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Abstract. The purpose of the present paper is to prove, solely using Con-
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explicit solutions for Hamilton-Jacobi equations with merely lower semicon-
tinuous initial data. The substance of these results appears in [1] but the
proofs are fundamentally different (we do not use the comparison principle)
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maximum principle for the Lax function. This approach permits us to fully
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Introduction

The Lax and the Hopf functions are explicit solutions of:{
∂u
∂t

+ H(Du) = 0 in Rn × (0; +∞),
u(., 0) = g(.) in Rn,

(1)

(where Du stands for the derivative of u with respect to the space variable
x) when either H or g is convex. We recall their definition:

uLax(x, t) = inf
y∈Rn

sup
q∈Rn

{g(x− y) + 〈y, q〉 − tH(q)} , (2)

uHopf(x, t) = sup
q∈Rn

inf
y∈Rn

{g(x− y) + 〈y, q〉 − tH(q)} . (3)
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These functions have been intensively studied (see for instance [15, 3, 16,
4]) and the latest contribution is [1]. It is proved that for merely lower
semicontinuous (lsc for short) and possibly infinite initial data g, the Lax
function is a lsc solution of (1) (in the sense of [5]) when the hamiltonian H is
convex. It is also proved that the Hopf function is the minimal supersolution
of (1) when the initial condition g is convex. In [1], the proofs rely on
the famous comparison principle of viscosity sub and supersolutions and on
regularization procedures. The aim of the present paper is to use tools from
Convex analysis to prove these results, without relying on PDE techniques.
Moreover, we show that the Lax function verifies a “maximum principle”,
that is to say it is the maximal lsc (sub)solution of the Cauchy problem. Note
that the definition of lsc solutions we use in this paper is slightly different
from [5]. It first appeared in [20]. See also [12] for further results concerning
these discontinuous solutions.

1 Preliminaries

This section is devoted to definitions and results that are use in the present
paper.

Discontinuous functions are considered throughout. A solution u of (1)
is merely lower semicontinuous (lsc) and it can take the value +∞. It is said
to be extended real-valued. We refer to the set

{(x, t) ∈ Rn × R : u(x, t) < +∞}

as the domain of u and we denote it dom u. If dom u is nonempty, u is said to
be proper. For such nonsmooth functions, various concepts of subdifferentials
were introduced to replace the classical notion of Fréchet derivative. One of
them is the Fréchet subdifferential ; it is defined at any point (x, t) of the
domain of u by:

∂F u(x, t) = {(ζ, α) ∈ Rn × R, α(s− t) + 〈ζ, y − x〉
≤ u(y, s)− u(x, t) + o(|y − x|+ |t− s|)},

where o(.) is a function such that o(x)
|x| → 0 as x → 0.
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1.1 Lsc solutions

Since Crandall and Lions introduced the concept of continuous viscosity so-
lutions of Hamilton-Jacobi equations, these generalized solutions have been
intensively studied [9]. For the reader convenience, we recall the definition
of a continuous viscosity solution of (1).

Definition 1. Let u : Rn × [0; +∞) → R be a continuous function.

• It is a (viscosity) supersolution of (1) if for all (x, t) ∈ Rn×R and for
all (ζ, α) ∈ ∂F u(x, t),

α + H(ζ) ≥ 0 and u(x, 0) ≥ g(x).

• It is a (viscosity) subsolution of (1) if for all (x, t) ∈ Rn × R and for
all (ζ, α) ∈ −∂F (−u)(x, t),

α + H(ζ) ≤ 0 and u(x, 0) ≤ g(x).

• It is a continuous viscosity solution of (1) if it is a super and a subso-
lution of (1).

In 1990, Barron and Jensen [6] introduced (real-valued) lsc solutions for
Hamilton-Jacobi equations of evolution type which hamiltonians H(t, x, u, p)
are convex in p. It has been shown that for such hamiltonians, a continuous
solution of a Hamilton-Jacobi equation can be completely characterized by
its subgradients which should satisfy the relation

α + H(t, x, u, ζ) = 0 ∀(ζ, α) ∈ ∂F u(x, t) ∀(x, t).

It has remarkable resemblance with a classical smooth solution concept of
Hamilton-Jacobi equations. In [5], Barron extended this definition by au-
thorizing lsc solutions u to be extended real-valued. In [6, 5], the initial
condition is not achieved pointwise but in the following way:

g(x) = lim inf
y→x,s→0+

u(y, s) for all x ∈ Rn.

Analogous results have been obtained by Frankowska [10] for particular
hamiltonians. She also provided an equivalent definition of such solutions in
terms of directional derivatives and suggested a pointwise interpretation of
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the initial condition coupled with a one-sided infinitesimal condition on u at
t = 0.

Soravia [20] introduced a concept of discontinuous viscosity solutions to
Dirichlet problems for Hamilton-Jacobi equations with convex hamiltonians.
The definition of lsc solutions for Cauchy problems that is given below is
(more or less) a special case of it.

Definition 2. Let u : Rn × [0; +∞) → (−∞; +∞] be a lsc and proper func-
tion.

• It is a supersolution of (1) if for all (x, t) ∈ dom u, t > 0, and all
(ζ, α) ∈ ∂F u(x, t) :

α + H(ζ) ≥ 0 (4)

and for all x ∈ Rn :
u(x, 0) ≥ g(x). (5)

• It is a lsc subsolution of (1) if for all (x, t) ∈ dom u and all (ζ, α) ∈
∂F u(x, t) :

α + H(ζ) ≤ 0 (6)

and for all x ∈ Rn :
u(x, 0) ≤ g(x). (7)

• It is a lsc solution of (1) if it is a super and a subsolution of (1), that
is for all (x, t) ∈ dom u and all (ζ, α) ∈ ∂F u(x, t) :

α + H(ζ) = 0 if t > 0,

α + H(ζ) ≤ 0 if t = 0,

and for all x ∈ Rn :
u(x, 0) = g(x).

In [12], these lsc solutions are characterized in terms of directional deriva-
tives and of approximate decrease properties.
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1.2 Definitions and results from convex analysis

In this subsection we present basic tools and classical results of Convex anal-
ysis. The interested reader is referred to [19, 11] for a complete presentation
of them.

We first recall some definitions. The Legendre-Fenchel conjugate of a
proper function f : Rn → (−∞; +∞] is defined by the following formula:

for all q ∈ Rn, f∗(q) = sup
x∈Rn

{〈x, q〉 − f(x)}.

The function (f ∗)∗, that we simply denote by f ∗∗, is called the closed convex
hull of f. If f is lsc and convex, it coincides with f. The subdifferential from
Convex analysis of f : Rn → (−∞; +∞] at x ∈ dom f is the set

∂f(x) = {ζ ∈ Rn : ∀y ∈ Rn, 〈y − x, ζ〉 ≤ f(y)− f(x)} .

When the function f is convex, the two subdifferentials ∂F f(x) and ∂f(x)
coincide at any point x of Rn. The following characterization holds:

ζ ∈ ∂f(x) ⇔ f(x) + f ∗(ζ) = 〈x, ζ〉.

It is known as Fenchel’s equality, while Fenchel’s inequality

f ∗(ζ) + f(x) ≥ 〈x, ζ〉

always holds true. The indicator function of a subset A ⊂ Rn is denoted
by ιA and is defined by: ιA(z) = 0 if z ∈ A, ιA(z) = +∞ if z /∈ A. Given
two functions g, h : Rn → (−∞; +∞], the epi-sum of g and h is denoted by
g +

e
h and is defined for all x ∈ Rn by:

g +
e

h(x) = inf
y∈Rn

{g(x− y) + h(y)}. (8)

The notion of epi-sum is also known as the inf-convolution operation. But
it has the following equivalent definition: g +

e
h is the only function f such

that its strict epigraph (i.e. the set of all points (y, r) ∈ Rn × R such that
f(y) < r) is the Minkowski sum of the strict epigraph of g and the strict
epigraph of h.

A straightforward calculation yields, for all t > 0 and x ∈ Rn :
uLax(x, t) = g +

e
(tH)∗(x)

uHopf(x, t) = (g∗ + tH)∗(x)
(9)
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(the Legendre-Fenchel conjugates and the epi-sum are calculated with re-
spect to the x variable). Since we want to prove that uLax is a lsc solution
of the Cauchy problem (1), the Fréchet subdifferential of an epi-sum must
therefore be studied. Existing results about convex subdifferentials of epi-
sums of convex functions (such as stated in [14, 2] for instance) suggested
the following lemma.

Lemma 1. Consider three functions f, g, h : Rn → (−∞; +∞] and a point
x ∈ Rn and assume that f is the epi-sum of g and h. If there exists y ∈ Rn

such that f(x) = g(x− y) + h(y), then:

∂F f(x) ⊂ ∂F g(x− y) ∩ ∂F h(y).

The proof is elementary and we omit it.
We next recall the statement of the so-called multidirectional mean value

inequality. We do not give the most general version but we adapt it to our
framework. The closed unit ball of Rn is denoted by B and for any subset
Y ⊂ Rn, [x, Y ] refers to the convex hull of {x} ∪ Y.

Theorem 1 ([8, p. 116-117]). Let Y be a compact convex subset of Rn and
let x ∈ dom f where f : Rn → (−∞; +∞] is a lsc proper function. Then for
any r < infy∈Y {f(y) − (x)} and any ε > 0, there exists z ∈ [x, Y ] + εB and
ζ ∈ ∂F f(z) such that, for all y ∈ Y,

r < 〈ζ, y − x〉.

In [7], the authors studied the subdifferential of the closed convex hull
of an extended real-valued function f. They exhibit a formula linking the
subdifferential of f ∗∗ and the subdifferential of f. In order to state their main
result, we must introduce two other notions.

Definition 3 ([7, Prop 4.5, p. 1669]). Consider f : Rn → (−∞; +∞]
that is lsc, proper and bounded from below by an affine function. Then we
say that f is epi-pointed if the domain of the Legendre-Fenchel conjugate of
f has a nonempty interior.

Definition 4 ([7, Prop 4.4, p. 1668]). Consider f : Rn → (−∞; +∞].
Under assumptions of Definition 3, the analytical definition of the so-called
asymptotic function f∞ of f is:

f∞(d) = lim inf
t→0+,d′→d

tf

(
d′

t

)
.
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If f is convex, f∞ has an alternative analytical definition.

Proposition 1 ([19, p. 66]). If f is convex, the following equality holds
true for all d ∈ Rn:

f∞(d) = sup
u∈dom f

{f(d + u)− f(u)} .

Observe that in this case the asymptotic function is sublinear and vanishes
at 0. We now state the main result of [7].

Theorem 2 ([7, p. 1669]). Let f : Rn → (−∞; +∞] be a lsc, proper and
epi-pointed function. Then the following holds:
(i) For all x ∈ dom f ∗∗, there are points x1, . . . , xp ∈ dom f, positive numbers
λ1, . . . , λp (p ≥ 1), and possibly points y1, . . . , yq in dom f∞\{0} such that:

p∑
i=1

λi = 1,

x =

p∑
i=1

λixi +

q∑
j=1

yj,

f ∗∗(x) =

p∑
i=1

λif(xi) +

q∑
j=1

f∞(yj).

(ii) For any decomposition of the type described in (i), we have

∂f ∗∗(x) = [∩p
i=1∂f(xi)] ∩

[
∩q

j=1∂f∞(yj)
]
.

Remark 1. Even if f is not convex, we can define the subdifferential of f
in the sense of Convex analysis. In general, it is empty, but by Theorem 2,
∂f(xi) is nonempty. This implies (see [14, p. 350]) that f(xi) = f ∗∗(xi).

2 The Lax function

The present section is devoted to the proof of Theorem 3 stated below. We
say that the Lax function is regular if it is lsc and if the infimum defining
the real number uLax(x, t) is attained for any (x, t) ∈ dom uLax.

Theorem 3. Let H : Rn → R be convex and let g be lsc and proper. Then
if the Lax function is regular, it is a lsc solution of (1) (in the sense of
Definition 2). Moreover, it is the maximal lsc subsolution of (1).
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Remark 2. If the infimum defining uLax(x, t) is taken on a bounded set for
all (x, t), uLax is regular. It is the case when g is bounded from below by
−C(1 + |x|) for some constant C > 0. This assumption appears in [1].

Remark 3. For the sake of simplicity, we assume that uLax is regular. But if
the lsc closure of uLax is extended real-valued, it may be proved that it is a
lsc solution of our Cauchy problem. Such considerations appear in [13, 17]
in an infinite dimensional setting.

Before proving the theorem, we try to explain how we proceed. In or-
der to prove that the Lax function verifies (1), we apply Lemma 1. If it
is applied using representation (9), we only get a description of the partial
Fréchet subdifferential of uLax with respect to x. Though we try to establish
α + H(ζ) = 0 for all (ζ, α) in the subdifferential of uLax, we loose the in-
terdependence between x and t. This is the reason why we rewrite the Lax
function as an epi-sum of two functions with respect to the couple of vari-
ables (x, t). This idea is inspired by a theorem from [18]. The author proves
that uLax is a classical solution of our problem under strong assumptions.
He uses tools from Convex analysis such as Legendre-Fenchel conjugates and
epi-sums. Besides, even if the formula does not appear explicitly, he writes
uLax under the following form:

Lemma 2.
uLax = G +

e
H∗ on [0; +∞)× Rn,

with {
G(y, s) = g(y) + ι{0}(s),
H(y, s) = ιR−(H(y) + s).

Here the epi-sum and the Legendre-Fenchel conjugate are calculated with re-
spect to the couple (y, s).

Proof of Lemma 2. We calculate the Legendre-Fenchel conjugate of H:

H∗(y, s) = sup
α,ζ
{αs + 〈ζ, y〉 − ιR−(α + H(ζ))}

= sup
ζ

sup
α≤−H(ζ)

{αs + 〈ζ, y〉}.

If s < 0, H∗(y, s) = +∞. Otherwise: H∗(y, s) = supζ{〈ζ, y〉 − sH(ζ)} =
(sH)∗(y).
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For t ≥ 0, this yields:(
G +

e
H∗
)

(x, t) = inf
s,y
{g(x− y) + ι{0}(t− s) +H∗(y, s)}

= inf
y
{g(x− y) + (tH)∗(y)} = uLax(x, t).

Proof of Theorem 3. The initial condition is trivially satisfied. Consider any
point (x, t) ∈ dom uLax and any (ζ, α) ∈ ∂F uLax(x, t). Since we assumed that
uLax is regular, there exists (y, s) such that:

uLax(x, t) = g(x− y) + (tH)∗(y) = G(x− y, t− t) +H∗(y, t).

We can therefore apply Lemma 1: (ζ, α) ∈ ∂FH∗(y, t) ∩ ∂FG(x− y, 0). Since
H∗ is convex, it follows that (ζ, α) ∈ ∂H∗(y, t). Using the convex duality, we
get:

(y, t) ∈ ∂H(ζ, α).

This implies that (ζ, α) lies in the domain of H. We therefore obtain:

α + H(ζ) ≤ 0.

Suppose now that t > 0. Fenchel’s equality yields:

〈ζ, y〉+ αt = H(ζ, α) +H∗(y, t) = 0 + (tH)∗(y) = tH∗
(y

t

)
.

Use now Fenchel’s inequality and get: α = H∗ (y
t

)
− 〈ζ, y

t
〉 ≥ −H(ζ).

It remains to prove that the Lax function is the maximal lsc subsolution
of (1). Consider any lsc subsolution w. For any x ∈ Rn : w(x, 0) ≤ g(x) =
uLax(x, 0). It therefore remains to prove that for any (x, t) ∈ Rn × (0; +∞)
and any y ∈ dom H∗ :

w(x, t) ≤ g(x− ty) + tH∗(y).

Suppose it is false. There then exists (x, t) ∈ Rn × (0; +∞), y ∈ dom H∗

such that:

w(x, t) > g(x− ty) + tH∗(y) ≥ w(x− ty, 0) + tH∗(y).
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Apply Theorem 1 to the lsc function w between the two points (x, t) and
(x − ty, 0) : for any ε > 0, there exists (z, r) ∈ [(x, t), (x − ty, 0)] + εB and
(x∗, t∗) ∈ ∂F w(z, r) such that:

tt∗ + 〈ty, x∗〉 > tH∗(y)

⇒ t∗ + 〈y, x∗〉 −H∗(y) > 0.

Since w is a lsc subsolution, t∗ + H(x∗) ≤ 0. We conclude that:

〈y, x∗〉 −H∗(y)−H(x∗) > 0.

The last inequality is in contradiction with Fenchel’s inequality.

3 The Hopf function

In this section, we prove Theorem 4 stated below. We did not recall the
definition of a continuous viscosity solution but it can be found, as we already
mentioned it, in [9].

Theorem 4. If H : Rn → R is continuous and g : Rn → (−∞; +∞] is
lsc, proper and convex, then the Hopf function is a supersolution and it is a
continuous viscosity solution of (1) on the interior of dom uHopf .

If, moreover, H is bounded from above by a Lipschitz function, then uHopf

is the minimal supersolution of (1).

It is well known that uHopf is convex with respect to the couple of variables
(x, t). But it is a remarkable fact that it can be expressed with the same
extended real-valued functions we used to rewrite the Lax function (namely
G and H).

Lemma 3.
uHopf = (G∗ +H)∗ on Rn × [0; +∞)

where Legendre-Fenchel conjugates are calculated with respect to the couple
(y, s).

Proof. First, we calculate G∗:

G∗(ζ, α) = sup
s,y

{
αs + 〈ζ, y〉 − g(y)− ι{0}(s)

}
= sup

y
{〈ζ, y〉 − g(y)} = g∗(ζ).
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For t ≥ 0 :

(G∗ +H)∗ (x, t) = sup
α,ζ

{αt + 〈x, ζ〉 − G∗(ζ, α)−H(ζ, α)}

= sup
ζ

sup
α≤−H(ζ)

{αt + 〈x, ζ〉 − g∗(ζ)}

= sup
ζ
{〈x, ζ〉 − u∗0(ζ)− tH(ζ)} = uHopf(x, t).

Remark 4. The reader may observe that uHopf is lsc on Rn × [0; +∞).

Proof of Theorem 4. Let us set v := G∗ +H. Lemma 3 asserts that the Hopf
function is the Legendre-Fenchel conjugate of v. The closed convex hull of v,
denoted by v∗∗, is used throughout the proof.

We first prove that uHopf is a supersolution of (1).
Fix (x, t) ∈ dom uHopf , t > 0. Then consider (ζ, α) ∈ ∂uHopf(x, t) = ∂v∗(x, t).
This implies that (ζ, α) lies in the domain of v∗∗ (the closed convex hull of
v), and that (x, t) ∈ ∂v∗∗(ζ, α).

• First case: if v∗∗(ζ, α) = v(ζ, α).

Then the convex subdifferential ∂v∗∗(ζ, α) coincides with the convex subd-
ifferential ∂v(ζ, α) (see [14]). In particular, (x, t) ∈ ∂v(ζ, α). Hence for all
β ∈ R and all ξ ∈ Rn :

t(β − α) + 〈x, ξ − ζ〉 ≤ v(ξ, β)− v(ζ, α)

≤ g∗(ξ) + ιR−(H(ξ) + β)− g∗(ζ)− ιR−(H(ζ) + α). (10)

Setting ξ = ζ and β = −H(ζ), we get: t(−H(ζ) − α) ≤ −ιR−(H(ζ) + α).
Thus, ιR−(H(ζ) + α) = 0 i.e. H(ζ) + α ≤ 0 and:

t(−H(ζ)− α) ≤ 0

⇔ H(ζ) + α ≥ 0.

Finally, we conclude that, in this case, H(ζ) + α = 0.

• Second case: if v∗∗(ζ, α) < v(ζ, α).

We remark that v ≥ g∗, hence g∗ ≤ v∗∗ ≤ v.
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If α + H(ζ) ≤ 0, v(ζ, α) = g∗(ζ), and using the previous inequality, we
obtain:

v∗∗(ζ, α) = v(ζ, α).

We conclude that, in this second case, α + H(ζ) > 0.

Finally, in both cases, α + H(ζ) ≥ 0; we thus have proved that uHopf is a
supersolution of (1).

We continue the proof of Theorem 4 by proving that it is a continu-
ous viscosity solution of (1) on the interior of dom uHopf . We therefore as-
sume that this set is nonempty. Remember that the Hopf function is the
Legendre-Fenchel conjugate of v. We conclude that v is epi-pointed (see Def-
inition 3). Consider now any point (x, t) ∈ int(dom uHopf), and any Fréchet
supergradient (ζ, α) ∈ ∂F uHopf(x, t). Since uHopf is convex, we know that
∂uHopf(x, t) = ∂F uHopf(x, t) is nonempty. We conclude that uHopf is differen-
tiable at (x, t). This means that there is one and only one (ζ, α) ∈ ∂uHopf(x, t).
There then exists a unique couple (ζ, α) such that:

(x, t) ∈ ∂v∗∗(ζ, α).

We now show that v∗∗(ζ, α) = v(ζ, α). Applying Theorem 2 to v, there exists
points (ζ1, α1), . . . , (ζp, αp) and possibly points (ξ1, β1), . . . , (ξq, βq) such that∑p

i=1 λi = 1 and:
(x, t) ∈ ∂v∗∗(ζi, αi).

This implies that p = 1, α1 = α and ζ1 = ζ and
∑q

j=1(ξj, βj) = 0. Hence, the
following equality holds true:

v∗∗(ζ, α) = v(ζ, α) +

q∑
j=1

v∞(ξj, βj)

≥ v(ζ, α) + v∞

(
q∑

j=1

(ξj, βj)

)
= v(ζ, α) ≥ v∗∗(ζ, α).

We used the fact that v∞ is sublinear and equals 0 at 0. Since v∗∗(ζ, α) =
v(ζ, α), we proved above that α + H(ζ) = 0 ≤ 0. We conclude that uHopf is
a continuous viscosity solution of (1) on int(dom uHopf).
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To achieve the proof of Theorem 4, we must prove that the Hopf function
is the minimal supersolution of (1). Consider a supersolution w of (1), and
let us prove that w ≥ uHopf . By assumption, H is bounded from above by
a Lipschitz function. There then exists a Lipschitz function H1 such that w
is a supersolution of (1) with H = H1. We can therefore assume that H is
Lipschitz. Remember that uHopf(x, t) = supζ{〈ζ, x〉 − g∗(ζ)− tH(ζ)}. Let us
consider some ζ0 ∈ dom g∗, and define a new function w1 as follows:

w1(x, t) = w(x, t)− 〈ζ0, x〉+ g∗(ζ0) + tH(ζ0).

We have to prove that w1 ≥ 0. We first remark that w1 is a supersolution of
the following Cauchy problem:

∂w
∂t

+ G(Dw) = 0 in Rn × (0; +∞), (11)

w(., 0) = 0 in Rn, (12)

where G denotes the new Hamiltonian defined for all ζ by G(ζ) = H(ζ +
ζ0)−H(ζ0). Indeed,

w1(0, x) = w(0, x)− 〈ζ0, x〉+ g∗(ζ0) ≥ g(x)− 〈ζ0, x〉+ g∗(ζ0) ≥ 0.

Moreover, for all (x, t) ∈ dom w1, for all (ζ, α) ∈ ∂F w1(x, t) :

(ζ, α) = (ζ1, α1) + (−ζ0, H(ζ0)),

with α1 + H(ζ1) ≥ 0. Hence

α + G(ζ) = α + H(ζ + ζ0)−H(ζ0) = α1 + H(ζ1) ≥ 0.

The reader may remark that G(0) = 0 and that G is a Lipschitz function.
We denote by K a Lipschitz constant of G.

Suppose that there exists some (x̄, t̄) such that w1(x̄, t̄) ≤ −∆ < 0. Let
us fix R > 0 and let B(x̄, R) denote the closed ball centered at x̄ of radius R.
The lower semicontinuity of w1 implies that there exists t ∈]0, t̄[, such that
for all x ∈ B(x̄, R) :

0 ≤ w1(x, t) +
∆

2
. (13)

Combining (13) with w1(x̄, t̄) ≤ −∆, we obtain:

∆

2
≤ w1(x, t)− w1(x̄, t̄),
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for all x ∈ B(x̄, R). We next apply the mean value Theorem 1 to the lsc
function w1 with Y = B(x̄, R)× {t} as the closed convex set on which w1 is
bounded from below.

∀ε > 0,∃(z, τ) ∈ [(x̄, t̄), Y ] + εB(0, 1),∃(ζ, α) ∈ ∂F w1(z, τ) /

∀x ∈ B(x̄, R),
∆

3
≤ 〈(ζ, α), (x, t)− (x̄, t̄)〉 . (14)

Observe that τ ∈ [t − ε, t̄ + ε]. We therefore choose ε < t in order to ensure
τ > 0. Since w1 is a supersolution of (11)-(12): α + G(ζ) ≥ 0. Now (14)
yields

∆

3
≤ α(t− t̄)−R|ζ| ≤ G(ζ)(t̄− t)−R|ζ|.

Since G is Lipschitz and G(0) = 0, we conclude that:

∆

3
≤ (K(t̄− t)−R)|ζ| ≤ (Kt̄−R)|ζ|.

This yields a contradiction for all R large enough. The proof of Theorem 4
is therefore complete.

Acknowledgements: The author would like to warmly thank Yuri Ledyaev
for its precious help when proving the minimum principle for the Hopf for-
mula. He would also like to thank O. Alvarez to have accepted to read this
work and to have pointed out a shorter proof for the Hopf result and few
important details. Last but not least, he is indebted to his supervisor J.-B.
Hiriart-Urruty for the numerous and fruitful discussions they had together.

References

[1] O. Alvarez, E. N. Barron, and H. Ishii. Hopf-Lax formulas for semicontinuous
data. Indiana University Mathematics Journal, 48(3):993–1035, 1999.

[2] J.-P. Aubin and I. Ekeland. Applied Nonlinear Analysis. J. Wiley Inter-
sciences, 1984. New York.

[3] M. Bardi and L. C. Evans. On Hopf’s formulas for solutions of Hamilton-
Jacobi equations. Nonlinear Analysis, Theory, Methods and Applications,
8(11):1373–1381, 1984.

14



[4] G. Barles. Uniqueness for first-order Hamilton-Jacobi Equations and Hopf
Formula. Journal of Differential Equations, 69:346–367, 1987.

[5] E. N. Barron. Viscosity solutions and analysis in L∞. In F. H. Clarke and
R. J. Stern, editors, Nonlinear Analysis, Differential Equations and Control,
volume 528 of C: Mathematical and Physical Sciences, pages 1–60, 1998.

[6] E.N. Barron and R. Jensen. Semicontinuous viscosity solutions of Hamilton-
Jacobi equations with convex hamiltonians. Communications in Partial Dif-
ferential Equations, 15:1713–1742, 1990.

[7] J. Benoist and J.-B. Hiriart-Urruty. What is the subdifferential of the
closed convex hull of a function? SIAM Journal on Mathematical Analy-
sis, 27(6):1661–1679, 1996.

[8] F. H. Clarke, Yu. S. Ledyaev, R. J. Stern, and P. R. Wolenski. Nonsmooth
Analysis and Control Theory, volume 178 of Graduate Texts in Mathematics.
Springer, 1997.

[9] M. G. Crandall, H. Ishii, and P.-L. Lions. User’s guide to viscosity solu-
tions of second order partial differential equations. Bulletin of the American
Mathematical Society, 27(1):1–67, July 1992.

[10] H. Frankowska. Lower semicontinuous solutions of Hamilton-Jacolbi-Bellman
equations. SIAM Journal on Control and Optimisation, 31(1):257–272, 1993.

[11] J.-B. Hiriart-Urruty and C. Lemaréchal. Convex Analysis and Minimiza-
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