TRANSPORT RAYS AND APPLICATIONS TO HAMILTON-JACOBI EQUATIONS

STEFANO BIANCHINI AND MATTEO GLOYER

1. INTRODUCTION
2. SETTINGS

We consider a o-generated probability space (X, X, 1) and a partition X = UgecaX,, where A = X/~
is the quotient space, and h : X — A the quotient map. We give to A the structure of a probability space
by introducing the o-algebra A = hy), where Q are the saturated sets in 3 (unions of fibers of k), and
m = hyp the image measure such that m(S) = u(h=(9)).

Remark 2.1. A is the largest o-algebra such that h is measurable.
The following example shows that even though X is o-generated, A in general is not.
Ezample 2.2. Consider in ([0, 1], B) (Borel) the equivalence relation
x~y iff z—y=0 modq,

for some «a € [0,1]. If & = p/q, with p, g € N relatively prime, then we can take

- (o]0

If « € R\ Q, then A is a Vitali set. If u = L[], then m = hyL'|jg 1] has only sets of either full
or negligible measure. Assume by contradiction that {a,},en generates A. Since h™1(x) = {z + na
mod 1:n € N} € B, it follows that each a € A belongs to a generating set of measure 0. But this leads
to a contradiction:

1=m(A)=m U ap | < Z m(a,) = 0.
m(an)=0 m(an)=0
We now define the measure algebra (.A, m) by the following equivalence relation on A:
ay ~ay i m(a; Aaz)=0.
It is easy to check that Ais a o-algebra and m is a measure on A.
Proposition 2.3. (,%L m) is o-generated.
A is isomorphic to a sub-o-algebra of X.

Remark 2.4. More generally, if (X,%, ) is generated by a family of cardinality w,, then each sub-o-
algebra A C X is essentially generated by a family of sets of cardinality w, or less.

This is a particular case of a deep result, Maharam’s Theorem ([7], 332T (b)), which describes isomor-
phisms between probability spaces: if (f), fi) is a probability algebra, then

(Avﬂ)ZHCi l®{071} ) ZCZ'ZI,
Ji

i A

where @ ; {0,1} is the measure space obtained by throwing the dice .J; times.

Date: September 7, 2009.



2 STEFANO BIANCHINI AND MATTEO GLOYER

3. DISINTEGRATION
Definition 3.1. We introduce the following relation on A:

aj ~ ag iff the following holds:
for allflefl,al EAiHCLQ € A.

The equivalence classes of this relation are the atoms of the measure m. In particular, we can define the
measure space

(A= Af~, A,m).
The o-algebra is isomorphic to the o-generated A constructed in the previous section.
Definition 3.2. The disintegration of the measure p with respect to the partition X = J,_, X, is a map
A - P(X)7 o = ‘Lta,

where P(X) is the class of probability measures on X, such that the following properties hold:

(1) for all B € X, the map a — pq(B) is m-measurable;
(2) forall Be X, Ac A,

u(BNA) = [ (B dm(a).
It is unique if p,, is determined m-a.e.

Remark 3.3. (1) Since we are not requiring the elements of the partition X, to be measurable, in
general 11, (X4) # 1 for those X, which are measurable. In this case we say that the disintegration
is not strongly consistent with h.
(2) For general spaces which are not o-generated, sometimes a disintegration nonetheless exists, but
in general there is no uniqueness.
(3) The disintegration formula can easily be extended to measurable functions:

(o= [ ([ an)amto

We now state the general disintegration theorem.
Theorem 3.4. Assume that (X,%, 1) is a o-generated probability space, X = |J,c4 Xo a partition of
X, h: X — A the quotient map, and (A, A,m) the quotient measure space. Then the following holds:

(1) There is a unique disintegration  — .
(2) If (A, A,m) is the o-generated algebra equivalent to (A, A,m), and p: A — A the quotient map,
then the sets

Xy =(poh)™t(N)

are p-measurable, the disintegration

p= / fix dm(A)
A
s strongly consistent p o h, and

P = Ppay  for m-a.e. a.

Definition 3.5. R C X is a rooting set for X = |J
r € RNX,.
R is a p-rooting set if there exists a set I' C X of full y-measure such that R is a rooting set for

I = Uraz Urmxa.

acA acA

aca Xa, if for each a € A there exists exactly one

Proposition 3.6. If u = fA 1o dm () is srongly consistent with the quotient map, then there exists a
Borel p-rooting set.
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Example 3.7. Consider again
r~y iff z—y=0 moda.

If o« = p/q with p, g relatively prime, then the rooting set is [0, 1/¢), so that we know that the disintegration
is strongly consistent with h. One can check that

uz/jdaiiéé(z—a—i}).
(A, Am) = ({0} 40, {1},

uz/dmu.

4. HAMILTON-JACOBI EQUATION AND MONOTONICITY

If « € R\ Q, then we know that

so that

In the following we consider the Hamilton-Jacobi equation

{ut + H(Vu) =0,
u(0,z) = u(x),

where (¢t,z) € Rt x R? and @ € L>(R?). We assume that H : R — R is C! and convex. We denote by
L = H* the Legendre transform of H and assume that it has at least linear growth,

L(w) 2 ~(lal - ),

and is locally Lipschitz. By the properties of the Legendre transform, L is strictly convex.
For example, we can consider H(z) = L(z) = 3|z[2.

The viscosity solution is given explicitly by
u(t, z) = inf {ﬁ(y) +tL (m;y) (Y € Rd} :

Remark 4.1. The following properties can easily be checked:

(1) Finite speed of propagation: u(t,z) depends only on the values of @(y) for | — y| < c.

(2) Uniform Lipschitz continuity: For fixed y, the function @(y)+¢tL((x —y)/t) is uniformly Lipschitz
in z for |z — y| < ¢. Hence u(t, z) is uniformly Lipschitz in x for all ¢ > 0.

(3) Semigroup property: For ¢t > s > 0, we have that

u(t,z) = min{u(s,z) +(t—s)L (j j) Lz € Rd}.

(4) If D?H € [1/c, ], then D?L € [1/c, ]I, and thus u(t, z) — c|z|*/2t is concave in x. Hence u(t,-)
is quasi-concave for ¢ > 0.

We can solve the backward problem

{vt + H(Vv) =0,
v(l,x) = a(l,x).

Then v has the same properties as above for ¢t < 1, and the following duality holds:
u(1,z) = min {U(O,y) + L(z — y)}7
v(0,y) = max {u(l,x) —L(z — y)}

We say that u(1,2) and v(0,y) are L-conjugate functions.
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Definition 4.2. The couple [y, z] € R? x R? such that
u(l,2) =v(0,y) + L(x — y)
is called an optimal couple. The corresponding segment
{(1+t)y+tm:0§t§ 1}
is called an optimal ray.

Remark 4.3. Due to the strict convexity of L, two rays cannot intersect anywhere except at their end
points.

Remark 4.4. In general, the duality of w(1,z) and v(0,y) does not imply that u(t,z) = v(t,z) for
0<t<l.

Ezample 4.5. In the case H(x) = L(x) = |z|?>/2, the optimal rays are the graph of the maximal monotone
operator

x— y(r) =0y <:v2 - u(l,:r)) .
It follows from Minty’s Theorem ([2], p.142) that the map
x—ter+ (1—1t)y(x)

is surjective. Since the rays do not intersect, it follows that for all 0 < ¢ < 1 and all z € R?, there exists
a unique optimal couple [y, z] such that

z=(1-t)y+tz.
Hence, using the explicit formula for the optimal ray, we obtain
u(t,z) =v(t,z) forallte0,1], = €R™L
Hence the solution is both (2t)~!-concave and (2(1 — t))~!-convex, thus u € 1.

The set y(x) is convex, therefore the rays departing from a given point form a convex set.
The example can be generalized to the case H(x) = 1/2(x, Az) by a linear change of variable.

Ezample 4.6. A more difficult case is D2H,D?L € [1/c, c]I. One can use that v(0,y) + |y|?/(2¢) is convex
to compute the optimal rays for ¢t < 1:

u(t, ) = min {v(O, y) +tL (Z;y> }

: lyl® 2—y\ _ P
= 0 — +tL — = >.
min {v( Y) + 96 + ; 9

The last two terms together are convex for ¢t < ¢~2, so that the minimizer is given by
z—
vi (352) —ouo).

where 0~ v(0,y) denotes the subdifferential of v at y:

- o tine SR+ f(x) —ph
0 f(a:)—{p.l f 7 0}.

v

Similarly, we can introduce the superdifferential

oy f@+h)+ f(z) —ph
ot f(x) = {p : lim sup 7l < O}.

These sets are convex, but in general they are empty. We thus obtain

z=y+tVH(0 v(0,y)) for0<t<1.

The strict convexity implies that the map z +— y is single-valued and Lipschitz. For ¢ < 1, the projections
of the rays z(y) are still convex sets. However, in general the rays do not extend to ¢t = 1.
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Ezxample 4.7. Taking
L(z) = 3|a| + x1]z],

wr=mafa o) (- ()}

and computing the corresponding v(0,y), one can prove that there is a gap between the rays, i.e. there
exists a region inside of which one has

u(t, ) > v(t, ).
Ezxample 4.8. In the general case, when L is only strictly convex, there is no notion of subdifferential
or superdifferential. One then has no quasi-concavity or quasi-convexity, hence no BV regularity. The
graph of the optimal rays [y, z] is in general full of holes, and there is no interval where one could prove
CY! regularity.
5. REGULARITY PROPERTIES OF L-CONJUGATE FUNCTIONS AND OPTIMAL RAYS

We consider a pair of L-conjugate functions u,v € L N Lip,
u(z) = min {v(y) +L(x—y):y€ Rd}
v(y) = max {u(x) —L(x—vy):z€ Rd},

where as before L : R? — R is strictly convex and has at least linear growth.
We define the set

F= {[y,a:] € R? x R : [z,y] optimal couple }
and its projection
F(t) = {z iz = (1—t)y+ tx for some [y, z] € F}
By the duality, we know that F(0) = F(1) = R%. On the set F(t) we define the vector field

pi(z) = (1,p:(2))
=(l,z —y), where [y,z] € F such that z = (1 —t)y + tx.

We also introduce the set-valued functions
y@) = {y:ly.a € F},
2(y) = {x ly,a] € F}
From the fact that v and v are L-conjugate, we obtain the following lemma.

Lemma 5.1. The set F' and its projections F(t) are closed, and the set-valued functions x(y), y(x) have
locally compact images.

In particular y(z), z(y) are Borel measurable, because the inverse of compact sets is compact.
Ezxample 5.2. When Vu, Vv exist, then they are related to p by

Vu(y) = dL(po(v)),
Vu(z) = OL(p1(z)).

If we consider for example

1
L(w) = glaf® + [ou],

u(z) =min{L (f”— @) . (m_ <_01)>}

then it is easy to check that «(0) has no subdifferential or superdifferential.
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5.1. Rectifiability property of jumps. Define the sets
1
Im = {{,C € R?: there exist y1,ys € y(z) such that |y; — ya| > —}
m

and

J=J Jm.

meN

Lemma 5.3. J,,, is closed and countably (d—1)-rectifiable, i. e. it can be covered with a countable number
of images of Lipschitz functions R4~ — R<.

The lemma can be proved by applying the rectifiability criterion [1], Theorem 2.61. The proof is
analogous to Lemma 3.4 in [4].
In a similar way we obtain the following proposition:

Proposition 5.4. The set
T*F=J Ik
meN

1
= U {x € R?: there exist y1,...,yrp1 € y(z) s.t. B <0, ) C co{y1, ... 7yk+1}}
m
meN

is countably (d — k)-rectifiable, i.e. it can be covered with a countable number of images of Lipschitz
functions R4F — R<.

5.2. Some approximations. To prove the estimates on the vector field p; or p;, we need an approxi-
mation technique. The following proposition will be an essential tool.

Proposition 5.5. Assume that
Un(y) — u(y), Ly(z) — L(x)

locally uniformly, and that we have the uniform bound

L,(x) >

ol

(|| —¢) foralln €N,

where ¢ does not depend on n.
Then the conjugate functions u,(1,z), v,(0,y) converge uniformly to u(1,z), v(0,y), and the graph
F,, converges locally in Hausdorff distance fo a closed subset of F'.

5.3. Fundamental example. Let {y; : i € N} be a dense sequence in R%, and define
upn (2) = min {u(yl) +L(x—y;):i=1,... ,N}.
We can split R? into at most N open regions €; (Voronoi-like cells), inside which we have
un(z) = u(y:) + Lz —yi), €,

together with the negligible set

U (2na).
1#]
The boundary of each region is Lipschitz, and inside each region the corresponding directional field py

is given by

pn(z) =x —y;, x € Q.
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5.4. Divergence estimate. In the points « where the field p(x) is single valued, the approximate p,, ()
converges to p(z). This implies that
pn(z) — p(z) L%a.e.
Using this fact we can prove the following proposition:
Proposition 5.6. divp is a locally bounded measure satisfying
divp —dL* < 0.

Proof. The approximating fields satisfy the bound, thus by the above convergence we get the bound for
divp. It is a measure because positive distributions are measures. O

6. JACOBIAN ESTIMATES

As in the previous section, we take a dense sequence {y; : i € N} in R?. For a fixed time ¢ € (0, 1), we
consider the approximation with finitely many points at t = 0,

uN(t,x)min{u(O,yi)thL <$—tyz) :il,...,N}.

Take a compact subset A(t) C F(t). We denote by An(s) the push-forward of the set A(t) along the
approximating rays py(t, ). Then we get

s\ d
L4AN(s)) > (;) LUA()  for s <t.

Up to a set of measure €, we can assume that py(t), p(t) are continuous and py(t) — p(t) uniformly on

A(t). Then Ay (s) is compact for s < ¢, and it converges to A(s) in Hausdorff distance. Since £¢ is upper

semicontinuous with respect to the Hausdorff distance, this implies that

S d
L4A(s)) > (g) LYUA()  fors <t.
By repeating the above approximation with finitely many points at ¢ = 1, one obtains the corresponding
estimate 4
1
LUA(s)) > <1 j) LUA)  for s > t.

We thus obtain the following estimate for the push-forward of the Lebesgue measure.

Lemma 6.1. Let

u(s) = [z + (s — t)p|y L2
Then

ILL(S) = C(Svta Z)[’d‘F(t)v

c(s,t,z)g[(ﬁd’(i_i)d] for s <t,
c(s,t,z)e[G:z)d,(z)d] fort < s.

Proof. By the previous estimates, we have for s > t,

G_Ddﬁd(A(S)) < LUA()) < (S)dﬁd(A(s)).

By the definition of the image measure,

with

Thus the result follows. 0

The function c¢(s,t, z) is the Jacobian of the transformation.
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6.1. Disintegration of the Lebesgue measure. Using Lemma 6.1, we now apply the Fubini-Tonelli
theorem to a measurable set A = J,{t} x A(t) C J,{t} x F(t) to obtain

/ dt x £ = /dt/ c?
_ / at / lt, )L
A(t,s)
— /Ld/dtc(t,S)XA(t,s),

where A(t, s) is the image of the set A(t) b,
A(t,s) = (24 (s = t)p(2)) (A(1)).
Remark 6.2. In the new coordinates, dt c(t, s) is concentrated on a single optimal ray.

Since the rays do not intersect, we can disintegrate the Lebesgue measure along rays,

L3 x dt|p = /dm(a)ua.

We can parameterize the rays by the points of the plane ¢ = 1/2, then the support of p, is the optimal
ray passing through a € F(1/2). Using the previous formula, we obtain the following theorem:

Theorem 6.3. The disintegration of the Lebesgue measure on the set of optimal rays F' is

/ dm(a)pa,

m(a) = LY /01 c (t, ;) dt,
o ([ (1)) "o (ud) o

where c (t, %) is the Jacobian along the ray a + (t — 1/2)p(a).

1
1
/ c (t, ) dt < 400 L4a.e.,
O 2

In the following we denote c(¢, &) = c(t,1/2, a).

with

-1

Remark 6.4. By Fubini’s theorem,

therefore the formula makes sense.

6.2. Regularity of the Jacobian and applications.

Lemma 6.5. c(t,a) € W', and there exists a K4 > 0 such that
1
J

d
&c(t, ) +

dt < K.

—c(t, a
dt ( ) )
Proof. Since

mc(ta @) >0,
we can estimate

dt < /2 gc(t,oz) + ZLc(t,oz) dt
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/: dt<c( >+4d/ (t,a)d

(6.1) Tot.Var.(c(-, @) < 4d + 2¢ (;, a) .

and similarly

-

Hence

In particular the limits

li t
t0t 1~ et @)

1
/ c(t,a)dt =1
0

1
c(t,a) > min{2d|t\d,2d|1 - t|d}c (2,a> )
it follows that there is K, such that
1
c (27a) < KJ,

Tot.Var.(c(-, o)) < K4

exist. From the normalization

and the estimate

so that by (6.1) there is K4 such that

Corollary 6.6.

S LIOC dt dx)

6.3. Divergence formulation.

Proposition 6.7. We have the following relation between ¢ and the divergence of the vector field p:

1de
div(l, pxr) = fadtd

1dcE _ d é
cdt 1—t't

it follows that it is an absolutely continuous measure.

F
From

Proof. Take a test function ¢ € C}(F). Applying the disintegration along the rays, one obtains

1
//¢(tvz)div(1athF(t))dtdZ
re Jo
= [ ] xro@et ) + o) Vol e
re Jo
=— /dm(a) /0 dte(t, o) [qﬁt(t, (I-ty+tx)+ (x—y) Vo(t, (1 —t)y + tz)
1
=— /dm(a) /0 de c(t,a)%qﬁ(t, (1 -ty +tx)
- /dm(a)/ i @(t,am(t, (1—t)y + tz)

/R/ (ifg) o(t, z)dt dz.
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