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Abstract

In this paper we study the properties of curves minimizing mechanical La-
grangian where the potential is Sobolev. Since a Sobolev function is only defined
almost everywhere, no pointwise results can be obtained in this framework, and
our point of view is shifted from single curves to measures in the space of paths.
This study is motived by the goal of understanding the properties of variational
solutions to the incompressible Euler equations.

1 Introduction

Let L : [0,7] x RY x R? be a smooth time-dependent Lagrangian which is convex
and superlinear in the velocities. In this case the properties of extremal curves have
been known for a long time. In particular, they are characterized by being solutions
of the Euler-Lagrange equations. Moreover, given an initial datum ug : R¢ — R, the
value function u: R4 x Rt — R defined by

u(x,t) := min{uo(’y(O)) —i—/o L(’y(s),"y(s), s) ds:v:[0,t] — ]Rd,'y(t) = m},

has been studied by means of the method of characteristics. This function enjoys
many interesting properties. For instance it is differentiable in the x variable at a
point (Z,t) if and only if there exists an unique curve v which attains the minimum
in the definition of u(Z,t), and in this case V,u(z,t) = 4(¢). In case the minimiz-
ing curves at (Z,¢) are not unique, what remains true is that the superdifferential
at (Z,t) is the convex hull of {¥(f) : v minimizer at (Z,%)}. Concerning the second
order differentiability of u, the value function enjoys the important property of semi-
concavity. Finally, the value function is a viscosity solution of the time-dependent
Hamilton-Jacobi equation dyu + H(x,V,u,t) = 0, H being the Legendre transform
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of L. (We refer to [6] for a proof of all these results.) On the other hand, whenever
one relaxes the regularity assumptions on L, very little is known.

In this paper we shall consider mechanical Lagrangians for which only Sobolev
regularity on the potential is assumed, and we investigate which properties still hold
true in this case. As we will see, no pointwise results can be obtained in this more
general framework, so the point of view will be shifted from curves to probability
measures on the space of curves.

The interest in non-smooth Lagrangians comes from the study of a variational
approach to the Euler equations for incompressible fluids: as shown by Arnold [4], the
Euler equations in a domain D C R? can be interpreted as a geodesic equation on the
infinite-dimensional manifold SDiff(D) of the measure-preserving diffeomorphisms
of D. Although some well-posedness results can be proven when trying to find
minimizing geodesics between two close diffeomorphisms [8], Shnirelman [10, 11]
showed that the geodesic problem is ill-posed in the large. To bypass this problem,
Brenier has proposed a relaxed approach [5]: he replaces the notion of path in
SDiff (D) with the one of probability measures 1 on Qp(D) := C([0,T]; D) which
satisfy an incompressibility constraint. A coherent notion of energy is available also
in this wider class of objects, so that it is possible to settle the geodesic problem
in this setting and to prove existence of minimizers [5, 1]. By relaxing also the
incompressibility constraint, the pressure field arises as a Lagrange multiplier, and
as shown in [1] it is possible to look for a generalized solution in [0, 7] to the Euler
equations by minimizing

among all n with bounded compression satisfying the initial and final constraints
(see later for precise definitions). Furthermore, as proven in [2], the best known
regularity result for p(-,t) in this situation is BV. This fact motivates the study of
non-smooth mechanical Lagrangians. In the present work we shall deal with Sobolev
Lagrangians, which, still in their own interest, represent an intermediate step towards
the BV case. More precisely, we will define some particular subsets of the spaces
of probability measures on Q7 (D) which are particularly suitable for studying this
kind of problem (see Section 2), and we will investigate the regularity properties of
the curves on which minimizing measures are concentrated. Let us observe that, for
the model problem we have in mind (i.e. the case when the Lagrangian is given by
%’U‘Q — p(t, ), p being the pressure associated to a variational solution to the Euler
equations), the existence of a minimizer inside the class Pﬁ (D) is known [1] (see
(2.1) and Definition 2.3 below). Moreover (assuming for simplicity £¢(D) = 1) this
minimizer can be chosen to belong to the smaller class P, (D) of incompressible
flows. For this reason, in this paper we will never address the question of existence
of minimizers, and we will only be interested in studying regularity properties of
minimizers.



The paper is structured as follows: in Section 2 we introduce some definition and
notation which will be used through the whole paper, and we collect some preliminary
technical results. Section 3 is devoted to show that if the potential is WP, then a.e.
extremal curve is W?2P and satisfies the Euler equations (see Theorem 3.3). Finally,
in Section 4 we study the properties of the value function. For instance we can show
that, if the potential is WP, then the second spatial derivatives of the value function
are measures whose positive part belong to LP (when p = oo this correspond to the
classical fact that the value function is semiconcave).

2 Notation and preliminary results

Let us introduce the framework for the following sections. Here and in the sequel,
D will always denote either a smooth bounded domain of R% or the d-dimensional
torus T%. Let L(z,v,t) denote a time-dependent mechanical Lagrangian of the form

L:DxR¥x[0,T] - R

o[

(x,v,t) — V(z,t),

where T'> 0 and V: D x [0,T] — R is the potential.
For a continuous curve v: [0,7] — D, his action is given by

A= [ (B9 - vi.0) i

whenever the integral is well-defined. The set C' ([0, T ];E) is the most general space
of admissible curves for our concerns, and will be denoted by Q7 (D). Let us also set
et Qr(D) — D by e (v) = ~(2).

Given a probability measure n € P(Qr(D)), his action is given by (with a little
abuse of language, we use the same symbol as for the action of a curve)

A(n) = /ssz) /OT<W(;)|2 - V(’Y(t)vt)> dt dn(v),

whenever this double integral is well-defined.
Let us now introduce some sets of probability measures on (D), whose time
marginals are controlled by the Lebesgue measure:

Pio(D) = {n € P(Qr(D)) : (er)un < CLEVE € [o,T]},

P;,w(D) = U P’;,C(D)a
C>0
Pr.c(D) = {n € P(Qr(D)) : %Ed < (en)yn < CLIVt € [o,T]},

Proo(D) = | PFo(D).
C>0

(2.1)



Given a measure n € Pr (D), the density of (e;)yn with respect to L% will be
denoted by p;. (Although p; depends on 7 we prefer not to explicit this dependence
in order to keep the notation lighter.)

Remark 2.1. If n € Pﬁw(D), then for n-a.e. 7y
£ ({t €[0,T] : 7(t) € OD}) = 0.

This is a consequence of Fubini Theorem, together with the absolute continuity of

(et)#m:
/QT(D / xen(y dtdn_/ /X‘?D d(e)yn(x)dt
- /0 [ xan@o(e)dedi =o.

The same argument also shows that if f: D x [0,7] is a function defined only £%+1-
a.e., then for n-a.e. v the function

te f(y(®),1),  tel0,T],

is well-defined £!'-a.e. Indeed if f is modified on a £ -negligible set, then the value
of f(y(t),t) is modified on a n ® dt-negligible set, which by Fubini Theorem implies
that for n-a.e. ~y the set of ¢ at which there is a modification is £'-negligible.

Remark 2.2. If V € LY(D x [0,T]) and n € Proo(D), then A(n) is well-defined
(possibly, it take value +00), and moreover also A(7) is well-defined for n-a.e. ~.
Indeed this follows easily from

T T
Lo L e@ 0@t = [ v ol acosmea < i,

which implies that ¢ — V(y(t),t) € L'(0,T) for n-a.e. . Moreover, thanks to
Remark 2.1 the value of A(7) is independent of the choice of the representative of
V for n-a.e. 7.

Definition 2.3. Let V € L*(D x [0,T)). We say that n € Py (D) is a minimizer
for the action at fixved endpoints if A(n) < +oo and

A(n) = min{ A(v) : v € Py (D), (eo)yv = (eo)ens (en)gv = (ex)yn }-

Convention: in the whole paper, C' will denote a positive constant which depends
only on the dimension d, the domain D, and the bounds on the density p = (e¢)4n
(n will always be a fixed measure in every statement), and may change value from
line to line.

We now prove some technical results on the LP-convergence of the incremental
quotients for Sobolev functions and some properties of distributions, which will be
used in the next sections.



Proposition 2.4. Let u € L'(R%:R™), and z € C*(R% R?) with a bounded gradient.
Then, for any measurable set S C R,

u(-+e2(-)) — ullpr(smm)y — 0 as e — 0

Proof. Suppose first that v € C®(R% R™), and fix K C R? a compact such that
u(- + ez(+)) is identically zero outside K for ¢ small. Then

lu(-+e2()) —ullpysmm) < llu(-+e2()) — ull 1 @agm) < eLipullzlloi(x) max|z(z)].

and the last term converges to 0 as € — 0.
If u is arbitrary in L'(R% R™), we can consider a sequence {uy}reny C C°(R?)
such that

u € C°(R4GR™), lu — ukl| L1 (ga;emy — 0 as k — oo.
In this way we get
Ju(- +e2()) = ullprsrm) < lJu(- +e2() = ue(- + €2())ll 1 (rerm)
+ ||Uk;( + EZ(‘)) — uk”Ll(Rd;Rm)
+ HUk - uHLl(]Rd;Rm)'

Moreover, denoting by ¢.(z) = x + £z(z), thanks to the assumptions on z we have
llu(- +ez(+)) —up(- + €Z('))|‘L1(Rd;Rm) = /Rd‘u(:z: +ez(x)) — up(x + 5z(x))‘ dx

= [ ) = () lldet V(62 )0y

< Cllu — ugl| L1 (ra;mm)-
Hence
[u(-+e2() —ullpr(sirmy < (1+C)lu —ug|l 1 mesmemy + lu(- +€2(+) — ukll 1 @emmy,
so that
timsup (- + () = 1) < (1+ O)llu =l s sz

which concludes the proof as the right hand side can be made arbitrarily small. [

Lemma 2.5. Let V € L'([0,T]; Wh1(D)), ¢ € C°([0, T);RY). Suppose that f: D x
[0,T] — RT is bounded and that there exists € > 0 such that

supp f C {(z,t) € D x [0,T] : z + ep(t) € D} VOo<e<e

Then
i o) (V(ac +ep(t),t) —V(zt) V. V(2 1) - S0(,5)) ‘ dtdz =0
N0 Jpx[0,7] €



Proof. We notice that the integrand is well-defined due to the condition on the
support of f. Thanks to the boundedness of f we can compute

/ fob) (V(a: +ep(t),t) — V(x,t)
Dx[0,T]

3

VLV (1) - @(t))‘ dt da

1
< HfHooHcpHoo/o / f‘VzV(m +esp(t),t) — VxV(x,t)‘ dtdzx ds.
supp

Up to extending by zero V.,V on the whole of R*1, we can apply Proposition 2.4
with u := V,V and z(z,t) := (sp(t),0) to obtain, for s fixed,

/ |VaV(z + esp(t), t) — Vo V(z,t)|dtde — 0 ase — 0.
supp f

(Observe that, even if z is only C°, thanks to its particular structure we have
det((z,t) — (z +esp(t), t) = 1, so the proof still works.) Moreover

/buppf}VmV(x—i—s&p(t) t) — V. V(x,t) }dtdm < 2H||V ||W11 )HLl[o,T}’

and we conclude by applying the Dominated Convergence Theorem. O

Lemma 2.6. Fiz 0 > 0, and let u € W?Y(D?%), with D° = {x € R? : d(z, D) < §}.
Then, for any z : D — R such that lzllc1(py < 400 we have
lim

u(z +ez(x)) + u(z — ez(x)) — 2u(x)
tm f — <V2u(az)z(m), z(z))

22
Proof. The assumptions ensure that, for || small enough, the composition u(xz +
ez(x)) is well defined. Let us also point out that, for |e| small, the line segment
[z, + e2(x)] is entirely contained in D? for any x € D.
Suppose first that u € C2°(D). Then

hl2 ( (z + hz(z)) + u(z — hz(z)) — 2u(:c)>

Vu(z + sz(z)) — Vu(x — sz(x))
/ % - z(x) ds

[ Sttt

dr =0

= /0 /1 <V2u(aj + hsrz(z)) z(x), 2(x)) s dr ds.

Thus, the integral in the statement can be written as

1
s <V2u(az + hsrz(z))z(z), z(z)) — s <V2u(x)z(x), z(z)) drds| dx

1,1
2 2
< C’/O /_1/D |2(@)| |V?u(z + hsrz(z)) — Vu(z)| dz drds (2.2)

1 rl
< C/ / / ‘V2u($+ hST’Z(:L‘)) _ v2u(gj)‘ d dr ds.
0o J-1JD



We now observe that the function (r,s) — [}, |V*u(z + hsrz(z)) — V2u(x)| dz point-
wise converges to zero (as h — 0) due to Proposition 2.4. Moreover, if we set
Ghr,s(x) == x + hsrz(x) we have

/D‘VZU(CC + hsrz(zx)) — V2u(a:)‘ dx
< / |V2u(z 4 hsrz(x))| + |VZu(x)| dz
D

< /[)5 [V2u(y)|[det (Vo ;. )W) dy + [lullwz1p) < Cllullwz1(pe),

Hence, thanks to the Dominated Convergence Theorem applied to the function
(r,s) — [p|V2u(z + hsrz(z)) — V*u(x)|dz we obtain the result. In the general
case u € W21(D?) it suffices to observe that (2.2) still holds true by approximating
u in W21 by C° functions, and one concludes as above. O

The following two propositions are well-known results in functional analysis and
measure theory.

Lemma 2.7. If u € D'(D) satisfies (u,p) > 0 for all p € C°(D), > 0, then u is
a locally finite measure.

Here and in the sequel we will denote by M(X) (resp. Mj,.) the set of finite
(resp. locally finite) measures on X, and by || - [|s¢(x) the total variation norm.

Lemma 2.8. Let D C R? be a bounded open set and let u € D'(D) satisfy

[ 0)] < /D feldz, YoeCX(D), (2.3)

for some f € LP(D), 1 < p < 4+o00. Then u = hdx for some h € LP(D), with
Al < [f].

Here we prove a generalization of the Lemma 2.8:

Lemma 2.9. Let D C R? be a bounded open set and let u € D'(D) satisfy

<u,50>§/Dfsodar, VoeCX(D),p >0,

for some nonnegative function f € LP(D), 1 < p < +oo. Then, u is a measure.
Moreover, if u = u™ —u~ denotes the decomposition of v into its positive and negative
part, then ut = hdx for some h € LP(D), with 0 < h < f.

Proof. We first prove that u € M(D). Indeed, if U CC D is open, ¢ € C>X(U)
and 1 € C°(D,|0,1]) is a cut-off function such that ¢» = 1 on U, then the function
(lelloo — @)1 € C°(D) is positive. Hence,

(u, (lelloo — @)¥) < /Df(||90||oo — )¢ dr < 2[| fll1]llloo-
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This implies — (u, ) < 3||f|l1]|¢llcc- Replacing ¢ with —p, we get

[(w,0)| <3l flllelle, Vo€ CE(D),

so that [|ul| ppy < 3| fll1 < +oo. Let us observe that, by approximation, (2.3) now
holds for every ¢ € C°(D).

Let us then consider the decomposition v = ™ — u~ and a Borel set BT C D
such that v~ (BT) = u*(D \ BT) = 0. Let us show that ut << £ which will
imply ut = hdL? for some h € L' (D), h = 0 outside BT. It suffices to show that if
N C Bt and L4(N) = 0, then also u™(N) = 0. By Lusin Theorem, for every & > 0
there exists a continuous function ¢, such that

lul({z € D : pe(z) # xn(2)}) <e, 0<¢p:<1.

/gogdu:/gogdu+—/cpadu§/fg05da: Ve >0,

so that taking the limit as ¢ — 0 yields [ xny du® <O0.

It remains to show that if f € LP(D) then h € LP(D) too. To this aim, let us
consider g € LY(B*) N L*(B*), g > 0, and a Lusin-type approximating sequence
ge: D — R as before. We have

/ g du = / gehde — / g du~ < / foedz < | flpllgellys &> 0,

and, as € — 0, we get

We have

/ ghde < flllgle Vg€ LUBY)NI=®(B),g> 0.

Since h is nonnegative we have ||h||, = sup { thg”dx geL>® g>0, }, and the result
is proved. O

3 Euler-Lagrange equations

In this section we generalize to action-minimizing measures the fact that an extremal
curve satisfies the Euler-Lagrange equations. We will assume that the potential
enjoys a first-order Sobolev regularity in space (not in time).

Definition 3.1. Given v € Qr(D) and ¢ € W(}’2([O,T];Rd), we define

Adm(y) := {p € WO ([0 T] RY:3e>0 st y+epeQp(D) Ve < e}
Adm(p) := {y € Qr(D) : ¢ € Adm(v) };
Adme () :{'YEQT 7+5@€QT( )v5’§g};
B(y):={t€[0,T]:~(t) € 9D};
AT 71/1/12 o,T;Rd
Rdm(y) := Adm(y)" T,



Proposition 3.2. Let V € L([0,T]; W'P(D)), 1 < p < oo, and let n be a minimizer
for the action in Py (D) at fived endpoints. Fix ¢ € W&’Z([O,T];Rd). Then, for
n-a.e. v € Adm(yp),

T
A @@-ﬂﬂ—vu«wmw-ﬂwyuza

Proof. First of all, the integral is well-defined for n-a.e. . This follows from the
integrability assumptions on V,V arguing as in Remark 2.2, and from the fact
A(n) < +o0o (by the definition of minimizer).

Let us then suppose by contradiction that there exists £ C Adm(y) such that

n(E) > 0 and
// 0= VV (0.0 - o) dt <0 (3.1)

Since n(E) = limy, o n(E N Admy/,(¢)), up to replacing E with E'N Admy /,(¢)
with n sufficiently big, we can suppose F C Admgz(y) for a fixed £ > 0.
In such a case, the following function F; g, : Qr(D) — Qp(D) is well defined

for e < &:
Yyt+ep ifyvekFlE
Fa Ep (7) .
v if v e Qr(D)\ E.
We now compute the difference quotients of the action:
F,
A((F: E,tp)#n / / £) dt dny

;) / ()2 dt dn

[ [T 0.0 - VOWY 4 g,

We rewrite the last term as

[ / Do) VOO0 4, )

€
_ T V(@ tep(t),t) = V(zt)
B /D /0 € re (aj) “ dl"

where pg; is the density of (e;)4(n,) with respect to L. Let us notice that also
(F:,E.0)#n € Py (D), which implies that pg; is bounded. Indeed, if S C D and C

is such that 7 € Py (D), then

(e)p(Fopo)un(S) =n({y € E: (1) +ep(t) € S}) +n({y € E“:1(t) € S})
< (ed)gn(S —ep(t)) + (er)4n(S)
<20L%9).



Since E C Admg(y), W, ([0, T); RY) € Qr(D), and W'»(D) ¢ W(D) (thanks to
the boundedness of D), conditions of Lemma 2.5 are satisfied. Thus, we can take
the limit as ¢ — 0 and obtain

i AWE, E,go)#n) — A(n)

e\ 0
// t)dtdn — / / VoV(z,t) - o(t)ppi(z)dtde
= [ [ G040 - Vv e0.0)- o) avan,

On the other hand we observe that (F g ,)4n and n have the same endpoints (be-
cause @ vanishes at the extrema of [0, T]), which by the minimality of 7 implies that
the right derivative of the action is nonnegative. This yields a contradiction with
(3.1) and proves the result. O

Theorem 3.3. Let D be either a smooth bounded connected and convexr open set
in R or T¢, and let L(x,v,t) = @ — V(z,t) be a Lagrangian with potential V €
LY[0,T); WlP(D)), 1 < p < oo. If n is a minimizer for the action in 77;7OO(D) at
fized endpoints, then, for n-a.e. ~y:

(1) ViV (y(t),t) is well-defined for a.e. t.

(i) v € W2P((0,T); D). In particular, v € CY'/9, where q is the dual exponent to
p(yeCifp=1)

(111) 5(t) = =V V(y(t),t) a.e. in [0,T].

Proof. The point (i) is a direct consequence of Remark 2.1. We now will show that
the distributional derivative (in time) of 7 is given by V,V (y(¢),t). By

T T
/ / ]VxV(fy(t),t)]pdtdng(J// VLV (2, ) dt do
QT(D) 0 D JO

and by the estimate

t
[3(2) = (s)] S/ F(r)ldr < [t = sI" 5] Loo,7)

this will prove both (7i) and (%ii).

We split the proof into three cases. In fact, a more careful analysis is needed if
the curve v touches the boundary of D. Of course if D = T? then only Step 1 is
needed. In what follows, {¢,, }nen is a countable dense subset of Wol 2([0, T); RY).

e Case 1. B(y) = 0.
In this case, v € Adm(yp) for any ¢ € W01’2([0, T]; R?). In particular, by replacing ¢
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with —¢ in Proposition 3.2 we get that, for a fixed ¢, n-a.e. v falling within Case 1
satisfies

T
/0 (W(t) cp(t) — ViV (y(t),t) - gp(t)) di = 0.

Now, by taking {¢n fnen C VVO1 2([0,T); R%) a dense countable subset, we deduce that
there exists a set of curves « of full n-measure such that

T
[ (30 enlt) = 9.0, - eul) dt =0 vnen,

and by density of the ,,’s we actually obtain that, for n-a.e. ~,

T
/0 (5(8) - ¢(6) = VaV (30, 0) - (1)) dt =0 Vo € Wy ([0, T] R,

Hence, Di(t) = =V, V(7(t),t) in the distributional sense, which implies the result.

e Case 2. B(y) #0 and D = {x ¢ R%: - &4 > 0}.

Although now D is an half-space and so is not bounded, this can be seen as a model
case where the boundary of D is flat. In this way, in the general case we will be able
to locally reducing to this case by flattening the boundary near a point ~y(¢), with
t € B(v) (see Case 3).

By Remark 2.1, n-a.e. v touches the boundary in a negligible set of times, that
is £1(B(v)) = 0. Moreover B(v) is closed (as ~ is continuous), and its complement
is a countable union of disjoint open intervals. The same conclusions of the Case
1 are valid in each of such intervals. We now have to treat the set of times where
~ touches dD. This will be done in two steps, by first proving that ¢ — () is a
function of locally bounded variation, and then by showing that its distributional
derivative is absolutely continuous with respect to £!. Since £1(B(v)) = 0, this will
allow to conclude that 4(t) = =V V(y(t),t) for a.e. t € [0,T], as desired.

Step a: ¥ € BVi,((0,T),RY). Obviously,
{o e Wy 2([0,T);RY) : ¢ - &4 >0} C Adm(y) Vv € Qr(D).

Hence, arguing as in the Case 1, we find that for n-a.e. y

/0 ' (46 (0 = VaV (18, 8) - 9(8)) dt 20 Vo e Wy ([0, THRY) 5. 9-é4 > 0.

(3.2)

Let us define u := —Dyy — VV(7(),-). We want to show that u is a locally finite
(vector-valued) measure.

We first observe that u € (W&’Z([O,T],Rd))*. Let us denote by u; the compo-

nents of w, that is (u;, ) = (u,é;) for all ¥ € Wol’z([O,T];R), so that (u,p) =
> (ui, - é). Condition (3.2) applied to ¢ and —¢, with ¢ - 5 = 0, implies

11



that u; = 0 for 1 < ¢ < d — 1. Hence they are trivially measures. By Lemma
2.7, ugq is a locally finite measure too. Thus w is a locally finite measure. Since
Dy = —u — ViV (y(), ") € Myoe((0,T); R?), 4 is a function of locally bounded vari-
ation, as desired.

We now want to show that ¥ is absolutely continuous. We start by proving that
4 has no jumps, and then we will show that it has no Cantor part either.

Step b(i): 4 is continuous. Fix t € (0,7) at which v(¢) € dD. By well-known
properties of BV functions in one variable (see for instance [3, Paragraph 3.2]),
there exist (7)) = limy,_;- ¥(¢) and Y(t*) = lim,_z+ §(¢). We want to prove that
these limits are actually equal, so that + is continuous.

Notice that, since y(t)-éq > 0 for any ¢ and v(t) = () + ft s) ds, it must hold
F(tt) - éq>0and Y(t7)-é4 <O.

Given w a vector in the (d — 1)-dimensional sphere S¥~! such that w-é4 > 0, we
consider the family {¢, }nen of test functions defined by

on = hpw, hy € CF((E = 0n,t+0,);R),  hy(t) =1,
hHZOfort<t, hn§0fort>t.

Here 6, is chosen in such a way that 6, < 1/n and

"Y(t) - ﬁy(t_)’ < a.e. in (E_ 6”?5)7
() =5t <

Then condition (3.2) together with Remark 2.2 imply that

a.e. in (t + 0y, 1).

SI—3

t+6n t+6n
/t 5(8) - pult) dt > / VoV ((t), 1) - onlt) dt

t—6n t—6n
T
> —25n/ |V V(y(t), )] dt > —o0.
0
On the other hand

‘/tt+5n )dt_/t: W(t_)'sbn(t)dt_/tﬂ(sn’?(#)'gb"(t)dt < %,

which gives



As n — oo, we get
w-FE)=3E) >0 VweSTw-é4>0.

Combining this with the inequality éq4-(7(t7)—%(tT)) < 0, we get é4-(Y(t7)—5(t1)) =

- . . () =A(1)
0. This implies in particular that a3 )]
yields ¥(t*) = 4(¢t7). Thus % is continuous even at the points where « touches the
boundary.

is an admissible choice for w, which

Step b(ii): Dy has no Cantor part. Let us call p = D¢y and w = %. It remains to
show that p (or equivalently its total variation |u|) cannot have a Cantor component
either. To this aim, it suffices to prove that, if ¢ is a |u|-Lebesgue point for w, then

lim inf 1l (Z)
N0 VeV (v(), )| dL(I:)

< 400. (3.3)

Indeed, by well-known results about differentiation of measures (cf. [9, Theorem
2.12]) this would imply that

|Diy| = |u| << [V V(y(),)|dLt << £,

as desired. i
For all € > 0 small set I. := (t — &, +¢), and let I. D I. be such that

PRAYAR /I V00, )] de < 1) (3.4)

(Such intervals I. always exist since the measure p has no atomic part.) Let us then
consider a family of test functions {¢;}.~0 such that

¢e = hew(t), h.c C®(I;R), 0<¢.<1, h.=1inl.

Under these conditions, thanks to the fact that ¢ is a |u|-Lebesgue point for w we
have

i ([ @ dn [ neuyan)| = o

We now claim that ¢, are admissible variations |u|-a.e. in the sense of condition (3.2),
that is w(t) - €4 > 0. Indeed, arguing by contradiction, assume that w(t) - é5 < 0.
Then, by the Lebesgue point condition we have

WE+e) —qE-2) , _ /“E Dy,
- — c€d — = = ~ " €4
|t —e,t+¢) e |plt—et+e)

t+e 5

w - €eq e—0 R

= ———dlp| —w(t)-é;<0.
L e ©
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This implies that there exists a small number sg > 0 such that
(E+50) = (0) -éa= [ A7) adr
< [T tadr = (60 - s0) -
which gives

(Y(E+o 8) + (= s0) = 29(1)) - éa < 0.

This is impossible since 7 takes values in D = {x € R?: z-é;4 > 0} and () -é4 = 0,
and proves the claim.

Now, since ¢, are admissible variations |u|-a.e., thanks to the relation |u| = w-p
we get
1

/1; he(tyult) - dp = s /I he(t)w(t) - dpt+ 0-(1)

1 .
Ie)/f ‘Pedﬂ‘i‘oa(l):_wua)/f€7'¢€dt+06(1)

—VV(y(t),t) - @=(t) dt + 0-(1)

1
<
() Ji lul(I:) Jr.

where at the last step we used (3.4). Inequality (3.3) is now proved, and the proof
of Case 2 is completed.

(Ie) Ji.
1

VoV (7(2), )| di 4 0:(1) <

V2V (y(8),8)] dt + o-(1)

e Case 8. B(y) # 0 and D C R? is a smooth convex open set.
Arguing as in Case 1 we get that, for n-a.e. v and for any n € N,

T
| GO0 -9v 6.0 pu0) =0 ityeAdm(e).  (65)

Here {¢n, }nen is a dense subset of VVO1 2([0,T]; R%). From now on, we consider only
curves v for which the above inequality is true. Fix now t € B(y), and let « :
R?1 — R be a smooth convex function such that D coincides with the graph of o
in a neighborhood of ~(f). We locally reduce to the Case 2 by means of the map

(I)(.%'l,. . .,xd) = (.%'1, ey Xd—1,Tqg — a(xl, ce ,.%'d,l)),

so that ®(9D) coincide with the hyperplane {z; = 0} in a neighborhood of ®(v(t)).
Let us show that D;¥ is a measure in a neighborhood of ¢, and let u, := —D¥ —
V.V (1), ) € (Wy ([0, T];R))". We have

(ty, ) = (uqy, V(@ 0 ®)(7) ) = (uy, V(O ) 0 B(7) VO(7) )
= (03, 0(9)) Vo e We([0,T];RY),

14



where
P(p) = Ve(y())p(-) and vy :=u, V(@ o d(y).

(Observe that v, € (Wol’2([0, T|;R%))" since V(1) (®(7)) € W, 2([0, T); RY).)
Hence, thanks to (3.5) and the fact that the set {1)(¢y,) }nen is still dense in Wol’Q([O, T];R9),

we deduce
(v,0) 20 Vi € Adm(y).

Let us now consider 1) € W&’Q([O,T];Rd) such that 1 - é4 > 0, and fix § > 0 small.
Moreover we take a smooth compactly supported cut-off function x : [0,7] — [0, 1]
such that x¥ = 1 in a neighborhood of ¢. Then it is not difficult to check that the
function (¢ + 6é4)x belongs Adm(7), which implies

(vy, (D +3e0)x) >0 Ve Wy?st. h-é4>0.

By letting § — 0 we have recovered the analogous formula to (3.2) in the interior
of the interval {x = 1}. By the analysis of the flat case, we deduce that v, is
a measure in a neighborhood of ¢, which implies that the same holds for u, =
v, [V(®1) 0 &(7)] .

The rest of the proof follows exactly as in the flat case, where the convexity
assumption of D is used to show that the vector w(¥) is admissible also in this case
(see Step b(ii) of Case 2). O

4 Properties of the value function

In this section, we focus on the properties of the value function. In particular, we
will generalize the classical results recalled in the introduction to this more general
setting. We start with some preliminary assumptions on V' and wg. We shall work
with a precise representative of the potential V and the function ug, so that in
particular both V and ug are defined at every point.

Definition 4.1. Let

2
L(z,v,t) = PlE _ V(z,t), (z,v,t) € D x R? x [0,T]
where V is bounded from above. Let ug: D — R be a function bounded from below.
The value function u: D x [0,T] — R associated to L and ug is defined as

u(z, t) == inf{uo(’y(O)) —l—/o L(y(7),¥(7),7)dr : v € (D), ~(t) = :c} (4.1)

The assumptions on V' and ug ensure that the infimum in the above definition of
u is not —oo. Moreover, the condition for V' and ug to be defined everywhere ensures
that u is well-defined. Indeed a priori, by changing for instance ug on a negligible
set, u may change in a non-negligible set.

15



Definition 4.2. Given V, ug and u as in the previous definition, we say that v €
Q4(D) is a minimizer for the evolutive problem (at time t) if

u(v(t),t) = uo(v(0)) + A(9).

In order to deduce some regularity properties on u(-,T), in all the following results
we will assume the existence of a measure € Py (D) concentrated on minimizers
for the evolutive problem at time T'. Let us observe that a variational solution to
the Euler equation will not generally satisfy this assumption, as the curves on which
it is concentrated only minimizes the action at fixed endpoints (see [1, Theorem
6.8]). However, it is likely that a variant of the minimization problem related to
the Euler equations [5, 1], where one removes the endpoint constraint but keep the
incompressibility, may allow to find such measures. As we said in the introduction,
in this paper we will make no attempts to prove existence of minimizers, but we will
only study their regularity properties.

Theorem 4.3. Let D be as in Theorem 3.3, V', ug and u as in Definition 4.1.
Assume that there exists n € P (D) concentrated on minimizers for the evolutive
problem at time T. Moreover, suppose that V € LP([0,T];W'P(D)), 1 < p < oco.
Then for every v € R? |v| = 1, if Oyu(-,T) denotes the distributional derivative of
u(+,T) in the direction v, it holds:

(i) Oyu(-,T) € LP(D). More precisely, there exists h, € LP(D) such that

(&m@T%@=iéhwﬂw Yy € CX(D).

In particular, by Sobolev’s embeddings, if p > d then u(-,T) is continuous.

(i1) The distributional gradient Vyur = (he,, ..., he,) is given by
Vaur(z) = / A(T) dnr for L%-a.e. z € D,
{y(T)=a}

where Ny, are the probability measures on {y € Qp(D) : v(T) = z} obtained
by disintegrating n through the map er, i.e.

n:/mnawmmm

(we refer to [7, Chapter III] for the notion of disintegration of a measure).

Proof. Fix v € S¥1. To simplify the notation, we shall denote by w7 the function
u(-,T) all along the proof. Remark 2.1 ensures that n-a.e. 7y touches the boundary
in a set of times of zero measure. Let us point out that, under our assumptions,
if i is concentrated on minimizers for the evolutive problem, then it is easily seen
that it also minimizes the action at fixed endpoints (see for instance the proof of

16



[1, Theorem 6.12]). This implies that all the conclusions of Theorem 3.3 hold. In
particular
A(t) = =V V(y(t),t)  for Ll-a.e. t €0,T).

We now claim that there exists a universal constant C, depending only on D and
the dimension, such that

T
14l ooy < C + /0 VLV ((t), 1) dt (4.2)

Indeed, we apply the intermediate value theorem to any component ~;(t) = y(t) - &,
i=1,...,d, to find a time t,, € [0, 7] such that

[3i(ty:)] < Clyi(T) = 7i(0)] < C diam(D).

Hence, for every T € [0,T],

T T
5a(0)] < it + / (VY G0.0]d<C /0 VLV (5 (8), 1) db,

vy,

and (4.2) follows easily.

Let {¢n}neny C C°(D;]0,1]) be an increasing sequence of smooth cut-off func-
tions such that, if D,, denotes the interior of the set {¢, = 1}, then U, D, = D. We

define
t

Brnlt) 1= on(1(1).
Let us point out that, for any v € Qp(D) and for any n € N, since ¢, ,(t) = 0

whenever ~(t) & supp ¢n, the curve t — y(t) + ¢,n(t)hv belongs to Qp (D) for |h|
smaller than dist(supp ¢, dD).

Step 1. Let v be a minimizer for the evolution problem at time T, fit n € N, and
assume that |h| < dist(supp pn, D). Then

) () = 00D [T, 00

h
T pn(t)? TV (y(t) + dyn(t)hv,t) — V(y(t), t)
+ h/o 5 dt — /O 7 h dt.

Let us first remark that |d,,(t)] < % + ||[Vneol#(t)], Wwhich implies that ¢, €
WL2([0, T]; RY). Moreover, thanks to our assumptions the curve t — (t) + ¢, (t)hv

belongs to Q7 (D), and starts from (0) at ¢ = 0. In particular it is admissible in the
definition of up, which implies

ur (T T00) < O+ [ 350000000V (3004600001t
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On the other hand, thanks to the minimality of v we have

T |4 2
ur(r (1) = w0 + [ TEE v, a

The conclusion of Step 1 follows easily.

Step 2. There ezists a function f € LP(D) such that ‘<8UuT,<p>’ < [p|feldy for all
p e CX(D).

Fix ¢ € C*(D),p > 0. Then there exists n € N such that suppy C D,,. Since
D,, is open this implies the following: whenever p(y) # 0, then y,y + hv € D,, for
|h| < dist(supp ¢n,0D). Hence ¢, ,(T") = 1 for all curves 7 such that (7") € supp ¢,
and thanks to Step 1 we obtain

ply —hv) —¢ly)

(Ovur, ) = — (ur, Ovp) = lim ; ur(y) . y
- Jim [ (p(y)uT(y + h?;L) —ur(y) dy
= lim . (p%l('y(T))w(v(T)) ur O+ hz) —T hm)) dn
<fim [ (o7 6@)et)

(4.3)
(Observe that, by Theorem 3.3, n-a.e. v is of class C!, so that in particular 4(7T) is

well-defined n-a.e.) Here the last but one equality is a consequence of Lemma 2.5
together with the identities

TV((t) + dyu(t)ho,t) = V(1(1),1)
wehave /QT(D)/O dt dn

h
_ / /T V(@ + bn(@)ho, t) — V(z,1)
D JO

T T ;
/QT(D)/O va,n(t)va(’V(t),t)dth:/D/O Zon (@) VoV (@, t)py(x) dt dx,
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while the last one follows from an integration by parts together with Theorem 3.3.
By exchanging v with —v in (4.3) and exploiting the linearity with respect to ¢, we
actually obtain the equality

(Ovur, ) = /Q PR ORI (D) VoeCED). (4

From the above equation together with (4.2), we get

| st ametmy e s

T
+/Q " p7 (V(T))p(v(T ))/ VeV (y(t),t)| dt dn
= Cllglh + | / / VoV ((8), )| dt dny dy
=C\|<p|!1+/Dfs0dy,

where f : D — R is given by

5 T
F(y) = /Q ” / 9,V (3(), 1) dt dipry. (4.5)

The function f belongs to LP(D): indeed, thanks to Jensen inequality and the fact
that pr is bounded from below, we get

171 éC// / VoV (v(#),1)|" dt dnry dy
Qr(D)

< C/ / Y) | VoV (v(t),t)|" dtdn
Q7 (D) Jo

< C‘|V"§P<[O,T1;w1»p(D>>'

Thus Step 2 is achieved with f = C + f.

Step 3. Proof of (i) and (i1).
Statement (i) follows from Step 2 together with the Lemma 2.8. To get (ii), we
disintegrate the right-hand side of (4.4) through the map er to obtain

(Ovur, p) = /D o(y) < /Q (D)"Y(T) dnT,y) dy.
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Theorem 4.4. Let D be as in Theorem 3.3, V, ug and u as in Definition 4.1. As-
sume that there exists n € PF (D) concentrated on minimizers for the evolutive
problem at time T. Moreover, suppose that V € LP([0,T];W?P(D)), 1 < p < oco.
Then for every v € R%, |v| = 1, if Opou(-,T) denotes the second distributional deriva-
tive of u(-,T) in the direction v, it holds:

(7;) avvu('vT) € Mloc(D);
(ii) there exists h € L} (D) such that Opyu(-,T))T = h L%

Proof. To simplify the notation, we denote by up the function u(-,7). Remark
2.1 ensures that n-a.e. v touches the boundary in a set of times of zero measure.
Moreover, as we already observed at the beginning of the proof of Theorem 4.3, if n
is concentrated on minimizers for the evolutive problem then it is also a minimizer
for the action at fixed endpoints. This implies that all the conclusions of Theorem
3.3 hold, and in particular n-a.e. «y is of class C!.

As in the proof of Theorem 4.3, we consider an increasing sequence {@y, }nen C
C2°(D;[0,1]) such that if D,, denotes the interior of {y,, = 1} then U, D,, = D, and

we define ;

@b'y,n(t) = Tspn(f)/(t))'
We observe that for any v € Q7 (D) and for any n € N the curve t — y(t) + ¢~ n(t) hv
belongs to Qp(D) for |h| < dist(supp ¢n, 0D).

Step 1. If v is a minimizer at time T and v(T) € D, then for any n € N and for
any h > 0 small enough,

ur ('Y(T) + ¢%n(T) h”) +ur (V(T) - ¢%n(T) hv) —2ur(y(T))
h2
e 5 V((t) + oy n()hv, )4V (4(t) = dyn(t)ho, £) =2V (4(), 1)
< [ (it )t

h2

For |h| small, the curve t — ¥(t) + ¢~n(t)hv is admissible in the definition of ur,
hence

Ty, . 2
ur (T, (TI0) < wa(O))+ | 3|50+ O0] <V (2840100, 1) .
Analogously,

T, . 2
ur (T) =6, (TI0) < wa(0))+ | 3506 Ohe] <V (28— 0100, 1) .
By using the minimality of -, the conclusion of Step 1 follows easily.

Step 2. There exists a function f € LP(D) such that the following holds: for any n €
N there exists a constant C,, such that (Oypyur, p) < C, f fedy for all p € C°(D,,),
@ 2> 0.
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Fix ¢ € C*(D,,),» > 0, and observe that since supp ¢ C D,, then y + hv € D,, for
all y € supp ¢, |h| < dist(supp ¢n,dD). This gives that ¢, ,(T") =1 for all curves
such that v(7T') € supp ¢, and by Step 1 we get

<8fuvuT7 90> = <UT7 8UU<)0>

g ur (Y(T) + hv) + ur (Y(T) — hv) = 2ur(y(T))
=A% Qr(D) <80(7(T)) : ) h? :
pyﬁ<v<zv>) iy
< [ [ @ bRy
Qr(D)

"l [

( (’7 + 9257 n( )hv t) + V( ;2) QS%n(t)hv?t) - 2V(7(t)7t)>> dt dn
2
A%D/ (HT)) |y (1) it iy
-/ / L (T)) BV (1(2), 1) b (1)? dit i
Qr(D)
(4.6)

Here the inequality follows from Step 1 together with positivity of ¢, while the last
equality is a consequence of Lemma 2.6 together with the assumption on V. Now,
since ](bq, n| <1, the last term is easily estimated as in the proof of Step 2 in Theorem

/ / 7 OOV (10 0] 6300 bt < © [ i
Qr (D) D

where

T
= [ [ euvewolddm,  yeD,
Qr(D) JOo

(the measures 7y, are defined as in Theorem 4.3). Concerning the other term, we
observe that |@,,(¢)> < % + 2IVenlool¥ ()] + IVenll%|7(t)|2. Moreover, thanks
to Theorem 3.3 and (4.2) we have

T T
/’wmﬁmzv@»wnv@wwm/’wwwwm
0 0

T
=wm-wn—wmwwm+A A1) - ViV (5(8). 1) dt

gc(r+ATWdew¢nﬁ)
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where we used that the L>°-norm of v is uniformly bounded since v(t) € D for all
t € [0,7]. Thanks to these facts we easily obtain

(aqu,tp>SCan0H1+C/ flwdy+Cn/ fapdy, YeeCX(D),p>0
D D

where fo = f (with f defined in (4.5)) and C), is a constant depending on ||V, ||so-
Arguing as in the proof of Step 2 in Theorem 4.3, one can easily prove that f; €
LP(D), and Step 2 is proved with f =1+ f1 + fa.

Step 8. Conclusion of the theorem.
It is a direct consequence of Lemma 2.9. ]

Now we focus on the generalization of the property of the value function to be a
viscosity solution of Hamilton-Jacobi. Since the notion of viscosity solution requires
at least continuity of the value function, we assume that the potential is WP with
p > d. We start with a preliminary result:

Lemma 4.5. Let D be as in Theorem 3.3, V', ug and u as in Definition 4.1, and
suppose that ug is continuous and V € L>([0,T); WYP(D)), p > d. Then u is
continuous on D x [0,T].

Proof. First of all we remark that under the above assumptions the existence of
a minimizing curve for any (z,t) follows by standard methods in the calculus of
variations. (Although all the proof could be done by only considering a sequence of
minimizing curves.)

Thanks to the assumption V € L*°([0, T]; WLP(D)) ¢ L>([0,T]; C*¥(D)), o =
1 — d/p, the continuity of u in space follows easily arguing as in the proof of Step 1
of Theorem 4.3.

To prove the continuity in time, fix a point z and two times 0 < s < ¢t < T. If

s : [0,s] — D is such that v(s) = z, then the concatenation of v with the curve

constantly equal to z on [s, t] gives

s 1 ) t
u(t.a) < we )+ [ 5[HEE=Vow.n]ir— [ Vi
and by the arbitrariness of v we get

u(z,t) < ulz,s) + (t = s) [V L o11xD)-
On the other hand, given a minimizing curve v; : [0,¢] — D for the evolutive problem

such that v(t) = z, we construct a competitor for u at (z, s) by considering v s(7) :=
% (27') Thanks to the estimate

/S\V(%(T), V (ye,s(T \dT<C/ (7)) = Y6 (7)|“ dr

<C ‘i(/ () = e (8 )}m) <Cta<// 14 (u |dudT>
e u—or([Cubeian) < ose—or( [l a)

22



and the bound .
/0 a2 dr < A(w) + V]| =0z T

since the action of A(7;) is easily seen to be bounded by a universal constant (thanks
to the minimality) we easily get the inequality

u(z,s) <wu(z,t)+C(t—s)*
This concludes the proof. O

In the next theorem we show that u is a viscosity solution to the evolutive
Hamilton-Jacobi equation at almost every point. Although both v and V' are con-
tinuous, it is not clear to us whether one may expect u to be a viscosity solution
at every point, since the continuity of V' does not ensure that a minimizing curve is
C'. However, thanks to the Sobolev regularity of V', we can apply Theorem 3.3 to
say that almost every curve satisfies the Euler-Lagrange equation and is C*.

Theorem 4.6. Let D C R be as in Theorem 3.3, V, ug and u as in Definition 4.1,
and suppose that ug is continuous and V € CO([0,T); WIP(D)), p > d. Furthermore,
assume that there exists n € Py (D) concentrated on minimizers for the evolutive
problem at time T. Set H(xz,p,t) := %]p\Q +V(x,t). Then, for every fized t € (0,T),
u 1S a viscosity solution of the evolutive Hamilton-Jacobi equation

{8tu(x,t) + H(z, Vyu(z,t),t) =0, (4.7)

u(+,0) = uo,

at L%-a.e. point .

Proof. As we already observed in the proof of Theorem 4.3, under the above hy-
potheses all the conclusions of Theorem 3.3 hold, and in particular 7-a.e. v is of class
C'. Moreover, let us remark that if v is a minimizer for the evolutive problem at
time T, it is the case also for every t < T.

Fix t € (0,7T), and consider a point x such that there exists a minimizer v €
C1([0,],R?). (This holds true for £%-a.e. z, thanks to the fact that £¢ < C(e)yn.)
We will prove that u is a viscosity solution at (z,t).

Supersolution: If ¢ is a C! function touching from below u at (z,t) = (y(t),1),
then

e(v(t),t) — p(v(t'), ') > u(y(t),t) — u(y(t'),t) = /t L(v(s),5(s), s) ds.

Recalling that V is continuous and v € C', dividing by ¢t — ¢’ > 0 and letting ¢’ /¢
we obtain 5

Voo, ) 4(t) + S5 (@,6) = L, 3(0), ).
Since L(y,v,t)—p-v > —H(x,p,t) for all y,v,p,t (by the definition of H), the above

equation implies that u is a viscosity supersolution at the point (y(t),t).
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Subsolution: For this part, we do not need the existence of a C'! minimizing
curve. Given a vector v € R% and h > 0 small, if ¢ is a C! function touching from
above u at (x,t) we have

o(x,t) — o(x — hv,t — h) < u(z,t) — u(z — hv,t — h)
h - h '

Now, if v : [0, — h] — D is a minimizer for the evolutive problem, by considering
the concatenation of v with the curve o : [t — h,t] — D, o(7) = x — (t — 7)v, we get

u(z,t) — u(x — hv,t — h) < l/t
h ~h

L(z — (t—T1)v,v,7)dr.
t—h

Letting h — 0 we obtain

0

Sr(@,t) < Lia,vt) = Vag(a, 1) v,
and the result follows by taking the supremum among all vectors v € R O
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