BOLZA PROBLEMS WITH DISCONTINUOUS LAGRANGIANS
AND LIPSCHITZ-CONTINUITY OF THE VALUE FUNCTION

ANDREA DAVINI

ABSTRACT. We study the local Lipschitz—continuity of the value function v as-
sociated with a Bolza Problem in presence of a Lagrangian L(z,q), convex and
uniformly superlinear in ¢, but only Borel-measurable in x. Under these assump-
tions, the associated integral functional is not lower semicontinuous with respect
to the suitable topology which assures the existence of minimizers, so all results
known in literature fail to apply. Yet, the Lipschitz regularity of v does not de-
pend on the existence of minimizers. In fact, it is enough to control the derivatives
of quasi—minimal curves, but the problem is non—trivial due to the general growth
conditions assumed here on L(z,-). We propose a new approach, based on suit-
able reparameterization arguments, to obtain suitable a priori estimates on the
Lipschitz constants of quasi-minimizers. As a consequence of our analysis, we
derive the Lipschitz—continuity of v and a compactness result for value functions
associated with sequences of locally equi-bounded discontinuous Lagrangians.

1. INTRODUCTION

1.1. Description of the problem and main results. A typical issue in Partial
Differential Equations is that of proving the local Lipschitz—continuity in (0, +00) X
RY of the value function

v(t,z) := inf {u('y(O)) +/O L(s,v(s),4(s))ds : v € WH([0,¢],RY), 4(t) = x}

associated with a Lagrangian L : [0, +-00) x RY x RV — (—o00, +00] and to a possibly
discontinuous initial cost u : RN — (—o0, +-00]. This is an important step when one
is interested to show that v is a solution, in a suitable generalized sense, of the
equation

Owu+ H(x,Du) =0 in (0, +00) x RV, (1)
where H is the Hamiltonian associated with L through the Fenchel transform. When
L is continuous, it is well known that v is a solution of (1) in the wviscosity sense
(see e.g. [3, 4, 26]). For discontinuous (and autonomous) Lagrangians, a PDE
interpretation of the value function has been provided by Dal Maso and Frankowska
in [18, 19]. By making use of the so called contingent derivatives, the authors prove
that v satisfies the Hamilton—-Jacobi equation in a suitable generalized sense, and
characterize it as the unique solution of the associated Cauchy problem with initial
datum u when the latter is lower semicontinuous.

The study of discontinuous Hamilton—Jacobi equations is a field of growing atten-
tion both from a theoretical viewpoint as well as for the applications, see [6, 8, 10,
11, 12, 28, 30, 33]. It is related to the study of geodesic distances, of some discon-
tinuous control problems, of combustion phenomena in nonhomogeneous media and
of geometric optic propagation in presence of layers, see [5, 23, 27]. The analysis we

will develop here supplies the tools to prove representation formulas for generalized
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solutions of time—dependent measurable Hamilton—Jacobi equations in the spirit of
[12]. This issue will be discussed in the forthcoming paper [9].

The Lipschitz—continuity of v is strictly related to the regularity of solutions to
the Bolza Problem

win {u20) + [ L5736 ds 5 7 e WHO0RY), 0 =2, ()

and to the possibility of finding some a priori estimates on the Lipschitz constants of
minimizers. Clearly, any solution of (2) is also a Lagrangian minimizer with respect
to its boundary conditions.

The study of regularity properties of Lagrangian minimizers is a classical topic in
the Calculus of Variations. The first results were obtained by Tonelli in the late 20’s
[35, 36] for real-valued smooth Lagrangians L(s,z,q), coercive and strictly convex
in g. More recently, Tonelli’s results have been generalized by Clarke and Vinter [17]
to the case of measurable, locally bounded integrands L(s, z, q), locally Lipschitz in
x, convex and uniformly superlinear in q. By using the tools of non—-smooth analysis,
the classical Euler-Lagrange necessary condition becomes a differential inclusion.

The autonomous case has been widely studied. The results of [17] have been
extended by Ambrosio, Ascenzi and Buttazzo in [2] to the case of a locally bounded
Lagrangian L(x,q), lower semicontinuous in z, convex and uniformly superlinear in
g. In [18], Dal Maso and Frankowska succeeded to prove the same results without
assuming neither semicontinuity in x nor convexity in g. They also obtain some
uniform estimates on the Lipschitz constant of the minimizers, which are used to
prove that the associated value function v is locally Lipschitz in (0, +oo) x RY,
provided problem (2) admits solutions for every (t,z) € (0, +00) x RV,

Here we will be concerned with the case of a Borel-measurable Lagrangian L :
RN x RN — R, locally bounded with respect to (z,¢), convex and uniformly super-
linear in q. The growth conditions assumed on L can be restated in the following
equivalent form:

a(lgl) < L(z,q) < B(=,]ql)  for every (z,q) € RY x RV,

where a(-) and (3(z,-) are superlinear functions from [0, +00) to R, with g locally
bounded on RY x [0, +00) (cf. Lemma 2.3). The model example of Lagrangians
included in this class are the ones of the form

L(z,q) = F(q) + n(x)

with F'(-) convex and superlinear, and n(-) Borel-measurable and bounded.

The main result we prove is the local Lipschitz—continuity of the value function v in
(0, +00) x R, Several Lipschitz-regularity results for the value function associated
with a discontinuous Lagrangian, depending on the continuity properties enjoyed by
the initial cost, are given in Section 4. Moreover, a compactness result holding for
sequences of value functions is derived in Section 4.2 as a consequence of what proved
in [20] (cf. Theorem 3.19). This kind of result essentially relies on the fact that all
the Lipschitz estimates we provide do not depend explicitly on the Lagrangian, but
only on the way L(z,q) grows when |¢| — 400, i.e. on the functions «,(.

We remark that all results of the paper hold, with the obvious changes of notation,
if R is replaced by a connected smooth Riemannian manifold M without boundary.
Proofs can be rephrased by using local coordinates. When M is compact, some
additional information on the Lipschitz continuity of the value function is deduced.
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With respect to the literature quoted above, the key new point consists in deal-
ing with a case when the minimizers of the Bolza problem do not exist in general.
This gives rise to serious technical difficulties, since all arguments known in litera-
ture exploit the existence of minimizers to derive an information on their Lipschitz
constants, and this in turn gives the desired regularity of v via a rather standard ar-
gument. The same reasoning however works as soon as we provide suitable integral
estimates on the derivatives of quasi-optimal curves for v(t,z),(!) depending with
some uniformity with respect to (¢, ) € (0, +00) x RYV. The problem is however non—
trivial due to the general growth conditions assumed here on L(z,-), in particular
to the fact that functions a(-), 8(x, ) may have different growths for |¢| — +oo0.

The novelty of our approach relies on an unusual way of employing the DuBois—
Raymond condition, which motivates the introduction of a distinguished family of
Lipschitz curves parameterized in a special way (cf. Definition 3.12). The core of
our arguments consists in proving that, in the formula defining v(¢,z), it is not
restrictive to consider only curves belonging to this family (see Section 3). Once
this is established, it is rather easy to obtain the a priori estimates on the Lipschitz
constants of quasi—optimal curves for v(¢,x) that are needed to derive the desired
regularity of the value function.

The analysis outlined above is carried out through suitable reparameterization
techniques which use in an essential way the fact that L is autonomous and convex
in g. The argument on which they are based was originally introduced in [22] and
subsequently developed in [21] in the case of a continuous Lagrangian, but its use for
the kind of problems studied herein seems new. A substantial effort is furthermore
made to extend the techniques to the measurable setting and to gather the necessary
information needed in the case at issue.

We end this discussion by mentioning that a possible alternative way to attack
the problem would be to find a relaxed formulation of (2) in order to apply the
results of [18]. The difficulty here is proving that the relaxation of the functional
v f(f L(v,%)ds admits an integral representation on W11([0,¢],R"). The results
proved in [1] assure that this approach actually works if the Lagrangian enjoys the
following growth conditions in ¢:

g’ < L(z.q) < A(1+1]ql")  for every (z,q) € RY x R,

for some p > 1 and A > 0. To extend such results to the more general cases here
considered, we would encounter difficulties similar to the ones previously described.
As a matter of fact, a technical adaptation of the arguments here employed allows
us to generalize the results of [1] to a wider class of abstract and integral functionals
of autonomous type, that includes in particular the ones considered in this paper.
This issue is specifically studied in [20].

1.2. Strategy of the proof. To study the problem, we find convenient to introduce
the function

St =t { [ LA ds 0 € WH(0ALRY), 20 = 20 =2} (6)

1Namely, curves that realize the value v(¢, x) in (2), up to an addition of a suitably small positive
constant.
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defined for every (y,z,t) € RV x RY x (0,+00), and to express v in the following
equivalent form:

v(t,x) = ierﬁng (u(y) + S(y,x,t)) for every (¢,z) € (0,400) x RV,
y
To conclude, it is enough to prove that S is locally Lipschitz in RY x RY x (0, 4-00).
This would immediately follow from [18] if we were able to prove that minimizing
curves for S(y, z,t) exist for every (y,z,t) € RV xRN x (0, +-00). Unfortunately, this
need not be true in our case. In fact, the superlinearity of L(z,-) and the Dunford—
Pettis Theorem (see [7, Chapter 2]) actually imply that every minimizing sequence
for S(y,z,t) admits a subsequence uniformly converging to some limit curve, but
the lack of continuity of L does not guarantee that the associated integral functional
is lower semicontinuous for the convergence at issue (classical results by Olech [29]
and Ioffe [25] assure that this is true if the Lagrangian is lower semicontinuous in z
and convex in ¢), so the standard direct method of the Calculus of Variations fails
to apply (see [7]).

Yet, existence of minimizers is not necessary to derive the desired regularity for
S. Indeed, a fairly standard argument (see, for instance, [18, Proof of Theorem 4.4])
shows that S is locally Lipschitz as soon as we provide some a priori estimates on
the Lipschitz constants of quasi—-minimizers for S(y, z,t), with some uniformity with
respect to (y,z,t) € RV x RY x (0,400).(%) When the existence of a minimizer v is
postulated, as in [18], or assured by the assumptions made on L, as in [2], this can
be deduced from the fact that ~ satisfies the DuBois—Raymond necessary condition,
namely there exists a constant a € R such that

L(y(s),7(s)) = (4(s),p) —a  for every p € 04L(7(s),%(s)) (4)
for almost every s € [0,¢]. Using the superlinearity of L(x,-), it is then easy to
show that a is locally bounded with respect to (y,x,t) and this provides the desired
control on the Lipschitz constant of ~.

Even if this reasoning cannot be applied in our case, we however notice that con-
dition (4), which is crucial to get the desired estimates, provides just an information
on the parameterization of the curve: when + is action—minimizing, its parameteri-
zation must obey to an optimality condition.

The idea we develop here is to separate the issue of parameterization from that of
minimizing the action. This is achieved by first considering a minimization problem
with fixed support: we fix a Lipschitz curve v : [0,4] — R¥ parameterized by
arc—length, the support, and we try to solve the following problem

min{ [ pie.éas s € 1) 5)

for every t > 0, where [v]; denotes the family of absolutely continuous curves ¢ :
[0,#] — RY obtained through a reparameterization of ~.(*) Here, the crucial remark

2An e-minimizer for S(y,z,t) is a curve v € W ([0, 4], RY) with v(0) = y, v(t) = z such that

/Ot L(y(s),4(s))ds < S(y,z,t) + €.

We say that « is a quasi—-minimizer or it is quasi—optimal for S(y, z,t) if it is an e—minimizer with
€ > 0 suitably small.
3That is, £ = yoy on [0,t] for some absolutely continuous map ¢ : [0,t] — [0, /] surjective and
non—decreasing (cf. Definition 3.9).
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is the following: any solution of (5) satisfies (4) for some a € R; conversely, any
€ € [y]: satistying (4) for some a € R is a solution to (5) (cf. proof of Theorem 3.15).

However, existence of minimizers of (5) is not clear. A possible way to tackle the
problem might be to apply the standard direct methods to

min {G(1) : & € WH(0.4,R), ¥(0) =0, ¥(0) =},

where G is defined as

and

u

L(fy(s),;y(s)>u if u>0

g(s,u) ==
liminf L (’y(s), ’YEJS)> v ifu<0.

v—0t
The functional G enjoys some nice properties, such as convexity and sequential
lower semicontinuity with respect to the uniform convergence of equi—Lipschitz func-
tions, but the lack of coercivity makes this approach non—trivial.
The idea exploited here is different. First, we introduce the notion of a—Lagrangian
parameterization (cf. Definition 3.12), which amounts to requiring that the curve
satisfies (4). Then we consider the multifunction 7% (-) defined on R by

T, (a) :={t > 0 : [7]’(a,t) is non empty } for every a € R,

where [y]’(a,t) denotes the subset of [y]; consisting of a-Lagrangian bi-Lipschitz
reparameterizations of v, and we remark that, by what previously observed, the
relation ¢ € T,(a) implies that problem (5) admits a solution in [y]’(a,t). Our
attention is then addressed to establish the relevant properties of the multifunction
T, (-), with particular interest to its range | J,cg T (a) (see Proposition 3.13). When
this coincides with (0,+00), we conclude that problem (5) is solvable for every
t > 0. In particular, (5) has a minimizer belonging to [y)’(a,t) for some a € R, and
its Lipschitz constant can be estimated by some k, € R depending on a and on the
kind of growth conditions assumed on L only. However, our analysis reveals that the
range of T, (-) may actually be a bounded interval of the form (0, 7). In this instance,
a solution to (5) exists if ¢ <7T. For ¢t > T', the minimum in (5) is only an infimum,
in general; nevertheless, we are able to prove that this value can be obtained by
minimizing the action over the family of k. —Lipschitzian reparameterizations of
7, where £, is a positive constant that can be estimated in terms of the growth
conditions assumed on L (see Theorem 3.15).

This information is used to get the sought a prior: estimates on the Lipschitz
constants of quasi-minimizers (see Lemma 3.2): since any absolutely continuous
curve from [0,] to RY belongs to [y]; for a suitable choice of the Lipschitz curve
v :[0,£] — RY (cf. Lemma 3.11), a quasi-minimizer for S(y,z,t) can be always as-
sumed to be x,—Lipschitz continuous, for some a € R. By using the superlinearity of
L(x,-), the constant a is last estimated with some uniformity with respect to (y, x, t).



1.3. Plan of the article. Section 2 contains the main notation and assumptions,
together with some well known propositions that will be needed in the rest of the
paper.

The properties of the function S are studied in Section 3. In Section 3.1 some
preliminary results are collected. The definition of a—Lagrangian reparameteriza-
tion and the reparameterization arguments are presented in Section 3.2. Here, the
main properties of the multifunction T’,(-) are established and used to study an
action—minimization problem with fixed support. The information gathered are
then exploited to derive the sought a priori estimates on the Lipschitz constants of
quasi-minimizers (cf. Lemma 3.2), which is all we need to prove Theorem 3.1. To
simplify the exposition, the Lagrangian L is initially assumed locally bounded in ¢,
uniformly with respect to . The consequent extension to the case of Lagrangians
locally bounded in (z, q) is easily derived in Section 3.3 via a localization argument
(see Theorem 3.17). Here a sequential compactness result for locally equi-bounded
discontinuous Lagrangians, established in [20], is recalled for later use.

The main results of the paper are derived in Section 4 as a simple application of
the preceding analysis. Section 4.1 contains several Lipschitz—regularity results for
the value function associated with a discontinuous Lagrangian, depending on the
continuity properties assumed on the initial cost. An extension to the case when
RY is replaced by a compact and connected smooth Riemannian manifold M with-
out boundary is also provided. Last, Section 4.2 contains a compactness result for
the value functions associated with sequences of locally equi-bounded discontinuous
Lagrangians.

2. NOTATION AND STANDING ASSUMPTIONS

We write below a list of symbols used throughout this paper.

N an integer number

B, (z) the open ball in RY of radius r centered at x
B, the open ball in RY of radius r centered at 0
S the (N — 1)-dimensional unitary sphere of RY
HF k—dimensional Hausdorff measure

(- the scalar product in RV

[u] the integer part of u € R

R4 the set of nonnegative real numbers

P(R4)  the family of subsets of Ry
UC(RY™) the space of uniformly continuous real functions on RV
Lip(RY) the space of Lipschitz—continuous real functions on RY

Given a subset U of R¥, we denote by U its closure. We furthermore say that U is
compactly contained in a subset V of R¥ if U is compact and contained in V. If E is
a Lebesgue measurable subset of R¥, we denote by |E| its k-dimensional Lebesgue
measure, and we say that E is negligible whenever |E| = 0. The characteristic
function of E is denoted by x . We say that a property holds almost everywhere
(a.e. for short) on R¥ if it holds up to a negligible subset of R¥. The Euclidean norm
of u € R¥ is denoted by |u].

Given a measurable vector—valued function f : E — R™, we write || f||c to mean
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(Zf:l HfiHLOO(E)>1/2, where f; and || fi|| L (g) denote the i-th component of f and
the L*°-norm of f;, respectively.
Let X C R¥ and B(X) the family of all Borel subsets of X. A multifunction T
from X to compact subsets of R is said to be Borel-measurable (cf. [14]) if
{reX  :T(@)NU#0}eB for every open set U C R.

We say that I' is upper semicontinuous at x if, for any € > 0, there exists § > 0 such
that
I'(z) CT'(x) + (—¢,¢) for all z € Bs(z) N X.
When k£ = 1, we say that I' is non—decreasing on X if
sup'(z) < infT'(y) for every z,y € X with z < y.

We say that I' is non—increasing on X if the multifunction —I'(-) is non—decreasing
on X.

For a function g : R¥ — (=00, +00], we denote by dom(g) its effective domain;

i.e., the subset of R* where g is finite valued. We will say that g is superlinear if

lim 79(:1:) =400
|z| =400 ’JZ‘

For a convex function f from R* to R, we will denote by df(x) the subdifferential
of f at x, defined as

Of(@) = {p € R : f(y) > f() + (py—x) for every y € RF}.
The set df(x) is closed and convex, and the multifunction x — 9f(x) is upper
semicontinuous on R¥. We furthermore have (see [31]):

Proposition 2.1. Let f : R¥ — R be convex. Then f is locally Lipschitz in R¥.
More precisely, for every xo € R¥ and r,6 > 0, we have

@) — fw) <o -yl

5 sup f for every x,y € By(x0).
B

r+6(10)
In particular, Of(x) C (2 sup f) By for every x € B,.
Br+1
Given a function f : R¥ — R, we define its conjugate f* : R¥ — (—oo, +o0] as
follows:

f*(x) = sup {(z,y) — f(y)}  for every x € R.
yERFK

We record for later use the following well known facts (cf. [31, Theorem 23.5])

Proposition 2.2. Let f : R¥ — R be superlinear and convex. Then f* is locally
bounded and convex on R¥. Moreover,

) = §7(@) = sup{leg) = ')} for every z < BE
Yy
The following conditions on x,x* € R* are equivalent to each other:
(i) flx)+ [ (@) < (z,27);
) f@) + (@) = (27,
(i) a* € 9f(x);
) xedff(z”).



By a modulus we mean a nondecreasing function from Ry to R4, vanishing and
continuous at 0.

We denote by Wl ([O, t], RN ) the space of absolutely continuous curves from the
interval [0, 1] to RY. We recall that a curve v : [a, b] — R¥ is said to be parameterized
by arc—length if |y(s)| = 1 for almost every s € (a,b).

Throughout the paper, «, 8 will always denote two functions from R to R, that
are convex, non—decreasing and superlinear, namely

lim a(h) = lim Bh)

7 2 — o
h—+o00 h h—4o00 h

We will denote by L a function from RV x R¥ to R such to satisfy the following
assumptions:

(L1) L is Borel- measurable on RV x RV,
(L2)  a(lg) < L(z,q) < B(lal)  forall (z,q) € RY xRV,

(L3)  L(x,-) is convex for every z € RV,

Up to adding a constant to it, it is not restrictive, by (L2), to assume that L is
positive. This will be systematically done in the sequel. We also point out that the
second inequality in (L2) is equivalent to requiring that

sup{L(z,q) : (z,q) € RN x B} < 40 for any R > 0.
In fact, the following holds.

Lemma 2.3. Let U be an open subset of R¥ and L : U x RF — R, such that
sup{L(z,q) : x €U, |q| <n} < +oo for every n € N.
Then there exists a function B : Ry — Ry, convex and non—decreasing, such that
L(z,q) < B(lq]) for every (x,q) € U x RF,
Proof. Set
an :=sup{L(z,q) : x €U, gl <n} for each n € N,
and

f(h):= Z an Xfn—1,n) () for every h > 0.
n=1

As L(z,q) < f(|q]) for every (z,q) € UxRF_ it will be enough to prove the statement
for f. For each n € N, choose m,, := max{2a,/(n — 1), ap — an—1} and set

B(h) :=sup{ ant1 + mpt1(h—n)}  for every h > 0.
neN
By definition, each map h +— an41 + mpi1(h — n) is greater or equal than f on
[n — 1,n) and less than 0 on [0,7/2), hence
f(h) < B(h) < 400 for every h > 0.

The remainder of the assertion follows as (3 is the supremum of a family of convex
and increasing functions. O
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To any L satisfying assumptions (L1)—(L3), we associate the function S(y,z,t)
defined through (3), for every (y,z,t) € RY x RY x (0,+00). It is easy to check
that the function S enjoys the following inequalities

ta<‘y;x’)SS(y,x,t)Stﬂ(y;x’) on RY x R x (0, +00).  (6)

Later on in the paper, condition (L2) will be relaxed to cover the case of a Lagrangian
L locally bounded with respect to (z,q), i.e. such that

sup{L(x,q) : (z,q) € Bg x Bp} < +© for any R > 0.

By Lemma 2.3, this amounts to replacing condition (L2) with the following one:
(L2")  a(lq]) < L(z,q) < Bn(lq]) for all (z,q) € B, x RN and n € N,

where (),)nen is a family of convex, non—decreasing and superlinear functions from
]R+ to R+.

3. THE KEY RESULTS

The goal of the analysis we are about to present is that of proving the local Lip-
schitz continuity of the function S associated via (3) with a Lagrangian satisfying
assumptions (L1), (L2), (L3). As previously noticed, condition (L2) amounts to
requiring that the function L(z,-) is superlinear and locally bounded on RY, uni-
formly with respect to . This growth condition will be relaxed at the end of this
section in order to consider the case of Lagrangians locally bounded with respect to
(x,q). The precise statement of the result that we will establish is the following.

Theorem 3.1. Let L : RN x RN — R, be an autonomous Lagrangian satisfying
conditions (L1)-(L3). Then the associated function S defined through (3) is locally
Lipschitz in RN x RN x (0,+00). More precisely, for every M > 0 there exists
K = K(M,«,f3) such that

S is K-Lipschitz continuous in Cyy,

where Cyr := {(y,x,t) € RV x RN x (0,400) : |z —y| < Mt}.

Theorem 3.1 can be proved via a rather standard argument as soon as we derive
some a a priori estimates on the Lipschitz constant of quasi—optimal curves param-
eterized in [0,¢] and connecting y to z, for every (y,t,x) € Cps. This information
can be derived from the following Lemma:

Lemma 3.2. Let 2,y € RY and t > 0 such that S(y,z,t) < M t. Then there exists
a constant k = k(M, a, ) such that

S(y,x,t) =inf{/0 L(£,&)ds : £0) =y, £(t) ==, [|€]|le < m}.
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The proof of Lemma 3.2 is quite delicate and relies on a careful analysis on the
role played by reparameterizations. It will be carried out in the next two subsec-
tions. Before that, let us show how Lemma 3.2 can be used to prove Theorem 3.1.

Proof of Theorem 3.1. For a fixed M > 0, choose (y1,t1,21) and (y2,te, z2) in
Ch, and set

-t
2
Since Cy is convex, it suffices to prove the statement locally, namely for small values
of h. Choose h < t3/2 so that sy < t;/2. Fix € > 0 and let y; € WH1([0, 4], RY)
be an e—minimizer connecting y; to z1. As S(y1,x1,t1) < t1 B(M), by Lemma 3.2
we can assume ||¥||oo < & for some constant k = x(M, a, 3). Choose ug,v; € RY so
that

+ h.

h = |t —ta| + |z1 — 22| + |y1 — ¥2l, 50 :

Y1(s0) =y2 +hur, 7ty — s0) = 2 + hoy,
and note that |u1], [v1] < 1 + 2k. Define a curve 7o : [0,t2] — RY connecting y to
x9 by setting:

yo + suq if s € [0, h],
Y2(s) ==X vi(so+s—h) ifselh,ta—h]
X9+ (ta — s)vy if s € [ta — h, 9]
Recalling that L is positive, we get

to t1
S(y2, x2,t2) — S(y1,21,t1) S/ L(’YQ,Wz)dS—/ L(v,%1)ds +¢
0 0

h to
S/ L('yg,ul)ds—i—/ L(ya2,u9)ds +e<2B(1+2Kk)h +e¢,
0 to—h

so, setting K= 2 5(1 + 2k), we obtain
S(y2, wa,ta) — S(yr,x1,t1) < K ([t1 — to] + |21 — 22| + [y1 — va2|) + €.

As ¢ is arbitrary, the conclusion follows at once by interchanging the roles of (y1, t1, x1)
and (y2,t2,z2) and by setting K := 2N + 1 K. 0

3.1. Preliminary tools. Let H : RY x RN — R be the Hamiltonian associated
with L through the Fenchel transform, namely

H(z,p) = max {(p,@) = L(z,9)} -
The function H is Borel-measurable, and H (z, ) is convex and superlinear for every
xz € RN. For every a € R, set
oa(z,q) = max{{(q,p) : H(x,p) <a} for every ¢ € RV, a € R,

where we agree that o,(x,q) = —oo whenever a < —L(z,0) = mingn~y H(z, ).
Proposition 3.3. For any a € R, the following properties hold:

(i)  oa(x,Aq) = Noa(x,q) for every (z,q) € RN x RN and \ > 0;

(i) L(x,q) > o4(z,q) — a for every (z,q) € RN x RV,
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Proof. Assertion (i) is clear by definition. To prove (ii), we recall that L is the
Fenchel transform of H (cf. Proposition 2.2), hence

Lw,q) = max {(p,q) = H(w,p) } = max {(p.q) = H(w,p)} = 0alw,q) —a, (7)

)=

as claimed. 0

For any (z,q) € RY x RY and a € R, we set
Aa(z,q) :=={A €[0,400) : L(z,Aq) = 0alz,Aq) —a}, (8)

and

o, q) :==1nf Ay(z,q), Aa(z,q) :=sup Ay(z, q).

[>

We agree that A ,(x,q) = A4(z,q) = 0 whenever Aq(x,q) = 0, that is, when a <
—L(x,0).
We define the following functions:

s (u) == max {uh=a(|A]) }, Belu) = max {uX = B(A]) } for every u € R,
and we remark that they are convex and superlinear as «(|-|) and 3(]-|) are so. For
every a € R, set

R, :=max {|u| : Bi(u) <a} (9)
and
Kq = 2max{a.(u) : |u| <R, +1}. (10)

The following compactness result holds.
Lemma 3.4. Let a € R. Then
Au(z,q) C [0, Kq) for every (z,q) € RN x SN—1,
Proof. From the definition of «, and S, we obtain
B« (Ip]) < H(z,p) < ax (|p|) for all (z,p) € RN x RV, (11)
in particular
{peRY : H(zx,p)<a} C Bg, for every » € RV. (12)

Pick up (z,q) € R¥ xS¥~1. From (7) and Proposition 2.2 we derive that A € A,(z, q)
if and only if Aq € 0,H (x,p) for some H(x,p) < a. In particular

Ao(z,q) C {|v| : v € OpH(z,p) for some p € Bp, },
and the conclusion follows at once in view of (11) and of Proposition 2.1. 0
We now fix (z,q) € RY xSV¥~! and we examine the properties of the multifunction
a — Aq(z,q). Proposition 2.2 yields that
L(z,Aq) = (p,\q) — H(x,p) for any p € 0,L(z, A q), (13)

for any given A € R. In view of Proposition 3.3—(ii), we infer that A € Ay(z,q) if
and only if a € H(x,0,L(x, \q)).

We start by considering the set—valued map A(X) := H(x,9,L(x, Aq)) on [0, +00),
which is the inverse of a — A4(x,q), in the sense of set—valued analysis (see [32,
Chapter 5]). Indeed, note that

Ao(z,q) ={ A €[0,+00) : a € H(x,0,L(x,\q)) }. (14)

11



Proposition 3.5. Let A(-) as above. The following facts hold.
(i) For any A € R

AN) = [a(N),a(N)]  for some —L(x,0) < a(N\) <a(\) < 4oo.
Moreover

AO) = {~L@0)},  lim_a() = +ox.

(ii) The set—valued map A(-) is upper semicontinuous on [0, +00). In particular,
a(+) is lower semicontinuous and @(-) is upper semicontinuous on [0,400).
(iii) The set—valued map A — A(X) is non—decreasing on [0, +00).

(iv) U A(A L(z,0), +00).

A>0

Proof. The function f(\) := L(z, X q) is convex and superlinear, hence its conjugate
f* is so. We claim that A(A\) = f*(9f(\)) for every A > 0. Indeed, by Proposition
2.2 we know that

FAOFN) = AOF(N) — F(N) for any A > 0.
By classical result of non—smooth analysis (cf. [16, Theorem 2.3.10]), we also know
that 0f(\) = (0,L(z, A q), ¢), hence the above equality becomes

f(Of(N) = (04 L(x, A q), N q) — L(z,\q)  for any A >0,

and the right-hand side term coincides with A(\) by (13), as claimed.

Let us now prove the above stated properties of A(:). As f is convex, its subdif-
ferential 0 f(\) is a compact interval of R, so the same is true for A(\). The equality
A(0) = {—L(x,0)} is an immediate consequence of (13), while the other assertion
follows by superlinearity of f* and f. That proves (i). The upper semicontinuity of
A(+) comes from the fact that the multifunction A — 9f()\) is upper semicontinuous
and f* is continuous. The remainder of (ii) follows from that by definition of a(-),
a(-).

Let us prove (iii). Since f* and f are convex, the multimappings v — 9f*(u) and
A +— O0f(\) are non—decreasing on R. By superlinearity, we get in particular

Jar 0),+o00)  with u(0) € 8(0).
A>0

By duality (cf. Proposition 2.2), 0 € 9f*(u(0)), so the monotonicity of 9f*(-) yields
that f* is non—decreasing on [u(0), 4+00).
Item (iv) comes from (ii) and (iii). O

Example 3.6. Take a Lagrangian of the form L(z,q) = F(q) + n(z) for every
(z,q) € RN xRV with F(-) convex and superlinear, and n(-) Borel-measurable and
bounded. We have

A(N) = F*(0F(\q)) — n(x) for every A > 0,
for any fixed (z,q) € RY x SN~ When for instance F(q) = |q|?/2, it reduces to

AN = [\ gl?/2 = n(a).

We use this information to prove a result that will be crucial for our future analysis.
12



Proposition 3.7. Let (z,q) € RN x SN~ The following facts hold.

(i) For any a > —L(x,0), we have

Aa(z,q) = Ao(2,9), Malz,q)]  for some 0 <A, (7,9) < Aal(2,q) < +oc.
Moreover,

AfL(z,O) (z,q) =0, lim A,(z,q) = +oo.

a——+oo

(i) The set—valued map a — A, (x,q) is upper semicontinuous and non—decreasing
on [—L(z,0),+00).

(iii) Ao(T,q9) = suppeq Ao(z,9) for any a > —L(x,0)

and

Ao(x,q) = infpsq Ap(z,q) for any a > —L(x,0).

a+ L(z,0)

(i) Ado.g) 2

for any a > —L(x,0), with R, defined by (9).

Proof. We recall that Ay(z,q) = {A >0 : a € A(\) }. The monotonicity and coer-
civity property of the set—valued map a — A4(z, q) is a consequence of Proposition
3.5, while the equality A _ 1, 0)(7,q) = 0 is apparent by definition (8). In particular,
Aq(z,q) is a bounded interval for any a > —L(z,0).

To prove the upper semicontinuity of a — Ay(z,q), we need to show that, for
each pair of sequences (a,), and (A,), such that a, — a € R, A, — A € R and
An € Ay, (z,q) for every n € N, we have A € Ay(x,q). That easily follows by the
upper semicontinuity of A(:) (in fact, it is equivalent, cf. [32, Theorem 5.7]). In
particular, this implies that A,(z,q) is closed for any a > —L(x,0).

Assertion (iii) immediately follows from the monotone and semicontinuous char-
acter of the map a — Ay(x,q).

Let us prove (iv). Choose a > —L(z,0) and set A := A ,(z,q). By Proposition
3.3—(ii) we get

0a(®,Aq) = L(2, A\q) + a > 0_r(20)(%,Aq) + a + L(z,0),
hence, by (12),
a+ L(:L', O) < A (O’a(.’L', Q) — 0_L(z,0) (.%', Q)) < A (Ra + R—L(x,O)) |q’7

and the statement follows as R_p, ) < R, by definition. O

Example 3.8. Let L(z,q) := |q|?/2 + n(x) for every (z,q) € RY x RN with n(.)
Borel-measurable and bounded. For any fixed (z,¢) € RY x S¥~! we have

Ao(z,q9) = {é’ 2(a+ n(a:))} for every a > —n(x).
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3.2. Optimal reparameterizations. Let us now consider a Lipschitz curve ~ de-
fined on a bounded interval J := [0, ¢].

Definition 3.9. A curve £ defined on a bounded interval [0, ¢] is said to be a repa-
rameterization of ~y if there exists an absolutely continuous map ¢ : [0,t] — [0, ],
surjective and non—decreasing, such that

€= oy on [0, t].
We furthermore say that £ is a (bi—)Lipschitz reparameterization of v if ¢ is a (bi-)
Lipschitz homeomorphism.

Remark 3.10. For reasons that will be clear soon, we want to allow a reparameter-
ization to stop at a point for some time. This accounts for the choice of the unusual
definition given above.

We introduce the following notation:
V] = {cewl! (o, t],RN) : £ is a reparameterization of v }
By = {¢€e W ([0,4],RY) : ¢ is a bi-Lipschitz reparameterization of v }.

The following lemma comes from classical results of analysis in metric spaces (see
e.g. [24, Section VII.2]). We give a proof for the reader’s convenience.

Lemma 3.11. Let £ € Wl’l([O,t],RN). Then there exists a Lipschitz curve 7,
defined on a bounded interval [0,£], such that § € [y];. We can furthermore assume
that v is parameterized by arc—length.

Proof. Let ¢(s) := [ £(s)| ds for every s € [0,t], and set £ := o(t). Clearly, the
map ¢ : [0,t] — [0,] is absolutely continuous, surjective and non—decreasing. We
claim that the statement holds true with v(s) := &(¢~1(s)) for every s € [0, 4].
Indeed, it is easy to see that v is well defined. Pick now a pair of points a,b in
[0,¢] with a < b. By the monotone character of ¢ we have ¢~ '(a) = [A_, A4],
o 1(b) = [B_, By] for some A_ < A, < B_ < By. Moreover

B+t
7(b) = (@)l < H' (v([a,b])) = H' (§([A-, B4])) = /A €()lds =b—a,

which yields that + is 1-Lipschitz continuous. From the fact that f(f I7(s)|ds =
H (4([0, £])) = £, we finally get that ~ is parameterized by arc-length. O

A further step in the analysis is carried out by picking up some special reparam-
eterizations of the curve ~.

Definition 3.12. A curve { defined on a bounded interval [0, ] is said to have an
a—Lagrangian parameterization if

L(£().£(5)) = 0a(£(5),€(s)) —a  forace. s € 0,1], a € R.
For any a € R and ¢t > 0, we define

[V](a,t) :={& € [y]: : £ has an a—Lagrangian parameterization },

[V (a,t) :={¢€ € [4]? : € has an a-Lagrangian parameterization }.
14



Now assume ~y is parameterized by arc—length, and let
¢y i=esssup,c; — L(7(s),0)
We define a multifunction T : (¢y, +00) — P(R,) by setting

T, (a) :={t > 0 : [7]’(a,t) is non-empty }.

The properties of the multifunction T’,(-) are stated below.

Proposition 3.13. Let v and T(-) := T,(-) as above. The following facts hold.
(i) For any a > cy, T'(a) is a compact interval in (0, +00), namely
T(a) := [T (a), T (a)) for some T (a) > T (a) > 0.
(1t) The multifunction T'(-) is non-decreasing and upper semicontinuous on (¢, +00).

Moreover — infys., T (a) = 0.

(iii) Let T(cy) := supgs.. T(a). If T(cy) is finite, then [y](cy,L(cy)) # 0.
In particular, for any 0 <t < T'(cy) with t < 400, there exists a > ¢y such that
v admits an a—Lagrangian Lipschitz reparameterization on [0,t].

We first prove an auxiliary lemma.

Lemma 3.14. Let v : [0,4] — RY be a Lipschitz curve parameterized by arc-length
and a € R. The following facts hold true.
(i) For everyt > 0 and & € [y];, the map o4(£(-),£(+)) is Lebesgue-measurable
on [0,t], and

t _ ¢
/ Cal€(s),€(s)) ds = / ca(1(5),4(s)) ds. (15)
0 0

(ii) The maps X ,(7(),%(*)), Xa(7(),¥(:)) are Lebesgue-measurable on [0, f].

Proof. Take t > 0 and £ € [y];. Since the map s — (£(s),£(s)) is Lebesgue
measurable, in order to prove (7) it is enough to show that the function o, is Borel—
measurable on RY x RV, To this aim, let (p,), and (\,), be two dense sequences
in RY and (0, 400), respectively. The Borel-measurable character of o, follows at
once by noticing that

oa(x,q) = iI]%f <sup {{pn-q) Uk (3:)}> for every (z,q) € RY x RV,

where EF .= {z € RY : H(z,p,) < a+ 1/k} and Uk (-) denotes the function
identically 1 on E¥ and —oo elsewhere. Equality (15) is a consequence of the fact
that o, (x,-) is positively 1-homogeneous.

Let us prove (). Since the map s — ((s),*(s)) takes values in RY x SV~ for
a.e. s € [0,], it suffices to show that the functions A,, A, are Borel-measurable
on RY x S¥=1 Let us show the statement for A ,. For each n € N, set

F, :={(z,q) € RY x sV . H(z,04L(x, A\ q)) N (—00,a) # 0},

which is Borel measurable for the multifunction (z,q) — H(x,0,L(x, A, q)) is so.
The assertion follows by noticing that A ,(, q) = sup,, A, Xp, (z,q) on RY x SN=1,
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in view of (14) and of Proposition 3.7. The analogous statement for A, can be
proved in a similar way. O

Proof of Proposition 3.13. (i) Fix a > ¢, and set

Aa(€) = 2,(7(6),4(6)), Aa(e) == Aa(1(5),9(s))  forae. ¢ €0,/

Let
1

¢ - ¢
T (a): /0 %) d¢, Tf(a): /0 e ds.

Such quantities are well defined, positive real values, thanks to Proposition 3.7-(iv)

and to the measurable character of A ,(*), A4(). To show that they belong to T'(a),

we will prove the existence of two curves v, 7,, defined on (0,7 (a)) and (0,7 (a)),

respectively, which are a—Lagrangian bi—Lipschitz reparameterizations of . To this

aim, let us define

s 1 — 51
f,(s) ::/O mdg, fa(s) ::/0 mdg for any s € [0, /],

1

®, (i) Po=(fa)

and set

defined on (O,I( ) ( ) respectively. As
@ (1) =Xa(e (1), Bu(T) = A (@e(r))  for ae. 7,

we immediately derive that te, and @, are order—preserving bi-Lipschitz diffeomor-
phisms. Let us set

Y, =7c¢p, on (0,7 (a)), Yo i=70%, on (0,T(a)).
Since
7,0)=Xale, () ¥e, () ae on (0,7 (a))
and
Val) = Aa(@a()) ¥(@a()  ae. on (0,7 (a)),
we conclude that the curves 7 ~and 7, has an a-Lagrangian parameterization by
the very definition of A, and X o

In order to prove that [T (a),T (a)] C T'(a), we will show that
ST (a) + (1 —06)T (a) € T(a) for any ¢ € (0,1). (16)
Fix § € (0,1), and set
g
5(s) = — N
5 Aa(s) +(1=0)A,(c)
for almost every ¢ € [0, ¢], and
51
f(s) ::/ ——d¢ for s €[0,4], o:=f"1 onl0,f(0).
0 AS)

Since 6(s) € [0,1] for almost every ¢ € [0, /], we get that A\s(s) € Ag(y(s),(s)) for

almost every ¢ € [0,4], in particular ¢ is an order—preserving bi-Lipschitz diffeo-

morphism. Arguing as above, we see that the curve =, := vo ¢ is an a—Lagrangian

bi-Lipschitz reparameterization of v on (0, f(¢)), so f(¢) € T(a). Now it is easy to
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check, by definition of 6(+), that f(¢) =0T (a) + (1 — )T (a). That proves (16) as
d was arbitrarily chosen in (0, 1).

Let us now prove that T'(a) C [T (a),T (a)]. Let T € T(a) and 5 := yo¢ be
an a—Lagrangian reparameterization of ~ for some order—preserving bi-Lipschitz
diffeomorphism ¢ : [0,7] — [0, ¢]. Then

¢(7) € Mo (v(p(7)), A(p(7)))  for ae. 7€ (0,T).

Let f := ¢~ !. We have
1
/ = [ iy

and since @(f(<)) € Aa(v(<), (s = [A,($); Aa(<)] for a.e. < € [0,4], we clearly get
T € [L(a), T (a)].

(ii) Let b > a > ¢y. Then Ay(s) > Au(s) for almost every ¢ € [0,4], hence
T(b) < T(a). That proves that T(-) is a non-increasing multifunction. To prove
that T'(-) is w.s.c. on (¢, +00), it will be enough to show that

T(a) =supT(b), T(a) = li)nf T(b) for any a > c,.
b>a <a

This actually follows as a simple application of the Monotone Convergence Theorem
and by the monotonicity poperties of A,, Aq (cf. Proposition 3.7-(iii)). The last
assertion holds by definition of T'(a) since sup,s.. Aa(s) = +oo for almost every
ce0,4.

(iii) Let T'(c,) be finite. Arguing as in (i), we may find a non-increasing sequence
of Borel-measurable maps A, : [0, ¢] — [0, +00) such that, for each n € N,

0

1

Tn = / A (§) d§ and )‘n(g) € Ac7+1/n(’7(§),’y(§)) for a.e. S e [07£]a
0 n

with sup,, T, = T'(¢,). Set
A(s) = inf A\p (<) for every ¢ € [0, 4].

Then A(+) is measurable and A(c) € Ac, (7(s),¥(s)) for almost every ¢ € [0, £]. More-
over the Monotone Convergence Theorem yields

0 4
1 1
T(c zsuan:sup/ dgz/dg,
( ’Y) neN neNJO )‘n(g) 0 )‘(g)

in particular the map
51
s) = ——dg
6= [ 55

is increasing and absolutely continuous on [0, £]. A ¢,~Lagrangian Lipschitz repara-
metrization of y defined on [0, (c,)] can be now obtained by setting ¥ := v o ¢ with

¢ :=(f)"" on [0,T(cy)].
Last, the fact that the multifunction is upper semicontinuous, monotone and
convex—set—valued implies that

U 7() = (0.7(c,))

a>cy

and this is enough to obtain the remainder of the statement. O
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We now seck for an optimal reparameterization of v on the interval [0,¢], for
any given t € (0,400). Such a reparameterization does not exist in general, as we
will see. In any case, however, we are able to derive an estimate on the Lipschitz
constants of quasi—optimal reparameterizations. This is a crucial step for our study.

Theorem 3.15. Let v : [0,£] — RN be a Lipschitz curve parameterized by arc—
length. Then, for every t € (0,+00), there exists a > c, such that

?
int /OtL(g,g)ds — inf {/OtL(g,é)ds 1€ gﬁa} :/0 ou(1,4) ds — at,

¢ehl §€M)e

with kq given by (10). The above infimum is a minimum whenever t < T (cy),

and is in particular attained by some curve belonging to ['y]b(a,t) with a > ¢, when
t<T.(cy).

Proof. By Proposition 3.3 and Lemma 3.14, we get
¢

/Ot L(&€)ds > /Ot (0u(€.8) ) ds= /0 A an

for any a > ¢, and § € [y];, and (17) is an equality whenever £ € [7](a,t). The
assertion for ¢ < T (c,) hence follows in force of Proposition 3.13 and Lemma 3.4.

Let us now assume t > T. (¢y) and set h 1=t — T, (cy). Let § € [7](cy, T, (cy)).
By definition of ¢,, there exists, for each n € N, s, € (O,Iw(c,y)) such that

&) + L(E(5), 0) < =

n

To ease notation, we will write ¢, in place of —L(&(sy),0). We define
&(s) if s € (0, sp)
&n(s) =< &(sn) if s € [sp, sn + I
&(s—h) if s €[sp+ h,t).
We have

i . I—y(C’Y) . I’Y(C’Y) .
/0 L(§m§n)d82/0 L(&f)ds—hcn:/o 0c,(§,6)ds — T (cy) ey
¢ ¢ h
—hCn:/ UCW(’y,ﬁ)ds—cvt—i—h(Cv—cn)</ JCW('y,"y)ds—cyt—i—ﬁ.
0 0

Taking (17) into account, we derive
l

4 t
. h
[ oetnias—et< [ Lenénds< [ o uids—epre
0 0 0

and we conclude letting n — 4o0. O

Remark 3.16. If in Theorem 3.15 the Lagrangian is assumed lower semicontinuous
in x, we can furthermore say that, for every ¢t > 0,

t _ ' t _ .
it [ o6 &as —min{ [ De.9as s ¢ blan |
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for some constant a > ¢,. This can be proved by considering, in place of T(-), the
set—valued map defined as

T5(a) :={t >0 : [7](a,t) is non—empty }

for every a > ¢} :=sup,e; —L (7(s),0). The multifunction 77 (-) agrees with T’ (-)
on (¢, +00). Indeed, the inequality
a—ck

Ao (v(8),7(s)) > 2Ra7 for a.e. s €[0,4],

which holds true by Proposition 3.7, implies that [y](a,t) = [1]’(a,t) for every
a > ¢4 and t > 0 (cf. the argument showing that T'(a) € [T (a),T (a)] in the proof
of Proposition 3.13). On the other hand, we always have

TH(e) = [T,(¢5), +o0) (1)

when T'(c%) is finite, and that is enough to get the statement in view of (17).

To prove (18), let £ be a curve belonging to [y](c},T(c})) (which does exist in
force of Proposition 3.13) and take so € [0,7,(c3)] such that L({(so),0) = —c3.
Such an sp always exists by the upper semicontinuity of —L(~(+),0) on [0,¢]. For

every h > 0, define &, : [0,T(c) 4+ h] — RY as
&(s) if s € [0, s0]
&(s0) if s € [s0, 50 + h]
§(s—h) ifse€[so+h,T,(c)+ Al

§h(s) =

It is easily seen that &, is a ¢ ~Lagrangian reparameterization of . This shows that
T.(c)+heTi(c) for every h > 0,

as claimed.

With the aid of the results obtained so far, we can now prove Lemma 3.2.
Proof of Lemma 3.2 Choose 7 € N such that M/a(n) < 1/2 and set
A= Am) :=max{a.(u) : |ul| <28(Mm+1)},

where o, (u) := maxyer{A\u — a(|\|) }. We claim that the statement holds true with
k := k4 defined according to (10).

Indeed, pick a curve £ € Wt ([0, t],RN) such that

/tL(g,é)ds<Mt,
0

and let v : [0,4] — RY be a Lipschitz curve, parameterized by arc-length, such
that & € [v]¢, according to Lemma 3.11. In view of Theorem 3.15, up to choosing a
different ¢ in [y]; without increasing the action, we can always assume that either
1€]loe < ke, or € € [7]’(a,t) for some a > ¢,. In the first case, we note that

C'Y S a*(o)v

for —L(x,0)

< —a(0) < a,(0) for every z € RY. The claim follows by definition of
ka as a,(0) < A.
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Let us instead assume that & belongs to [y]’(a,t) for some a > ¢,. In particular,
|€(s)| # 0 almost everywhere on [0,¢]. Set J := {s € [0,¢] : 0 < [&(s)| <m}. We

have .

Mo [16ddsz [a(éas = am 0.0\

hence |J| > t/2. Pick up a differentiability point s € J for £. By the fact that £ has
an a—Lagrangian parameterization we derive that

ae 1 (£6).0,L66).€6))) .

in particular ¢ < A by Proposition 2.1. As |£(s)] € Aq(E(s),&(s)/|E(s)]) for a.e.
s € [0,¢], the claim follows in force of Lemma 3.4 since rk, < k4 by definition
(10). O

)

3.3. Further extensions. Let us now consider a Lagrangian L : RN x RV — R,
which satisfies, in place of (L2), condition (L2") for some family (5,,)nen of convex,
non—decreasing and superlinear functions from R4 to Ry ; i.e., which is uniformly
superlinear in ¢, and locally bounded in RY x RV . Tt is easy to generalize Theorem
3.1 as follows.

Theorem 3.17. Let L : RN x RN — R, be an autonomous Lagrangian satisfying
conditions (L1), (L2'),(L3). Then the associated function S defined through (3) is
locally Lipschitz in RN x RY x (0, +00). More precisely, for every M,r > 0 there
exist a constant K = K(M, r,Q, (ﬁn)n) such that

S s K-Lipschitz continuous in Cpy(r),

where Cpr(r) :={(y,t,x) € B, x B, x (0,7) : |x —y| < Mt}.

Proof. For every n € N, let us denote by S, the function associated with the
Lagrangian Ly (z,q) := L(z,q) xp, () + Bn(lq]) Xg~\ 5, (z) through (3). We claim
that, for every M, r > 0, there exists an index k = k:(M, r, o, (ﬁn)n) such that

S =Sk on Cy(r). (19)

Clearly, that is enough to conclude in force of Theorem 3.1.
Let us fix M,r > 0. We first notice that

S(y,x,t) <1 B (M) for any (y,t,z) € Cp(r), (20)

where m := [r] + 1. Let v be a curve in Wh([0,¢],R") connecting y to x such to
be quasi-optimal for S(y,z,t). By (20), it is not restrictive to assume that

¢
| oy ds < v ).
0
in particular

/Ot [ylds < r(cn +5m(M>>,

with oy > 0 such that a(|g|) > |¢| — a1 for any ¢ € RY. As v has end-points lying
in B,, we deduce that v is entirely contained in the open ball By with

ko= [r(1+ a1+ Bn(M))] +1.
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Thus

t
St t) =t { [ L05)ds < 2(0) =02 90 =2, 201 € B |
0
for every (y,t,x) € Cp(r), and claim (19) follows at once as L coincide with Ly on
Bi, x RV, O

Remark 3.18. Theorem 3.17 still holds if, in place of condition (L3), L satisfies
the following weaker convexity assumption:

(L3)"  for every for every t; < t; in R and v € Wh((ty,t2), RY)
A= L(v(s),A¥(s)) isconvex on R for a.e. s € (t1,t2).

The reparameterization techniques and the approach described above can be in fact
adapted to this setting. The lack of convexity of L in ¢ give raise to some technical
difficulties. For instance, it is no longer true that L is the Fenchel transform of H.
These obstructions can be overcome by computing the Fenchel transform of L along
straight lines of any fixed direction, and by accordingly modifying the definition of
0q4. For the details, see [20].

We conclude this section by recording a result proved in [20] that we will need
later. Let us denote by £ = £(a, (5n)n) the family of Lagrangians satisfying assump-
tions (L1), (L2)/, (L3)’, where a and 3,, n € N, are fixed convex, non-decreasing
and superlinear functions from R4 to Ry. Let 3 = E(a, (ﬂn)n) be the space of func-
tions S on RY x RN x (0, +00) associated through (3) with Lagrangians belonging
to L. We endow X with the metric induced by the uniform convergence on compact
subset of RY x RN x (0, +00). The following result holds (see [20]):

Theorem 3.19. The space of functions ¥ is compact; i.e., every sequence (Sk)x in
3 admits as subsequence which converges to some element S of 3, locally uniformly
in RY x RY x (0, +00).

Remark 3.20. The Lagrangian L associated with the limit function S trough (3)
can be obtained by ”differentiation” as follows:

hq, h
L(z,q) = hlirgl+ S(:L",x;ll—q,) for every (z,q) € RV x RV, (21)

As proved in [20], L is continuous in ¢ for every z, and convex for almost every
x. However, the convexity of L(x,-) for every z € RY is not assured, even if the
approximating functions Sy are associated with Lagrangians convex in q.

4. MAIN THEOREMS

4.1. Lipschitz regularity of the value function. We now use the information
gathered so far to prove some regularity properties of the value function v : (0, +00) X
RY — R defined as

v(t,z) := inf {u('y(O)) —I—/O L(v,4)ds : ve WhH([0,¢],RY), 4(t) = x} . (22)
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where u : RN — (—o00, +00], u # 400, and L is a Lagrangian satisfying assumptions
(L1)—(L3). The above formula can be equivalently restated as

o(t,7) = inf, (u(y) + 8, (t, x)), (23)

where S, (t,z) stands for the function S(y,z,t) associated with L through (3). In
what follows, the notation g+ will denote the positive part of a function g : R¥ —
[—00, +0c], namely g* (z) := max{g(z), 0} for every z € RV.

Theorem 4.1. Let v be defined by (22) for some L : RN x RN — R, satisfying
conditions (L1)-(L3). If u Z +oo and u is bounded from below, then v(t, ) is locally
Lipschitz in (0, +00) x RN, and

t_1>r0n+ H (U( ) ) u) HL (dom u) ( )

In particular, lim+ v(t,z) < u(x) for every x € RY. Moreover
t—0

(i) if u is either bounded or in UC(RY), then, for any to > 0, there exists a
constant Ky, = K (tg, u,«, 3) such that

v(t, x) is Ky, ~Lipschitz in  [tg, +00) x RY;
(ii) if u € Lip(RY), then there exists a constant K = K (u, a, 3) such that
v(t,x) is K-Lipschitz in [0, +00) x RY.

Proof. Pick a point zg € dom(u) and plug y = xo in the expression at the right—
hand side of (23). We get

(t,x) < u(zo) +t ('”“"_t““)’) . (25)

Any y € RN which is t-optimal for v(t, ) satisfies

u(y) + Sy(t,x) < ulxg) +t <ﬁ <‘$_tx0‘> + 1) ,

and that yields, for y # =z,

o (=) L ulwo) —uly) <ﬂ <|m_$°|> +1> . (26)

t
=y |z —y] t |z =yl

When (¢, z) varies in an open set U compactly contained in (0, +00) % RY | inequality
(26) is certainly false if (y, t, z) ¢ Cys for asuitably large M = M (U, ||(—u) " || 0o, v, 3).
Hence

v(t,z) = inf {u(y) + Sy(t,z) : (y,t,z) € Cyr } for every (t,x) € U,
y

and the assertion follows as v is the infimum of a family of equi-Lipschitz functions,
in force of Theorem 3.1. Inequality (25) with 29 = x immediately gives (24) whenever
x € dom(u).
Items (i) and (ii) can be proved analogously by putting x in place of xg in (26)
and by choosing as U the sets (tg, +00) x RY and (0, 400) x RY respectively. For
22



the case u € UC(RY), we also make use of the fact that, for any such u, there exists
€ > 0 such that

lu(z) —u(y)| < lz=9] for every z,y € RV with |z —y| > e.

O

Let us now assume that the Lagrangian L satisfies, in place of (L2), condition
(L2") for some family (5, )nen of convex, non—decreasing and superlinear functions
from R4 to Ry. We provide the following generalization of Theorem 4.1.

Theorem 4.2. Let v be defined by (22) for some L : RN x RN — R, satisfying
conditions (L1), (L2'),(L3). If u # +oo and u is bounded from below, then

1tlir(§1+ | (v(t,) —u)" | oo (B, Adomw) = 0 for every r > 0.

In particular, lim+v(t,:n) < wu(x) for every x € RN. Moreover, v(t,x) is locally
t—0

Lipschitz in (0, +00) x RN . More precisely, for every open set U compactly contained
in (0, +00) x RN, there exists a constant K = K(U,u, a, (5n)n) such that

v(t, x) is K-Lipschitz in U.

The proof is omitted, for it can be easily recovered by arguing as above and by
using Theorem 3.17 in place of Theorem 3.1.

Last, we want to point out that all results of this paper can be easily extended
to the case when R is replaced by a connected smooth Riemannian manifold M
without boundary. In this case, the Lagrangian L is defined on the tangent bundle
TM of M and satisfies assumptions (L1), (L2) or (L2"), (L3), with T M, || - ||, and
M in place of RY xRN |-| and RY, respectively. (*) When M is compact, Theorem
4.1 can be partially improved as follows.

Proposition 4.3. Let M be a compact and connected smooth Riemannian mani-
fold without boundary, and L : TM — R4 an autonomous Lagrangian satisfying
conditions (L1)-(L3), with TM, || - ||l and M in place of RN x RN || and RY,
respectively. Let v be defined by (22) with u % +oo and bounded from below. Then,
for any ty > 0, there exists a constant K, = K (to, o, 3) such that

v(t, x) is Ki,—Lipschitz in  [ty,+00) X M.
Remark 4.4. The point is that the constant Ky, appearing above is independent

of the initial cost u, provided v is a well defined real function on (0, +00) x M. This
is actually guaranteed by the conditions u # +o0o and i/I\l/lf U > —00.

Proof. Let us denote by dq the distance on M induced by its Riemannian metric.
For any M > 0, set
Cy = {(y,z,t) € M x M x (0,400) : opm(x,y) < Mt}

Since M is compact, for any ¢y > 0 there exists My,, depending on ¢ty and on the
diameter of M only, such that M x M x [to, +00) C Cpy, . Hence

o(t,@) = inf {u(y) + S,(t,2) 5 (g,,1) € Cagy, }  for any (£,2) € [t0, +00) x M,

4| ||l» denotes the Riemannian norm on T, M, for every z € M.
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and the assertion follows as v is the infimum of a family of equi—Lipschitz functions,
in force of Theorem 3.1. O

4.2. A compactness result for value functions. Let £ = £(a, (8,)n) be defined
as in Section 3.3, and let (Lg)r be a sequence of Lagrangians belonging to £ and
convex in q. For each k € N, let

wh(t,z) := inf {ukw(o» -/ Llo(s),3(s)) ds 4 € WEL([0,0,BY), A(1) = }

for every (t,x) € (0,400) x RV, where uy, is a function from R¥ to (—oo, +00] with
ur #Z +o0o. With the aid of Theorem 3.19, we can prove the following result.

Theorem 4.5. Let (vg)i defined as above, and suppose one of the following condi-
tions holds:

(a) the functions uy are equi-bounded from below on RY;
(b) the functions uy are equi-uniformly continuous on RY.

Then, up to subsequences, (vy)g locally uniformly converges on (0,+00) X RN to the
function v defined as

t
oit.o) = int {u.o(0) + [ L) A)ds € WH(0.0,RY), 50 = .
0
where L is a Lagrangian belonging to L and u, is the function defined as
Uy (z) := inf {limkinf ug(zg) ) — :U} for every x € RV,

Proof. Let us denote by Sj; the function associated with Lj; through (3). By
Theorem 3.19 we know that, up to subsequences, S converge to .S, locally uniformly
on RY x RY x (0,+00). Let L be the element of £ derived from S through (21).
For every M,r > 0, the functions S; are equi-Lipschitz continuous. Moreover, for
every open set U compactly contained in (0, +00) x RY there exists a constant M
independent of k£ such that

vg(t, ) = inf {uk(y) + Sk(y,z,t) : (y,t,x) € Cp(r) } for every (t,x) € U,
y

where r is sufficiently large positive number such that U C (0,r) x B,.. To see this,
argue as in the proof of Theorem 4.1 and note that M can be estimated in terms
of supy, ||(—ug) || or of the continuity modulus shared by the functions (ug)g. In
particular, the functions v are equi—Lipschitz continuous on U. By Ascoli—Arzela
Theorem, the proof then reduces to show that

lilgn v(t,z) = v(t,x) for every (t,x) € U.
Let us first prove that
v(t,z) > limsup vy (t, =) for every (t,x) € U. (27)
k

Chose y € RN and let 3, — y such that u(yx) converge to u.(y). We have
us(y) + Sy, x,t) = lilgn up(yk) + Sk(yk, z,t) > limsup vg (¢, x),
k
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and (27) follows by taking the infimum of the above inequality for all y € RY.
Next, let us prove that

limkinf ve(t,x) > v(t, x) for every (t,x) € U. (28)

For each k € N, take yj, such that (yg,t,x) € Cp(r) and

1
vg(t,x) + Z > up(yk) + Sk(yk, x, t).

By possibly considering a subsequence, we can assume that (yx)x converges to some
point y € RY. We infer that

liminf vy (£, ) > lim inf u () + S(y,,8) = wa(y) + S(y,2,1)

and (28) follows. O
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