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ABSTRACT. We consider the following autonomous variational problem

b
minimize {/ fw(z),v'(z)) dz : ve Whi(a,b), v(a) = a, v(b) = ﬂ}

where the Lagrangian f is assumed to be continuous, but not necessarily coercive, nor
convex. We show that the existence of the minimum is linked to the solvability of certain
constrained variational problems. This allows us to derive existence theorems covering
a wide class of nonconvex noncoercive problems.

RESUME. On considére la classe des problémes variationels autonomes ci-dessous:

b
minimiser {/ fo(x),v'(z)) dz : v e Wh(a,b), v(a) = a, v(b) = ﬁ}

ou le lagrangien f est une fonction continue sans hypothése de coercivité ou de convexité.
On démontre que 'existence de solutions pour ces problemes est liée a I’existence de so-
lutions de certains problémes variationels sous contraintes. Ce résultat permet d’obtenir
des théorémes d’existence pour une classe étendue de problémes variationels ni coercifs
ni convexes.
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2 EXISTENCE OF MINIMIZERS OF FREE AUTONOMOUS PROBLEMS
1. INTRODUCTION

This paper is devoted to the investigation of the solvability of the classical autonomous Lagrange
variational problem

b
minimize {F(v) :/ fo(z), ' (z)) dz : v e T} ; (P)

where
T :={ve W' (a,b) : v(a) = a, v(b) = B, v(z) € I},

I C R is a given interval, bounded or unbounded, with o, 8 € I, and f : I x R — [0, 4+00), f = f(s,2), is
a continuous function. We do not assume any convexity or coercivity condition on f, so that the classical
direct methods of the Calculus of Variations cannot be applied and the variational problem can have no
solution.

This problem has been widely investigated for various types of Lagrangian and the mathematical
literature on this context is very wide. We mention, in a not exhaustive way, for the case of f coercive
but not convex the papers [12], [15], [16], [17], [18]. Instead, if f is noncoercive, but convex, the existence
of Lipschitz continuous minimizers is established in [6] under different types of assumptions, allowing
some cases of linear growth on the integrand f, and, in [8], even for Lagrangians f which do not exhibit
any growth. Results involving noncoercive nonautonomous Lagrangians have been provided in [1], [2], [3],
[13]. The solvability of (P) for a class of nonconvex noncoercive integrands, under a growth assumption
similar to that employed in [6] and [7], has been considered in [4]; as for relaxation and Lipschitz regularity
of the minimizers we refer to [5].

Actually, the study of suitable growth assumptions for noncoercive integrands does not seem sufficiently
developed, mainly for those functional admitting non-Lipschitz minimizers. For instance, for f(s,z) =
s|z|P, p > 1, following the same argument proposed in the solution of [11, Ex.2.2.10], it is easy to show
that ' admits minimum (attained at a possible non-Lipschitz trajectory), but this situation does not
seem to be covered by any general existence theorem.

In the recent paper [14] a detailed analysis about the existence and the Lipschitz regularity of the
solutions to autonomous constrained variational problems is accomplished, where f can be nonsmooth,
nonconvex, noncoercive, and the competition set is restricted to the monotone functions. In such a paper,
a nonsmooth version of the DuBois-Reymond equation is proved, expressed in terms of an inclusion
involving the subdifferential of the Convex Analysis. This condition turns out to be both necessary and
sufficient for the optimality of a trajectory. Moreover, after a relaxation result, a new necessary and
sufficient condition for the existence of the minimum of F' is introduced, which is expressed in terms of
an upper bound for the assigned slope g:—z‘.

On the other hand, a certain monotonicity property of the minimizers of free problems has been recently
studied in [9] and [10], where it was proved that, under very mild assumptions, the competition set
T can be restricted, without loss of generality, to those trajectories admitting at most one change of
monotonicity. More precisely, if (P) is solvable, then it admits a minimizer which is increasing in [a, 2]
and decreasing in [zg,b] (or vice versa) for some xg € [a,b]. In light of this property, it is natural to
investigate the link between the solvability of the free problem and the constrained one, in order to obtain
necessary or sufficient conditions for the solvability of the free problem (P).

As for the necessary condition, we have proved in [9], subsequently improving the results in [10], that
if (P) is solvable then there exists a minimizer u satisfying the monotonicity property described above,
such that Of (u(x), v (z)) # 0 for a.e. x € (a,b) and the DuBois-Reymond type necessary condition

fu(x),u'(z)) — c € v/ (z)0f (u(x),u'(x)) a.e. in (a,b) (1.1)

holds, where 0f is the subdifferential of Convex Analysis and c is a constant subjected to the limitation

from above ¢ < rr(l%nb}) f(s,0). But contrary to the constrained case investigated in [14], such a condition
secu(|a,
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is no more sufficient for unconstrained problems. For instance, consider

f(Z) = ‘Z|7 (a7 b) = <_172), (Ot,ﬁ) = (172)7 I'=R.

The function u(z) = |z| satisfies (1.1) with constant ¢ = 0 = f(0) but is not a minimizer, whereas every
increasing absolutely continuous function satisfying the boundary conditions solves (P).

Nevertheless, in the present paper we show that condition (1.1) plays a relevant role in the study of the
existence of the minimum. Indeed, we prove (see Proposition 4.3) that the existence of a pair of functions
in T satisfying (1.1) for suitable values of the constant ¢ contributes to further restrict the competition
set (see (2.6)); the region of the plane included by the graphs of these “functions-barrier” can be seen as
a cage in which the graph of a minimizer, whenever it exists, is trapped. In this compact region we define
a suitable lower semicontinuous function mapping each point (z,y) into the sum of the infima of the
integral functional evaluated at the monotone trajectories joining (a, «) with (z,y) and (z,y) with (b, 8).
The minimum point of such a function, say (Z, y), plays a key role since we show that one can look for a
minimizer for problem (P) among those trajectories passing throughout (Z, y) and admitting at most one
change of monotonicity exactly in that point. So, the solvability of the free problem (P) is reduced to the
solvability of a pair of suitable constrained problems, that is the minimization of the integral functional
evaluated among the monotone functions joining (a,«) with (Z, ) and the monotone functions joining
(z,7) with (b, 8). Indeed, a minimizer of (P) can be obtained by matching the monotone minimizers of
both the constrained problems.

Therefore, if the constrained problem admits minimum whatever the endpoints may be, then problem
(P) is solvable too. When f is convex with respect to last variable, this can be achieved by using the
existence criteria for constrained problems stated in [14]. To deal with the non-convex case, we combine
them with a relaxation result recently proved in [10].

In this way, we obtain sufficient criteria for the solvability of problem (P) under rather mild growth con-
ditions, covering situations which were not previously included in known existence results. In particular,
we introduce the following condition

lim  inf{f**(s,2) — 20f*(s,2)} = —00 forae. se€l (1.2)
|z|—+o0
which, jointly to some other slight technical assumptions, guarantees the existence of the minimum (see
Theorem 7.1 for the convex case and its combination with the relaxation Theorem 7.8 for the nonconvex
case).
The main feature of condition (1.2) is the requirement that it is satisfied just almost everywhere in
I. This allows to include integrands f(s, z) having superlinear growth with respect to z, but with the
exception of straight lines in a set of null measure in the (s, z)-plane, where f vanishes. For instance, we
are able to handle integrands of the type f(s,z) = ¢(s) + ¥ (s)h(z) with h coercive and v vanishing in a
set of null measure.
More in detail, we herein present our existence criteria, limiting ourselves to integrands having affine-
type structure, for the sake of simplicity, but we refer the reader to Theorems 7.1 and 7.8 for the general
case.

Theorem 1.1. Let f(s,z) = ¢(s) + (s)h(z), with ¢, h continuous and nonnegative, ¥ continuous and
almost everywhere positive. Suppose that

‘ ‘hni inf{h**(z) — z0n™*(2)} = —o0, (1.3)
and that there exist
min (6(5) + GO and _min {6(s)+ H(h(O)}. (14)

Moreover, assume that there exist two sequences (zp)n, (Cn)n Such that
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and that
co{z:h(z) =h™(2)} =R. (1.6)

Then, the functional F' admits minimum. Moreover, if ¥ (s) > 0 for every s € I, then F admits a
Lipschitz continuous minimizer.

Of course, when h is convex then conditions (1.5) and (1.6) are trivially satisfied. So the existence
of the minimum in the convex case is ensured by conditions (1.3), (1.4). For instance, if ¢ = 0 and ¢
vanishes in a nonempty set of null measure in [, 5], then (1.4) is satisfied. Therefore, the functional
F(u) = f; P(u(z))h(u (z)) dz admits minimum (attained at a possible non-Lipschitz minimizer) provided
that condition (1.3) holds true (see also Examples 7.3, 7.4). Notice that in this case the functional F is
not coercive and condition (1.2) holds just almost everywhere in I. According to our knowledge, such a
situation was not previously covered by any existence result.

Moreover, in some cases the minimum can exist, whatever the boundary data «, 3 may be, even if
condition (1.3) does not hold, as the following criterium states (see Corollary 7.5 and Theorem 7.8).

Theorem 1.2. Let f(s,z) = ¥(s)h(z), with ¢ continuous and positive, h continuous and nonnegative,
having h** not affine in any half-line. Let the assumptions of Theorem 1.1 be satisfied, but with (1.3)
replaced by

lim inf{h**(z) — 20h™*(2)} = 0.

|z| =400

Then the problem (P) is solvable and there exists a Lipschitz continuous minimizer.

For instance, the classical example f(s,2) = ¥(s)v1+ 22, with ¢(s) > 0 for every s, can be handled
by using Theorem 1.2. We recall that in the convex case the existence of the minimum for such a type of
integrands have been already proved in [8].

As for assumption (1.4), notice that it is trivially satisfied if f(-,0) is increasing and I has minimum
or if f(+,0) is decreasing and I admits maximum. Moreover, it of course holds true even if I is compact.
In order to treat situations in which (1.4) is not satisfied, we provide an a priori estimate in L* for the
trajectories lying in the level sets of the functional F' (see Theorem 2.4 and Corollary 2.6), in such a way
that the interval I can assumed to be bounded, without loss of generality. By virtue of Corollary 2.6,
assumption (1.4) in Theorems 1.1, 1.2 can be replaced by

I is an unbounded closed interval and ‘lilm i_nf P(s) > 0. (1.4%)
S|—T00
Concerning assumption (1.5), notice that it requires that the origin is a cluster point, both from the
right and the left side, for the contact set between h and h**, and hence, by continuity, h(0) = h**(0).
Condition (1.5) derives from a relaxation result proved in [10], where it was also discussed the possibility
of removing it, keeping the requirement h(0) = h**(0). More precisely (see Theorem 7.8), condition (1.5)
in Theorems 1.1, 1.2 can be replaced by the following requirement:

the map s — ¢(s) + ¥ (s)h(0), s € [a, f], has at most countable many minimizers (1.5%)
provided that h(0) = h**(0).

Finally, notice that condition (1.6) can not be removed, owing to the possible existence of non-Lipschitz
minimizers; in fact, as a consequence of condition (1.1), f and f** should coincide along the minimizer.

The paper is organized as follows: after some notations and preliminary results, in Section 3 we recall
the known results about constrained problems and the DuBois-Reymond necessary condition. In Section
4 we show that the trajectories satisfying the DuBois-Reymond necessary condition for suitable values
of the constant ¢ can be taken as upper or lower barriers for the competition set; whereas in Section 5
we study the lower-semicontinuity of the infimum of the integral functional with respect to the boundary
data, which may have interest in itself. Section 6 contains the results connecting the solvability of certain
constrained problems with that of (P) and finally in Section 7 we prove our main existence results.
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2. NOTATIONS AND PRELIMINARY RESULTS

As mentioned in Introduction, we consider the autonomous variational problem (P), that is

b
minimize {F(v) :/ fv(z), ' (z)) dz : v e T} ; (P)
where
T :={ve W' (a,b) : v(a) =, v(b) = 3, v(z) € I},
where I C R is a generic interval, with o,0 € I, f : I x R — [0,400), f = f(s,2), is a continuous

function. Without loss of generality, from now on we assume that o < .

Our approach in dealing with the optimality of problem (P) is based on the study of suitable variational
problems with constraints on the derivatives. To do this, we will adopt the following notations.
Givena <x1 <z <band 0 <y; <ys < [ we set
Y (z1,11), (x2,12)] := {v € WhH (21, 22) @ v(21) = ¥1, v(22) = o, v/ (x) > 0 ace. in (z1,29)}

and we consider the constrained variational problem

(PH)[(x1,51), (z2,52)] : minimize /m2 fo(x),v'(z)) de for v € Y [(x1,41), (x2,y2)]-

Similarly, if 0 < yo < y1 < 8 we define

Y [(z1,11), (x2,92)] := {v € Wh (21, 22) : v(21) = y1, v(22) = Yo, v/ (x) <0 ae. in (z1,29)}

(P)[(1,91), (22,92)] : minimize /% fo(@),v'(z)) dz for v € T [(21,51), (w2, 42)]-

Moreover, we write (P)**, (PT)** or (P~)** if the integrand function f is replaced by f**, where, as
usual, f** denotes the convex envelope of f with respect to the second variable, i.e., fixed s € I, f**(s,-)
is the largest convex function lower than f(s,-).

For the sake of simplicity, if we do not write explicitly the dependence on the initial and the final
boundary points, we mean that they are (a,a) and (b, 3), respectively.

The link between the free problem (P) and the constrained ones (P1), (P™) is based upon the study
of the monotonicity properties of the minimizers. More in detail, we will say that a function v € T
satisfies the mazimum principle if the following property holds true

(M)  there exists z¢ € [a,b] such that u is decreasing in [a, o] and increasing in [z, b]
and the minimum principle if
(m) there exists xy € [a, ] such that u is increasing in [a, zo] and decreasing in [z, b].
We define
Ty :={ueX : usatisfies(M)}, T, :={ueT : usatisfies(m)}, T =Ty UT,,. (2.1)

The expression mazimum [minimum] principle can be justified observing that any function in Tys [Y,,]
has the remarkable property that any restriction on a subinterval of [a, b] assumes its maximum [minimum]
value in correspondence of one of the endpoints. In particular, notice that Y, NY,, is the set of the
increasing functions of T; i.e., Ty N Ty, = Y [(a, a), (b, B)].

Remark 2.1. Observe that if uy,us € Ty, then max{uq,us} belongs to Yjs too, and if ug is increasing
then max{uy,us} is increasing. Similarly, if u1,us € Ypp,, then min{uy,us} belongs to T,,. Moreover,
if vy € Ty and v € T, then min{vy,va} belongs to Yy, max{vi,ve} belongs to T, and, if vy is
increasing, min{vy, ve} is increasing. We will use these facts in the proof of Proposition 4.3.
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Throughout the paper we make use of the subdifferential in the sense of Convex Analysis, that is

Of(s,z) :={6 R : f(s,w)— f(s,2) > &(w — z) for every w € R}.

We consider very mild assumptions on the continuous Lagrangian f : I x R — [0, +00). We list here
the main conditions recurrent in our statements.

Of*(-,0) has a continuous selection; (2.2)
f(s,0) = f**(s,0) for every s € I; (2.3)
there exist  my := SS%}geIf(s, 0) and mg:= Szrg}gelf(s,O). (2.4)

Whenever (2.4) holds true, we put
sy :=max{s < B: f(s,0) =m1}, sg:=min{s > a: f(s,0) =ma}, (2.5)

and we define
T:={ue T :min{a, s} <ulx)<max{s, s}, = € [a,b]}. (2.6)

Moreover, if wy,ws € T* and wy(z) < wa(x) for every z € [a,b] then T}, . denotes the following set of
functions:
T ={veT:w(r) <v(r) <ws(zx) for every x € [a,b]}. (2.7)

w1, w2

Remark 2.2. Condition (2.2) is trivially satisfied if the integrand has the affine-type structure f(s,z) =
@(s) + ¥(s)h(z), provided that 1 is continuous. Moreover, (2.2) holds even if f** is continuous and
f**(s,-) is differentiable at z = 0 for every s € I (see Remark 2.2 in [9]). If the previous conditions
are not satisfied, then condition (2.2) does not hold in general. Consider for instance the function
f(s,2) := |z — s|, for which 9f**(s,0) does not admit a continuous selection.

Without loss of generality, under conditions (2.2), (2.3), possibly by subtracting an affine function, we
can also assume the validity of the following assumption

f(s,0) = miﬂglf(s,z) for every s € I. (2.8)
z€E

For the sake of completeness we give a precise statement of this observation, involving condition (1.1)
too.

Lemma 2.3. (see [9, Lemma 2.1]). Let f:I xR — [0,400) be a continuous function satisfying (2.2)
and (2.3). Then the function

f~(87 z) = f(87 z)—g(s)z,

where g is a continuous selection of Of**(-,0), satisfies the following properties:
(a) f(5,0) = f(s,0) = f**(s,0) for every s € I;

(b) f(s,0) = melﬂlg f(s,2) for every s € I;

(¢) uw € Y satisfies condition (1.1) relatively to function f if and only if it satisfies the same con-
dition relatively to f too, with the same constant c;

(d) there exists k € R such that F(u) = F(u) + k, for every u € Y, where F(u) stands for
b <
J flu(a), v/ (z)) dz.
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We now discuss the possibility of assuming, without loss of generality, condition (2.4). To this aim,
let us present an a priori estimate in L* for the trajectories lying in the level sets of the functional F,
in such a way that I can assumed to be bounded. Therefore, if I is also closed, condition (2.4) trivially
holds true. However, we need to combine this with the possibility to assume also condition (2.8); so
the following result proved in Appendix furnishes a sufficient condition for assuming both the conditions
(2.4) and (2.8), without loss of generality.

Theorem 2.4. Let I be a closed, unbounded real interval and let f : I Xx R — [0,400) be a continuous
function satisfying (2.2) and (2.3). Assume that there exists a continuous selection g = g(s) of 0f**(s,0)
and positive constants €, K, M such that

[7*(5,2) > [*(5,0) + (9(5) + 2 for cvery 2> K, |s| > M (2.9+)
or
7 (s,2) = f*(s,0) + (g(s) —€)z  for every z < —K, |s| > M. (2.9-)

Then there exists L > max{|a|,|B|} such that, put f(s,z) = f(s,2) — g(s)z, if there exists a solution to

~ b ~
minimize {F(v) = / f(@),v(z))dz : veT, ||[v]e < L} (2.10)

then (P) is solvable too.

Remark 2.5. In view of the previous result and Lemma 2.3, if (2.2), (2.3) and one of the conditions
(2.9+), (2.9—) hold, then both (2.4) and (2.8) can be assumed to hold, without loss of generality.

The following corollary proved in Appendix is a consequence of the previous theorem, for affine-type
integrands.

Corollary 2.6. Let I be a closed unbounded interval. Let f : I x R — [0,+00), be defined by
f(s,2) = ¢(s) + ¢(s)h(z)
with ¢, 1, h continuous and non-negative. Suppose that h**(z) is not linear on the whole real line and

liminf ¥(s) > 0.

s —-+oo
Then conditions (2.4) and (2.8) can be assumed to hold, without restriction.

The next result proved in [10], concerns the monotonicity properties of minimizers. It states that the
class T can be restricted to T* or T (see (2.1), (2.6)).

Theorem 2.7. ([10, Theorem 3.1, Corollary 3.2]). Let f, f** : I x R — [0,400) be Borel-measurable
functions, with s +— f(s,0) lower semicontinuous, satisfying (2.3). Then

inf ' = inf F.
T T
Moreover, if ir%fF is attained, then there exists a minimizer in T*.

Finally, if (2.4) is satisfied too, then the class T* can be replaced by the subclass T.

As a consequence of the previous result we get that under suitable assumptions the unconstrained
problem (P) reduces to the constrained one (P*) and all the existence results proved in [14] for constrained
problems can be applied in the present setting.
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Corollary 2.8. Let f,f** : I x R — [0,+00) be Borel-measurable functions, with s — f(s,0) lower
semicontinuous, satisfying (2.3). If H[linﬁ]f(S,O) = iIelgf(S,O), then
s€|a, s

inf F'(u) = inf F(u).

Proof. By assumption, (2.4) is satisfied and both s, and s are in [, 8]. Thus, T in Theorem 2.7 coincides
with T7. O

3. THE DUBOIS-REYMOND CONDITION AND THE CONSTRAINED PROBLEM

Our main tool for studying the solvability of problem (P) is the DuBois-Reymond condition (1.1). It
plays a central role when dealing with autonomous problems constrained to monotone functions, since,
in this context, it is not only a necessary condition, but also a sufficient one, provided that the constant
c satisfies a suitable upper limitation. Indeed, in [14] it was proved the following result:

Theorem 3.1. ([14, Theorem 7 and Remark 3]). Let f : I x [0,+00) — [0,4+00) be lower semi-
continuous. Then a function uw € YT[(x1,y1), (w2,92)] is a minimizer for the constrained problem

(PH)[(w1,v1), (w2,92)] if and only if there exists a constant ¢ < I[nin ]f(s, 0), such that
S€|Y1,Y2

flu(z),u'(z)) —c € v/ (2)0y f(u(x), v (x)) a.e. in (x1,22),
(with the position 0 - () = 0), where
O+ f(s,2):={neR : f(s,¢) — f(s,2) >n(¢ —z) for every ¢ >0}, for every z > 0.

Remark 3.2. As proved in [9, Lemma 4.3], if f(s, -) satisfies (2.8) and is continuous at 0, then 04 f(s, z) =
0f (s, z) for every s € I and z > 0.

Thanks to the above remark and Lemma 2.3, the following variant of Theorem 3.1 holds.

Proposition 3.3. Let f : I x R — [0,400) be continuous, satisfying (2.2), (2.3). Let y1,y2 be in I,

y1 < yo. Then u € YT [(x1,v1), (z2,92)] satisfies (1.1) with ¢ < I[nin ]f(s,()) if and only if u solves the
S€|Y1,Y2

constrained problem (P1)[(x1,y1), (T2, y2)].

Remark 3.4. Of course, results analogous to Theorem 3.1 and Proposition 3.3 hold for the constrained

problem (P7)[(z1,¥2), (z2,y1)], with 04 f(s, 2) replaced by - f(s,z) == {n € R : f(s,() — f(s,2) =
(¢ — z) for every ¢ < 0}, and again ¢ < r[nin ]f(s,()). In fact, define the bijective function T' :
S€[Y1,Y2

Y [(w1,92), (w2,51)] = YT[(21,91), (x2,72)], as T(v) = v* where v*(z) := v(w1 + 72 — x) and f.(s,2) =
f(s,—z). It is easy to see that 0 fi(s,2) = —0_ f(s, —z), and that the following constrained variational
problems are equivalent

inf{/aC2 Flo(),v'(t)) dt : v e X [(z1,92), (:1:273/1)]}
and

inf{/:2 fe(0*(t),v* (£)) dt = v* € YT [(21,91), (xg,yQ)]}.
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Unfortunately, a necessary and sufficient condition, analogous to Theorem 3.1, for the solvability of the

unconstrained problem (P) cannot be obtained, as mentioned in Introduction. Nevertheless, by Corollary

2.8, when minﬁ]f(s, 0) = infl’f(s, 0), then the free problem (P) reduces to the constrained one (P*), and
se

sE€|a,
so Theorem 3.1 holds with the same statement, for problem (P) too.

However, the necessary part holds for free problems, as stated by the following result, proved in [10]
(see also [9]).

Theorem 3.5. ([10, Theorem 4.1]) Let f : I x R — [0,4+00) be a continuous function satisfying (2.2),
(2.3).
If (P) is solvable then there exists a solution u € T* (see (2.1)) such that Of (u(z),u'(z)) # 0 for a.c.

x € (a,b) and (1.1) holds for some constant ¢ < rr(l[inb])f(s,()), Moreover, if u'(z) = 0 in a set having
seu(|a,

positive measure then ¢= min f(s,0).
s€u([a,b])

4. UPPER AND LOWER BARRIERS FOR THE MINIMIZERS

The aim of this section is to restrict further the competition set T (see (2.6)), by means of “functions-
barrier” satisfying condition (1.1).

The first step in this direction is the following result.

Lemma 4.1. Let f: I x R — [0,400) be continuous, satisfying (2.2), (2.3), (2.4). Let vy € YTy satisfy
(1.1) with a constant ¢ < f(s1,0) (see (2.5)) and assume that vj(z) # 0 a.e. in (a,b).

Then F(v) > F(vg) for every v € Yy such that m[inb] v(x) < m[inb} vo(x).
xr€la, x€|a,

Proof. By Lemma 2.3, without loss of generality, we can assume (2.8) too. Set
= {ueWh'(A\,,b) : Ay € [a,b), u(b) = B, u(z) € I, v'(z) >0 ae.}.

For every u € T', put
@)=t [
u(Au)

In [15, Lemma 2] it was proved that x/,(§) > 0 a.e. in [u(Ay), 8], xu(8) <band x,(8) =b < u/(z) >0
a.e. in [\, b]. Furthermore, in [15, Lemma 3] it was proved that

B

§
¢ (t) dr  where ¢, (€) := min{x € [\, b] : u(x) = £}

u

b
Au flu(z), v’ () do > /u(m (S XL(E))X“@ d§ + f(s1,0)[b = xu(B)] (4.1)
and
b @) de= [ e N A @) > 0ae O (42
= if u'(z a.e. in (Ay,b). .
/A @@y dr= [ e e
Moreover, if f(u(z), v (z)) —c € v/ (z) Of (u(z), v (x)) a.e. in (Ay,b), then
: L —c L in (u
pAIIN(S Xz(f)) ] € 0f(&, X&(é)) a.e. in (u(Au), B). (4.3)
Finally, easy calculations show that (4.3) implies
76 )= - (& X%@)xw > (2= X4(€) forevery 2> 0, ae. in (u(h),B).  (44)
Let us now fix v € Tj; such that set m := Ien[inb]v(ac) and mg = Ien[inb]vo(x), we have m < myg. Let

Z € [a,b] be such that v(Z) = m and let z € [a,b] be such that vo(xg) = mo. By the assumption on
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function vg, the point xq is univocally determined and v(z) < 0 for a.e. = € (a,xo), vj(z) > 0 for a.e.
x € (zg,b).

Put w = Xy, and wo = Xu,,, ,- Observe that by (4.1), (4.2), (4.4), (2.8) and being vy(z) # 0

a.e., we get
b
/ f(v (JJ)) dz _/ f(vo(l‘),v(’)(x)) dz >

8 B 1
z/'ﬂ& Y (€) € + F(51,0)(b—w(B) — | F(&, o Juh(€) dE =

TS W SR E)
B 1 , 1 , mo 1 / _
[ 16 (€ = HE @] dg+ [ H(E i () de 4 f(o1, 00— w(s)) >
B mo
> e [ (e - wh(©) de+ fs1,0) [ w(©) de+ Fs1, 00— () =

= clw(B) — wo(B)] — c[w(mo) — wo
= [f(s1,0) — c][b — w(B)

since wo(B) = b, wo(mo) = zo and w(m) =

wo(mo)] + f(s1,0)[w(mo) — w(m)] + f(s1,0)(b — w(B)) =
]+ [f(51,0) = J[w(mo) — w(m)] + ¢(zo — )

8l

In order to handle the integrals [ f(v(z),v'(z))dz and [ f(vo(z), v4(x))dz, we reason as in Remark
3.4. Let us make the change of variable t := a + b — z, for € [a,Z] and define v*(¢) := v(a + b —t).
Of course, v* is defined in [a + b — Z,b], satisfies v*(b) = v(a) = a, v*(a + b — T) = v(T) = m, and
0¥ (t) = —v'(a4+b—1t) > 0 a.e. in (a+b—z,b). Similarly, put v (t) := vo(a+b—t) for t € [a+b— 20, b],
we have vE(b) = vo(a) = a, vi(a +b— x) = vo(xo) = mo and v& (1) = —vj(a+b—1t) > 0 ae. in
(a+b—x0,b).

Now, consider fi(s,&) := f(s,—€). As it is easy to check, 0f.(s,20) = —90f(s,—20), so

Fowi (), 05 (8)) — ¢ € v ()Dfu(vi(t), 05 (£))  a.e. in (a—+b— z0,b).
Hence, put w* := x,» and w{ := xu;, by repeating the same argument above developed (replacing
with «), we obtain

/meww»M—/mmmm%@»m:

b , b
= [ pwwema- [ nesoes e as
a+b—2z a+b—xo
> (F(s51,0) — €)(b— w(a)) + (f(s1,0) — ) (w* (mg) — w* (m)) + (& — o).

Therefore,
F(v) = F(vo) = (f(s1,0) = ¢)(b — w(B3)) + (f(s1,0) — ¢)(w(mo) — w(m))+
+(f(s1,0) = ) (b — w*(a)) + (f(s51,0) — ¢)(w™ (mo) — w*(m)) = 0
since ¢ < f(s1,0), m < mg and the functions w, w* are monotone increasing. O

In an analogous way we can prove the following

Lemma 4.2. Let f : I x R — [0,+00) be continuous, satisfying (2.2), (2.3), (2.4). Let vy € T, satisfy
(1.1) with a constant ¢ < f(s2,0) (see (2.5)) and assume that vj(z) # 0 a.e. in (a,b).
Then F(v) > F(uvg) for every v € Ty, such that max v(xz) > max vg(x).

z€la,b] z€la,b]

The next proposition is the main result of this section. It establishes sufficient conditions to have a
pair of trajectories forming a further barrier for the competition set.
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Proposition 4.3. Let f : I x R — [0,400) be continuous, satisfying (2.2), (2.3), (2.4). Let vy, vs be

functions in Ty and Y, respectively, such that m[inb} vy (z) = min{a, s1} and max vo(x) = max{f, sa}.
x€|a, rE|a,
Set

z1 ;= min{x € [a,b] : vi(x) = min{e, $1}}, 22 := max{z € [a,b] : vi(x) = min{a, $1}},
x3 ;= min{x € [a,b] : vao(x) = max{s, s2}}, x4 :=max{z € [a,b] : va(x) = max{F, s2}}.
Suppose that there exist some constants k1, ke < f(s1,0) and k3, ky < f(s2,0) such that
foi(z), vy (x)) — k1 € vi(z)0f (vi(z),v](x)) a.e. in (a,x1), (4.5)
x)) a.e. in (x2,b)
(
(

)
fui(z), v1(2)) — k2 € v1(2)0f (v1(2), v} (2) ;
flva(x),v5(x)) — k3 € vh(2)0f (va(x), vh(z)) a.e. in (a,z3), (4.6)
fva(z),vh(x)) — kg € V()0 f (va(x), vh(z)) a.e. in (14,b).
Then, set wy = min{vy,ve} and we = max{vy,ve}, we have that wy € Ty, we € Ty, and
I}Ielg F(v) = Tg)rllfw2 F(v) (4.7)

where Y%, is defined in (2.7).

w1 ,W2

Proof. We have to prove 4.7 only, since wy € Y)j; and we € T, by what observed in in Remark 2.1. By
Lemma 2.3, without loss of generality we assume (2.8).

We claim that v{(z) # 0 for a.e. x € (a,x1). By contradiction, suppose that v{(z) = 0 in a subset H
of (a,z1) having positive measure. Then, in particular, a < x, hence s; < a.

Let H* denote the subset of H, with meas(H \ H*) = 0, where (4.5) holds true. We get
f(v1(x),0) =k < f(s1,0) for every x € H".

On the other hand, vi(x) < § and so f(vi(x),0) > f(s1,0) for each z € [a,x1]. Thus, f(v1(z),0) =
f(s1,0) for every € H*, in contradiction with the definition of s; since wvy(z) > s for every x € [a, z1).
Similarly we can prove that v{(z) # 0 a.e. in (z2,b), and also that vi(x) # 0 a.e. in (a,b) \ (x3,x4).

By Theorem 2.7 it suffices to show that for every fixed u € T there exists w € Y3, w, Such that
F(w) < F(u).
Let us first assume that v € T, and set
A:={z €[a,b] : u(z) <vi(x)}.

A is an open set hence, if not empty, it is union of no more than countably many pairwise disjoint
open intervals {(an,bn)}, such that [a,,b,] C [a,b] \ (21,22) and u(a,) = vi(ay), u(b,) = vi1(b,). If
(an,bn) C (a,z1) then

s1 < min  u(x) <u(b,) =vi1(b,) = min v(x)

Tre [an 7bn] xre [lln 7bn]

since vy is decreasing in [a,,b,]. Analogously, we get min w(z) < min wvi(x) when (a,,b,) C
TE[an,by] TE[an,br)

(22,b). By applying Lemma 4.1 in [a,, b,], we get

by bn,
/ f(u(), ' (z)) de > / F(0r (), () d.

Thus, set v := max{u, v1}, by what observed in Remark 2.1 we have v € T, and
b

bn,
F) = [ flu@),' (@) de=3" / Flue), o (2)) do + /[  JOE@ @) b2

a

bn,
>3 [ @@y dot [ flu@)al@) do = F).

[a,b]\ A
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Now set w = min{v,v2}; again by Remark 2.1 we have w € Ty N YTy, . Now, if w(z) = v(x) then
F(w) = F(v) < F(u) and the thesis follows. Otherwise, consider the non-empty open set

B:={z €[a,b] : v(x) > va(x)

which is union of no more than countably many pairwise disjoint open intervals {(c,,d,)}, such that
v(cn) = va(en), v(dn) = va(dy). Since vg € Yy, then necessarily vs is increasing on each (¢, d,), that is
B C (a,x3). Therefore, since also v is increasing in (¢, dy), by (4.6) and Proposition 3.3 we have that

/ fl (I))de/:n f(vz(x),vé(x))dx/:n fw(x),w'(z)) d,

hence F(w) < ) < F(u).

If, instead, u € Tm, define v = min{u, v2}; then v € T, and, reasoning as above, applying Lemma 4.2
in place of Lemma 4.1, we get that F(v) < F(u). Then, considering w = max{v,v;}, it turns out that
weY,NT: and satisfies the thesis of the proposition. O

w1, w2

5. REGULARITY W.R.T. THE BOUNDARY DATA

Another step towards our general existence results for free problems is the study of the regularity of
the minima of constrained variational problems with varying endpoints.

Fixed 71 < a and v > 3 with y1,72 € I, put D := [a,b] X [y1,72] and according to the values of
Y € [y1,72] define the functions H' : D — R, for i = 1,2, as follows:

/f (€)d¢ ifa<z<band vy <y <aq,
) veY " [(a,a),(z,y)]
H(my) = inf /f( (©.0(€) d¢ ifa<z<banda<y<i
UGT*[(G a),(z,y)]
0 if r=a
and ,
inf v(€),v dé ifa<z<bandy <y<g,
2 T I GRUGIE n<y< o
H =
() inf / F(€), 0 (€) dé if a<z<band 8 <y <o,
veT~ [(z,9),(6:8)] J &
if x=0.
Finally, let H : D — [0, +00) be defined by
H(z,y) := H'(z,y) + H*(z,y). (5.1)

The following result holds.

Theorem 5.1. Let f : I x R — [0,400) be a continuous function. Then H is lower semicontinuous in
D.

Proof. Let us prove that both functions H' and H? are lower semicontinuous. More precisely, fixed
(20,90) € D and € > 0, we prove that the properties below hold true (here Q((x,y); p) denotes the square
centered at (z,y) with size 2p):

(1) ifzg < band yo < [ there exists p < min{b—x¢, S—yo} such that for all (z,y) € Q((zo,yo); )N
D and all v € Y[(z,y), (b, 8)] we have

/ flv (€)) d¢ > H?(x0,90) — €
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(2) ifxg <bandyy > there exists p < min{b—xzg, yo— O} such that for all (z,y) € Q((zo,yo); p)N
D and all v € Y [(z,y), (b, 3)] we have

/ flv d¢ > H?(zo,y0) — €

(3) if zp < b and yo = B there exists p < b — xg such that for all (z,y) € Q((xo,y0);p) N D, for
all v € YT [(z,y), (b,8)] (if y < B), or for all v € Y~ [(z,y), (b, 8)] (if y > 3) we have

[ 10©.©) de = H2(aa0) .
Notice that if zg = b then H?(x,y) > H?(xq,yo) for all (z,y) € D, so the lower semicontinuity of H? at
(b,yo) is trivial.
Analogous properties have to be proved for H*.
The proof is rather long hence we divide it into various steps.

Step 1 Let xg € [a,b), yo € [y1,/3) and consider the function H2. We split the proof of this case into
several claims.

Claim 1. - For every € > 0 there exists d; = d1 (¢, 2o, yo) such that

2
for every (z,y) € D, such that z € (zo — d1,20], ¥ € [yo,Y0 + 01), and for every v € YT [(z,y), (b, 5)].

/ f(o ) d¢ > H (0. 0) — & (5.2)

To this aim, let

M= max{5,2) 5 € b, ), = € 0, max(1, 4920

Let 61 := min{ gz, bf%,ﬂ —yo}. Let us fix (z,y) such that x € (zg — 01, 0], ¥y € [yo,y0 + 1) and let
us fix v € TH[(z,y), (b, B)].

Note that there exists an interval [c, d] C [zo, b] such that

d—c=48 and o(d)—v(c) < &slﬂ %0 (5.3)
— 2
Indeed, otherwise, put n := [b;sfo], that is such that n < Z’ZT?“ <n+1, we have

n

v(b) —v(xzo) > v(xg + 4ndy) — v(xg) = Z {v(zg + 4i61) —v(xo +4(i —1)61)} >

i=1

ﬁyo

4n(5 > 2(8— o) > B — 9o,

n
n+1"—
that is v(xg) < yo, hence yo <y = v( ) < w(xo) < Yo, a contradiction. Therefore, (5.3) holds.

So, let r1(£) be the equation of the straight line joining the points (zg,y0) and (z + 261,¥), and let
r2(€) be the equation of the straight line joining the points (¢ + 261, v(c)) and (d,v(d)). Let us define
0 : [x0,b] — R, as

r1(€) for xg < & <z + 24,
e ) v(€—28) forx+26 <E<c+25h
o) = ro(§) forc+25 <¢<d

v(€) for d < ¢ <b.

Note that & € Whi(zg,b), with 9(x¢) = yo, 9(b) = B and ¥'(£) > 0, hence o € YH[(xo,y0), (b, B)].
Moreover, observe that

’ Y—Yo ’
r1(§) T+ 20 —ag = r3(§)

v(d) —v(c) _ v(d) —wv(c ) 4B =0
d—c— 26 201 b_-TO
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Then,
z+261
[ n@rt(©) ag < Me +25, — a0) <2008 <
d
[ res(@) 4060 ag < @~ 20 = 2500 <
c+261
Therefore,

b c b
/ F(€),v'(€) de > / F0(€),v'(€)) de + / F(0(€), 0 (6)) de
c+261
=/Ml £5(6) d£+/ £ ae

T+201
/ F3(6), 7€) de — / F©. @) de— [ Fira(€), r4(€)) dE > H?(xoyo) — &

c+20; 2

and (5.2) follows.

Claim 2. - For every e > 0 there exists do = d2(€, 2o, yo) such that

/ f(o ) d¢ > H (0, 30) — ¢ (5.4)

for every (z,y) € D, such that x < b, z € [z, o + 2), ¥ € [Y0, Yo + 02) and every v € YT [(z,y), (b, )].
To this aim, let m := max{f(s,0) : s € [y1, ]} and d3 := min{5;57, 01} (where ; has been defined
in Claim 1), and let us fix (z,y) such that 0 <z —z < §2, 0 < y — yo < d2. Fixed v € TT[(z,v), (b, B)],
define
for xg <E<b—z+ 20

v v+ —x0) <¢é<
U(g)'_{ﬂ ’ for b—x +xzo < &< b,
Observe that © € T*[(zo,y), (b, 3)] and

b
[ @) d = / F(0(6), 7)) dg —ml — ) > / 76509, 7)) de - &
Moreover, by applying Claim 1 we deduce
/f’f} 0 d€>H(=’U0,y0)*§

and (5.4) follows.

Claim 3. - Let yo > 71 (otherwise this claim is meaningless).
Then for every e > 0 there exists d3 = d3(€, g, yo) > 0 such that

/ F(0(6). /() dg > H (w0, 30) — (55)

for every v € Y [(xo, ), (b, 8)], with (zo,y) € D, y € (yo — I3, Yo)-

Indeed, since f is uniformly continuous in [y1, 8] x [0, 1], there exists a real 7 > 0 such that

|f(x1,2) = f(2,0)] <

<
8(b—a)
Let d3 := min{n, 5;%5,v0 — 1} (with m as in Claim 2) and let us fix y € (yo — d03,90) and v €
Y [(zo,y), (b,3)]. Let T > zo be such that v(Z) = yo. Then

T b
H (20, 0) < / £(40,0) d + / F(0(€),0(6)) de.

if |x1 — 22| <1,z € [1,n]. (5.6)
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Hence, to prove (5.5) it suffices to show that

[ Uel©).'(€) - 0. 0) ag >~ 6.7

0

To this purpose, put

A= {¢ € [xg,7]: V(€)>n}, B :={¢ € [x,7]: V(&) <n}.

Observe that meas(A) < indeed otherwise we would have

TS
@) = vlw) > [ V() de > g >

a contradiction, since v(Z) = yo and v(z) = y with |y — yo| < d3. Therefore, since f is non-negative and
(5.6) holds, we get

[ Utet©). @) - .01 ag > [

0 B

> 03,

£/ = .0 dé = [ F(on.0) d >
> —ﬁ meas(B) — f(yo,0) meas(A4) > —g — mmeas(A4) > —i
that is (5.7).

Claim 4. - Let yo > 1. Then for every € > 0 there exists d4 = d4(€, zo,yo) > 0 such that

€
[ 101, ae = B0 - (53)
for every (z,y) € D, with z < b, x € (20,20 + 04), ¥ € (Yo — d4,%0) and every v € YTH[(z,y), (b, B)].

Let 64 := min{ds, 35,0 — o, } (With m as in Claim 2 and d3 as in Claim 3).
Fix z € (2o, 20 + 04), ¥ € (Yo — d4,%0) and v € TF[(z,y), (b, 3)]. Let us consider the function

(5).:{v(§+xfﬂo) for 29 < €< b—x+ 0
. s forb—x+xzo<E<LD.

We have 9(zo) = v(z) = y and then © € Y[(xg,y), (b, 3)]. Moreover,
b—z+z0
/ P00, ©) de= [ 00,71 dé =

/ F(5(€),5(€)) d€ — m(x — o) > / 706 () de — <.

Zo

v

Then, by applying what proved in Claim 3, we deduce (5.8).

Claim 5. - Let yo > 1. Then for every e > 0 there exists d5 = d5(€, zo,yo) > 0 such that

/ f(o ) dé > H2(z0,40) — ¢ (5.9)

for every (.Z‘,y) € D7 with z € (1‘0 - 55; ‘TO)’ ye (?Jo - 657 yO) and every v € T+[(‘T7y)a (bvﬁ)]
Similarly to what done in Claim 1, let

w}]}.

K :=max{f(s,z): s €[v,0],z € [0,max{1,4
b*lL’o

Let d5 := min{l, dq, IRTT b*%}, with 4 as in Claim 4.
Let us fix (z,y) such that « € (o — 05, %o, ¥ € (Yo — 05, yo] and let us fix v € TH[(x,y), (b, B)].
Note that there exists an interval [c,d] C [zg, b] such that

B—yo+1

d—c=20;5 and v(d)—v(c) <405
b— i)

(5.10)
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Indeed, otherwise, put n := [b 2], that is such that n < b “5.t <n+1, we have

v(b) —v(x) > v(xo + 2nds) — v(xg) = Z {v(xg + 2id5) —v(xo +2(i — 1)d5)} >
i=1
B—yo+1
>4———nf 2 1)—— > 1
o, 05> (B—yo+1) +1_ﬂ Yo+1>8—uy,
that is v(x) <y, a contradiction. Therefore, (5.10) holds.
So, let r(£) be the equation of the straightline joining the points (¢ + d5,v(c)) and (d,v(d)). Let us

define 0 : [z + 65,0 — R, as

v(€ — 05) for x + 05 < £ < ¢+ J5
(&) =< r(§) forc+05<&<d
v(§) for d < ¢ <b.
Note that & € Whi(z + 85,b), with 9(x + d5) = y, 9(b) = B8 and ¥'(£) > 0, hence ¥ € YH[(x +
d5,y), (b, 3)]. Moreover, by (5.10) observe that r'(§) = ”(d _Ué(f) = )&”(C) < 4%2;1. Then, by
definition of K and J5, ’ ’

Therefore,

b c b
(/f@@%U@Ddfz/mﬂM@ﬂKO)%+* F(0(E),0'(€)) de =

b d b
:/' F(3(6), 7€) dé — f@@»wandgz/' F(0(6),(©)) dé — &

+65 c+35 z+05
Since = + 05 € (zo,xo + d4) and y € (yo — d5,Yo), we can apply what proved in Claim 4 to conclude the
validity of (5.9).
Summarizing, put p = l_r{un 56i, by virtue of the Claims 1-5, the thesis follows for H? when yo €

[717 ﬁ) :
Notice that Claims 3-5 work even when yo = 3.

Step 2. In a similar way we can treat the lower semicontinuity of H' when o < yo < 72; we sketch
here only one claim, analogous to Claim 1 of Step 1.

Fixed 29 > a and a < yg < 72, consider z € [zg,20 + 1) and y € (yo — 01, Yo], where §; :=
min{ gy, “0, Yo — o} and

M :=max{f(s,z) : s € [a,72] z € [0, max{1, 4y0 —aH}'

Given v € T1[(a, @), (z,y)], arguing as in Claim 1, there exists an interval [c,d] C [a, o] such that

Yo — &
CEo—(l

d—c=45 and v(d)—ov(c) <8

Let 71 (&) be the equation of the straight line joining the points (c,v(c)) and (d — 261, v(d)) and ry(€) be
the equation of the straight line joining the points (x — 241,y) and (xg, yo). Define o : [a,20] — R, as

v(€) fora < ¢ <cg,
- ) r(©) for c < € <d— 26,
U= yeh200) ford—26 <<z 2,

r9(&) for x — 267 < & < xg.
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Note that ¥ € Whi(a, xq), with 9(a) = «a, ©(z0) = yo, and ¥'(£) > 0, hence ¥ € YTT[(a,a)(zo,yo)] and
following what done in Claim 1 we can prove that
€

[ 160 de = 1w, 0) - 5.

Observe that we applied the same argument developed in Claim 1 of Step 1 in a sector which is the
symmetric of the one considered in such a claim, with respect to the point (zg, o). Similarly, using the
same argument of Claim 2 in Step 1 we achieve the assertion for (x,y) close to (zg,yo), with z < x,
y < yo. Analogous considerations hold for Claims 3-5 which now work for y > yo > a.

Step 3. In order to prove the result for H?(xg,yo) when 3 < yo < 7o and for H'(xg,yo) when
7 < yo < «, we can reduce ourselves to the above cases by a change of variable. If (z,y) € [a,b) x (8, Y2],
let us define T : Y~ [(z,), (b, )] — T*[(a, B), (a+b—x,y)]

T(w)(s) =v"(s) =v(a+b—s). (5.11)

Such an operator T is bijective. Moreover, define f.(s,z) := f(s,—z) and
3
H, (&, y) := inf {/ Few(@),0™'(8)) dt = v* € TF((a, B), (&y)]} (5.12)

for (£,y) € (a,b] x (B,72]. It is easy to see that H!(a +b— z,y) = H?(x,y).
From what proved in Step 2, for every e > 0 there exists a constant r = r(e, zg, yg) > 0, such that

a+b—x
/+ Few*(1),0%' (1)) dt > Hy(a+b — x0,0) — €

for every (x,y) € [a,b) X (8,72], such that |z —zq| < 7, |y—1yo| < r, and every v* € YT |[(a, 3), (a+b—2z,y)].
Therefore, the change of variable £ = a + b — t implies

b
/ (), 0/(€)) dé = H (a+b— 20,y0) — ¢ = H(z0,30) — <.

Similarly, when (z,y) € (a,b] X [y1, @) consider the change of variable in (5.11). This time
T:Y [(a,a),(x,y)] = YT[(a+b—z,v), (b a)]
and we can reason as above applying what proved in Step 1.

Step 4. When yo = 3 and a < ¢ < b we need to compare H?(zg,yo) with f; fo(t),v'(t)) dt, where
ve T (z,y), (b B3)]ify < B and v e YT [(z,y), (b B)] if y > 3, with (x,y) close to (zo,yo). In the first
case we can apply Claims 3-5 of Step 1, that still work if yo = [, while when y > (3 we consider the
change of variable defined in Step 3, see (5.11). Defining H!(£,y) as in (5.12) for (£,y) € (a,b] x [3,72],
we apply Step 2 to get an inequality for H! which reduces to the inequality for H? we were looking for,
by inverting the change variable.

In a similar way we can prove the lower semicontinuity of H!(z,y) at (zg, ), zo > a. O

6. LINK BETWEEN THE SOLVABILITY OF FREE AND CONSTRAINED PROBLEMS

In this section we prove that the solvability of suitable constrained problems (P¥) with varying end-
points implies the solvability of (P). Notice that in view of Theorem 2.4 all the results stated in this
section hold even if condition (2.4) is replaced by one of the conditions (2.94), (2.9—), provided that I
is closed.
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Theorem 6.1. Let f : I x R — [0,400) be a continuous function, satisfying (2.2), (2.3), (2.4). Let v
and vy be as in Proposition 4.3 and set wy := min{vy, vy} and we := max{vy, va}.
Assume that the following constrained problems, whenever they are well defined, are solvable:

(P)[(a,a), (z,y)] and (P)[(a,a), (z,y)] for all (x,y) such that x € (a,b], wi(z) <y < ws(x); (6.1)
(P [(z,y), (b,8)] and (P7)[(z,y), (b,B)] for all (z,y) such that x € [a,b), wi(z) <y < ws(z). (6.2)
Then (P) is solvable.

Proof. Since Proposition 4.3 holds true, we have that in§ F(v) = %nf F(v). Thus, it is sufficient to
veE veE

prove that the last infimum is attained. o

Define

D* ={(z,y) : x € [a,b], wi(z) <y < wa(x)}

and let H be defined as in (5.1), with v; = min{«, s1} and v, = max{g, s2}. Since D* is compact,
by Theorem 5.1 we get that the function H has a minimum in (2*,y*) € D*. By assumptions (6.1)
and (6.2) we deduce that if 2* > a then the infimum H!(z*,y*) is attained at a certain function u} €
T[(a, a), (z*,y*)] decreasing if y* < «, increasing if y* > «. If moreover z* < b then the infimum
H?(z*,y*) is attained at a certain function uj € Y[(z*,y*), (b, B)], increasing if y* < 3 decreasing if
y* > 3. Reasoning as in the proof of Proposition 4.3 it is easy to see that, without loss of generality,
we may assume that wy(z) < uf(z) < wa(x) for every = € [a,2*] and wy(z) < ub(z) < wo(z) for every
x € [z*,b)].

Now, we set

win | ui(z) ifz€la,z
(@) '—{ s(2) ifz € [z.,b]; (6.3)

then u* € T3, and F(u*) = min H(x,y).

w1, w2

Let us fix v € T}, ,, and let & satisfy v(2) = mingepa,p) v(z) if v € Tar, or v(2) = max,e(qp) v(v) if

v € Tp,. Then (Z,v(%)) € D*, so
F(v) > H(#, () > B y") = P(u).

Thus, «* is a minimizer for problem (P). O

Thanks to the link between the solvability of constrained problems with that of the unconstrained one
(P), expressed by Theorem 6.1, we can immediately deduce the existence of the minimum for problem (P)
when (P*) and (P~) admit minimum whatever the boundary conditions may be. In fact, the following
result hold.

Corollary 6.2. Let f: I xR — [0,4+00) be a continuous function, satisfying (2.2), (2.3), (2.4). If the
following constrained variational problems (see (2.5))

o (P)[(a,a), (z,y)] for all (z,y) € (a,b] x [, max{p, s2}],
e (P)[(a,q),(z,y)] forall (z,y) € (a,b] x [min{a, s1}, ],
o (PH)[(x,y), (b, )] for all (z,y) € [a,b) x [min{a, s1}, 3],

o (P7)[(z,y), (b, B)] for all (z,y) € [a,b) x [3, max{p, s2}],

are solvable, then (P) admits minimum.
Moreover, if the above constrained problems have a Lipschitz solution, also (P) does.
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Proof. Let uy, uf be minimizers of (P~)[(a, ), (“t2, min{ey, 51 })] and of (P)[(%52, min{ev, s1}), (b, 3)],
respectively. Analogously, let u, , uj be, respectively, minimizers of (P*)[(a, ), (‘”b max{/3, s2})] and
of (P7)[(“52, max{8, s2}), (b, B)] respectively. Then by Proposition 3.1 the “glued” functions

_ o (x) if a <a <ot ] uy () ifa<a<aofh
= { uf (z) i <a<b @)= ) e <a<b

satisfy all the assumptions of Proposition 4.3, so the assertion follows from Theorem 6.1.
As regards the Lipschitz regularity, observe that the minimizer of (P) just found is obtained by gluing

two minimizers of the constrained problems (see (6.3)). So, if they are Lipschitz, also the minimizer of
(P) enjoys the same regularity property. O

7. EXISTENCE RESULTS

As a consequence of Corollary 6.2, when the constrained problems (PT), (P~) admits minimum
whatever the endpoints may be, then problem (P) is solvable. Therefore, using the criteria for the
existence of the minimum for constrained problems stated in [14, Corollaries 16, 17], we can deduce
results concerning the free problem (P).

e Convex case

We first consider the case of non-coercive but convex integrands. In the sequel, whenever (2.4) holds
true, we will adopt the following notation

o1 :=min{a, s1}, 02 :=max{f,s2}

where s1, so were defined in (2.5).

Theorem 7.1. Let f: I xR — [0,+00) be a continuous function satisfying (2.2), (2.3), (2.4). Suppose
that for every s € [o1, 03] the function f(s,-) is convexr. Assume that

lim inf{f(s,2) — 20f(s,2)} = —oo0, for a.e. s € [o1,09]. (7.1)

|z| =400
Then problem (P) admits minimum. Moreover, if (7.1) holds for every s € [o1, 03] then (P) admits
a Lipschitz minimizer.

Proof. In order to apply Corollary 6.2, we have to show that the constrained problems (P*) and (P™)
admit minimum whatever the endpoints may be. This is a consequence of the existence result proved in
[14, Theorem 15]|. Indeed, following the notations in [14, Section 5] for the constrained problem (P%),
the growth condition (7.1) means that A(s) = —oo for a.e. s € [s1, s2], hence ¢y := esssup A\(s) = —oo.
Then, in order to apply [14, Theorem 15 (ii)] we only need to verify the validity of condition (17) in [14,
Theorem 12], that is put

g (s, 2) ==sup{f(s,z) —20f(s,2)}, ~(s,y) :=sup{z>0:9"(s,2) >y}
we have to show that
1/v(s,c) € L*(01,09) for every ¢ < min f(s,0) (7.2)

s€lo1,02]

Indeed, we will show now that

inf  v(s,c) >0 for every c< min f(s,0)

s€[o1,02] s€lo1,02]

implying (7.2). In fact, assume by contradiction that inf,c,, »,] 7(s, ¢) = 0 for some ¢ < mingg(y, 4,1 f(5,0).
Then there exists a sequence (sp)p in o1, 02] such that

aw {1 (50 2) - Lo (s 1)} < -
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Let us prove that
1
0< fo (sh,> < max f(s,2), (7.4)
h s€lo1,02]
where f_(s, z) denotes the left derivative of f(s,-) at the point z > 0. Since we can assume (2.8) without
loss of generality, the first inequality is trivial. By the convexity of f(sp, ) and being f(s, z) > 0 we have

ron2z 1 (sup) 40 (snt) (2= 1) 2 (s07)

and (7.4) follows. By (7.3) and (2.8) we have

1 1 1 1
c> f (S}“h) - Ef* <Sh7 h> > f(Sh,O) - E ) max f(872)

So, taking a converging subsequence sp, — sp and passing to the limit we obtain ¢ > f(sp,0) >
MiN,e(o, ,] f(5,0), in contradiction with the choice of c.

Therefore, all the conditions of [14, Theorem 15 (ii)] are satisfied and the constrained problem (P¥)
admits minimum whatever the endpoints may be. A similar argument works for (P~) too and this
concludes the proof of the existence of the minimum. As for the Lipschitz regularity, it follows from [14,
Theorem 12]. O

Condition (7.1) is weaker than similar ones considered in [4], [5], [6], by various points of view, but
mainly owing to the requirement that it is satisfied just almost everywhere. In this way we can handle
integrands f(s, z) possibly vanishing in straight lines s = sg with sg lying in a given set of null measure.
For instance, when the Lagrangian has an affine-type structure, the statement of the previous theorem
becomes the following.

Corollary 7.2. Let f(s,z) := ¢(s) + ¥(s)h(z) with ¢ continuous and nonnegative, 1 continuous and
almost everywhere positive, h nonnegative and convex. Assume that condition (2.4) is satisfied and that

lim inf{h(z) — 20h(z)} = —c0. (7.5)

|z| =400
Then problem (P) is solvable. Moreover, if (s) > 0 for every s € I, then (P) admits a Lipschitz
minimizer.

Example 7.3. Let
f(s,2) = ¢(s) +(s)V/1+ |20, q>2

with ¢, as in Corollary 7.2. Clearly the associated functional is not coercive since 1 (s) may vanish.
Nevertheless (P) admits minimizers for every boundary data.

Example 7.4. Let
fls,2) = d(s)max{L, |z —log|z[}  or  f(s,2) = (s)(]z] = VI2])-

These functions f are both noncoercive. The former has been considered by Cellina-Ferriero [6] proving
the existence of a Lipschitz solution, and the second one, has been treated by Celada and Perrotta [4].
Notice that in these two cases the authors assume that infg(s) > 0. We are now able to remove
this last requirement, indeed the integrands satisfy condition (7.5) and the existence of the minumum is
guaranteed even if inf; 1(s) = 0, provided that 1 is as in Corollary 7.2.

There are also situations in which condition (7.1) does not hold, but nevertheless problem (P) ad-
mits minimum. The following existence result, immediate consequence of [14, Corollary 16], holds for
integrands having a product structure.
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Corollary 7.5. Let f(s,z) := ¥ (s)h(z) with ¢ continuous and positive, h non-negative, convez, but not
affine in any half-line. Let condition (2.4) be satisfied and assume

lim inf{h(z) — z0h(z)} = 0. (7.6)

|z|—+o0

Then, problem (P) admits a Lipschitz continuous minimizer.

Example 7.6. Let
F(s,2) = ¥(s)V/1+ 22

with 1 as in Corollary 7.5. Condition (7.6) holds and (P) admits a Lipschitz minimizer. Note that this
result is also consequence of the existence result obtained by Clarke [8].

Thanks to Corollary 2.6, the above results admit the following variant.

Corollary 7.7. If in Corollaries 7.2 and 7.5 condition (2.4) is replaced by
I is closed and unbounded and liminf +(s) > 0, (7.7)

|s] =00

then the conclusions still hold.

e Non-convex case

Let us consider the relaxed problem

b
minimize {F**(v) :/ [ (v(x), v (x)) dz : v e T} . (P*)

When the solvability of (P**) implies that of (P), then all the previous existence results hold, provided
that the assumptions are referred to f** instead of f. We mention now a recent relaxation theorem
proved in [10, Theorem 4.4], which can be usefully applied in this context.

Theorem 7.8. Let f, f**: I x R — [0,+00) be Borel-measurable functions. Suppose that s — f(s,0) is
lower semicontinuous, satisfying (2.3). Assume also that

co{z: f™(s,2) = f(s,2)} =R forallsel (7.8)

and that at least one of the following conditions is satisfied

e the restriction of f**(-,0) to [a, O] has at most countable many minimizers
o for every s € |, O] the detachment set {z € R : f**(s,2) < f(s,z)} does not contain any
interval (—9,0) or (0,0).

Then, if (P**) is solvable, also (P) is solvable.

Therefore, if the Lagrangian f satisfies the assumptions of such a result and f** satisfies the assump-
tions of Theorem 7.1 (or the subsequent corollaries), then (P) admits minimum.
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8. APPENDIX

In this section we provide the proofs of Theorem 2.4 and Corollary 2.6. We begin by proving a
preliminary result about condition (2.4), stating that the interval I can be assumed to be bounded,
without loss of generality, if one of conditions (8.2+), (8.2—) below holds true, so that condition (2.4) is
trivially satisfied if I is closed.

Lemma 8.1. Let f: I x [0,+00) be a Borel-measurable function. Let there exists measurable functions
c1,c0 : R — R satisfying

‘1i|minf c1(s) > —oo, |h‘minf ca(s) >0, (8.1)
§|—-4o00 s|—-+oo
such that
f(s,2) > c1(s) + ca(s)|#] foreverysel, z>0 (8.24)
or
f(s,2) > c1(s) + ca(s)| | for every s € I, z <O0. (8.2—)
Then there exists L > 0 such that
inf = inf F
T T (L)

where YW .= {u € Y : |u(z)| < L for every x € [a,b]}.

Proof. Let us assume (8.2+) (the proof under condition (8.2—) is analogous). Moreover, assume that
A= 1r€1fr F(u) < 400 (otherwise there is nothing to prove).
By (8.1) there exist constants € > 0, K > 0, M > max{|«a/|, |0]}, such that for every |s| > M we have
c1(s) > —K and co(s) > €. Therefore,
f(s,z2) > =K 4+ €z for every s € I with |s| > M, and every z > 0. (8.3)
1
Fixed a positive real constant H > A, set L:= —(H + K(b—a)) + M.
Let us fix u € T such that F(u) < H, and let Z € [a, ] be such that |u(Z)| > M (if such a point does
not exist then |lul|p~ < M < L). Suppose that u(Z) > M (the proof is analogous if u(z) < —M). Let
xo := inf{x € [a,b] : u(§) > M for every £ € (z,%)}. Since M > « then zg > a and u(zg) = M. So, by
(8.3) we get

™

w(®) < u(xo) + /gg[u'(ac)]Jr dz < M—i—% < xf(u(m),u'(x)) dz + K(b— a)> < L.

Hence, ||u||p= < L for every u € Y such that F'(u) < H and the assertion follows. O

Proof of Theorem 2.4. Let us assume (2.94). Let us put
ok 0 if [s| < M
c1(s) == f**(s,0) — eK, ca(s) = { . " ISI -

Hence assumption (8.1) of Proposition 8.1 is satisfied and we have
F(s,2) — g(8)z > f**(5,0) + ez > f**(s,2) — eK + €z ifz>K,|s| >M

f**(s,2) — g(s)z > f**(s,0) > f**(5,0) — e(K — 2) f0<z<K,|s|>M

[ (s,2) — g(s)z > f**(s,0) > f**(5,0) —eK =c1(s) + ca(s)z if 2>0,|s| <M

so that function f satisfies condition (8.2+).
If (2.9—) holds, the proof is analogous. O
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Proof of Corollary 2.6. Chosen a constant & € 0h**(0), in this case conditions (2.9+) or (2.9—) are
satisfied provided that:

h** h**
im 3 0 o g tim B g,
z— 400 z z——+o00 z
. - . . . . . h(2) .
respectively. If A** is not linear in the whole real line, then at least one of the limits luin is
z—+o0 z
different from &g. O
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