Metric Character for the Sub-Hamilton-Jacobi
Obstacle Equation
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Abstract

For a given nonnegative continuous function g, we establish an new explicit formula of
the distance related to the sub-Hamilton-Jacobi obstacle equation : u > g and H(z, Vu) =0
in the set [u > g]. We introduce a new inf-sup integral formula involving the trajectories
joining two given points and the obstacle g. This defines a new length quasi-metric Z in RN
which handle the obstacle and enters in a representation formulae for a viscosity solution of
the sub-Hamilton-Jacobi obstacle equation.

1 Introduction

Let Q ¢ IRY be a regular connected open set. Our aim is to establish an explicit formula of the
distance in 2 related to the sub-Hamilton-Jacobi obstacle equation (SHJO equation for short)

u>g in Q,

(1)
H(z,Vu)=0  in[u> g,

where g : Q — IRT is a given continuous function and H : Q x R™ — IR is a continuous
Hamiltonian (satisfying additional assumptions that will be precise in Section 2). Here we denote
by [u > g] the subset given by {x € Q; u(z) > g(z)}. The metric character of the Hamilton-
Jacobi equation H(z,Vu) = 0 is well recognized and investigated by now (see [16], [15], [10],
[6] and [14]) under the standard assumptions of convexity and compactness of the level sets
Z(z)={pe RN H(z,p) < 0}, for any = € Q. In [19], it is shown that the metric character is
preserved even if the convexity assumption is removed. In fact, a class of fundamental (viscosity)
subsolutions can be identified by using a distance function associated with the equation, the so
called optical length function.

The main achievement of the present paper is to show that the metric character is preserved
when the Hamilton-Jacobi equation H (z, Vu) = 0 is subject to unilateral constraint of the type
u > g, where g is a given continuous function not necessary a subsolution of H(xz,Vu) = 0.
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Notice here, that even if we are able to rewrite (1) into the general form F'(z,u,Vu) = 0, the
common convexity assumption of the level set of F' (see (see [16] and [15]) does not necessarily
holds to be true here.

To our knowledge there is no study addressing the question of metric character and explicit
formula for the SHJO problem. The converse problem (the super-Hamilton-Jacobi obstacle
equation) where the obstacle is above, the problem reads

u<g in £,

(2)
H(z,Vu)=0 in [u < g].

In this case the problem falls into the scope of the form F(z,u, Vu) = 0, with a convex Hamil-
tonian F'(x,t,p) with respect to (¢, p). We refer the reader to the paper [15] and [16] for explicit
formulation for this type of problems. One can see also [5], where the authors establish an
new explicit formula for the solution of (7) in a bounded domain with a boundary condition.
The connection with the evolution problem is studied in [17] in the case of degenerate viscous
Hamilton-Jacobi equation.

In the present paper, in order to establish an explicit formula of the distance related to the
SHJO equation we use again the level set {p eRN:H (x,p) < 0} . We introduce a new inf-sup
integral formula involving the trajectories joining two given points and the obstacle g, which
defines a quasi-metric Zy in (2. Roughly speaking, our representation formula is of game theory
type. Indeed, recall that the solution of the Hamilton-Jacobi equation H(x,Vu) = 0 is the
maximal subsolution. So, assuming that u > g and g is not a subsolution is a real conflict
situation for the Hamilton-Jacobi equation and our inf-sup expression shows that the equation
(1) sorts out some kind of least worst strategy. Then, we show that for any fixed y € Q, the
function Sy(y,.) = Zy(y,.) + g(y) is a viscosity solution of the Hamilton-Jacobi equation (1)
taking the value g(y) on y. Moreover, for the boundary value problem in a bounded domain
2, we use Sy to establish a Hopf-Lax type formula for the representation of the solution of (1)
subject to boundary condition u = g, on 9f2.

The Hamilton Jacobi equation occurs in a large field of applications including optimal control,
image processing, fluid dynamics, robotics and geophysics. In particular, the SHJO equation
appears with the Eikonal equation in the study of the equilibrium of a growing sandpile over a
uneven table under the action of a given vertical source (cf. [18]). Another peculiar application
deals with an heuristic metaphor for the formation of lakes (and rivers) along landscape (cf. [18]
and [9]). For more details in these directions one can see the forthcoming paper [12]. The notion
of viscosity solution is the powerful and flexible notion of solution for problem of Hamilton Jacobi
type. It has been generalized in many different directions. We refer the reader to the book of
[2] for a more complete presentation of the notion of viscosity solution including applications to
deterministic optimal control problems, and to the users guide [7] for extensions to second-order
equations.

The paper is organized as follows. In the next section, we recall some preliminaries concerning
the metric character of the Hamilton-Jacobi equation H(x,Vu) = 0. We give an overview on
the optical length function associated with the Hamiltonian H; that we denote by S(y,x), for



any z,y € Q. We recall its connexion with the Hamilton-Jacobi equation H(x, Vu) = 0 in Q.
In Section 3, we establish a new inf-sup integral formula and we prove that it defines a new
length quasi-distance in €; that we denote by Zy(y, x), for any =,y € Q. In Section 4, we prove
the connection between the distance Zy and the Hamilton-Jacobi equation (1). We prove that,
for any y € Q, Sy(y,.) = Zy(y,x) + g(y) is both a maximal subsolution of (1) in © and a
supersolution of (1) in Q \ {y} satisfying Sy(y,y) = g(y). Then, we establish a representation
formula of Hopf-Lax type to solve the boundary value SHJO problem. For the uniqueness, we
prove the comparaison principle. At last, Section 6 is devoted to some remarks, comments on
extensions to the critical case and the description of qualitative properties of the solution related
to the regularity of the free boundary problems. Some qualitative properties of the solution along
the geodesics are also given.

2 Preliminaries

Let Q ¢ RY be a regular connected open set and g € C () that we assume, with no loss of
generality, to be such that
g>0 in Q.

The Hamiltonian H : Q x RY — IR is assumed to be a continuous function satisfying, for any
x € (), the following assumptions :

(H1) Z(x) = {p e RY ; H(z,p) < 0} is convex,
(H2) Z(x) is compact,

and

(H3) H(z,0) < 0.

Our aim here is to study the Sub-Hamilton-Jacobi obstacle equation (1) that we can write
in the following form :

(3) F(z,u,Vu) =0, in Q,
where F : Q x IR x RY — IR is the Hamiltonian given by
(4) F(x,r,p) = min (H(:U,p),r — g(x)), for any (z,7,p) € Q x R x R".

A continuous function v : € — IR is a viscosity solution of the Hamilton-Jacobi equation
(3) if

e u is a viscosity subsolution; that is whenever ¢ € C1(Q), u — ¢ attains a local maximum
at x € Q, then F(x,u(z), Vo(z)) <O0.



e y is a viscosity supersolution; that is whenever ¢ € Cl(Q), u — ¢ attains a local minimum
at ¢ € Q, then F(x,u(z), Vo(z)) > 0.

To simplify the notation throughout the paper, we use the notation H[u] = 0 and Hglu] =0 to

express H(z, Vu(z)) = 0 and min <H(x, Vu(z)),u(z) — g(:r)) = 0, respectively.

To define the metric associated with the Hamilton-Jacobi equation H[u] = 0, we consider
the support function of Z(z) given by

a(x,q):sup{p-q;qEZ(x)}, for any x € Q and ¢ € R".

Thanks to the assumptions (H1-H3), o is a continuous nonnegative function in Q x IRY, which is
convex and positive homogeneous with respect to ¢, for any x € . For any z,y € {2, we denote

D(x.y) = {¢ € Lipa; ¢(0) = = and (1) =y},

where B
Lip = {0 : 0,1] = @5 [l(s) = p(t) | < cls — ], for any st € [0,1]],

||.|] denote the Euclidean norm of IRY and ¢ is an arbitrary constant in IR. Then, we define the
so called optical distance from x to y by

1
S(z,y) = inf {/0 a(&(s),€(s))ds; € € F(:U,y)} , for any x,y € Q.

1
In general, the term o((t), ¢ (t)) is called the running cost, and the term / a(p(t), ¢ (t)) dt

0
is called the action functional. Under the assumptions (H1-H3), S is a quasi-distance; i.e. a
distance which is not necessary symmetric (see for instance [10]). In other words, S satisfies

e S(z,y) =0if and only if x = y.
e S(z,y) < S(z,2) + S(z,y), for any z,y, 2z € Q.
Moreover, thanks to (H2) there exists M > 0 such that
S(z,y) <M ||z -y, forany z,y € Q.

The metric character of Hamilton-Jacobi equation follows from the connection between S and
the viscosity solutions of H[u] = 0. This connection is summarized in the following proposition.

Proposition 1. (¢f. [10]) Under the assumptions (H1-H3), we have

1. For any y € Q, S(y,.) is a viscosity subsolution in Q and a viscosity supersolution in

Q\ {y} of Hlu] = 0.



2. v is a viscosity subsolution of H[u] =0 in Q if and only if
(5) U(x) - U(y) < S(yax)v fOT’ any T,y € Q.

For the uniqueness of the viscosity solution, it is well known by now that this is connected
to the existence of a strict subsolution. The collection of points around which no subsolution is
strict is a set of bad points for the uniqueness. It is called the Aubry set and is usually denoted by
A. Counterexamples showing the existence of infinite viscosity solution if one doesn’t assigned
datum in the Aubry set can be found in in [11] and [13]. Thanks to the assumption (H3),
it is clear that the Aubry set is empty in our situation. So, under the assumption (H3) the
uniqueness of a viscosity solution follows by the assignment of a boundary value on 9f).

Proposition 2. (¢f. [10]) Under the assumptions (H1-H3), we assume moreover that € is
bounded. We have

1. Let w and v be a subsolution and a supersolution of H[u| = 0 in Q, respectively. If u < v
on 0L, then u < v in €.

2. If h € C(00) and satisfies the compatibility condition
(6) h(z) — h(y) < S(y,x), for any z,y € 0L,

then u(z) := min {S(y,x) +h(y); ye 89}, is the unique viscosity solution of H[u] =0
in Q satisfying u(x) = h(z), for any x € 0.

Coming back to the formulation (4), a representation formula of the viscosity solution of (3)
is given in [16] by using the conjugate of F' (see also further developments on this case in [15]).

However, the convexity of the sub-level set {(t,p) e Rx RN ; F(z,t,p) < 0} seems to be again

a key ingredient among others in this case. See here, that under the assumption (H1)-(H3), the
Hamiltonian F' given by (4) does not falls into the scope of this theory. For instance, assume
H(z,&) = [£] — 1. In this situation, we have

F(x,t,p) = min(H(z,p),t —g(z)), for any (z,t,p) € Q x R x R".
Then, for any = € IR", the sub-level set Z(z) is given by
Z(x) = (~o0,g(2)] x RN U [g(x),00) x B(0,1);
which is clearly non-convex in general. Here B(0,1) denotes the unit ball of IRY.

To end up the preliminaries, we notice that in the case where the obstacle is above, the
unilateral obstacle problem reads

u<

(7)
H(z,Vu)=0 in [u > 1.



Again this problem falls into the scope of the formulation (3) by taking
F(z,t,p) = max(H (z,p),t — g(z)), for any (z,t,p) € Q x R x RY.
In the contrast of the problem (1), in this case the corresponding sub-level sets Z(z) are convex
and the problem (7) may falls into the scope of [16] and [15]. Indeed,
Z(x) = {(t,p) € Rx R" ; t <g(z) and H(z,p) < 0},

which is convex for any € IR". The problem (7) with Dirichlet boundary condition was studied
in [5] and the authors shows the following results

Theorem 1. (cf. [5]) Leth : 9Q — IR and g : Q — IR be continuous functions such that
—S(y,LU) Sh(l‘)—h(y) SS(y,ﬂ?), fOT any CC,yE@Q

and -
—S(y,2) < g(x) —gly) < S(y,2),  for any x,y € Q.

The function

a(e) = win { min (h(y) + S(y,2). min(a(y) + S(y0)

is the unique solution of (7) satisfying u(x) = min(g(x), h(x)), for any x € 0.
3 Representation formula with respect to the obstacle

For any path ¢ € Lipg and 0 < t; <ty <1, we denote by Ay(t1,t2), the quantity given by
to
Moltrste) = [ ole(®). o/ (0) dt.
t1

Then, for any given path ¢ € Lipq, we introduce the action of ¢ with respect to the obstacle g
given by

Aglip) = max {0(p(0) + Ap(t,1) |

We call Ay(p) the g—action of ¢. See that, when g = 0, Ay(p) coincides with the standard
action given by A,(0,1). At last, we introduce the minimum g—action, for any z,y € Q :

Sol,y) =inf { Ag() s ¢ € () }.
And, for any z,y € Q, we denote by

Iy(w,y) = Sg(x,y) — g(z).

First, let us see that Sy is well defined in €2 and can be expressed in a simple way when the
obstacle g is a subsolution of H[u) = 0.



Proposition 3. Under the assumptions (H1)-(H3), Sy is well defined in Q x Q. Moreover,

i) For any x,y € Q, we have

(8) max(S(y, ), 0(z) = 8(y)) < Ty(y, z) < S(y, ») + maxg(z) - g(y).

i) For anyy € Q, Ly(y,y) = 0.
i11) If g is such that
(9) g((L‘) _g(y) Ss(yax)v f07” any l’,yeﬁ,

then -
Se(y,z) =9(y) + S(y,x), for any x,y € Q

and Iy = S.

Proof : It is not difficult to see that, for any x,y € Q and ¢ € I'(y, x), we have

1
max(g(y) + Ap(0,1), g(2)) < Ag(p) < m[g)li]G(so(t)) +/ a(p(t), ¢/ (1)) dt.
te|0, 0

Taking the infimum over ¢ € I'(y, z), we deduce that

1
(10) max(S.2) + a(0).0(0) < Syl9.2) < max a(e(0) + | alo(t). (1) a,

for any ¢ € I'(y, z). Thus

max(S(y,x) + 9(y), 8(z)) < Sy(y,x) < S(y,z) + 111359(33)-

and (8) follows by subtracting g(y). The proof of ii) follows by using (10) and taking ¢ € I'(y, y)
given by ¢(t) =y, for any t € [0,1], in (8). At last, let us prove iii). Thanks to (9), we see that
for any ¢ € I'(y,z) and t € [0, 1], we have

a(e(®) < a(y) + Sy, ()

IA
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This implies that

1 1
Mﬂm+Z0W®wﬁDﬁsﬂw+AU@@w%W% for any t € [0, 1],



so that 1
Ag(p) = 8(y) + /0 a(p(s),¢'(s)) ds.

Taking the infimum over ¢ € I'(y, ), we deduce 7ii).
[
Example : For instance, assume that N = 1, Q = (a,b) and H(z,£) = |¢| — 1, for any
¢ € IR. In this situation, we have o(z,y) = |y|, for any (x,y) € (a,b) x IR. Here,

S(y,ﬂ?):|y—$|7 for any y,CCG(CL,b).

The following picture shows the graphic of the function z € (a,b) = Sy(z, 2) for = 2 (in blue
color) and = = x5 (in red color), where x1, x5 are two given real values. The obstacle g is given
by the shaded area where the gradient is bigger than 1 and outside this region g is equals to O :

Figure 1: Representation of the functions z — Sy(x1, z) and z — Sy(x2, 2)

Remark 1. 1. It is possible to rewrite the g-action as follows

1
e +Ap(11) = [ (o16l5).(9) = Valo(e)) () ds+a(olV).  for amy t € 0.1



So, the g—action of ¢ may be re-written as

14(0) = max { [ ou(e(6). £5) s} + a1

te(0,1]

where o4(x,p) = o(x,p) — Vg(x) - p, for any (x,p) € Q x RN. So, for any z,y € RY,

St = nt { e { [ a6,/ s} + 900 € € T}

te(0,1]

Here o4(p(t), ¢/ (t)) appears as the running cost. See that og is not necessary nonnegative,
so that the g—action Ay is not necessary of Finsler type.

2. In general Sy is not symmetric even if S is so. Indeed, it is not difficult to see from Figure
1 on page 8, that there exists x,y € Q0 such that Sq4(y,x) # Sg(x,y).

The following result shows that the application (z,y) — Z4(z, y) inherit the metric character
property of the application (z,y) — S(z,y).

Theorem 2. Under the assumptions (H1)-(H2), I, is a quasi-metric in ).

The proof of Theorem 2 follows as a consequence of the following lemmas. To simplify the
presentation, let us introduce some notations. For any ¢1 € Lipq, 2 € Lipg and 7 € (0,1),
such that ¢1(1) = p2(0), we denote by ¢1 Ur w9, the juxtaposition of ¢; and 2 up to the
following reparametrization

t
1 <> for t € [0, 7]
-
p(t) =
—t
(pg(T ), for any t € [, 1].
T—1

Moreover, for any ¢ € Lipg, and 0 < t; < fp < 1, we denote by ¢, 1,), the path ¢ €
L(p(t1), ¢(t2))) given by

Pltr,ta)(H) = @ (L2 —t1)t +t1), for any t € [0, 1].
Thanks to the homogeneity of o(x,p) with respect to p, we see that
A@(tl,tz) (07 1) = Asp(t17 tg).

Moreover, we have



Lemma 1. Let x1,79,73 € Q, 1 € I'(x1,72) and ps € T'(xo,x3). For any 7 € [0, 1], we have

(11) (1 Ur 2) = max (Ag(ip1) + Apa (0, 1), Ag(2) ).

In particular, for any ¢ € Lipq and T € [0, 1], we have

(12) Aq() = max (Aglpr1): Agl(om) + Aol 1) ).

Proof : We set ¢ = @1 Uy @9, for an arbitrary 7 € [0,1] (see for instance Figure 2 on
page 10). It is not difficult to see that

T2

P2

Figure 2: Juxtaposition of 1 and @9

tggf](g(w(t)) + Ap(t, 7)) = Ag(p1)  and tren[%(g(w(t)) + Ay (t, 1) = Ag(p2).

So,

Ag(p) = tfgﬂﬁﬁﬂ(w(t))JrA@(t,l))

= max (tggf](g(w(t)) + Ap(t, 1)), tren[%(gw(t)) + Ay (2, 1))

= max ( max (8((1)) + Aol )+ Ap(r, 1), mas (a(0(1)) + At 1))

= ax (Ag(cpl) + Atpz(oa 1)? Ag(@Z))'

This finish the proof of (11). As to (12), it follows by taking ¢1 = ¢(o,) and @2 = ¢(;1) in (11)
for a given ¢ € Lipq. O
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Proof of Theorem 2 : For any z,y, 2z € Q, let us prove that

(13) Sg(337 Z) < Sg($7y) + Sg(yv Z) - g(y)

Thanks to Lemma 1, for any ¢ € I'(z,y) and @2 € I'(y, 2), we have

Sol@,2) < max (Ag(pr) + Mg (0,1), Ag(i2))

= max (Ag(p1) + Aga(0,1) + 8(22(0)) = 8(2(0)), Ag(ie2) )

< x (Ag(p1) + Aglp2) — G(Q)aAg(S@))

where we use the fact that Ay, (0,1) + g(¢2(0)) < Ag(p2). On the other hand, we see that

9(y) = 941 (1) < Ag(e1).

so that Sg(x, z) < Ag(e1) + Ag(p2) — g(y). Taking the infimum with respect to 1 and ¢, we
deduce (13). At last, subtracting g(y) in both sides of (13) we get Zy(x, 2) < Zy(z,y) + Zy(y, 2).
To finish the proof, we see by Proposition 3, that Zy(z,z) = 0, and we have S(z,y) < Zy(z,y),
for any x,y € Q. Thus, Zy(z,y) = 0 if and only if z = y.

O

To end up this section, we prove the local continuous 1—Lipschitz regularity result of Sy(y, .)
with respect to the distance S on the set where Sy(y,.) # g. This will be very useful for the
study of the connection between Sy(y,.) and the SHJO equation Hy[u] = 0 in Q.

Theorem 3. Let y € Q be fized and Cy be a connected component of the set [Sy(y,.) > g(.)].
Under the assumptions (H1)-(H3), for any xo € Cy, there exists R > 0, such that

(14) Sg(yax)_sg(ya Z) S S(Z’:E)v fOT’ any I’,ZGB(I’O,R)
and
(15) Ty(y,x) — Iy(y, 2) < S(z,x)  for any x,z € B(xo, R).

To prove this theorem, we begin with the following lemmas.

Lemma 2. Let v,y € Q and ¢ € ['(y,z). For any t € [0,1] such that

Ag(p) = glp(t)) + Ap(t, 1),

we have

11



Proof : Let us denote by T := ¢(t) and @ := ¢(o7, € I'(y, 7). Thanks to Proposition 3, we
have

0(7) < S(y,7) < Ag(@) = max (a(p(F) + A, (71.D))

= max (a(p@ ) + Ap(T1,1)) = Ayl

t, 1
te[0,1] 1)

:gﬁ@mm+wwm—www

O]

Lemma 3. Let y € Q be fized and z,z € Cyy. For any s € T'(z,x), such that p2([0,1]) C Cy,
we have

(16) Sg(y, ) < Sg(y, 2) + A, (0, 1).

Proof : For a given ¢; € I'(y,z), we fix an arbitrary 7 € [0,1], and we consider ¢ :=
©1 Ur 2 € T'(y,x) (see for instance Figure 3 on page 13). Then, let

f=max {t€[0,1] 5 gp(t) + Ap(t. 1) = Ag(p)}.

Since x € Cy, thanks to Lemma 3, we have ¢(f) ¢ Cy and ¢ < 7. This implies that and we have
Sg(y,z) < Agle)

mo a(e(0) + [ 015, /() ds

te(0,7]
AQ(QPI) + A<P2 (0’ 1)'

IN

IN

Then, by taking the infimum over ¢ € I'(y, z), we deduce the result. O

The next lemma which is a slight modification of Lemma 5.5 of [10] is useful for the proof
of Theorem 3 .

Lemma 4. Under the assumptions (H1)-(H3), let zo € Q. Then, for any € > 0, there exists
de € (0,€) such that

(17) S(z,z) = inf {A(gp) ;o el(x,z)N LipB(xoye)}, for any x, z € B(xg,d).

12



Figure 3: Jusxtaposition inside C),

Proof : Assume (17) is not true. Then, there exists ¢y > 0, a sequence x,,y, and ¢, €
1

I'(2p,yn) such that lim x, = lim y, = zg, {(p,) > € and lim / a(pn(t), @ (t)) dt = 0.
n—oo n—0o0 n—oo 0

Taking &' € T'(zg,2,) and &2 € T'(y,, zo) the Euclidian geodesics and juxtaposing €L, ¢, and
€2, we construct a sequence of curves @, such that @, € I'(zg, xo), I($n) > I1(¢n) > €o and

1
lim a(@n(t), @ (t)) dt = 0.

n—oo 0

This is in contradiction with the fact that the Aubry set is empty.
O

Proof of Theorem 3 : Thanks to Proposition 3 and Theorem 2, we know that S(y,.) > g
in . The continuity of Sy(y,.) and g implies that Cy is an open domain. Let xy € C,. Thanks
to Lemma 4, there exists 0 < 0 < ¢, such that B(zg,€) C Cy and

1
(18) S(z,z) =inf { /0 a(et), ' (t)dt; ¢ €T(z,2)N LipB(x07€)} for any z,z € B(xg,0).

We take R = §. Thanks to Lemma 3, by taking the infimum over ¢ € I'(z, z) such that ¢([0, 1]) C
B(xg,€), we deduce the result. O
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4 Viscosity solution for the SHJO equation

The aim of this section is to establish the connection between the explicit formula Sy and the
SHJO equation Hy[u] = 0 in 2. We summarize this connection in the following theorems.

Theorem 4. Under the assumptions (H1-HS3), for any y € 0, we have

1. S4(y,.) is a subsolution of Hy[u] =0 in Q.

2. For any x € Q,

(19)  Sy(y,z) = max {u(x) ; wis a subsolution of Hylu] =0 in Q with u(y) = g(y)}.

3. Sy(y,.) is a solution of Hylu] =0 in Q\ {y}.

In order to deal with the boundary value problem, we introduce as usual for Hamilton-
Jacobi equation, the intrinsic Hopf-Lax-formula. To this aim, let D C €2 be a given closed
subset. Following the same idea of the Hamilton-Jacobi equation, the Hopf-Lax formula is given
by

(20) dg(x) = inf {Sg(y, x); yE D}, for any = € Q.

We have

Theorem 5. Under the assumptions (H1)-(H3), dq is a viscosity solution of Hglu] = 0 in €2,
satisfying dq(x) = g(x), for any x € D.

Then, for the boundary value SHJO problem, we have the following existence and uniqueness
result.

Theorem 6. Assume that Q is a bounded domain. Taking D = 0Q in (20), 4 is the unique
viscosity solution of Hylu] = 0 in €, satisfying 64(x) = g(x), for any x € 0.

Example : Coming back to the example of Figure 1 on page 8, the picture on Figure 4 on
page 15 shows moreover the graphic of the function x € IR — d4(x).

The proof of Theorem 4, Theorem 5 and Theorem 6 follows from the sequence of lemmas we
will present. Throughout this section, we use the notation xp to denote the indicator function
of the subset B C €, given by

() = 1 ifxe B
XBWT) =1 ¢ otherwise.

Lemma 5. 1. If u is a supersolution of Hy[u] = 0 in ), then u and max(u,g) are superso-
lutions of H[u] = 0 in .

14



Figure 4: Representation of the functions z — Sy(x1, 2), 2 = Sg(x2, 2) and z — dg4(2)

2. Any subsolution of H[u] = 0 in Q is a subsolution of Hgu] =0 in €.

3. Let u € C(2) be such that u > g in Q. Then, u is a subsolution of Hgu] = 0 in  if and
only if u is a subsolution of H[u] =0 in the set [u > g].

4. Let uw € C(Q2) be a given function and let C be a connected component of the set [u > g].
Then, u is subsolution (resp. supersolution) of Hy[u] = 0 in C if and only if u is subsolution
(resp. supersolution) of H[u] =0 in C.

5. Let A C Q be a given open set. If u is a subsolution of H[u] =0 in A and u = g on 0A,
then the function i = uxa + gxa\a 5 a subsolution of Hglu] = 0 in Q.

Proof : The proof of this lemma use in an obvious way the definition of viscosity solution.
We omit to give the details of the proof and let it as an exercise for the reader. O

Lemma 6. For any y € Q, Sy(y,.) is a subsolution of Hglu] =0 in Q.

Proof : First, let Cy be a connected component of the set [Sy(y,.) > g]. Thanks to Theorem

3 and Proposition 1 we know that, for any = € Cy, there exists R > 0 such that Sy(y,.) is a

subsolution of H[u| = 0 in B(x, R). This implies that Sy(y, .) is a subsolution of H[u] = 0 in C,,.
Then, by using Lemma 5, we deduce that Sy(y,.) is a subsolution of Hg[u] =0 in Q.

O

15



Lemma 7. Let y € Q be fized. For every z € (2,
(21) Sg(y, x) = max {u(:ﬁ) ; u subsolution of Hglu] =0 with u(y) = g(y)}

Proof : Thanks to Lemma 6, Sy(y, .) is a subsolution of Hy[u] = 0 and Sq(y,y) = g(y). This
implies that

Sg(y, r) < max {u(x) ; u subsolution of Hglu] = 0 with u(y) = g(y)}

Now, let u be a subsolution of Hy[u] = 0 such that u(y) = g(y). Let us prove that
(22) Se(y, ) > u(z), for any z € Q.

Assume by contradiction that, there exists « € €2, such that Sg(y,z) < u(x). This implies that
there exists a curve & € T'(y, z) such that

u(z) > Ag(§) = g(x).

Since u(y) = g(y) and u(z) > g(z), there exists 7 € [0, 1] such that

u(€(7)) = a(£(r) and u(£(t)) > g(£(1)), for any 7 <t < 1.

Taking C' a connected component of the set [u > g] such that x € C, we have that zo := &(7) €
aC, &([r,1] C C and
u(z) > Ag(§) = g(wo) + Ag(r, 1).

This implies that
u(x) = glwo) > inf {A¢(0,1); ¢ € (w0, y) and ([0,1] € C'},

which is impossible because u is a subsolution of H(x, Vu) = 0 in C satisfying u(zo = g(xo) (see
(5) in Proposition 1). This ends up the proof of the lemma. O

Lemma 8. Let y € Q be fized. The function Sy(y,.) is a supersolution of Hg[u] = 0, in Q\ {y}.

Proof : Using the formulation (3) and (4), the proof follows the same ideas of Proposition 3.2
of [10]. Indeed, assume that Sy(y,.) is not a supersolution. This implies that there exists z # y
and w € C'(Q) such that Sy(y,.) — w(.) has a local minimum at z and H(z, Vw(z)) < 0. Using
the continuity of the function * — F(z,w(z), Vw(x)) and the function x — Sq(y,z) — w(x),
there exists ¢ > 0 and r > 0 such that

F(,w(.),Vw(.)) <0, in B(z7)

and
Se(y,x) —w(x) >e, indB(z,r).
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Then, choosing
max(w(z) + €, Sg(y, x)) for x € B(z,r)

x(x) =
Sa(y, ) otherwise,
yields a subsolution with x(y) = g(y). This is impossible since x(z) > Sy(y, 2). O
Proof of Theorem 4 : The proof of this theorem follows by Lemma 6, Lemma 7 and
Lemma 8. O

Proof of Theorem 5: Since, for any y € €2, Sy(y,.) is a supersolution of Hylu] = 0 in ©,
it is not difficult to see that dy is a supersolution of Hy[u] = 0 in  satisfying d4(y) = g(y), for
any y € D. Now, let us prove that dg is a subsolution Hglu] = 0 in Q. It is clear that

(23) g(z) < 84(x) < Sy(y,x), forany z € Qandy € D.

Let C be a connected component of the set [§; > g]. Since Sy is continuous, for any z € C, there
exists y, € D such that dg(2) = Sq(y2, 2), and we have

5a() — 84(2) < Sqlysr@) — Syly=.2),  for amy 2 € C.

Moreover, since C' C [Sq(yz,.) > g], by using Theorem 3 and the same arguments of the proof
of Lemma 6, we deduce that dg is a subsolution of Hy[u] = 0 in €. O

For the proof of Theorem 6, we prove the comparison principle for the SHJO equation in a
bounded domain.

Lemma 9. Assume that € is a bounded domain and let u and v be a subsolution and a super-
solution of Hg[u] = 0 in Q, respectively. If u < v on 09, then

(24) u(z) <v(x), for any z €.

Proof : Let u and v be a subsolution and a supersolution of Hy[u] = 0 in €2, respectively.
Recall that v > g and v > g, in Q. If u(x) = g(z), then obviously u(z) < v(x). Now, assume
that u(x) > g(z) and let us prove that u(x) < v(z). Let us consider C' the connected component
of [u > g|, such that z € C. Thanks to Lemma 5, u and v are a subsolution and a supersolution
of H[u] = 0 in C, respectively. Moreover, we have u = g and v > g on 9C. Using Proposition 2,
we deduce that v < v in C and the proof of the first part of the theorem is finished. O

Proof of Theorem 6 : The proof of this theorem is a simple consequence of Theorem 5
and Lemma 9. O

17



5 Remarks, extensions and comments

5.1 The function S;(y,.) along the geodesic

Now, assume that z,y € Q are geodesically connected; that is there exists ¢ € I'(y, z), that we
denote by ¢, ;, such that

So(y, ) = Ag(py.c)-
Denoting by t, . € [0, 1], the value given by

A
by = max {1 € 0,115 Ae) = 020)+ [ 0loyls). Fals))

we know by Lemma 3 that
Sq(y, (Py@(ty,;t)) = g(@y,x(ty,x))'

In particular, this implies that Sy(y,x) > g(x), if and only if ¢, , < 1. Moreover, t,, = 0 if and
only if Sq(y,z) = S(y, ) + g(y). Indeed, in one hand, we have

Sa(y,z) > Ay, (0,1) +a(y)

(25) > S(y,r) +9(y)

On the other hand, by definition of ¢, ;, we know that Sy(y,z) = g(y) + Ay, . (0,1). This implies
that S(y,z) < Ay, .(0,1), and, by (25), we get S(y,z) = Ay, ,(0,1).

Theorem 7. Let z,y € Q, be such that Sy(y,x) > g(x). We have
1. For any t € (ty s, 1], we have
Se(Y, y.a(t)) > 8(py.x(1))-

2. For any ty . <t1 <ty <1, we have

(26) Sg(@y,z (t2)) — Sg(@y,m(tl)) = Awy,z (t1,t2).

Moreover, for any T € (ty,1), there exists € > 0, such that for any ti,t2 € (T — €, 7 +¢€),
we have

(27) Salpye(ta)) = Sgleya(tr)) = S(ye(t), oya(tz))-

3. Lett € (tyz, 1), if pyz is differentiable at t and S(y,.) is differentiable at oy .(t), then

(28)  VaSg(y, wya(t) - @y 1 (1) = 0(pya(t), 0y (1) = VaS(y, 0ya(t)) - ¢y (1)
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Lemma 10. Under the assumption of Theorem 7, for any t € (t,,,1), we have

(29) Sow 2500 = Ag (£10) 0)) = 8(2ualtya)) + A, o (b0,

Proof : Let us denote by T = ¢, ,(t). For a given ¢ € I'(y,Z), we consider the path
pr=pl (@y,w)(i,l) €'y, z).

By definition of ¢, , and ¢, ., we have

(80)  8(ualtye)) + Mgy, (b 1) < max (Ag((6y0) 1) Aa() + Mgy (1))
Since, t > t, 5, by definition of ¢, ., we have
A((Py) @) < 8(0palty)) + Mgy, (tys 1):
So, (30) implies that
max (Ag((9y.e) 1) Ag() + Aoy )y (0:1)) = Ag(9) + A, (0,1),

and
9(Pya(tys) + A, . (tye, 1) < Ag(p) + A(a,oy,x)(m) (0,1).
This implies that
A4(¢) = Ag((eua)0))-

Since ¢ € I'(y, ¢y,2(1)) is arbitrary and (¢y.2) 07 € ['(¥, ¢y, (t)), we deduce that

Sol0. 242D = A (£42)0) -

19



Then, using the fact that ¢t > t —y, z, it not difficult to see that A, ((‘Py,m)(o,i)) = g(pyz(tyz))+
Ay, . (tyz,t), and the proof is complete. O

Proof of Theorem 7 :

1. This follows from Lemma 10 and the definition of ¢, .. Indeed, for any ¢t > ¢, ,, we have

g(wy,w(t)) = Q(Spy,w(tym)) + A@y,z (ty,:m t)
= g(@y,x(ty,z)) + ASOy,z (ty,xv 1) - ASOy,z (t,1)

> 9(pya(t) + Mg, . (1,1) = Ag, (1, 1) = gy (D).

2. Thanks again to Lemma 10, we have (26). Now, for the proof of (27), we see that combining
(26) with Theorem 3, we have

Agoy,z (th t2) < S(‘Py,x (tl)a Py,x (t2))7

for any t; and ¢o in the neighbor of 7 (because Sq(y, ¢y (7)) > 9(pyz(7)). Thus
Ay, . (t1,t2) = S(0ye(t1), ¢yz(t2)). This finish the proof of the second part of the the-

orem.

3. Thanks to the second part of the theorem, for any t € (t,.,1), and h > 0 small enough,

we have
(S 2yl + 1) = So(u. 000 () = 7 (S palt + 1) = Sy, 2y(t))

1 t+h ,
— o[ s dsds
Letting h — 0, we obtain

VSq(y: pya(t) -0y (1) = VS, pya(t)) - @y (1)

= U(@y,x (t)a @?y,x (t))

5.2 The critical case

At last, let us mention that most of the results of this paper holds to be true if we replace the
assumptions (H3) by the general one

(H'3) H(z,0) <0, foranyz € Q.
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However, even if we do believe that the condition that the Aubry set is empty is not necessary
to get (18), it is not clear for us if the result of Theorem 3 holds to be true or not under
the assumption (H'3). Actually, the proof of Theorem 3 is based on the estimate (16) and the
property (18). So, it is possible to weaken the assumption (H3) to new conditions which enters
into (18). We do not abort these particular cases in this paper and avoid to splint the result
with respect to the partitions of A. This corresponds to the critical case for the Hamilton-Jacobi
equation H[u] = 0 as well as for the SHJO equation Hy[u] = 0; for which both metrics S and I
would degenerate. We are planning to give a complete study to the critical case in a forthcoming

paper.

5.3 Comments and remarks on the free boundary formulation

As usual for the obstacle problem, the domain €2 is divided into two regions separated by the so
called free boundary. The region where the solution u coincides with the obstacle is called the
contact set ; that we denoted by .. In the remaining region Q \ €., u is a viscosity solution of
the Hamilton-Jacobi equation H[u] = 0. Interesting questions about the regularity of the free
boundary and the ” geodesic convexity” of the set Q\ 2. remain to be open. Indeed, knowing these
kind of behaviors one can rewrite the solution of the SHJO problem using local intrinsic metrics
corresponding to connected component of the set Q \ €., and establish qualitative behavior of
the solution in these regions. To name just a few, these kind of questions appears in many other
different context : equilibrium position of a membrane, fluid filtration in porous media, optimal
control or financial mathematics, etc.
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