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METRIC FORMULAE FOR NONCONVEX HAMILTON-JACOBI
EQUATIONS AND APPLICATIONS.

A. MARIGONDA AND A. SICONOLFI

ABSTRACT. We consider the Hamilton-Jacobi equation H(z, Du) = 0 in R™,
with H non enjoying any convexity properties in the second variable. Our
aim is to establish existence and nonexistence theorems for viscosity solu-
tions of associated Dirichlet problems, find representation formulae and prove
comparison principles. Our analysis is based on the introduction of a metric
intrinsically related to the O-sublevels of the Hamiltonian, given by an inf-sup
game theoretic formula. We also study the case where the equation is critical,
i.e. H(z, Du) = —e does not admit any viscosity subsolution, for € > 0.

KEYWORDS: nonconvex Hamilton-Jacobi equations, viscosity solutions, Aubry-
Mather theory.
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1. INTRODUCTION

The paper is devoted to the study of the Hamilton—Jacobi equation H(x, Du) =
0, posed on R"™ or on open subsets of it, with H continuous in both arguments and
coercive in the second, but not enjoying any convexity property in the momentum
variable. The investigation takes place in the framework of viscosity solutions
theory, from now on the term (sub, super) solution must be understood in this sense.
The scope is to establish existence and nonexistence theorems for viscosity solutions
of related Dirichlet problems, find representation formulae and prove comparison
principles. The appeal of the topic is witnessed by some very recent contributions,
see [6], [12], but our approach follows more closely the line of thought of [10].

The study of nonconvex Hamilton—Jacobi equations is a quite unexplored fields
which is interesting from a theoretical point of view as well as in view of applica-
tions: for instance the time-dependent Hamilton—Jacobi equations with homoge-
neous Hamiltonians describe the geometric motion of interfaces which can be used
to modelize phenomena arising in combustion theory, and in some situations the
convexity assumption on the Hamiltonian seems not justified. Nonconvex Hamil-
tonians also arise in some neuronal-fiber tracking models, based on magnetic res-
onance imaging, where they are used to describe anisotropic diffusion of water
molecules along the neurons of the brain.

A more theoretically relevant research topic for nonconvex Hamiltonians is the
qualitative analysis of the critical equations which is related to homogenization
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problems as well as to dynamical issues, at least when the Hamiltonian is sufficiently
regular. We will come back on this point later on.

Compared to the case of convex or quasiconvex equations, where a quite complete
body of results is available, very little is known on the subject, and the difficulty
of the analysis increases drastically in the nonconvex environment.

The main reason of such a gap is that when the 0—sublevels of the Hamiltonian
are convex, an intrinsic Finsler metric, denoted by L, can be defined on R™ through
minimization of some line integrals, containing the support function of the sublevels,
along the (Lipschitz—continuous) curves connecting two given points, see Definition
3.2 and [10].

The formula defining L is easy to handle and it turns out that the class of
viscosity (or equivalently a.e.) subsolution to H = 0 is singled out by the property
of being 1-Lipschitz continuous with respect to L, or, in other terms L(x,-) is,
for any fixed z, the maximal subsolution vanishing at =, and consequently is also
solution in R™ \ {z}. In addition a Lax—type formula involving L and a datum
assigned on some compact subset K, say g, provides a solution to H = 0 outside
K taking the value g on K, provided that g satisfies some compatibility condition
with respect to L. We will come back on this issue later on.

If no convexity conditions are assumed on the O-sublevels of H, it has been
proved in [10] that a related metric, indicated by S, can still be defined, and as in
the convex setup, the functions S(z,-), for x € R™, make up a class of fundamental
solutions of H = 0, more precisely they are solutions in R™ \ {z} and subsolutions
in the whole space.

On the other hand, they do not enjoy any maximality property and no charac-
terization of the subsolutions to the equation in terms of Lipschitz—continuity with
respect to S is available. Furthermore S is represented by a rather involved inf-sup
formula of game—theoretic type, see Definition 3.1.

The metric counterpart of the lack of convexity lies in the fact that S is not of
Finsler type and not even a path metric, in the sense that the distance between
two points is not in general given by the infimum of the intrinsic length of curves
joining them, where the intrinsic length is the total variation of the the curve with
respect to S. This peculiarity adds a further complication in the analysis.

When the Hamiltonian is independent of the state variable, or more generally
when the convex hull of the O—sublevels of H is constant, say C', then the nonconvex
metric coincides with the convex one supplied by C, see Proposition 3.3, more
precisely

S(SC,y):O'C(y*SC) for any , y,

where o¢ stands for the support function of C. Part of the results contained in
[4], [6] can be understood taking into account this property. However, even in this
simple case, the Lax—type formula valid for quasiconvex Hamiltonian does not give
in general a solution to the Hamilton—Jacobi equation in a given open region of
R™ when a boundary datum g is assigned, as it is shown in Example 3.1. We
propose an appropriate adaptation of this formula to the nonconvex setting, see
(7) and Theorem 4.1, but then an interesting issue arises, namely to determine
compatibility conditions on g in order that the solution so obtained agrees with it
on the boundary and no boundary layers develop.

In the convex case a necessary and sufficient condition for this is the 1-Lipschitz
continuity of g with respect to the intrinsic metric L. In the absence of convexity
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properties this is not true any more, even if we replace L by the nonconvex metric
S. This is demonstrated for a class of affine boundary data in Proposition 5.1,
which slightly generalizes a result given in [4], and for a datum of different nature
in Example 5.2.

We do not know if in the nonconvex setting a not too involved characterization
of admissible boundary data can be detected. So far, we provide different sufficient
conditions for this in Section 5, in particular Proposition 5.4 should be compared
to Theorem 2.6 in [4] and Theorem 7 in [6]. A couple of uniqueness principles in
the case where the O—sublevels of H are strictly star—shaped with respect to 0 are
established as well, see Propositions 5.7, 5.8.

In Section 6 we deal with the case where the equation H (z, Du) = 0 is critical,
i.e. it admits subsolution in R™ but no functions ¢ satisfying H(z, Dy) < —¢
in the viscosity sense, can exist, for any positive €. Such kind of equations are
relevant, for instance, in connection with homogenization problems, see [8]. When
the Hamiltonian is quasiconvex, a wide qualitative analysis of the critical equation
has been performed in [7] looking at the properties of the related intrinsic metric.

In this respect a crucial role is played by the so—called Aubry set A whose points
are characterized by two simultaneous properties, namely L(z,-) is solution to the
equation on the whole R™, and not just in R™ \ {z}, if # € A, and the intrinsic
metric fails to be equivalent to the Euclidean one around =x.

It is a relevant open problem in the field to understand if something similar can
be done for nonconvex critical Hamilton—Jacobi equations.

Our contribution is simply to point out, in the nonconvex case, through a couple
of examples, Examples 6.1, 6.2, the existence of points y for which S(y, ) is solution
to the critical equation on the whole space but no degeneration of the intrinsic met-
ric takes place around them with respect to the Euclidean distance. Unfortunately,
this seems to indicate that the metric approach is not viable for the analysis of the
critical equation in the absence of convexity conditions on H.

The paper is divided into 6 sections. Section 2 is devoted to fix the notation and
give some preliminaries and results on nonsmooth analysis and viscosity solutions
theory. In Section 3 we introduce the basic object of our investigation, i.e. the
nonsymmetric metric related to the Hamilton—-Jacobi equation. In Section 4 the
property of the metric are exploited to construct a solution for Dirichlet problems,
while in Section 5 are established sufficient conditions on the boundary datum in
order that such solution agrees with it on the boundary. Finally, in Section 6 it is
given some applications to the analysis of the critical equation in the nonconvex
setting.

ACKNOWLEDGEMENTS. — The first author has been partially supported by the
University of Roma ”La Sapienza” through the Ateneo program ”Metodi di vis-
cosita metrici e di teoria del controllo per EDP non lineari”. He appreciatively
acknowledges the hospitality and support of the Department of Mathematics of the
University of Roma ”La Sapienza”, where this research was initiated.

2. PRELIMINARIES AND NOTATIONS

We consider, throughout the paper, Hamiltonians with state variables in the Eu-
clidean n-dimensional space R™. Given x,y € R", & = (21, ..., Zpn), ¥ = (Y1, s Yn),
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a subset A of R™, r > 0, we denote by:

0A, A, int(A) (the topological boundary, the closure
and the interior of A, respectively)
(y,x) = inyi (the Fuclidean scalar product ),
i=1
ly —z| = {y —x,y — x) (the Euclidean distance),
d(z, A) = igg |z — x| (the Fuclidean distance of x from A),
ni(z)={z€A:d(z,A) =|r— 2|} (the projection set of x on A),
d*(z, A) = 2d(z, A) — d(x,DA) (the signed distance of z from A),
B(z,r)={z€R": |z —z| <r} (the Fuclidean ball centered at x of radius r).

Definition 2.1. Let A be a subset of R™ and a € A, we say that A is star—shaped
with respect to a if for every A € [0,1], p € A, Aa+ (1 — A\)p € A. We say that A
is strictly star—shaped with respect to a if, in addition, Aa 4+ (1 — A\)p € int(A) when
A€ (0,1).

We will denote by co A the convex hull of A, namely the intersection of all convex
subsets of R™ containing A. The support function oc4(-) is defined by:

oa(q) = sup(q, p).
pEA

Note that o4 (-) = o057 (+)-

Definition 2.2. Let K be a closed subset, pyp € K, ¢ € R", we say that ¢ is a
proxzimal normal to K at pg if there exists p = p(pg) > 0 with

(¢,p —po) < plallp —po|* for every p € K.

The proximal normals to K at pyp make up a convex (not necessarily closed) cone
that will be denoted by NZ(po) and called prozimal normal cone. For a closed
convex set, say C, the proximal cone reduces to the usual cone of convex analysis,
given by

Ne(po) ={q €R™ : (p,p—po) <0 forall p € C}.
We recall that it is, in addition, closed. Note that oc(q) = (po, ¢) for some g € R",
po € C if and only if ¢ € N (po).
A py € C is called an extreme point of C if pg = Ap1 + (1 — \)p2 for some 0 < A < 1,
p1,p2 € C implies p; = ps = pg. We state for later use the Krein—-Milman Theorem
about extreme points and a corollary.

Theorem 2.1. FEvery compact and convex subset C of R™ is the convex hull of its
extreme points. Conversely if C = co(K) with K compact subset of R™, then every
extreme point of C belongs to OK.

See for the proof . [9, Corollary 18.5.1, p. 167] and [9, Corollary 18.3.1, p. 165].

Corollary 2.1. Let C C R™ be a compact convex set, assume that g € No(p) for
some p € C. Then there exists an extreme point p of C such that g € No(p).
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Proof. Define F := {p € C : (¢,p) = oc(¢)} and notice that it is a compact
and convex subset of C'. So it has at least an extreme point, say p, thanks to
Krein—Milman Theorem. We prove that p is also an extreme point for C.

Assume, by contradiction, that there exist A € (0,1), p1,p2 € C\ {p} with
P = Ap1+ (1 — A)pa. Therefore at least one of the p;, i = 1,2, is not in F since p is
an extreme point of F', and so, for such an 4, (g, p;) < oc(q). From this we find

oc(q) = (¢:p) = Mg,p1) + (1 = A){g,p2) < oc(q),

which is impossible. (I

For these and other properties of convex sets, that will be used in what follows,
we refer to [9]. We proceed by giving some notions of generalized differentials.

Definition 2.3. For a continuous function u from R™ to R, we define:

Dtu(e) — {p: ey u(z +v) —|Z|<x>—<p,v> SO}’
et ) —u@) — ()
D u(z) = {p. hﬁl‘lﬁl%f o > 0},

they are called the (Fréchet or viscosity) superdifferential and subdifferential of u
at x, respectively. These sets are closed and convex, possibly empty.

A characterization of these objects can be given as follows: v € DT u(x) (resp.
v € D™u(x)) iff there exists a neighborhood V of x and a C*! function ¢ : V. — R
such that u — ¢ attains its maximum (resp. minimum) in V' at z and v = Dy(z).
Such ¢ will be called a super (resp. sub)tangent test function. We say that ¢ is
a strict super (resp. sub)tangent if, in addition, x is strict local maximizer (resp.
minimizer) of u — .

Definition 2.4. Given a locally Lipschitz—continuous function u defined in R™,
and denoted by dom(Du) its differentiability set (which is of full measure by
Rademacher’s theorem) the Clarke’s generalized gradient of u at x is the compact
convex set:
du(x) := co {v € R": H{an}neny C dom(Du) with v = lim Du(zn)} .
n—oo

We proceed by giving some notions from viscosity solutions theory. A detailed
account of this topic, with some applications, is given in [1]. We are interested in
the Hamilton—Jacobi equation

(1) H(xz,Du) =0, x € R"”
in the unknown w. The Hamiltonian H is supposed to be continuous in both
arguments
Definition 2.5. A continuous function u from R”™ to R is called a wiscosity subso-
lution of (1) if

H(x,p) <0 forany z, p € DT u(x).
A wiscosity supersolution is defined by replacing in the above formula DT by D~

and requiring H(z,p) > 0. A wiscosity solution is a function which enjoys the
property of being a sub and a supersolution at the same time.



hal-00660446, version 1 - 16 Jan 2012

6 A. MARIGONDA AND A. SICONOLFI

From now on the term (sub, super) solution must be understood in the previous
viscosity sense. A subsolution of equation (1) is called strict in some open subset
Q if

H(z,p) < —§ for any x € Q, p € DTu(z), and for some § > 0.
We say that 0 is the critical value of H or that (1) is a critical equation if the
equation H = —¢ does not have subsolutions for any ¢ positive.

L>((0,7),R™). A
T) and N, N2 € B4
t

Definition 2.6. Let T > 0 be fixed and By, By C BT =
nonanticipating strategy is a map 7 : By — Ba such that if ¢ € (0,
are such that n; = n2 a.e. in (0,t), then y[m] = vy[n2] a.e. in (0

For every x,y, we define

BT .= {geBT- x—i—/TC(t)dt— }
T,y " . =Y 9
0

and denote by I'T, Fg,y the nonanticipating strategies from BT to BT and from B”
to Bgy, respectively. In the case where T' = 1, we write B, B, y,I',I'y , instead of
Bl, B{%7y7 Fl? F}i,y'

3. METRICS ASSOCIATED WITH HAMILTON—JACOBI EQUATIONS

Throughout the paper, we consider the equation (1) under the following assump-
tions:
(H1) H is continuous in both arguments,
(H2) H(z,0) <0 for any =,
(H3) if H(x,0) =0 then int(Z(z)) = (), where Z(x) := {p € R* : H(x,p) <0}
(H4) | IHIE H(z,p) = 400 locally uniformly in z,
P —+00

(H5) if int(Z(z)) # 0 then 0{p € R" : H(x,p) <0} ={p € R": H(x,p) =0}.
We set
(2) E={z: intZ(z) =0}

Note that if £ is nonempty then the equation (1) is critical. The Hamiltonians to
which our setting applies include those of separated—variables form F(p) — f(x),
where the potential f is nonnegative and F' has minimum 0 with minimizers making
up a set with empty interior containing 0. In this case the corresponding equation
is critical if and only min f = 0, and then &£ is the set of minimizers of f. We

will write Z, instead of Z(z), in the case where the Hamiltonian is independent of
2. The coercivity condition (H4) implies that the sublevels Z(x) are compact for
any x and that all subsolutions to (1) are locally Lipschitz—continuous. The map
x — Z(x) is upper semicontinuous in the Hausdorff metric, and continuous at any
x where int(Z(x)) # (), see [10, Proposition 2.1].

Remark 3.1. Conversely, an Hamiltonian satisfying our assumptions can be con-
structed starting from any Hausdorff-continuous set valued function z — Z(x),
satisfying

0 € Z(x) forany z,

intZ(z) = 0 whenever 0 € 0Z(z),

)
by setting H(x,p) = d” (p, Z(x)).
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Next we recall the definition of intrinsic distance associated with the equation
(1), see [10]. This generalizes the relationship between Euclidean metric and the
classical Eikonal equation |Du| = 1. The nonconvex character of the Hamiltonian
leads to more involved formulae. Let T > 0, n € BT, v € I'T, 2 € R". We set

I7(n.y) = / —l(E), 1(8)) — O (. Z(€ (1)) dt
where .
(1) = 2 + / 2] (s) ds

is the integral curve of v[n] starting from z. The superscript T' will be omitted if
equal to 1.

Definition 3.1. For each pair of points x, y, we define the intrinsic metric as

S(y,x) = Wemf 51€1pI 2(1,7)-
Tavy

The next proposition summarizes the main properties of S.

Proposition 3.1. Let x,y,z € R™, T > 0. The following properties hold:
i S(y,@ 7) = inf, sup {Z2 () + Sy, &17(1))}-
ii. S(y,z) >0 and S(m x) = 0, if, in addition, & = O then S(y,xz) > 0

whenever x # v,

ili. S(y,z) < S(y,z) + S(z,2),

iv. If £ =0 then S is a metric locally equivalent to the Euclidean one,

v. For every subset compact K, there exists Cx > 0 such that S(yo,x0) <
Cklyo — xo| for all zg,yo € K.

Proof. i. See [10, Proposition 3.3].

—

ii. According to (H2), 0 € Z(z) for all z, therefore for 7(s) = 0 we have
1
Swa)z it L= it [ @@ 2 o) o
~eTl’ T,y 'Yera:,y 0
In order to obtain the converse inequality when z = y, define the strategy
7 : B — By 4 by setting 7[n](t) = 0, then

S(z,z) < sup Zy(n,7) =0.
neBm,m

Finally, let x, y be two different points, we set 7 = 0 in [0,1]. Since
~[7](t) # 0 for t in a subset of [0, 1] with positive 1-dimensional Lebesgue
measure, for any v € I ,, and d*(0, Z(z)) < 0 for any z, we have

S(y,2) > inf / Iyl (7, 21 (8)) dt > 0

Y€,y
iii. According to items i. ii.
S(y,@) = inf sup{Z, (n,7) + S &N (TN} < i sup{Z; (m,7) + Sy, 2)}
ne

YE 2 neB
= S(y,2)+5(zx2)
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iv. and v. Define R = sup{|p| : p € Z(z), x € co K}. We assume yy # o, otherwise
there is nothing to prove. We define a nonanticipating strategy 7 € I'z, 4,
by setting J[n] = yo — xo, so that {17 (t) = xo +t(yo —x0) € co K, t € [0,1].
We have

S (yo, xo) /1 Yo — %o 4 .
———= < sup —(T—,n) —d*(n, Z(EL7 (1)) dt
o —o] =S ). <|y0_$0| ) —d*(n, Z(&L (1))

- (Yoo Ly gt Ny
sup { [ (B ) - 2(e )

) a2 )
where It ={t € [0,1]: |n(t)] > R} and I~ = [0,1]\ IT. For t € I~
Y% — %o
Yo — o’
For t € I'", we have by (H2)
iy MO =00, 27 (0) < [0(0)|=F(0), BO,B) = [n(t) = In(0) -+ 7 = F

Hence, summing up, we find S(yo, o) < 2R|yo — zo|, as desired.

n(t)) — d*(n(t), Z(£27(t))) < R+ R = 2R.

O

The item v. of the previous result together with the triangle inequality clearly im-
plies that for any fixed yo the function z — S(yo, x) is locally Lipschitz—continuous.
Such functions make up a class of fundamental subsolutions of the problem H (x, Du) =
0, as made precise in the next proposition.

Proposition 3.2. Let xy be fivzed. Then v(x) := S(xo,x) is a subsolution of (1) in
the whole space and a supersolution of (1) in the whole space except xq.

Proof. See [10, Theorem 4.1, Theorem 4.2]. O

It can be showed, see [10], that S is not, in general, a path metric in the sense
that the distance between two given points can be strictly less than the infimum
of the corresponding length of curves joining them. As already pointed put in the
Introduction, this is, in a sense, the metric counterpart of the lack of the convexity
of the Hamiltonian. Another nonsymmetric distance, related to the convex—valued
function x — coZ(x) can be defined as follows:

Definition 3.2. Given z, y, we set

1
L(z,y) = inf {/ oz(g(t))(é(t)) dt : & Lipschitz—continuous curve defined in [0, 1]
0

joining z to y} .
Since the support function of a set and of its convex hull coincide, the metric L can

be analogously defined replacing in the previous formula oz ¢(;)) by 0coz(g(t))-

L is a path metric, more precisely of Finsler type, locally equivalent to the
Euclidean metric (cfr. [10, Section §1]) in the case where & = ). In general
S(y,x) < L(y, x), and S = L if the 0—sublevels of H are convex (cfr. [10, Theorem
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2.1]). Another case where the two metrics coincide is illustrated in the following
result.

Proposition 3.3. Assume that the set-valued map coZ(-) is constant, then S = L.

Proof. We denote by K the constant value assumed by coZ(-), which is clearly a
convex compact set. We have L(yo,z0) = ox(xo — yo) for any g, yo, which, in
turn, implies L(yo, z0) = (po, o — Yo), for some py € K depending on xy and yo.
We moreover know from Corollary 2.1 that pg can be chosen as an extreme point
of K, so that py € 0Z(x) for any = by Theorem 2.1. We proceed by giving an
estimate from below of S(yo, zo); for 77 = po we get

1

S(yOa'TO) > inf / _<p037[77]]> dt = <p03:1;0_y0> :L(?JOaZEO)-
Y€l 2g,499 Jo

This concludes the proof, being the converse inequality always true, as already

pointed out. O

Even if L = S one cannot expect that representation formulae for solutions to
(1), based on the intrinsic distance, can be extended without variations from the
convex to the nonconvex case. We end the section by discussing an example of this
setup. We first recall

Proposition 3.4. Assume p — H(z,p) to be convex. Let K be a compact set and
g a continuous datum on K satisfying g(y1) — g(y2) < L(ya,y1) for any y1, y2 in
K, then

(3) min L(y,») + g(y)

is a solution of (1) in R™\ K taking the value g on K.

As announced, we exhibit in the next example a nonconvex Hamiltonian, inde-
pendent of x, for which L and S coincide according to Proposition 3.3, but formula
(3), with g = 0, does not give a solution of (1).

Example 3.1. The ground space is R?, K = 9B((0,0),1). We take Z = B((0,0), 1)\
B((2,0),V3), H= H(p) = inf{A > 0: p/A € Z}, so that Z is the 1-sublevel of
H, and consider the equation H(p) = 1. Note that the boundaries of the two
balls defining Z intersect in the two points pg = (%, @) and p; = (%, —@) This
justifies the choice of the radius of the large ball. Accordingly

coZ = B((0,0), 1) N {(.’L‘l,.’L'g) L X S 1/2}
Since H does not depend on x, S(z,y) = L(z,y) = 0z(y — ) = 0coz(y — x). We
recall that, given any unit vector y, the relation
(4> 0z (y) = UCOZ(y) = <pa y>7
for some p € Z, is equivalent to p € coZ and y € Neoz(p). Therefore such a p is
equal to y if y € KN Z, if instead y € K \ Z, then a p satisfying (4) is given either
by Z := (1/2,v/3/2) or by z := (1/2,—+/3/2). If y is an unit vector belonging to
K\ Z, we get in polar coordinates y = (cos f, sin #) with 0| < % and

_ ™ 1
02(y) = max{(z,y) . {z.9)} = cos (T~ 10]) > 5.
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T2

FIGURE 1. K and Z(z)

Altogether we find that o (y) > £ for every y € K, in addition the infimum of o7 (+)
in K is attained at y = (1,0) and equals 1/2. In other terms minyex L(y,0) = 3.
We proceed showing that L(K,-) := minyex L(y, -) is not a solution of H(Du) =1
in R? \ K, to repeat: formula (3), with g = 0, does not provide a solution of

H(Du)=1. Set

P(x) = % (xl +4/1— x%) for z € B((0,0),1),

note that if ¥ (z) > 0 then
02((2¢(),0)) = P(x),

and consequently

Y(z) = Lz — 2(¢(2),0),2),
which implies (x) > L(K,z) since z — 2(¢(z),0) € K. Taking into account
that ¥(x) is strictly positive in some neighborhood of (0,0) and %(0,0) = %, we
discover, in the end, that ¢ is supertangent to L(K,-) at = = (0,0). However
D1(0,0) = (1/2,0) does not belong to Z. Actually it is in co Z.

4. THE DIRICHLET PROBLEM IN THE NONCONVEX CASE
In this section we aim to solve the Dirichlet problem

(5) { H(z, Du(z)) =0 forz e R\ K

u(z) =g(x) forzeK
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where K is a compact subset of R™ and g a continuous datum on K. A particular
case is
(6) { H(z,Du(xz)) =0 for z € Q

u(z) =g(z) forxze N

where €2 is an open bounded domain of R™. We look for solutions attaining con-
tinuously the datum on K and 012, respectively. The issue at stake is to provide a
generalization of formula (3) which does not hold in the nonconvex setting, even if
S = L, as seen in Example 3.1.

In order to give representation formulae for solutions to (5) we define some new
families of strategies and velocities where K is involved.

Definition 4.1. We define
T

Bl = (eI R ot [ (s)dse K)
0

FS,K = {v: BT BZ,K : 7 is a nonanticipating strategy},

as usual the subscript T will be omitted whenever T = 1.

We set
(7) w(z) = Job  sup {Za(n, ) +9(&27 (1))}
(8) wolz) = inf {g(y) + Sy, 2)},

for x € R™, and proceed by establishing some comparison results for w, wg and g.

Proposition 4.1. Let w and wy defined as in 4.1, then for every x,y € R™ one
has

L. ’LU( ) < ’LU()( ):

iil. w(z) —w(y) < S(y,x) and so w is locally Lipschitz—continuous;
iii. wo(x) — woly) < S(y,z) and so wy is locally Lipschitz—continuous;
iv. wg < g on K.

Proof. i. By the continuity of g and S, there exists yg € K such that

wo(z) = S(yo, ) + g(yo) = Weiglff Slelp{I 2 (1,7) + 9(vo)} = w(x).

ii. Given ¢ > 0, choose a e-almost optimal strategy 5 € I‘i{;, ie.

S(y,z) > sup Z,/*(n,7) — e,

then define
T = {y €Ty x: ynl(s) = F)(s) for all n € B,s € [0,1/2]}
We have

w(z) < irelff ggg{fm(n, ¥) + g7 (1))}

= sup Z,°’(n,9)+ inf sup{Z,/*(n,7) +g(&27(1/2))}
nEB1/2 ~ver,/y B1/2

S(y,x) + e+ w(y),

IN
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which implies the result. Notice that we have exploited the invariance
properties of S under change of time parametrization.
iii. There exists yo € K such that

wo(z) —wo(y) < S(yo.x) + g(yo) — S(yo, 2) — g(yo) < S(y, z).
v. Set 7 to be the null strategy, i.e. ¥[n] =0 for all n € B. Then for all x € K
w(x) < sup Iy (n,7) + g(z) = g(x).
neB
[l

As done before for S, we state a dynamic programming principle for the function
w.

Proposition 4.2. For all x € R™, 0 <t <1 4t holds
w(x) = inf sup {Ii(n,a) + w(fg’o‘(t))},
aelt neBt

where £1°(s) = x + [ an] ds.
Proof. Fix t € (0,1) and set
A= inf sup {Z;(n,a) +w(E* (1))}

a€elt neBt

By the invariance of w by time parametrization and the fact that g(y) > w(y) if
y € K we have

w(z) = inf sup {Z;(n,7) +g(&7(t)} = inf sup {Z;(n,7) +w(&7 (1))}
vETL k neBt Y€l k neB?
> inf sup {Z5(n,7) + w7 (1)} = A
’yGFt neBt

It is left to prove w(x) < A. For any given z € K, denote by v, a nonanticipating
strategy

v.: BTt & B;_I;
such that

w(z) > sup {Z7'(n,7:) +g(€17=(1 - 1))} —e.
neB1-t

Let & : B* — B! be a nonanticipating strategy with

A > sup {Z;(n, @) + w(EP* (1)} — e
neBt

Set zj, = &1*(t), we have
f 1t Pt
Az sup A Ti(m.a) + sup (T (o) +g (€ T -1)}p 2
neEB? pEB!-? K K K

We define a nonanticipating strategy 6 : B — B as follows

anpoyl (s) forselo,t]
S[nl(s) := { %gn[ly[ﬂ (]; —t) forselt1]’

where 77 € Bt is defined by 7(s) = n(t + s) for any s € [0,1 — ¢].

Claim 1. 0[n] € By i for all n € B.
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In fact, we have
1 t 1
o+ [otis)ds = o+ [alnalds+ [l 1ds
0 0 t

t 1=t 0,7t
= [ alei =gty ex

This ends the proof of Claim 1.
Define the following quantities

t = 1—t Pzt
Ar = sup {Z;(n,a)+ sup {IZ; (/L%;Hg(&z% "(1—t))} ;

WEBt peBl—t

Ay = sgg{lx(m 8) + g(&° (1))}

Claim 2. A1 = AQ.

In fact, we have that for every ¢ > 0 there exist 7o € B, pg € B'~? such that

Pt
A< Thma)+ swp (T (o) +o (6 T(1-0) ) e
peBl—t 70 70

1 ~ 1—¢ POVt
< Zi(mo,a) + 1 (Poﬁzgo) +g (ﬁzt (1- t)) + 2¢
70 0
To(7,0) + 9(67° (1)) + 26 < Ap + 2¢

where 7 € B is defined by juxtaposition of 79 and pg, namely 7(s) = 7o(s) for
s €[0,t] and 7(s) = po(s — t) if s €]t,1].

On the other hand there exists 19 € B such that
Az < Ty(mo, 6) + g(€17°(1)) + <.
Denoting by m1 = 1o|[0,4, 12 = No|¢,1] and 72(s) = n2(t +s) for s € [0, 1 1], we have

~ 77277zt
Ay < Ii(m,a)jtzzlgt(n2,7z;1)+g<gzg m(1—t))+a
t _ 1—t /~ 7727747
< sup T, a) + I, (2, vae) +g (€ (A —t) ) p e
neB? n n n
S A1 —|—E.

By letting ¢ — 0 Claim 2 is proved.

To conclude the proof of the proposition, observe that by Claim 1 and Claim 2 we
have

A> Ay —2e= Ay 2> inf sup{Z.(n,7) +g(&7 (1))} - 2¢ = w(z) — 2e.
vels, Kk neB

O
The main interest in the function w is given by the following result:

Theorem 4.1. The function w is a viscosity solution of (1) in R™\ K and subso-
lution on the whole R™.

The proof is broken into two parts.



hal-00660446, version 1 - 16 Jan 2012

14 A. MARIGONDA AND A. SICONOLFI

Proposition 4.3. w is a subsolution of (1) in R™.

Proof. The proof follows the same line of [10, Theorem 4.1]. We argue by contra-
diction, assuming that there exists a C! supertangent 1 to w at £y € R™ such that
H(xo, DY(xz0)) > 0, we can also assume without loosing generality that w and ¢
coincide at z.

Let go be a fixed unit vector. Define a map f: R® — R™ by

p — Dy (x0) ; .
f(p) = |p — DQ/J(-TOH fp 7£ Dd’( 0) .
qo for p = Di(z0)

Taking into account the continuity of Dv and d¥(-, Z(-)), we can find positive con-
stants 6 and Ty with df(Dv(z), Z(x)) > 6 for x € B(zg, Tp). Set

R := sup{|p|: x € B(xo,T0),p € Z(x)},
M = sup{|D¢(z)|: = € B(xo,To)},
' 0 1
e = mln{m, 5}

We can select T' €]0, Tp] such that

wle) < v (), DY)~ DYy < %

for all 2,y € B(zo,T). For every n € BT and t € [0, T], we define
t
&) a0+ [ Flas)) ds.
0

Since |f| =1, |&,(t) — xzo| <t for all t € [0, T.

Claim. For any = € B(xo,T) and p € R™ we have

N D

9) & (p, Z(2)) + (f(p),p — DY(z)) =

Proof of the Claim. First assume |p — Di(x)| < 6/4. This implies, by the very
definition of @, that d*(p, Z) > 0, consequently for every p’ € 7z (p), we find

d*(p,Z) = |p—p'| > | — Di(x)| — |p — Dy(x)| > =90,

] W

hence

NGNS

& (p, Z) + (f(p),p — D(a)) > d*(p, Z) — |p — Di(x)| >

Assume now that |p — Diy(z)| > 6/4. Then, according to the choice of T and the
definition of € < 1/2, we have

Ip— Db(zo)| = Ip— Dy (z)| ~ 1D(z) ~ Dy(ao)| > 5.
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So
p—Di(x)  p— Dip(xo) ‘
lp = Dy(z)|  |p— Di(xo)]

§Fprmngwm>
0(8]p—Du(zx)] 8p— Dv(wo)|

=3 |7TB(0,6/8)(P — Dy(x)) — T(0,0/8) (P — Dip(x0))|
|(p = DY(z)) — (p — DY(20))|

S 5ID¥(@) = Dylzo)| <€

<

|00 |00 D

Since € < 1, we have (f(p),p — Dy(z )) > 0. We consider two further cases:
i. if [p — Dy(z)| > 0/4 and |p| > R + 6, we have

d*(p, Z(2)) + (f(p).p — DY (x)) > & (p, Z(z)) > 6.
ii. if |p — Dy(x)| > /4 and |p| < R+ 0 we have

0 < dDv(),2() < d(p, 2()) + Ip — DY)
p—Dy(@) p=Dy(o) | =
< F02@) D5 o Dete| P PPN
)0 — D))
< d'(p, Z(x)) +e(R+ 0+ M)+ (f(p),p — Dy (x))
< . Z@) + § + ()0~ DY)

This fact concludes the proof of the Claim.

We define a nonanticipating strategy 4 € I'" by setting ¥[n](t) = f(n(t)) for a.e.
t € [0,T]. According to the choice of T, we have that 5 : BT — BT and w(,(t)) <
(&, (t)) for all t € [0,T]. Applying Proposition 4.2, we have

w(wo)—w(wo)<sup{ o (1:7) +w (& (T ))}<Sup{ o(m.7) +9(&,(T))}-

Hence, we get
sup { [ a9 Dot (s = a9 - o), 26606 = 0

which contradicts the Claim. The proof is concluded. O
Proposition 4.4. w is a supersolution of (1) in R™\ K.

Proof. The argument is by contradiction. Assume there exist yo € R™ \ K and a
strict subtangent ¢ to w at yo, with w(yo) = ¢(yo), such that

d*(D(yo), Z(yo)) < 0.

Consequently

(10) h(y) == |De(y) — Delyo)| + d* (Dp(yo), Z(y)) < 0

in some neighborhood V' of yo with closure contained in R™ \ K.

Set ¢ = mingy (w — ¢) > 0, and select a nonanticipating strategy 7 : B — By, k
with

w(yo) > sup Zy,(n,7) + 9(£(1)) —

wlm
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Set 7 = D(yp), since the closure of V is disjoint from K the trajectory £(t) :=
fgﬁ (t) must intersect OV, we denote by ¢ the first time when such intersection takes

place. Note that here we are essentially exploiting that yo ¢ K. Given o € B*~%,
we define

[ Dy¢(yo) forse[0,7]
No(s) == { J(i gof) for s € [t,1]

Thanks to the nonanticipating character of 74, we get a new nonanticipating strategy

§:B"t Bé(_gK by setting d(o(s)) = 7(ns (s + 1)) for every o € B'~*. Therefore

Y

7,03 + sw {TH(0,0) + 961 -D) - =}

w
(o) s, 5

> I, (1,7) + wE®) - 5 > I, (73.7) + 9 (ED) + 5,
where &, (t) = £(f) + fot dlo](s)ds for t € [0,1 — ¢]. Finally
s < [ Gl De@) + hmldn (@) ds
0,
< / AElIDe (o) — D(®)] + d(n, Z(8)] ds
< / 3171 (E) ds.
This is impossible since £(t) € V for all ¢ € [0, 7] and (10) holds. O

The inf-sup representation formula we have introduced possess a stability prop-
erty with respect to the uniform convergence, as specified by the following result.

Proposition 4.5. Set for any g € C°(K)

(Tg)(z) = vei?f,x Sgg{fm (v,m) +g(&F7 (1)},

for x € R™. If g, is a sequence of C°(K) uniformly converging to some g, then
Tgn — Tgso locally uniformly in R™.

Proof. Set wy, = T'gn, Woo = T'goo and fix a compact subset C' in R™, by Proposition
4.1 w, and wy are equilipschitz—continuous in C. We denote by M a common
Lipschitz constant for them. Fix € > 0, by compactness of C' there exist a positive
integer N and z1,....,zy € C such that

min{|z; —z|: i=1..N} <e foranyz € C.
Let n be such that ||g — gn|lco,x < €, we can find strategies 7; € I'y, x such that

wa(es) 2 sup{Zs, (32.1) + g0 (€27 (1)} — .
ne

and 7; € B with

sug{Ixi(%n) + 900 (€ ()} < Ly (35, 71) + 9oo(E777(1)) + ¢,
ne
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for every i = 1...N. Given z € C, we deduce for a suitable 4

Woo () — Woo (T) + Woo (#:) — wn (@) + wn (2:) — wn ()

Weo (x) — wp ()

%
z;

(W)} +e

< 2M | — x| + woo(x;) — wp ()
< 2Me + sup{Ze, (%,7) + 9oo (&7 (1))} — sup{Za, (i, m) + gn(
neB neEB
< 2Me+ Ty, (i, i) + oo (§107 (1)) + & = Lo, (36, 1) — gn(E707(1)) + €
< 2Me+ ||gn — goolloo,x +26 < (2M + 3)e.

Exchanging the role of w,, and we, we obtain the same estimate of above for w, (z)—
Woo (), hence the proof is concluded taking into account that e is arbitrary. (]

5. COMPATIBILITY CONDITIONS FOR THE BOUNDARY DATA

Here we focus our attention to the Dirichlet problem (6). Thanks to the results
of the previous section, we know that the function w defined in (7) with 992 in place
of K is a solution in  of equation (1).

To show that w actually solves (6), one has to introduce, as in the convex case,
compatibility requirements on the boundary datum ensuring that w agrees with it
on 09). We recall that in the case where the Hamiltonian is convex, a sufficient
condition for this is that g is 1 Lipschitz—continuous with respect to the distance
related to the Hamiltonian. This is not true any more if H is nonconvex. More
generally, we introduce in the next proposition a class of boundary data g satisfying

(11) g(x) —g(y) < S(y,z) for z, y in 0,

for which the Dirichlet problem (6) does not admit any solution. This result gen-
eralizes Theorem 3.1 in [4], in the fact that we take Hamiltonians not necessarily
independent of state variable, but just with O—sublevels possessing constant convex
hull. In addition our argument is definitely simpler than that used in [4].

Proposition 5.1. Let Q be a bounded open domain of R™. Assume the Hamiltonian
H such that its O sublevels satisfy coZ(-) =: C' constant, and 0C' \ U, qZ(x) # 0,
then there is p € intC' such that the problem (6) with boundary datum g(x) = (p, )
does not admit any solution.

Note that under the previous assumptions S = L by Proposition 3.3 and so the
linear datum, appearing in the statement, satisfies (11). Further we point out that
the argument we are going to use for proving Proposition 5.1 actually shows a more
general assertion, namely that if po € 0C' \ U 5Z () then any boundary datum
obtained through suitably small perturbation of 2 — (pg,z) in C°(99) gives rise
to a Dirichlet problem not admitting any solution.

Proof. First select po € 0C \ U, 5Z(x) pn € intC converging to po, set gn(r) =
(pn, ) and assume by contradiction that there is a solution u,, to (6) in , with g,
in place of g. It must be

(12) Un () < {pn,z) for any x € Q,

for n sufficiently large, otherwise (p,,,-) should be supertangent to u at some point
of Q, which is impossible since u,, is a solution in Q and p,, € Z(z), when n is large
enough, for any x € €, by the continuity properties of the set—valued function Z(-).
By the coercivity assumption (H4) on H the u,, are equiLipschitz—continuous with
respect the geodetic Euclidean distance in ©, denoted by d®, and, bearing in mind
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that they take continuously the value g, on 92, we can invoke Ascoli Theorem to
derive that they locally uniformly converge, up to a subsequence, to some u in 2,
which is locally Lipschitz—continuous in €. By straightforward stability properties
of viscosity solutions, see [1], u is solution of (1) in Q, furthermore by (12)

limsup u(z) < (po,y) for any y € 99,

T—Y
and so we can argue as above, to deduce
(13) u(z) < (po,x) for any x € ).
We proceed by picking v # 0 in No(pg), z in Q with z +v € 9Q and z +tv € Q
for t € [0,1). We set

I={z+tv:tel0,1)},

since dq (21, x2) = |x1 — x2| for x1, x9 in I, the u,, are equiLipschitz—continuous in
I and so they uniformly converge in I, up to further extraction of a subsequence, to

some Lipschitz—continuous function which must coincide with u. Therefore, since
Un(x 4+ v) = gn(x + v) for any n

li =
lim u(z +tv) = (pog, x + v),

which implies

(14) (po,x +v) —u(x) = /0 %u(x + tv) dt.

We know from [5] that
d
Eu(x +tv) = (p(t),v) for a.e. t € (0,1) and some p(t) € du(z + tv),
since Qu(z+tv) C C for any ¢t € (0,1), being u a solution (1) in 2, and v € Ne(po)
we deduce from (14)
{po, & +v) —u(x) < (po,v)

and, taking into account (13)

(po, x4+ v) — (po, ) < (po, = +v) —u(z) < (po,v),

which is impossible. (I

The next example, which is a development of Example 3.1, shows a boundary datum
g of different nature with respect to those considered in the previous proposition,
satisfying (11), with g # w at some point of the boundary, where w is defined as
in (7). Sufficient conditions for w in order to take the value g on the boundary of
Q will be presented later; according to Proposition 4.5 the compatible boundary
datum make up a closed subset in C°(9€2) with respect to the uniform convergence.

Example 5.1. Our ground space is R2. We set Q' = B((0,0),1), Q = Q'\ {(0,0)},
and define Z, H as in Example 3.1. Notice that 92 = {(0,0)} U 9Q’. We consider
Dirichlet problem (5) in £ with boundary datum

g =0 on 9%, 9(0,0) =1/2.



hal-00660446, version 1 - 16 Jan 2012

METRIC FORMULAE FOR NONCONVEX HJ EQ. 19

In order to show that (11) holds, we introduce a convex Hamiltonian, say H(p),
with co(Z) as O-sublevel set and consider the auxiliary Dirichlet problem:

H(z,Dv)=0 for ze€

u(z) =0 for € oY
The unique solution is given by

wo(x) :=min{L(y,x) : y € 90N'}.

As shown in Example 3.1, wg takes the value % at (0,0), which actually shows the
validity of (11) taking into account that the intrinsic distances S and L coincide,

since the Hamiltonian is independent of z. Let w be defined as in (7). We claim
that w = g on 9, but w(0,0) < g(0,0) = 1/2. Setting 7 = 0, we have

wi) = dnf To(7,7) + 967 (1)
>t [ RO, 27 ) + a2 (1) > 0

which directly implies that w vanishes on 9€) being the inequality w < g always
true.

We define w via formula (7) with ' and the null function in place of £ and g.
We emphasize that the boundary datum for w is set equal 0 at 0. Notice, further,
that w < wp in . From Iz o002 Fz,(O,O) UL 60/, it follows

w(z) < min{S((0,0),z) + %,ﬁ(z)},
and so )
w(0) < min {5,15(0,0)} .

To prove the final part of our claim, it is then sufficient to show the strict inequality
w(0,0) < 1/2 = w(0,0). For this, we recall that in Example 3.1, we have con-
structed a supertangent ¢ to wo at (0,0) with Dy (0,0) € co(Z)\ Z. If w(0,0) = 1,
then 1 should be also a supertangent to w at (0,0), which is impossible, since w is
a solution to (1) in Q.

As announced, we proceed by presenting some results giving sufficient conditions
in order to ensure the equality w = g on 02 under suitable assumptions on 92, the
boundary datum and the sublevels of the Hamiltonian. This clearly implies that
w solves the Dirichlet problem (5). Notice that, according to Proposition 4.1, it
is actually enough to prove that w > g on 9. The strategy of the proofs can be
summarized as follows:

(1) we make some geometric global requirement on the datum, on the domain
) and on the sublevel Z.

(2) by taking, in the formula defining w, the covector curve n constant, we get
an estimate from below of w; notice that in this case the first term in the
integral expressing Z,.(7y,n) is independent of the strategy.

In the first proposition we require a Lipschitz continuity of the boundary datum g
with respect to the metric Ly given by

1
Li(y,z) = inf {/ |£ |[d(0,0Z(&(¢)))dt : €:]0,1] — R¥ Lipschitz-continuous ,6(0) =9,8(1) = x} .
0
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for any z, y in R™. Notice that L can be equivalently defined as L with the sup-
port function of B(0,d(0,0Z(-)) replacing that of Z(-). From this we see that
L; is of Finsler type. Note that if the Hamiltonian is independent of z and
Z :={p: H(p) <0} then Ly (y,z) = d(0,0Z) d*(y,x), for any z, y; if furthermore
0 is convex, Li(y,z) = d(0,02) |y — x|

Proposition 5.2. If g satisfies g(x) — g(y) < L1(y,x) for all x,y € 0N, then the
function w defined in (7) takes the value g on O, and so is a solution of the
Dirichlet problem (6).

Proof. In view of Proposition 4.1 it is enough to prove the inequality w > u on 0f2.
For this set 7 = 0 and compute

wi@) = b To(7,7) +9(627(1)
=t [ RO 2 ) + o)

— ylglgg Li(y,z) + g(y) = g(x).
O

The interesting point in the following propositions is that, in order to get the
equality w = g, we assume conditions on g and 9f2. Loosely speaking, they prevent
the points of the boundary giving a contribution to the determination of w(z) from
being too far from z. In the next proposition it is in particular assumed some
convexity on the boundary datum. The Hamiltonian is taken independent of the
state variable.

Proposition 5.3. Let H = H(p) and denote by Z its 0—sublevel. Assume that g
is the trace on OQ of a conver function g defined in R™. If Z N D~g(z) # 0, for
all x € 99, then the function w, defined as in (7), agrees with g on 99, and so is
a solution of (6).

Proof. Let x be in 92, we denote by p an element of ZN D~ g(z). Since g is convex

g(z) < gly) — (p,y —x) for all y € IQ.
Set 7 = p. We have

w(z) > Fizr}afﬂ{fz(ﬁm) +9(E1)} > Fir}afﬂ {/0 —{(v[7(t), p) dt + g(EZZ’”(l))}
= inf {~(p,y— ) +g(y)} = g(z)

y€eoN
U

If Q is convex then any constant boundary datum is the trace of the convex
function G, = ad(-,§2) + b for a suitable b and any a > 0. In this case the
condition Ngo(z) N Z # 0 for any x € I guarantees that w = g. This is in fact a
consequence of Proposition 5.2 since we are assuming 0 € Z.

If Q is convex and the boundary datum nonconstant, we have

Proposition 5.4. Let H, Z, w as in Proposition 5.5. Let € be convex and assume,
in addition, that for all x € 00 there exists p = p(x) € Nq(x)NZ with d(p,0Z) > L.
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If the boundary datum g is Lipschitz—continuous with Lipschitz constant L then
g=w on 0N2.

This proposition should be compared to Theorem 2.6 in [4] and Theorem 7. in
[6]. We will obtain it as a special case of the forthcoming Proposition 5.5, where
we will make use of the proximal normal cone to 0f2. Before doing that, we point
out in the following example that the Lipschitz estimates on the boundary datum
required in Propositions 5.2 and 5.4 to get the equality w = g can be very different.

Example 5.2. The ground space is R?. Fix € > 0, and set Q = [—1,1] x [~1, 1],
note that the geodetic distance d coincides with the Euclidean one, being € convex.
Define

Ty = c0{(0,0), (2, £V3)} , Ty =co{(0,0),(—2,+V3)}
T3 = co{(0,0), (£v/3,2)} , T4 =co{(0,0),(£V3,—-2)}

and set
Z = ([_1, 1] x [_E,g]) U ([_g,g] x [~1, 1]) U O Ty
k=1

Notice that, for all z € 9, Nq(x) N Z contains at least one vector among (+1,0)
and (0, £1), and all these vectors stay at an Euclidean distance % from 0Z. Proposi-
tion 5.4 then guarantees the equality w = g for any Lipschitz—continuous boundary
datum with Lipschitz constant greater than or equal to % An application of Propo-
sition 5.2 allows to reach the same conclusion only if L < d(0,09) = ev/2, and ¢
can be of course taken arbitrarily small.

Proposition 5.5. Let H be independent of x, w defined as in (7), and g Lipschitz—
continuous with Lipschitz constant L.
Assume that for every x € OS) there exists p = p(x) € N, (z) N Z with

|z — y|(d(p,0Z) — L) = pp| |y — «|* for every y € 09,

where p = p(p) is the positive constant appearing in the definition of prozimal
normal (see Definition 2.2). Then w = g on 0.

Proof. Given x € 012, and p enjoying the properties of the statement with respect
to x. We set 7 = p, we have

w(z) = Lo {/01 (=v[nlp + d(p,0Z)|y[nl]) dt + g (52’”(1))}
= nf (=py— ) +dp,02) |y — 2| +9(y)
=l {=plplly =2l +dp,02) ly — 2| + g(y) — 9(0)} + g(x)
= nf {=rlplly - z|* + (d(p,02) = L) ly — z[} + g(a) = g(x)
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Proposition 5.3 can be suitably generalized weakening the convexity condition
on g. We preliminary recall that a function f defined in R"™ is called semiconvex if
f + alz|? is convex for some positive a. Note that in this case f + ajz — y|? is also
convex for any y € R”. Such an « is named semiconvexity constant for f. For a
semiconvex function f, D~ f(x) = df(x) for all x, and

(15) fW) = f(@)+ (p,y—z) —aly—a* forany z, y, p € D™ f(a).

A function f is called semiconcave iff — f is semiconvex. We refer to [3] for properties
of semiconcave and semiconvex functions.

Proposition 5.6. Let H, Z, w be as in Proposition 5.3. Assume that g is the trace
on 02 of a semiconvex function g, defined in R™, with semiconvexity constant «.
If for all x € 0N there is p = p(x) € Z N D~ g(x) with adiam(?) < d(p,0Z), then
w = g on I, and therefore w is a solution of the Dirichlet problem (6).

Proof. We fix x € 09, p = p(x) with the properties appearing in the statement and
set, as in the proof of Proposition 5.3, 7 = p, we exploit the assumption and (15)
to get

1
wie) = nt { [yl + bl 02) -+ o7}
> yienafg {=,y — ) +d(p,02)|ly — x| + g(y)}
> f {~(py—a)+aly- o’ +9)} > g(x).
This concludes the proof. (I

Note that if the g appearing in the previous statement is convex, then o« = 0 and
we recognize that Proposition 5.3 is actually a special case of Proposition 5.6. We
end the section by stating and proving a couple of comparison principles.

Proposition 5.7. Let 2 be a bounded open subset of R™. Assume Z(x) to be
strictly star—shaped with respect to 0 for every x € Q. Then if u, v are super and
subsolutions to H = 0 in Q, respectively, lower and upper semicontinuous in €,
respectively, and u > v on OS2, then u > v on the whole of §2.

We note that, by the coerciveness of the Hamiltonian, the subsolution v is indeed
locally Lipschitz—continuous in 2.

Proof. Assume by contradiction that the minimum of u — v in € is strictly negative.
Taking into account that v — v is l.s.c., and nonnegative on 92 by assumption, we
find a positive constant p such that any minimizer of u—w is at distance greater than
p from 0. Therefore there is an open set B compactly contained in {2 containing
all such minimizers. We select A close to 1 for which the minimizers of u — A v are
still contained in B. Because of star—shapedness of Z(x), continuity of H and the
fact that  is compact, the function vy := \v satisfies

(16) H(xz,Dvy) < —§ in the viscosity sense in {2,
for some positive . For each n € N, we consider the Moreau sup—convolution of
v ()

n
oan(@) = sup {ua(y) - Flz —yl*}
yeQ
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and the Moreau inf-convolution of u(z)

, n

un(@) = inf {u(y) + Slo 2},

yeQ 2
with ¢ € B. The functions vy, u are the weak upper semilimit of vy ,, and the weak
lower semilimit of w,, in B, respectively, as n goes to infinity. This means:

va(xz) = sup{limsup vy n(xn) : T, — z}
n
u(z) = inf{liminf u,(z,) : z, — =}
n

We can therefore select n sufficiently large such that u, — vy, has a minimizer z
in B belonging to B. By exploiting basic properties of sub(super)— convolution,

(16), and the continuous character of the Hamiltonian, we can also assume, without
loosing generality, that for such an n

)
H(z,Duy,) > -3 H(z,Dvyp) < —6/2 in the viscosity sense in B.

Since up, v, are semiconcave and semiconvex, respectively, and so D~ vy ,(Z) and
D%, (Z) are nonempty, we deduce that such functions are both differentiable at
the minimizer & with Du,(Z) = Dvy (%) =: po. This implies the inequalities

H(f,po) > 75/3 ) H(j,po) < 75/27
which are contradictory. (]
If some of the conditions ensuring that g and w, defined in (7) with 9 in place

of K , agree on 9f) hold and we are in the setting of the previous proposition, then
we directly deduce that w is indeed the unique solution of (6).

Proposition 5.8. Let K, H be a compact subset of R™ and an Hamiltonian inde-
pendent of x with O—sublevel Z strictly star—shaped with respect to 0, respectively.
Assume that u and v are super and subsolution of H =0 in R™ \ K , respectively,

lower and upper semicontinuous in R™ \ K, respectively, with v > v in 0K and

lim w(z)= lim v(z)+ oco.
|z|—+o0 |z|—=+oo

Then u > v on the whole R™ \ K.
Proof. We denote by p the gauge function of Z, namely
p(p):inf{)\>0 : geZ}.
Due to the star—shapedness assumption on Z, it is continuous and clearly nonconvex
in general, moreover the equation H(Dwu) = 0 is equivalent to
(17) p(Du) =1
in the sense that they have the same (sub,super)solutions. The advantage of p is
that it is positively homogeneous so that we can apply Kruzkov transform to prove

the result.
Assume by contradiction that

(18) v(zg) > u(zg) for some zg € R"\ K.
We set

vy=1—e"® and wu; =1- 67“(1);
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such functions are sub and supersolution of

{ o+ p(Dyp) =1 in R"\ K
limy g 400 () =1

and the inequality u; > v holds on K. The argument to conclude is well known,
we just sketch it for reader’s convenience. We introduce a sequence of upper semi-
continuous auxiliary functions ®,, : R™ x R™ — R, n € N, defined by

D (2, y) = vi(x) —ur(y) —nlz —yl*

We show that there is a sequence (z,, yn) of global maximizers of F;, in R? \ K x
R™\ K and, because of (18), both z, and y, converge, up to a subsequence, to
some element of R™ \ K. Therefore (zy,y,) € R"\ K x R™ \ K for n sufficiently
large and

(19) v1(2n) = u1(Yn) = Pn(Tn,yn) > vi(zo) — u1(yo) > 0
Now we observe that the functions

u1(Yn) +nlz — yn|2

U1 ('Tn) - n|xn - y|2
are supertangent to v; at x, and subtangent to u; at y,, respectively, and get

vi(an) +p2n(zn —ya)) < 1
ur(yn) + p2n(zn —yn)) = 1

By subtracting these two formulae, we finally reach a contradiction with (19). O

6. THE CRITICAL CASE

In this section we exploit the metric formulae previously obtained to perform
some qualitative analysis of H(xz, Du) = 0 in the case where 0 is the critical value
for H and the equilibria set £ is nonempty. More precisely, we illustrate through
some examples how the metric setup is quite different from the convex case.

As explained in the Introduction, if the Hamiltonian is convex a crucial role
is played in the study of the critical equation by the so—called Aubry set, made
up by points around which the intrinsic distance related to the Hamiltonian fails
to be equivalent to the Euclidean metric. This can be expressed, more precisely,
comparing the intrinsic and the natural length of cycles, as follows.

Definition 6.1. Let H be convex with critical value 0 and O—sublevels denoted by
Z(-), the Aubry set A is made up by points y such that there exists a sequence &,
of cycles passing through y and defined in [0, 1] with

1 1
mf/ OZ(£n(t)) (gn) dt=0 , mf/ |§n(5)| ds >0
mJo mJo

The Aubry set is nonempty for convex critical Hamilton—Jacobi equations posed
on compact space, for instance on the flat torus T™. In this case the critical equation
H = 0 is the unique in the one parameter family of Hamilton—Jacobi equations
H(z, Du) = a admitting a solution on the whole T™. This relevant property of the
critical value is also maintained in the nonconvex case, see [8] We recall, for later

use, some properties of the Aubry set for H convex with critical value 0:
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(1) y € Aiff L(y,-) is a solution of H(x,Du) = 0 (in general it is only a
subsolution);

(2) if w is a subsolution of H = 0 and y € A then D" w(y)UD~w(y) C dZ(y);

(3) if y ¢ A then OL,(y) = D~ Ly(y) = Z(y), where L, := L(y, -).

In our setting, if H is convex, A coincides with the set of equilibria £, defined in
(2), as can be easily deduced, for instance, by the above items (1), (2). If H is not
convex it is an important open problem to understand if something similar to the
Aubry set can exist at the critical value and how it can be defined. In case of positive
answer to this question, it is sensible to hypothesize by what previously outlined
that, under our assumptions, such a set should coincide with or be contained in £.
We actually prove in the next result that item (1) in the previous list holds for &;
on the other side we exhibit examples showing that no degeneration phenomena of
the intrinsic distance take place around the points of €& and the equilibria do not
enjoy in general the properties (2), (3).

Proposition 6.1. Let 0 be the critical value of H then S(y,-) is a solution of H =0
on the whole R™ if and only if y € £, and the function

w(z) = inf sup{Z.(n,7))}
Y€l e neB

is a critical solution vanishing on &.

Proof. We know from Proposition 3.2 that S(y, ) is subsolution in R™ and solution
in R™\ {y} for any y. If, in addition, y € £ then H(y,p) > 0 for any p and so the
subtangent test for S(y, ) is automatically satisfied at y.

Conversely, if y € £ then 0 € int(Z(y)) and so H(y,0) < 0. Taking into account
that S(y,-) is nonnegative by Proposition 3.1 ii. and vanishes at y, we see that the
null function is subtangent to S(y, ) at y. Hence S(y, -) is not a critical solution.

In the light of Theorem 4.1 and Proposition 5.2, we see that the function w
appearing in the statement is solution to H = 0 in R™ \ £ and takes continuously
the value 0 on £. Arguing as in the first part of the proof, we also prove that
it is supersolution on &, moreover any equilibrium is a minimizer of u since u is
nonnegative on R™. Therefore if DT u(y) # () at some y € £ then u is differentiable
at y with Du(y) = 0. Since H(y,0) = 0 we conclude that u is also subsolution on
E. O

Example 6.1. Consider the following family of closed subsets of R?, parametrized
by z € R?:

Z(x) = {p=(p1,p2) €R?: |pa| + [pa| < 1}, for |z| > 1,
Z() = {p=(p1,p2) €R*: |p1[l 4 |p|"l < 1}, for 0 < |2 <1,
Z(0) = ([_1,1] x {o}) U ({0} x [_1,1]).

As usual we can associate to Z(-) a continuous Hamiltonian function H such
that Z(x) are the zero sublevels of H(z,-) for any x. We notice that:
(1) if |z| > 1, Z(x) is convex (it is the square with vertices at (£1,0), (0, £1).
(2) if 0 < |z| < 1, Z(z) is star-shaped, but not convex, and K := coZ(z) is the
square with vertices at (£1,0), (0, £1). Such vertices are also the extreme
points for Z(z), for any z.
(3) Z(x) has empty interior iff z = 0 (so & = {0}).
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FIGURE 2. Z(z) for x =0, 0 < || <1 and |z| > 1 respectively.

In view of Proposition 3.3, the related metric S is given for any « = (21, 22),y =
(y1,92) by

S(z,y) = or(y — x) = max{|ys — z1], [y2 — =2},
hence S is locally equivalent to the Euclidean metric at all points of R%, moreover

S is invariant for translations. We consider the convex function z — So(z) :=
S(Oa ZL') = HlaX{|:C1|, |£L'2|}

We observe the following facts:

(1) Ttem (2) in the previous list does not hold: in fact D~.54(0,0) = co{(£1,0), (0, £1)},

which is not contained in 0Z(0).

(2) Since S(z,y) = S(x —y,0), 0Sy(y) = 0S0(0) = D~5y(0,0) = coZ(y) for
every y € R?, item (3) fails for |y| < 1, since the sublevels are not convex
for such points.

Another example is the following:

Example 6.2. We consider the Hamiltonian of Eikonal type H¢(z,p) = |p| — f(x)
on R™, where the potential f is continuous nonnegative with minimum equal to 0
and f < 1. For any x, the sublevels Z;(x) of Hy = 0 are the balls centered at 0
with radius f(z). It is clear that 0 is the critical value of H since the a—sublevels
of Hy become empty, for some z, if a < 0 and the null function is a subsolution
of Hy = 0. As well known, the corresponding Aubry set coincides with the set of
minimizers of f, which are, in turn equilibria for Hy, see (2). We denote it by &;.
Further, we denote by L the associated intrinsic critical distance, note that it fails
to be equivalent to the Euclidean distance around any minimizer of f, see the item
iv. of Proposition 3.1.

We define the family of sets:

Zs(x) = J{rei: A€ [-2,2}U Z5(a),

i=1
where {e; : i = 1...n} is the canonical basis of R™.
We denote by ﬁf (z,p), §f an associated Hamiltonian, see Remark 3.1, and the

intrinsic nonconvex metric for the equation Hy = 0, respectively. Since int(Zs(z)) =
() if (and only if) z is a minimizer of f, we see, as before, that 0 is the critical value
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FIGURE 3. Z;(x)

also for H ¢. The relevant difference with the convex case is that no peculiar behav-
ior of the metric S t comes up around such minimizers. In fact the extreme points
of the sublevels Z;(z) does not depend on z, so that co(Zf(z)) = co{+2e; : i =
1..n} =: K is constant. This, in turn, implies that for every pair of points x, y in
]Rn
§(y,x) =ok(y—x) =2max{|z; —y;| : i =1,...,n}.

We also point out that there can be infinite different solutions of H ¢+ = 0 agreeing
on &¢. To see this, assume

(20) Er =A{x, =0}NR",
where z,, = (z, e,). The function

w(z) =min{L¢(y,z) : y € Ef},
is a critical solution for both the equations Hy = 0 and ﬁf = 0 since 0Z;(x) C
0Zy(x) for any x, and it takes the value 0 on &. We have u(x) < |z,| since
0 < f < 1. In addition, for 1 < p < 2, the functions v,(x) = p|z,| vanish on &

and are also solutions of the nonconvex problem, but not of the convex one. This
can be easily checked by direct computation.
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