An elementary proof of the polar factorization of vector-valued
functions.
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Abstract: We present an elementary proof of an important result of Y. Brenier ([Brl], [Br2]), namely
that vector fields in R? satisfying a nondegeneracy condition admit the polar factorization

() u(z) = Vip(s(x)),

where 1 is a convex function and s is a measure-preserving mapping. Brenier solves a minimization
problem using Monge-Kantorovich theory, whereas we turn our attention to a dual problem, whose
Euler-Lagrange equation turns out to be (x).
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1 Introduction.

Given a vector-valued mapping u € LP(,R%) (1 < p < 00), we cannot expect in general that u is
the gradient of a mapping ¥ : R? — R. However Y. Brenier proved in [Brl] and in [Br2] that there
exists a convex function whose gradient is equal to u up to a rearrangement, provided that u satisfies
a nondegeneracy condition, so-called N ~!-property (see below). Precisely, he proved that there exist a
convex function 1 : R? — R U {oo} and a measure-preserving mapping s : {2 —  such that u = V¢ os.
He termed this decomposition formula the polar factorization of u.

This paper provides a new and elementary proof of the polar factorization of vector-valued mappings
u € LP(Q,R?) (1 < p < o) satisfying the N~'— property. The proof does not use any tools of Monge-
Kantorovich theory as in [Brl] and in [Br2] and relies instead on convex analysis, namely on Lemma 2.4
which says under some technical assumptions, that for every h € C(2) we have
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for almost every y € Br, where

6,(y) = sup{yz — (=) — rh(z) | z € Q) and ¥ = gy.

We establish first the polar factorization formula for every mappings u € L°°(£2,R?). More precisely in
Theorem 2.3, we fix O C RY an open, bounded set such that meas(0€2) = 0, and u € L*(Q,R9), a
mapping that satisfies the N~!— property. We assume that the closure of u(Q) is contained in the ball
Bpg of center zero and radius R. As in [Brl] we prove that the following variational problem admits a
minimizer

ine = f{1(6,1) | (6,0) € Er}, (2)

where

1(6,4) = / [B(u(z)) + p(@)dz,
Er = {(69) |6 € C(Br) N L(Br), ¥ € C(2) N L(Q), 6(y) + $(2) > y= ¥(y. 2) € Br x 0}

and
S ={s:Q — Q|s is a measure-preserving mapping}.

We also prove that a dual problem of the problem in (2) is

sup{ /Q u(@)s(z)de | s € SY. 3)

or, equivalently, the projection problem
1
5 inf{/ [[u(x) — s(x)||*dz | s € S}. (4)
Q

We prove that i is attained by convex functions (¢*,1) € Er where ¢)* denotes the Legendre-Fenchel
transform of ¢ (see Definition 4.1). As (¢*,%) is a minimizer of (2) and as ((¢p +rh)*,1)+rh) € ER, one
can readily check, as we do in the next section, that

o T Y 6 ) — 10, 9)
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=0. (5)
As u satisfies the N~!—property, (1) and (5) yield

/Q h(w)da = /Q BV (u(z))dz.



Since h € C(Q) is arbitrary, we deduce that s := V¢* o u is a measure-preserving mapping from ()
into ; hence, the polar factorization formula is established for L> mappings. Using an approximation
argument and Proposition 4.4, it is straightforward to check that the polar factorization formula holds
for LP mappings (see Corollary 3.1).

By a well-known property of convex analysis relating ¢* to 1, the equation s(x) = V¢* ou(z) implies

¢ (u(x)) + ¢(s(z)) = u(x)s(z) (6)

for almost every = € . As a consequence, a dual to the problem in (2) is the problem in (3) or equivalently
the problem in (4).

This paper is organized as follows. In the second section we recall first some well-known definitions
and then we state the main result of this paper for L*° functions, namely, the factorization formula for L>°
mappings. We deduce that a dual of the problem in (2) is the problem in (3). In the third section, using
the factorization formula for L>° mappings and an approximation argument, we deduce the factorization
formula for LP mappings and prove a duality result. For completeness, we end up this paper with an
appendix, where we review some well-known definitions and some properties of convex functions.

After this work was completed, I looked in L. Caffarelli’s paper, ” Boundary regularity of maps with
convex potentials”, Comm. Pure Appl. Math XLV (1992), p. 1141-1151, which notes in passing that
somewhat similar approach to Brenier’s theory has apparently been observed by S. Varadhan. I am not
aware of any detailed proofs in the literature, however.

2 The polar factorization for L*° mappings.

In this section we state the main result of this paper that is the polar factorization formula for L°°
mappings (Theorem 2.3). Throughout this section v > 0 is a constant, (2 C R? is an open bounded set
such that meas(02) = 0 and © C B,. For each R > 0 we define Er to be the set

Er ={(¢,¥)|¢ € C(Br) N L™(Br),y € C(Q) N L=(Q), ¢(y) +¢(2) 2 yzV(y, 2) € Br x Q},

and we recall the following well-known definitions.

Definition 2.1 Assume that s : Q — Q. We say that s is a measure-preserving mapping if s satisfies the
following equivalent properties:

(1) s 1(A) is measurable and meas(s~'(A)) = meas(A),
for every A C Q measurable set.
(#4) fose LY(Q) and / fos(z)dx = / f(z)dz,

Q Q

for every f € L1(9).

Definition 2.2 Let £ C R? be a measurable set. A mapping u : £ — R? is said to satisfy the N1 —
property if meas(u=(N)) = 0 whenever N C R% and meas(N) = 0.

Theorem 2.3 Letu € L>=(Q,R?) be a vector-valued mapping satisfying the N~ —property and let R > 0
be such that u(Q2) C Bgr. Consider the following variational problem

oo = E{I(6, ) = /Q [6(u(@)) +(@))dz | (6,9) € Er}. (7)



Then

(i) (Brenier) The minimum is attained for some pair (¢o,v%o) € ER.

(ii) There exist two convex, Lipschitz functions ¢, : R? — R that extend ¢o, o respectively.
(iii) The Euler-Lagrange equation corresponding to (7) is:

u(z) = Vip(s(z)), (8)

for almost every x € Q, where s : Q — Q is a measure-preserving mapping.
(iv) A dual problem of the problem in (7) is

Joo = inf{/ u(z)s(z)dz | s is a measure-preserving mapping on Q}, 9)
Q
in the sense that ioo = joo-
We prove in the next section that there exist a unique pair of functions (1, s) satisfying the assumptions

of Theorem 2.3 and satisfying [, ¢(z)dz = 0.

We prove first the following lemma, which is the main key in proof of Theorem 2.3.

Lemma 2.4 Let ¢ : R? — R be a convex function such that
¥ (y) = suplyz — ¥(2) |z € Q) (10)
for every y € R%. For h € C(RY) N L¥(RY) and r € [0, 1] define
fr(y) = sup{yz —9(z) —rh(z) |z € Q}.
Then
(i)
Lfr () = fo)II < 7[Rl o,

for every y € R® and
(i)
M = —h(Voly)) = (V" (y))

for almost every y € RY.

Proof. Assertion (i) is trivial. To prove (ii) we first define
N = {y € R?| 9" is not differentiable at y}.
By Proposition 4.5 in the Appendix, dom(v*) := {x € R? | ¢*(x) < co} = R%, and so by Proposition 4.3
meas(N) = 0. (11)

Let y € R*\ N and let {a,, by },e(—1,1) C Q be such that

fr(y) < ybr = p(by) = rh(by) +1° < fo(y) = rh(b,) +r° (12)
and
fO(y) < yar — w(ar) +7r? < fely) + Th(av") + 7% (13)
We observe
—h(ar,) —1; < M < —h(by,) + i (14)



for any sequence {r;};=°7 C (0,1) that converges to 0 as i goes to +oo. Up to a subsequence of {r;}{=F
we still denote by {r;};-° there exist a,b € Q such that

a= lim a,, and b= lim b, (15)

1——+00 1——+00

Letting i go to +oo in (12) and (13) and noting by (i) that f, converges to fo uniformly in R¢, we deduce
that

Vv (y) = foly) = ya —(a) = yb—¥(b). (16)
Consequently,
a,b e oY (y) ={Vy ()},

where 91*(y) is the subdifferential of f at the point y € R? (see [Ro] for the definition of the subdiffer-
ential). Letting i go to 400 in (14) we obtain

i I Do) _
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Vi (y)).

As {r;}% is an arbitrary sequence of (0, 1) we deduce that

frly) = foly) _

li * .
Jim, " (V¢™(y))
By a similar argument we obtain

As y € R4\ N is arbitrary, we deduce with the help of (11) that

FW) = 1@ _ gy

r—0 r

for almost every y € R<. |

Proof of Theorem 2.3 We divide the proof into two steps.
Stepl. Following Brenier (see [Brl] p.414) we prove first that there exists a pair (¢,v) € Eg such that
ico = I(¢, ). Let {(fn,gn)} C Er be a minimizing sequence. We observe that

{Gn Pn)} = {(fu = f faly).gn+ inf fu(y)} C Er

and is still a minimizing sequence such that

nf dn(y) =0. (17)
Set 3
Un(2) = sup{yz — du(y) | y € Br}, ¥y € R (18)
and
bn(2) = sup{yz — Yn(2) | 2 € Q}, Vz € R (19)

By Proposition 4.5, (17), (18) and (19) we have
n, on € C(RY), (20)

Lip(¢n) <dy



%(0) =0,
Lip(¢n) < dR
0< énly) <(llyll + R) Wy € R?

and
|[¥n(2)]] < R||2|| Vz € R

By Ascoli’s theorem there exist two functions Lipschitz f,¢g : R® — R such that 1, converges to g
uniformly in every compact set of R, ¢,, converges to f uniformly in every compact set of R?,

g(0) =0, Lip(g) < dv, (21)
Lip(f) < dR (22)
0< f(y) <v(lyll+ R) Vy e R (23)
and
lg(2)I| < Rl|z|| Vz € R (24)

Claiml: {(¢n, %)} C Er and is still a minimizing sequence.
By (19) we obtain that
Q/Jn(z) + d)n(y) > Yz V(y,z) € Br x Q

and so by (20) we deduce that {(¢n, 1)} C Eg. As (én,1,) € Eg, (18) implies that

<
3
—~
N
S~—
IN
<
3
Py
w
S~—

for all y € Br and so

/Q [Gn(u(x)) + tn(@))dz < / [6n(u(@)) + $n(2)]dr.

Q

Hence, {(¢n,¥n)} is still a minimizing sequence. As 1), converges to g uniformly in every compact set of
R? and ¢,, converges to f uniformly in every compact set of R?, we obtain

loo = I(fa g)'
It is straightforward to check that f and g are convex functions and so (i) and (ii) are proved.

Step2. To prove (iii), we first define

f(y) =sup{yz — g(2) |z € Q} vy e R%

and R
="
It is obvious that f and ¢ are two convex functions satisfying
fy) < fy)
for every y € Bp,
¥(z) < g(2)
for every z € R% and B
(f7 7@ € ER



Hence

ioo = I(f, 1)) (25)
By Proposition 4.5, (25) and by the definition of 9, setting ¢ = f we obtain that
¢t =1, Y =4, (26)
¢|u(Q) = flu(Q)a w|Q = g|Q (27)
and -
¢(y) = sup{yz — ¢(2), [z € Q} Yy € R%. (28)

For each h € C(R%) N L>=(R%) and each r € (0,1) we define

fr(y) = sup{yz — ¥(z) — rh(z) |z € Q} Vy € R

and
gr(2) = (2) + rh(z) Vz € R

Lemma 2.4, (26) and (28) imply that

IO =10 — (v o) = ~hver )

and

|fr(y);f0(y)| < ||h||oo+r

for almost every y € R? and so, since u satisfies the N1 — property and since meas(9Q) = 0 we deduce

that
}% fr(u(z)) ; fo(u(z)) = —h(Vfo(u(x))) = —h(Vi*(u(z))) (29)
and
|fr(u(x)) ;fo(u(l‘))| < ||h||oo+r (30)
for almost every x € Q. One can readily check that {(f;, g.)} C Er and will the help of (29) and (30)
check that
lim I(fragr) - I(anQO) _ /[h(l’) . h(Vw*(u(x)))]dm
r—0 r Q

and so using the definition of fy, (26), (28), as (fo, go) is a minimizer of I on Er and as {(fr,9-)} C Er
we deduce that

0= [ In@) = h(Vo* ()]
Since h € C(R?) N L>°(R?) is arbitrary, if we define
s(z) = V¢ (u(z)) (31)

for almost every = € €, as meas(9Q) = 0 we may extend s to ) and we obtain that s : Q@ — Q is a
measure-preserving mapping. By (26) and (31) we deduce that

u(z) = V™i(s(z)) = Vi(s(z)) (32)

for almost every z € (.

Step3. We prove (iv). For every (f,g) € Er and every measure-preserving mapping t on 2, we have

[Fu(e)) + g(b(x)]de > / u(z)t(z)de

Q

[ ) + gtanias = |

Q



and so
oo = Joo- (33)

Let (¢,1) € ER be the pair of convex functions of step2 and let s be the measure-preserving mapping on
Q of step2, such that (32) holds. We observe that

p(u(z)) +(s(x)) = u(z)s(z)

for almost every = € € and so
= [ ale)s(oyts = [ [pae) + v(s()lde > i (34)

By (33) and (34) we deduce that i, = joo, i.e. the problem in (7) is dual to the problem in (9). i

3 The polar factorization for L? mappings.

The main result of this section is the polar factorization for LP mappings and a duality result (Corollary
3.1). In Corollary 3.2 we prove that given a mapping u, the polar factors ¢ and s such that u =V os
are uniquely determine in a sense to be precised and the mapping u — (¢, s) is a continuous mapping.

Throughout this section v > 0 is a constant, 2 C R? is an open, bounded set such that Q C B,.
Corollary 3.1 Let 1 < p < +o00 and let u € LP(Q,RY) be a vector-valued mapping satisfying the

N~ —property. Then
(i) the problem

ip = inf{ /Q [B(u(2)) +(a))dz | (6,9) € B} (35)
is dual to the problem

Jp =supd [ s(ayula) s € 5}, (36)
Q
in the sense that i, = j,, where
E={(6v)]¢ € CR)NL,R?),¢ € C(Q)N L (Q), d(y) +¢(2) > yz¥(y,2) € R x O},
LyRY) ={¢:R = R|poue L'(Q)}
and as in the previous section

S = {s: Q — Q measure-preserving mapping}.

(ii) In addition u can be factored into
u(z) = Vi(s(z)), (37)
for almost every x € Q, where s € S, ¢ € WYP(Q) admits a convexr extension on R? and satisfies

Jo ¥(x)dx = 0.

Corollary 3.2 With the assumptions of Corollary 3.1 the following properties hold:

(i) The decomposition in (37) is unique

(i) The mapping u — (Vb,s) is a continuous mapping from LP(Q,R?)\ P into LP(Q,R?) x L4(,RY),
for all g € [1,4+oc[, where P = {u € LP(Q,R?) | u does not satisfies the N~1 — property}.



Before given the proof of Corollaries 3.1, 3.2 we make some remarks.

Remarks 3.3

(a) As we already mentioned in the introduction, the polar factorization theorem was first proved by
Brenier in [Brl] and [Br2] (see also the references of [Br2] for earlier related results). His proof consisted
of studying a Monge-Kantorovich problem which is a minimization problem inf{I(p) | p € P}, where

P = {p probability measure on Qx| f@)p(dz,dy) = fly)p(de,dy)} = / f(x)dz Vf e C(Q)}.
QxQ QxQ Q
and then he deduced the polar factorization theorem.

(b) For every u € LP(Q,RY) satisfying the N~!'—property and for every Lebesgue measurable func-
tion ¢ : RY — R U {400} one can readily check that ¢ o u is measurable.

(¢) If u = Vi os then for every ¢ € R setting ). = 1 + ¢ we also have u = Vi, o s. Therefore we
need the condition [, ¢(z)dz = 0 to ensure the uniqueness of the factorization in Corollary 3.1.

(d) If u = V¢ o s are as in Theorem 2.3 we observe that

/Q [@)Pdy = / [ (s(x))| [P = / Ju(z)|[Pda.

(e) Assume that 1 < p < 400, u € LP(Q,R?) satisfies the N~!— property, (¢,7) € E and s € S.
Then

[ otute + viwiae = |

Q

[¢(u(x))+w(5(x))]dfv2/S(w)u(x)o

Q
Hence if

/[¢0(u($))+¢0($)]d$=/So(a:)u(x)dx
Q Q

for some pair (¢o, o) € E and for some sg € S then

in = | [onlu@) + vo(alide = [ so(e)utods = .
Q Q

(f) We notice by (21), (26), (27) and (28) that there exists a pair (¢,1) € Fr such that

o =1(4,v),
u(z) = Vy(s(z)), (38)
Lip(¢) < dv, Lip(y) < dR, (39)
P =1, YT =9, (40)
and
¢(y) = sup{yz — P(2) | z € O}, Vy e R (41)



Proof of Corollary 3.1. If p = 400 then Theorem 2.3 implies Corollary 3.1. Assume in the sequel that
1 < p < +00. We split the proof into two steps.
Stepl. We prove (i). Define u,, : Q — R? by

where r,, is a diffeomorphism from R? onto B,, such that

llen ()1 < [lyll, (42)

for all y € R? and
r,(y) — y uniformly on any compact subset of RY. (43)

We observe that for each n € N, u,, € L>°(2,R?) and u,, satisfies the N~'— property. As
sup{||un (2)[| | z € 2} <n

we obtain by Theorem 2.3 that there exist a measure preserving mapping s, and a pair of Lipschitz,
convex functions ¢, ¥, : R? — R satisfying

u, (z) = Vipn(sn(2)), (44)

for almost every z € €,

¢n(y) = sup{yz — ¥n(2) | z € Q},
for every y € R%. By Remark 3.3 (d), (38), (39), (42) and the Hélder’s inequality we obtain that

Lip(¢n) < dv, Lip(n) < dn, (45)
L Iven@lde = [ @it < [ (lut@)lde < 0+ meas@)( [ a0
We may assume without loss of generality that
/ n(2)dz = 0, (47)
Q
for every n € N and so, with the help of (45) we have

wn S K07

for every n € N, where
Ko={he W (Q)nC(®)]| / h(z)dz = 0,3h; : R — RU {400}, convex, Ls.c. such that hi|q = h}.
Q

By Proposition 4.4, (40), (41) and (45) there exist a subsequence still labelled by n and a pair of convex
functions (¢, ) such that

Y e LNQ)NC(Q), ¢ € C(RY) and Lip(p) < dy (48)
B(y) +(2) > yz for all (y,2) € R x Q (49)

¥, — 1 in L*(Q) and uniformly on any compact subset of Q
¢n — ¢ uniformly in any compact subset of R? (50)
o)l < ~(llyll +2M) for all y € RY, (51)

10



where M = (14+meas(2))( [, ||Vu(x)||pdx)%. By Proposition 4.2 and (50) V¢, (y) converges to V(y) as
n goes to infinity, for almost every y € R%. As u satisfies the N ~!— property we deduce that {V¢, (u(z))}
converges to Vo(u(z)) as n goes to infinity, for almost every x € Q, and so with the help of (45) we
obtain

Von(u,(z)) — Vé(u(z)) in LI(Q,RY), (52)
for every 1 < ¢ < +00. We deduce that for every h € C(R?) N L>(12)
[ Vot = tim_ [ wTou @) = tim_ [ b)) = [ 0o (53)

If we define s : @ — R? by

s(z) = Vo(u(z)),
(53) implies that s is a measure preserving mapping from 2 into Q and by (52), s,, converges to s in
L1(Q,RY) for every 1 < ¢ < +o00. Theorem 2.3 implies

/Q[(bn(un(x))“‘wn(ﬂ?)]dﬂ?:/un(x)sn(a:)dx

Q

and so, letting n go to infinity we deduce that

/Q [B(u(z)) + (a))de = / u(z)s(z)dr. (54)

Q

Asu € LP(Q,R?)  LY(Q,R?), (48) and (51) imply that (¢,¢) € E and so by Remark 3.3 (e) and (54)

we have

ip= / (B(u(z)) + (x)]dx = / s(@)u(z) = jy. (55)
Q

Q
step2. We prove (ii).
Claiml. ¢*(z) = ¢(z) for all z € Q.
As (¢,1) € E we observe that ¢* < 1, (¢, ¢*) € E and so by (55)

/[¢(U($)) + ¢ (2)]dz < /[d)(u(w)) + ¢ (2)]de = ip.
Q

Q
Hence,
¢ la = Yla (56)
Claim2. u(x) = Vi (s(x)) for almost every = € .
By (48) and (56) © C dom(¢*) and so by Proposition 4.3, ¢* is differentiable at almost every point z € 2.

Since s :  — Q satisfies the N~'— property and meas(9Q) = 0 we deduce that ¢* is differentiable at
s(z) for almost every x € 2. By (55) and claiml as (¢,) € E we have

[ @) + 6" s(e)lde = [ sta)u(eyts
and so
p(u(z)) + ¢*(s(x)) = s(z)u(x),
for almost every = € €. Hence,
u(z) = Vo' (s(z)), (57)
for almost every = € . Using again that s : Q — ) satisfies the N~'— property and meas(9§2) = 0, by
(56) and (57) we obtain

u(z) = Vip(s(z)),

for almost every z € (. |

We make first the following remark we will use often in the proof of Corollary 3.2.

11



Remarks 3.4 Assume that u € LP(2,R9) is a mapping satisfying the N ~!— property such that

u(z) = Vip(s(z)), (58)

for almost every = € €, where ¥ € C(Q) N L(Q), is a function satisfying, fQ Y(x)dr =0 and s: Q — Q
is a measure-preserving mapping. Then by Remark 3.3 (d) we observe that in fact, 1 € Whr(Q)NnC(Q).
If we define 7 : R? — R by

P(y) = sup{yz —P(2) | z € Q}
then Proposition 4.4 (i), (vi) (with v,, = ¢) we deduce that

Lip(y) < ~d, |9l < v(|lyll +2M)

for all y € RY, where M = Jo IV (2)||dz. By Proposition 4.5 and by a technique we already used in the
claim1 of the proof of Corollary 3.1 we deduce that ¢ admits a convex, lower semicontinuous extension
on R? we still denote by 1, so that o
V=9, P =19
It follows from (58) that
¢ (u(z)) + ¢(s(z)) = s(z)u(z),

for almost every z € Q.

Proof of Corollary 3.2 We divide the proof into two parts.

Partl. We prove the uniqueness of the factors. One can notice that it suffices to prove the uniqueness of
the factors in the case p = 1 and the case 1 < p < 400 readily follows.

Assume that

u(z) = Vi (s1(x)) = Viha(sz(x)), (59)

for almost every = € €, where s1,ss : Q — Q are measure-preserving mappings,
Y1, € C(ANWHLQ), i=1,2 (60)

and

/le(z)dz = /ng(z)dz =0. (61)

Assume moreover that ¢, and s admit a convex lower semicontinuous extension on R? we still denote
by 1 and 2. By (59) we have

Yi(a(z)) +¢i(si(z)) = si(@)u(z), ¥3(u(@)) + va(s2(z)) = sa(z)u(z), (62)
for almost every z € €.

Claiml. s;(z) = sa(z) for almost every z € €.
Indeed, by Remark 3.3 (e) and (62) as s; and sy are measure-preserving mappings, we have

/Q ) (2)u(z)dz = /Q 2 () u(z)de = /Q 15 (u(2)) + Pa(s2(2))] = /Q 5 (u(@)) + Yol ()]

and so, as

V3 (u(z)) + P2(si(z)) = si(x)u(z),
for almost every = € 2, we deduce that

V3 (u(z)) + P2(si(z)) = si(x)u(z),
for almost every = € 2 and so

s1(x) = Vi3 (u(z)),

12



for almost every = € Q. The equation above combined with (59) yields

s1(2) = Vi3 (u(z)) = s2(x),
for almost every = € (.

In the sequel we set
s(z) = s1(x) = s2(x), (63)

for almost every z € €.

Claim2. For every N C Q subset of zero measure we have meas(s(Q \ N)) = meas(9).
Indeed, as meas is a Borel regular measure, there exists a measurable set B such that

s(Q\N)c BcQ (64)

and
meas(s(2\ N)) = meas(B). (65)

As s is a measure-preserving mapping and as meas(9) = 0, (64) and (65) imply that
meas(B) = meas(s~1(B)) > meas(s~ (s(Q\ N))) > meas(Q\ N) = meas(Q) > meas(B)

and so
meas(s(2\ N)) = meas().

Claim3 1 (z) = 1)2(2) for almost every z € €.
Define
N; = {z € Q| 4; is not differentiable at z}, i = 1,2

and
M ={z € Q|si(x) =s2(z)}.

By Proposition 4.3 and (63)
meas(N1 U Na) = meas(M) = 0. (66)

By (59) and (63) we observe that
Vi (z) = Vipa(z) (67)
for every z € A:=s(2\ M)\ (N1 U N2U9N). As meas(02) = 0, we obtain by Claim2 and (66) that

meas(A) = meas(2). (68)
Let z € A\ (N1 UN3) and let {z,} C A\ (N1 U N3) be a sequence such that

z= lim z,.
n—-+oo

By Proposition 4.3 Vi1 and Vi), are respectively continuous on 2\ Ny and Q\ N2 and so with the help
of (67) we observe that

Vir(s) = |l Vin(e) =l Vea(en) = V). (69
Using (68) one can readily check that

meas(A\ (N1 UNy)) = meas(Q),
hence, (69) holds for almost every z € €. Set

Y =11 — .
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By (60), (61) and (69) we have
Y e WH(Q),

/Qw(z)dz =0

Vi(z) =0,
for almost every z € Q). Hence by Poincare’s inequality we deduce that
¥(z) =0,
for almost every z € Q. As by (60) ¥ € C(Q) we deduce that

and

for every z € Q.

Part2. Let ¢ € [1,+o00[. We prove that for each 1 < p < +oco the mapping H, : u — (Vi,s) a
continuous mapping from LP(Q,R?) \ P into LP(2,R%) x LI(2,R?). One can notice that it suffices to
prove that H := H; is continuous. Let u € L'(2,R%) \ P and let {u,,} C L*(Q,R?) \ P be an arbitrary
sequence converging to u in L'(2,R?). As L'(Q,R?) \ P is a normed space, if we prove that we may
extract a subsequence {u,,} C LP(Q,R?)\ P such that H(u,,) converges to H(u) we are done. Assume
as in Corollary 3.1 that u,, and u are factored

u, =V¢Y,o0s,, u=Vyos, (70)

where 1,1 € Ky (see Appendix for the definition of Ky) and s,,s :  —  are measure-preserving
mappings. Define
B(y) = sup{yz — (2) | z € Q}, Yy € RY,

on(y) = sup{yz — ¥n(z) | z € Q}, ¥y € RY

and

M = max{sup /Q V46 (2)||dz n € N}, /Q IV (2)]ldz}.

/Q IV (=) 1dz = / [un(2)]ldz, / V(=) lds = / [u(z)]|dz

and since {u, } converges to u in L'(2,R?) we observe that

Since

M < 400

and so, by Proposition 4.4 there exists a subsequence still labelled by n and a pair (f, g) such that
(i) f€C[R?) and Lip(f) <dy

ge L' () nC),

(i3i)  f(y) + g(z) > yz for all (y, 2) € R x Q

(iv) b, — g in L'(Q) and uniformly on any compact subset of {2
(v)  ¢n — f uniformly in any compact subset of R? (71)
(i) lgn(@)Il < (lyll +2M) for all y € RY,

By Remark 3.4 and (70) we obtain that

s, =V¢p,ou, and s =Voou. (72)
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As {u,} converges to u in L!(2,R?), up to a subsequence we still labelled by n, {u,(z)} converges to
u(z) for almost every = € Q and so as u,, and u satisfy the N~!— property we obtain by Proposition 4.2
and (71) that s, = V¢, o u,(z) converges to Vf o u(x) for almost every z € Q. As {s,} is bounded in
L (92, RY), using Egorov’s theorem we deduce that

sp =V¢,ou, - Vfou in Lq(Q,Rd).

One can readily check that V f o u is a measure-preserving mapping. Using an argument similar to the
one above we may deduce that

u, = Vi, 0s, — VgoVfou in LY(Q,RY)
and so as by assumption {u,} converges to u in L*(Q, R9), we deduce that
u=VgoVfou.
By the uniqueness property of the polar decomposition we obtain that

g=1v% and s=Vfou.

Therefore

s, —s in LY(Q,R%)
and

¥ — ¢ in LY(Q,RY)
hence H is continuous. |

Warning If s : Q — ) is a measure-preserving mapping then, meas(s(Q2)) = meas(2), but, as we
don’t know whether or not s({2) is measurable we cannot deduce that meas(Q2\ s(2)) = 0.

4 Appendix.

Throughout this section € R is an open, bounded of R?. We recall some definitions and review some
results of the convex analysis needed in this paper. We complete the section by making a remark on
measure-preserving mappings.

Definition 4.1 If ¢ : R? — RU {+o00} we define ¥* the Legendre-Fenchel transform of 1 by

P (y) = sup{yz — ¢(2) | z € R}
and we define ¥** to be (¢Y*)*.

Proposition 4.2 Let C C R? be a convex, open set let fi : C —Ri=0,1,2,---, be a sequence of convex
functions converging pointwise to f : C — R on C. Let

N ={z € C|3i € N,V is not differentiable at x} U {z € C' |V f is not differentiable at x}.

Then,
meas(N) =0

and
Vii(z) — Vf(z)
for every x € C'\ N and for every sequence {x;} C C \ N converging to x.
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Proof. The Proposition is a consequence of Theorem 24.5 and 25.5 in [Ro]. i

Proposition 4.3 Let f : R? — RU {+oc} be a convex function and let D C R? be the set of the points
where f is differentiable. Then D is a dense subset of int(dom(f)) and its complement in int(dom(f))
is a set of zero measure. Furthermore, the gradient mapping Vf : x — V f(x) is continuous on D.

Proof.We refer the reader to Theorem 25.5 in [Ro].

Following [Brl] we define the set Kj.

={p e WHH(Q)NCWQ) | /Qw(z)dz = 0,3 : R? - RU {400}, convex, Ls.c. such that ¢y|q = 7},
where l.s.c. stands for the abreviation of the expression lower semicontinuous.
Proposition 4.4 Let M > 0 be a constant and {1, }32, C Ko be a sequence such that

—sup/||wn )|dz < +o0.

Then there exists a subsequence, still labelled by n, and a pair (¢,1) such that
(i) ¢ eCR?) and Lip(¢) < dy
(i) ¥ eI Q)NC),
(i5i)  ¢(y) +(2) > yz for all (y,z) € RY x Q
(iv)  Yn — ¥ in LY(Q) and uniformly on any compact subset of Q
(v) n — ¢ uniformly in any compact subset of R?
i) [dn(@)| < A(llyll + 2M) for ally € RY,

where ¥, : R* — R is the convez function defined by

Un(y) = sup{yz — Yn(z) | z € Q}.
Proof. We refer the reader to Proposition 3.3 in [Brl]. i

Proposition 4.5 Assume that Q C Bg and f : R* — R. Define f : R* — R by
fly) = suplyz — f(2) | = € .

(a) If f € L*°(Q) then f is a convex, Lipschitz function and
[F(y1) = fy2)] < dRllyr — 2|

for every y1,y2 € RY.

(b)

Fly) = supfyz — (f)"(2) | = € @} = sup{yz — (f)*(2) | = € R"}
for every y € R?,
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Proof

Proof of (a). Since f is a supremum of convex functions it is straightforward to check that f is still a
convex function and as € is bounded and f € L*(Q) one can readily check that dom(f) = RY. Hence
(see Proposition 4.3) f is differentiable at almost every point of R?. Let y € R? be a point such that f is
differentiable at y and let zp, Zj, € Q be such that

Fly+h) < (y+h)zn— flzn) + 0] < fy) + han +||R]]?

and
Fy) <yzn— fGR) + P < fly +h) = bz, + [[R].
‘We obtain that

h__ fly+h)—fy) h
=[hll+ = 2n < = < ||hl| + 2
Al a2 Il A+ 1=
and so -
of(y)
2 <
| Oyi <R

for every i = 1,---,d which completes the proof of (a).
Proof of (b). We define ¢ : R? — R U {+00} by

[ f(® ifzeQ
¢(z)_{+oo if 2 ¢ Q

We have (see [Da]) ¢*** = ¢* = f and ¢** < ¢. Hence

P*(y) = ¢ (y) = sup{yz—¢™(2) |z € R}
> sup{yz — ¢""(2) | 2 € Q}
> sup{yz — ¢(2) | 2 € Q}
= sup{yz — f(2) | 2 € Q} = ¢"(y) (73)
and so
¢*(y) = sup{yz — ¢**(2) | z € R} = sup{yz — ¢"*(2) | z € O}
for every y € R%. |

We end this section by making a remark on measure-preserving mappings.

Remarks 4.6 It is well known that a measure-preserving mapping s is not necessarily one-to-one. In-
deed, if Q = [0,1]? and if s : Q — Q is defined by s(z1, -, 74) = (min(2z1,2 — 221), 72, - -, 24) then s is
a measure-preserving mapping such that

s € Whe(Q,RY),

|det(Vs(x)| = 2,

for almost every x € Q and
s(z1, 22, xq) =s(l —x1,22 -+, x4q),

for every x € Q.
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