and Theorem 4.2, it holds for every z > 0 that

u(z,t) = G (—“" — v, t>)

x
ZG(m—y(m—i—z,t))
x
ZG(x+z—y(z+z,t)) —gz
T t

This finishes the proof. 0

Note that, as y(z,t) is continuous for almost every x € R, the left and
right limits of u exist for almost every x € R at any given time ¢ > 0.
Therefore Lemma 4.4 implies that the integral solution given by the Lax-
Oleinik formula satisfies the Lax entropy condition given in (2.14), that is,

F'(w) > § > F'(u,).

Let us conclude by defining entropy solutions and proving that these solutions
are unique.

Definition 4.5. A bounded function u: R x [0,00) — R is an entropy solu-
tion to the initial value problem

{ut+[F(u)]x =0 in Rx(0,00); (114)

u=g on Rx{t =0},

provided that it is an integral solution to (4.14), that is, for all smooth test
functions v: Rx[0,00) — R with compact support in Rx [0, co),

0= //vt(:v,t)u(x,t) + vg(x, t)F(u(z,t)) de dt + /v(x,O)g(a:) dx, (4.15)
0 —o0 —00
and that there exists a constant C > 0 such that
1
u(x + z,t) —u(x,t) < C (1 + ;) 2 (4.16)

for every z > 0 and almost every (z,t) € Rx(0,00).
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Theorem 4.6. Suppose that F € C?*(R) is conver and that g € L>®(R).
Then, up to a set of measure zero in R x (0,00), there exists at most one
entropy solution to the initial value problem (4.14).

Proof. Assume that u and @ are two entropy solutions to (4.14). Define
w: R x [0,00) — R as w(z,t) = u(x,t) — a(z,t). By the fundamental
theorem of calculus, for any (z,t) € Rx (0, 00),

1

F(u(x,t)) — F(u(x d%F (ru(z,t) — (1 — r)u(z, b)) dr

! (4.17)
_ / Flru(a,t) + (1 — )iz, ) dr | (u(z, ) — iz, 1)

= b(z, t)w(x,t).

We approximate w by smooth mollifications. Let € C*(R?) be the stan-
dard mollifier, that is,

(2, t) = C’exp(m) for 2% + 2 < 1;
’ 0 for 22 +t2 > 1,

where C' > 0 is a constant such that fR2 ndxdt = 1. For € > 0, we define n°
as

Fix ¢ > 0 and let v* and u® be mollifications of u and u respectively. We
define

_ / Fl(ru (2, 8) + (1 = 1) (x, ) dr. (4.18)

Let v: Rx[0,00) — R be a smooth test function with compact support in
R x [0,00). Since u and @ satisfy the initial value condition, by (4.15) and
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(4.17) we have

/
7 w(vy + vyb) da dt (4.19)
/[

w(vy + bv,) dxdt—l—//w (b — b°)v, dz dt.
0 —o0

Fix "> 0 and let ¢: Rx[0,00) — R be a smooth function with a compact
support in Rx(0,7"). To prove that w = 0 almost everywhere, we show that

//wgbd:pdt: 0.
0 —o0

Let v® be the solution to the following terminal value problem for the linear
transport equation

vi(z, T)=0 forz eR.

We solve (4.20) by the method of characteristics. Fix € R and t € [0, 7.
Let z¢ be the solution to the following characteristic ODE for (4.20),

b

As uf and @° are smooth and F' € C*(R), b°(y, s) is uniformly Lipschitz con-
tinuous in y and continuous in s. Therefore, by the Picard-Lindelof Theorem,
the solution z° is unique for s € [t,T]. For the proof of the Picard-Lindelof
Theorem, we refer to Theorem 4.4. in [2].

for s > t;

™
—~
Va)
~—
(o
™
—~
8
™
—~
~—
»
~—

(4.21)

m
—
~
N—
&
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By the fundamental theorem of calculus and the PDE in (4.20), we have

t

v (x,t) = /%va(f(s),s) ds

Since (4.21) has a unique solution ¢ for every (x,t) € Rx[0,T], v°(x,t) is
the unique solution to (4.20). As b° is bounded, the length of the path z°(s)
for s € [t,T] is bounded. Therefore, as ¢ has compact support in R x (0,7),
the support of v® is compact in R x [0, 7).

By (4.19) we have

]o?wgbdxdt ]O]Ow blvs dx dt. (4.23)
0 —o0

0 —oo

Next, we show that, as ¢ — 0,

//w — blvg dx dt — 0.
0 —c0

Let us first show that for some C' > 0,

/ |v5 (2, t)|dx < C, (4.24)

when ¢t € (0,7) and 7 is small enough.

Since ¢ has compact support in Rx(0,7"), we can choose 7 > 0 satisfying
¢(x,t) =0 for (z,t) € Rx(0,7). Fix t € [0,7) and let {zg, 21, -+ ,2ny} CR
be such that zp < z; < -+ < zy. For k € {0,1,---, N}, let zf be the

solution to
{x2<s> b (w5(s).5) for s € (t,7);
%
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As these solutions are unique, the paths (25(s),s), where s € [t,7), do not
intersect. Therefore, for every s € (¢, 7),

zy(s) < x5(s) < -+ < ay(s).

Since ¢(a5(s),s) = 0 for s € (t,7), by (4.22), v° is constant on each path
(25.(s), s). Therefore, we have

WE

[0 (i, t) = 0% (2r, )] = ) [0 (2(7), 7)) — oF (a5a (7), 7).

k=1

As the variation of v® with regard to x is

N o
Vo (1) = sup 3 [0 (@ ) — (a4, 1) = / ez, £)|d,
k=1 o
where the supremum is taken over all partitions {xg,z1, -+ ,2nx} C R, we

have

/ S (e, )lde < / o8 (2, 7)\d.

Since v is continuously differentiable and has a compact support, it is abso-
lutely continuous and thus has bounded variation. Here, we refer to Theorem
3.73. of [5], where it is shown that every absolutely continuous function of a
closed interval of the real line is of bounded variance. Therefore, there exists
a C > 0 satisfying

/ |vs(z,t)|de < C

for every t € [0, 7).
Next, we show that for each 7 > 0, there is a constant C. > 0 satisfying

s (2, 1)] < € (4.25)

for each (x,t) € Rx(7,T).

Fix 7 > 0. Since both u® and u° are smooth mollifications of entropy
solutions, inequality (4.16) gives the following upper estimate for the partial
derivatives u, and u,

u(x,t),u(z,t) < C <1 + %) :
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This together with the convexity of ' € C%*(R) and the boundedness of
entropy solutions implies that there exists some constant C' > 0 satisfying

b (x,t) :/F”(rua(x,t) + (1 —r)a(z,t)) (rus(x, t)+(1 — r)as(z,t)) dr

< for (z,t) € Rx(71,T).

T

(4.26)
Differentiating (4.20) with respect to x, we obtain
Vg, + b0 + UEVE = @y

Let C be the constant in (4.26) and set a(z,t) == e*v(z, t), where A = £+1.
Now

a; + ba, = Aa + eM(ve, + bvE,)
= \a + eM(¢p, — bEv9) (4.27)
- (>‘ - bi)a + eAt¢w'

Since v° is continuous and has compact support, a reaches a nonnegative
maximum at some point (xg,ty) € R x [, T].

1. Ifty =T, a(xo,ty) = 0. This holds as v°(z,T) = 0 for every z € R.
2. If tg € [1,T), as(xo,to) <0 and a,(zo,tp) = 0. In this case, we have

CLt(ZL'(), to) + bE(ZL‘o, to)(lz(xo, to) S 0

By identity (4.27), we have
(A = b (20, o) )a(zo, o) + X0 (0, t9) < 0.
As b2 < € by (4.26) and A = 1+ £, we have
a(zo, ty) < —e Mg, (20, t9) < M sup ¢,

By assuming that a reaches a nonpositive minimum at (xy,t;) € Rx[r, T,
we have
a(xy,ty) > —e M sup ¢, ).

Hence, we have for every (z,t) € Rx (7, T), that

la(z,t)] = ‘eAtU;(xvt” < et sup |dg |-
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This implies that
[05 (2. 8)] < T sup [,

for (z,t) € Rx(7,T'), which proves (4.25).
We return to study the right hand side of (4.23). As v is compactly
supported in Rx (0,7, we have

// —bv dx dt = // —bv dz dt
:// ° — bJv dwdt—l—// F — b dedt

= Ai + B:.
As u and @ are bounded, w is bounded. By Lemma 3.24, as ¢ — 0,
u® — wand @° — @ a.e. in Rx (0, 00).

Therefore, as € — 0,
b* — b a.e. in Rx (0,00).

Since v¢ has a compact support in R x (0,00), we have for almost every
(x,t) € Rx(0,00), that

|w[b® — blvz| < Cy|vs

ol

(4.28)

Furthermore, by (4.24), we have for small enough 7,

|AZ| < //[w vo| dxdt < 7Cs. (4.29)

By (4.25), |vg| is bounded in R x (7,7) for every 7 > 0. Since |vg| also
has compact support in Rx (7, T), by (4.28) and the dominated convergence
theorem, BZ — 0 as ¢ — 0. By letting also 7 — 0, we see that

//w(bdxdt:().
0 —oco

As the above holds for every smooth function ¢ with compact support in
R X (0,00), w = 0 almost everywhere in R x (0,00). This proves that the
entropy solution is unique for almost every (z,t) € Rx (0, c0). O
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In the Theorem 4.2 4.3 Lemma 4.4 and Theorem 4.6 theorems and lemmas
above, we have proved the following theorem.

Theorem 4.7. Suppose F' € C*(R) is strongly conver and g € L=(R). Then,
up to a set of Lebesque measure zero, the function given by the Lax-Oleinik
formula (4.5) is the unique entropy solution to

{ut +[F(W)], =0 inRx(0,00);
u=g on Rx{t=0}.
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