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CONSTRUCTING OPTIMAL MAPFPS
FOR MONGE’S TRANSPORT PROBLEM
AS A LIMIT OF STRICTLY CONVEX COSTS

LUIS A. CAFFARELLI, MIKHAIL FELDMAN, AND ROBERT J. MCCANN

The Monge-Kantorovich problem is to move one distribution of mass onto an-
other as efficiently as possible, where Monge’s original criterion for efficiency [19]
was to minimize the average distance transported. Subsequently studied by many
authors, 1t was not until 1976 that Sudakov showed solutions to be realized in the
original sense of Monge, i.e., as mappings from R"” to R"” [23]. A second proof
of this existence result formed the subject of a recent monograph by Evans and
Gangbo [7], who avoided Sudakov’s measure decomposition results by using a par-
tial differential equations approach. In the present manuscript, we give a third
existence proof for optimal mappings, which has some advantages (and disadvan-
tages) relative to existing approaches: it requires no continuity or separation of the
mass distributions, yet our explicit construction yields more geometrical control
than the abstract method of Sudakov. (Indeed, this control turns out to be essen-
tial for addressing a gap which has recently surfaced in Sudakov’s approach to the
problem in dimensions n > 3; see the remarks at the end of this section.) Tt is also
shorter and more flexible than either, and can be adapted to handle transportation
on Riemannian manifolds or around obstacles, as we plan to show in a subsequent
work [13]. The problem considered here is the classical one:

Problem 1 (Monge). Fiz a norm d(z,y) = ||x — y|| on R, and two densities
— non-negative Borel functions f+, f= € L}(R") — salisfying the mass balance
condition

(1) [ fredr= |y

In the set A(u*,p~) of Borel maps v : R™ — R™ which push the measure dut =
[T (z)dx forward to dp= = f~(y)dy, find a map s which minimizes the cost func-
tional

©) )= [ rte) = allf* (o)
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Here r € A(ut, u™) is sometimes denoted by rgp™ = p~, and means merely that

(3) - ¢(r(z)) f+ (x)de = - oY) S~ (y)dy

holds for each continuous test function ¢ on R™.

Though the norm ||z — y|| need not be Fuclidean, throughout the present manu-
seript we assume there exist constants A, A > 0 such that all x,y € R” satisfy the
uniform smoothness and convezity estimates:

1 1
(4) Ml < glle+ ll” = 112" + 5llz = ol* < Allyl

The estimates (4) assert some uniform convexity and smoothness [3] of the unit
ball; they are certainly satisfied if, e.g., the unit sphere ||z|| = 1 is a C? surface
in R with positive principal curvatures. In particular, A = A = 1 makes (4) an
identity in the Euclidean case. For a further discussion of Monge’s problem, its
history, and applications, we refer the reader to Evans [5], Evans and Gangbo [7],
Gangbo and McCann [15] or Rachev and Riischendorf [20].

Part of the difficulty of this problem is the degeneracy which results from failure
of the norm to be strictly convex (radially). Even in the simplest one-dimensional
examples this leads to non-uniqueness of the minimizing map. By contrast, when
the transportation cost function ||y — z|| is replaced by a strictly convex function
such as ||y — #||P with p > 1, the problem simplifies considerably, and following
ideas of Brenier and others it is possible to show that a unique map solves the
problem and possesses nice measurability properties in both the Euclidean [4], [15]
and Riemannian [18] settings.

In this paper, our key idea for resolving this degeneracy is to first find a change
of coordinates which adapts the problem’s local geometry so that all transport
directions become parallel, and then solve these one-dimensional transportation
problems separately before invoking Fubini’s theorem to complete the proof. The
map we construct in this way might, in principle, be recovered in the p — 1 limit
from the unique maps solving the p > 1 problems. Although we don’t carry out
this limit directly, we do use structural features of the optimal maps for p > 1 to
facilitate several aspects of the proof. This distinguishes our solution from that of
Evans and Gangbo, as illustrated by the book-shifting example ft = X[o,n] and
J™ = X[1,n41] on the line R! [15]. For this example, the map we construct is the
translation s(x) = # 4+ 1, whereas Evans and Gangbo would leave the mass common
to f* and f~ in its place a priori, obtaining the map s(z) = = on z € [1,n] and
s(x) = x4+ n on [0,1] as a result. We anticipate that the ability to deal with
overlapping densities fT and f~ will be significant in applications. We also point
out that a sequel shows the map constructed below is the only optimal map to
preserve the ordering of pairs of points with collinear images [12].

We now give a heuristic outline of our existence proof. Following previous au-
thors, we begin by solving a dual problem whose solution defines the set of transport
rays, according to the terminology of Evans and Gangbo [7]. These rays are de-
termined by the property that the Lipschitz potential © : R® — R from the dual
problem decreases along them with maximum admissible rate. As we show below,
the optimal mapping s takes each transport ray into itself. We therefore restrict
the measures ut and p~ to each ray, so that mass balance holds for the restrictions,
and solve a transportation problem on each ray. These one-dimensional problems
are easy to solve. Thus we get an optimal map on each ray, and as the result a map
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from R™ into R"™. We show then that this map pushes u* forward to u~, and is
optimal.

The most delicate step in this procedure involves restricting the measures to rays,
and it is here that our approach diverges from Sudakov’s. Instead of building on the
measure decomposition results of Halmos [16] or Rokhlin [21], we seek a local change
of variables in R” so that the new coordinate x,, measures distance along each ray,
while the remaining n — 1 coordinates vary across nearby rays. For the Euclidean
norm on R” the directions of rays are given by the gradient of Monge’s potential
u, and thus 1t is natural to use level sets of u to parametrize rays, i.e., the variables
x1,...,%n_1 will be coordinates on a fixed level set of u. This can also be adapted to
more general norms, if one defines the gradient of u using the appropriate (Finsler)
identification of vectors with one-forms. But we also need certain properties of this
change of variables in order to be able to express T and u~ in the new coordinates:
Indeed, expressing these measures is tantamount to changing variables under the
integral, and the change of variables must be Lipschitz continuous to apply the Area
formula. However, the typical pattern of rays is too complicated for us to achieve
this globally. We therefore decompose the set of all rays into a countable collection
of special subsets, chosen so that the rays enjoy a more “regular” structure within
each subset while the mass of u™ still balances u~, and perform a Lipschitz change
of variables on each subset separately. Thus the Lipschitz control on directions of
rays given by Lemma 16 is absolutely crucial to our proof. The estimate which
provides this control is a restriction on the geometry of quadrilaterals in a smooth,
uniformly convex Banach space; established in Lemma 14, this estimate holds some
independent interest (cf. Federer [10, §4.8(8)] and Feldman [11, Appendix A]).

The remainder of this paper is organized as follows. In the first section we recall
the general duality theory for Monge-type problems introduced by Kantorovich [17],
and the construction of optimal maps for transportation costs given by strictly
convex functions instead of a norm [4], [15]. The Kantorovich dual problem is
solved by taking a limit of such costs, and the section concludes with a criterion
for optimality. It is followed by a section which introduces the transport rays
and geometry dictated by the Kantorovich solution and criterion for optimality.
Several observations by Evans and Gangbo are summarized here, followed by our
key new estimate giving Lipschitz control on the directions of transport rays. In the
third section we construct the local changes of variables which parallelize nearby
transport rays, while the fourth section verifies that the traces of fT and f~ —
weighted by a Jacobian factor accounting for the change of variables — are balanced
on each individual ray. Finally, these ingredients are combined in Section 5 to give
a proof of our main theorem by constructing a map solving Monge’s problem:

Theorem 1 (Existence of Optimal Maps). Fiz a norm on R" satisfying the uni-
form smoothness and convexity conditions (4), and two L*(R™) densities f, f~ >
0 with compact support and the same total mass (1). Then there exists a Borel map
s : R® — R which solves Monge’s problem, in the sense that it minimizes the
average distance (2) transported among all maps pushing f+ forward to f~ (3).

Remarks added in revision. After the submission of this manuscript, the authors
learned of several significant developments. Foremost among them is the concur-
rent but independent discovery of a existence result for optimal maps in Monge’s
problem by Trudinger and Wang [24]. Although very similar to our approach, the
argument there is streamlined somewhat by their decision to focus exclusively on
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the Euclidean norm. Lecture notes subsequently released by Ambrosio [2] contain
an excellent summary of progress on Monge’s problem cast into the framework of
geometric measure theory; they include a derivation for existence and uniqueness of
a transport density corresponding to f* € LY(R™) which parallels certain results
of Feldman and McCann [12]. Ambrosio’s notes also highlight a logical gap in the
solution of Monge’s problem proposed by Sudakov. Without Lipschitz control on
ray directions, it is impossible to know that the conditional restriction of f* yields
an absolutely continuous measure along almost every ray, as required for Sudakov’s
proof. In two dimensions, disjointness prevents nearby rays from turning too much
without bumping into each other, so Lipschitz control is automatic and the gap can
be bridged (as long as the norm has a strictly convex unit ball). But a counterex-
ample in R? due to Alberti, Kircheim, and Preiss [1] shows an uncountable union
of disjoint segments can be constructed, whose midpoints form the support of an
absolutely continuous probability measure on R2. The restriction of this measure
to each of the segments yields a Dirac mass at its midpoint, violating the absolute
continuity claimed by Sudakov. In this context the geometrical control provided by
Lemma 16 is required to preclude such a collection of segments from forming trans-
port rays in Monge’s problem. Thus it would seem that Evans-Gangbo [7] contains
the first complete proof of existence for optimal maps between Lipschitz densities
f* with disjoint support, while the present manuscript and Trudinger-Wang [24]
complete the first proofs for more general f* € LY(R™). Note that all complete
proofs require a Euclidean ball, or at least the uniform smoothness and convexity
hypothesis (4), which Sudakov explicitly eschews [23, p.164].

1. DUALITY IN THE LIMIT OF STRICTLY CONVEX COSTS

In this section we recall a problem formulated by Kantorovich as a dual to
Monge’s problem. We construct its solution, and extract properties germane to our
purposes.

Consider R™ metrized by a norm || - || satisfying the uniform smoothness and
convexity conditions (4), and denote the associated distance by d(z,y) := ||z — y||.
Then the problem asserted by Kantorovich [17] to be dual to Monge’s problem is
formulated as follows. Let Lip; (X, d) denote the set of functions on X C R™ which
are Lipschitz continuous with Lipschitz constant no greater than one; thus

Lip; (R",d) = {u ‘R" = R | Ju(x) —u(y)| < d(x,y) for any x,y€ R"}.

Problem 2 (Kantorovich). For f* f= € LYR"™) from Monge’s Problem 1, maz-
imize K[v] on Lip,(R",d), where

K] = / n(vf"' —vf7)dx.

To solve the Monge and Kantorovich problems, we consider a second pair of dual
problems in which the metric d(z,y) is replaced by a more general transportation
cost function ¢, (z,y) on R” x R™. The Monge problem analogous to (1) then
becomes:

Problem 3 (Primal). Fiz two Borel densities f¥,f~ > 0 in LY(R") with com-
pact support satisfying the mass balance condition (1). Among Borel maps r €
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A(p*, u™) which push the measure dp™ = f¥(z)dz forward to du= = f~ (y)dy as
in (3), find a map s : R™ — R™ which minimizes the total transportation cost

(5) I [r] ::/ ce(z,r(z))fH (z)d=.
The corresponding dual problem is:

Problem 4 (Dual). Take f*, f= € LY(R™) as in Problem 3. Denote the support
of ft by X and of f~ by Y. Among all pairs of continuous functions ¢,V in
(6) J(X,Y) = {lp,¥) € C(X) x C) |

o) +9(y) > —ce(x,y) on X x Y}

find a pair (pe,.) minimizing the functional
”) Kiew) = [ ortass [ ora

The duality assertion I.[s] = —K (., ) which relates these two problems holds
rather generally; see Rachev and Riischendorf [20]. However, the Dual Problem 4
takes a fundamentally different form than the Kantorovich problem, due to the fact
that the cost ¢ (#, y) need no longer satisfy a triangle inequality. This generalization

is useful, since it permits us to replace the distance function d(xz,y) = ||= — y|| by
a strictly convex cost function
(8) ce(w,y) = he(x —y) = ||lz — |+,

for which existence, uniqueness, and a characterization of optimal maps in Monge’s
problem can be found in Caffarelli [4] and Gangbo and McCann [14], [15]. Noting
that h.(z) is CH*(R™) smooth and strictly convex from Lemma 11 below, we recall
the relevant results as follows:

Theorem 2 (Duality and Optimal Maps for Strictly Convex Costs [4], [14]). Take
fT,f~ € LY(R™) and denote X :=spt f+ and Y :=spt f~ as in Problem 4. If the
transportation cost c.(x,y) satisfies (8) and (4), then for e > 0:
(1). Some pair (p., e) minimizing K(p,¢) on J.(X,Y) in the dual problem sat-
1sfies

(9) pe () = Slelg(—ca(l‘, y) — v (v)),
(10) e (y) = :gg(—ca(l‘, y) — e (x)).

(i1). The function @, is Lipschitz on X (as ¢ is on Y), with Lipschitz constant
dominated by the Lipschitz constant of c.(x,y) on X x Y.
(iii). For a.e. ¥ € X there exists a unique y € Y such that

(11) pe () + e (y) = —ce(z,y).

(iv). Define the mapping s. : X — Y by assigning to a.e. x € X the unique y € Y
for which (11) holds. Then s. pushes the measure du™ = f¥(z)dz forward to
dpu~™ = f~(y)dy and is the unique minimizer for the primal Problem 3.

Our first goal is to extract a pair of functions minimizing K (¢, ¥) on Jo(X,Y)
from the limit ¢ — 0 of this theorem. This follows from a simple compactness
result:
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Proposition 3 (Limit of Minimizing Pairs). For some sequence ¢; > 0 which
tends to zero, the Dual Problem 4 admils a sequence of pairs (e, e ;) which min-
imize K(p, ) on J.;(X,Y) and converge uniformly on the compact sets X and Y
respectively to imits ., — o and Y., — Vg as j — co. The limat functions o, 1o
minimize K(p,¢) on Jo(X,Y) and satisfy

(12) po(z) Zjlelg(—llx—yll — o(y)),

(13) Yo(y) Z:gg(—llx—yll —o(z)).

Proof. Fix zg € X and observe that K(p,v) = K(¢ — A, + A) for each A € R!
according to the mass balance condition (1). Thus any pair (., ¢.) minimizing
K(p,¢) on J.(X,)) may be shifted by A = ¢.(x0) to ensure . (zy) = 0.

Now X and Y are compact, so for ¢ € (0,1) the costs c.(z,y) = ||z — y||'**
form an equi-Lipschitz family on X' x Y. The minimizing functions ¢, and . in
Theorem 2(ii) also form equi-Lipschitz families on X and Y respectively. Moreover
¢:(x9) = 0, so the functions ¢, are uniformly bounded on X'. Also, |c.(z,y)| < C
for all (z,y,2) € X x ¥ x (0,1), implying a uniform bound on the ¢. in (9). The
Ascoli-Arzela theorem then yields a subsequence £; — 0 such that ¢.. and 1.,
converge uniformly on X' and Y respectively to g € C(X) and g € C(Y); (12)-
(13) follow from (9)—(10) and imply that (o, ¢g) € Jo(X,)).

It remains to show that (v, ¥g) minimizes K (¢, ¢) on Jo(X,Y). For any other
pair (@,1/:) € Jo(X,Y) and £ > 0, define . = ¢ and

Ve (y) = ¥(y) + max[—c(2,y) + d(x, y)].

Compactness of X yields v, € C(Y), while (gﬁaﬂ/ja) € J.(X,)) from their def-
inition and (6). Moreover, 1/35 — 1/: uniformly on Y as ¢ — 0. For each j
these competitors satisfy K(p.,,v¥.;) < K(gﬁaj,djaj). Uniform convergence yields
K (po,10) < K(g, 1/:) in the limit j — oo, so the proposition is proved. O

Next we demonstrate equivalence of the Dual Problem 4 in the case ¢ = 0 to the
Kantorovich Problem 2 via the triangle inequality; see (14) and (17) especially.

Proposition 4 (Lipschitz Maximizer). Suppose (¢, ¢o) satisfy (12)-(13) and min-
imize K(p,v¢) on Jo(X,Y). Then there exists u € Lip, (R"™,d) such that

(14) u=—py on X, u=1py on Y.

Moreover, u mazimizes K[v] on Lip; (R",d) and satisfies

" W) = miy )+l —sl)  forany 2 e X,
u(y) = max (u(z) =z —yl)) forany yey.

Proof. Extend ¢y, ¢g to the whole space R™ using the right-hand sides of (12)—(13).
We show first that g, 4o € Lip; (R™, d). Indeed, let z1, 22 € R™. Continuity of g
on the compact set Y yields a point y; € Y where the supremum (12) is attained:

wo(r1) = —|lx1 — y1l| — ¢oly1). Also (12) implies po(z2) > —||z2 — 11|| — Yoly1)-
Thus

po(1) = wo(@2) < —llz1 =yl + [le2 — | < lwr — 22|
by the triangle inequality. Thus ¢ € Lip;(R™, d), and ¢ € Lip; (R", d) similarly.
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Next we show that ¢ + ¢ = 0 on X'. For any x € X, (13) yields
(16) wo(x) + to(x) > 0 on X.

Suppose for some z € X a strict inequality holds: ¢o(z) + ¢o(z) > 0. By (12)—(13)
and continuity of ¢ and g, there exist x € X and y € ) such that

po(z) = |z — yll = Yoly),

bo(z) = =z — 2|l = wo(z).
Combined with ¢o(z) + ¥o(2) > 0 and (o, to) € Jo(&,Y) this implies
Iz =l + [Iz — ]l = =po(2) — Yo(z) — po(x) — Yo(y)
< —po(x) = Yoly) <z =yl

contradicting the triangle inequality. Thus g 4+ ¥g < 0 on A'. In conjunction with
(16) this yields ¢g + 1o = 0 on X' as desired.

Thus, denoting u = ¢ in R™ we have shown u € Lip; (R", d) and both parts of
(14). Also, (15) follows directly from (12)—(13). It remains to prove u maximizes

K[v] in the Kantorovich Problem 2.
Note that

(17) Ku] = =Ko, ¥
by (14). Let v € Lip; (R"™, d). Then the pair ¢, ¢ defined by
p=-v on X and Yv=v on Y
belongs to the set Jo(X',)) defined in (6); indeed, for (z,y) € X x Y we have

o)+ ¥(y) = —v(z) + v(y) > —|lz — yl|.
Now
K[u] = =Ko, 1ho] > —K[p,¥] = K[v],

where the last equality follows from the definition of ¢, 1/;, and the proposition is
proved. O

Definition 5 (Kantorovich Potentials). Any function u which maximizes K [v] on
Lip; (R",d) may be referred to as a Kantorovich potential. Such potentials exist
by Propositions 3 and 4. However, the Kantorovich potentials obtained in this way
— via a limit (g, ¥g) of pairs from Theorem 2(i) — have additional virtues ((14)-
(15)). We call such u a limiting Kantorovich potential and exploit its existence
hereafter.

Finally, we discuss the connection between the primal and dual problems. For
the strictly convex costs (8) this connection is given by Theorem 2, which shows how
the primal problem can be solved using a solution to the dual problem. However,
for the non-strictly cost cg(z,y) the uniqueness assertion of Theorem 2(iii) would
fail, so the corresponding map is not well defined: its direction is clear, but its
distance ambiguous. Indeed, when a minimizing pair (g, ¢o) for K(p,¢) satisfies
(12)—(13) and ¢o(z) + Yo(y) = ||z — y|| holds for some (z,y) € X x YV, we shall see
wo(x) + ¢o(z) = ||x — z|| for all z € [x,y] N Y, meaning all z =tx + (1 -ty € Y
with ¢ € [0, 1].

The next lemma exhibits the connection between the primal and dual problems
for the cost function ¢o(z,y) = ||# — y||. Tt shows in particular that to obtain an
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optimal map in the primal problem, it is sufficient to start from a Kantorovich
potential 4 and construct any admissible map consistent with (18). The rest of this
paper is devoted to carrying out this program on R”, suitably normed.

Lemma 6 (Dual Criteria for Optimality). Fiz u € Lip; (R",d) and let s : R" —
R™ be a mapping which pushes pt forward to u=. If

(18) u(z) —u(s(z)) = ||lv — s(z)|| forut ae ze X,
then:

(). u is a Kantorovich potential maximizing Problem 2.

(ii). s is an optimal map in Problem 1.
(iii). The infimum I[s] in Problem 1 is equal to the supremum K[u] in Problem 2.
(iv). Every optimal map § and Kantorovich potential @ also satisfy (18).

Proof. For any map r : R" — R" pushing forward py* to u* and v € Lip,(R",d)
we compute:

I} = /Rnllw—m)ndu*(x)
19) > [ ) )it @)
= /nv(x)dﬂ‘l'(l‘)—/nv(y)dﬂ_(y)

= K[v],
using (3). Thus the minimum value of I[r] on A(u™, ™) is at least as large as
the maximum of K[v] on Lip; (R",d). On the other hand, our hypothesis (18)
produces a case of equality I[s] = K[u] in (19). This implies the assertions (i) A'[u]
is a maximum; (i) I[s] is a minimum; and (iii) I[s] = K[u] of the lemma.

Now let » € A(p*,pu~) and v € Lip,(R"™,d) be any other optimal map and
Kantorovich potential. Then I[r] = I[s] and K[v] = K[u] combine with (iii) to
yield I[r] = K[v]. But this implies a pointwise equality g+ almost everywhere in
(19), so the proofs of assertion (iv) and hence the lemma are complete. O

2. TRANSPORT RAYS AND THEIR GEOMETRY

The preceding section reduced the problem of finding an optimal map in Monge’s
problem to constructing an admissible map which also satisfies (18). We carry out
this program on R™ metrized by the norm d(z,y) = ||# — y||. Our starting point is
a Kantorovich potential v € Lip; (R”,||-]|). In this section, we study the geometric
meaning of condition (18), and introduce the transport rays and transport sets
which are ultimately used to construct an optimal map. We study the properties of
transport rays, in particular proving a Lipschitz estimate for how much the direction
of nearby rays can vary if none of the rays are too short. The underlying idea is
that smoothness and uniform convexity of the norm ball (4) impose geometrical
constraints on each quadrilateral whose opposite sides are formed by transport
rays. This estimate is much in the spirit of Federer’s theorem on Euclidean distance
functions [10, §4.8(8)]; see also Feldman [11, Appendix A]

Fix two measures ut and p~ defined by non-negative densities f*, f~ € L1(R")
satisfying the mass balance condition (1). Assume that ™ and p~ have compact
supports, denoted by X and Y C R” respectively. Through §§2-5, we fix a limiting
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Kantorovich potential 4 — a maximizer in Problem 2 obtained from a limit of
solutions to dual problems with strictly convex costs ¢.(z,y) = ||z — y|[!T¢. Such
a potential exists and satisfies (15) by Propositions 3 and 4 and Definition 5. Note
that « has Lipschitz constant one with respect to the distance d(x,y) = ||z — y||.
The derivative of any function ¢ : R® — R! at 2 € R® — viewed as a linear
functional on the tangent space — is denoted by Dp(x) € (R™)*.

Since we want to investigate the geometrical implications of (18) for u, suppose
x € X and y € Y satisfy

w(@) —u(y) = [l — |-
From the Lipschitz constraint
(20) |u(z1) — u(z2)| < ||z1 — 22]| for any z1,z2 € R”,

it follows that on the segment connecting z and y the function u is affine and
decreasing with the maximum rate compatible with (20). We will call maximal
segments [z, y] having these properties the transport rays. More precisely:

Definition 7 (Transport Rays). A transport ray R is a segment with endpoints a,
b € R” such that
(i), aeX , bey, a#b

(i). u(a) — u(b) = |la —bl];

(iii). Maximality: for any ¢ > 0 such that a; := a + ¢(a — b) € X there holds
|u(a:) = u(b)| <[l ar — bll,

and for any ¢ > 0 such that b; := b+ ¢(b— a) € Y there holds

|u(bs) — u(a)| < || b — all.

We call the points a and b the upper and lower ends of R, respectively. Since
u(a) — u(b) = ||a — b||, it follows from (20) that any point z € R satisfies

(21) u(z) = u(b) + ||z = b|| = uw(a) — [la — 2||.

Definition 8 (Rays of Length Zero). Denote by 7 the set of all points which lie
on transport rays. Define a complementary set Tg, called the rays of length zero,

by
To:={z€XNY : |u(z)—u(Z)| <]z =7 forany 2’ e YUY, 2/ # z}.

From these two definitions and the property (15) of u we immediately infer the
following lemma, whose obvious proof is omitted.

Lemma 9 (Data is Supported Only on Transport Rays). X UY C Ty UT).

To study the properties of rays, let us call a point z € R’ an interior point of a
segment [a, b], where a,b € R"if z = ta + (1 — t)b for some 0 <t < 1. We denote
by [a, 8]° the set of interior points of [a, b]. The basic observation which goes back
to Monge is that transport rays do not cross.

Lemma 10 (Transport Rays Are Disjoint). Let two transport rays Ry # Ro share
a common point c. Then Ry N Ry = {c} and ¢ is either the upper end of both rays,
or the lower end of both rays. In particular, an interior point of a transport ray
does not lie on any other transport ray.
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Proof. First note the strict convexity of the unit ball ||z|| < 1 asserted in Lemma 11
implies that equality

lz =yl +|ly = z[| = [l= — ]|
holds if and only if y lies on the segment [z, z].

Since Ry # Ra share the point ¢, they cannot be collinear; otherwise (21) and the
maximality part of Definition 7 would force Ry = R,. Thus the two rays can only
intersect in a single point: Bi N Ry = {c}. It remains to prove either ¢ = a3 = as or
¢ = by = by, where a;, denotes the upper end and b, the lower end of Rg, k=1, 2.

We shall assume ¢ # by and argue that this forces ¢ = a;. It then follows that
¢ # b1 which by symmetry forces ¢ = as to complete the proof. The other possibility
¢ # az 1s handled similarly, leading to the conclusion that ¢ = b = b3 must be the
lower end of both rays.

Assuming ¢ # bs means by ¢ Ry. By (21)
u(e) = u(ba) +lle = ball,  u(e) = u(ar) = |lar = <],
thus
u(ar) = u(bs) = [lar —ef| + [le = ba|| = [lar — baf|-

Strict inequality would violate the Lipschitz condition (20). Thus equality must
hold, meaning ¢ lies in the segment [a1, bo] as well as Ry = [a1,b1]. Since bs & Ry,
these two segments, like the two rays, are not collinear. Their sole intersection
point is a1, hence ¢ = a;. By our above remarks this completes the proof: ¢ # b;
hence ¢ = a5 i1s the upper end of both rays. O

Denoting the norm by N(z) := ||z|| and its square by F(z) := ||z]|?, the next
lemma highlights some smoothness and strict convexity which follow from (4). From
(23) it is clear that the strict convexity is uniform over the sphere 9B.

Lemma 11 (Norm Smoothness and Strict Convexity). If the norm N(z) := ||||
satisfies (4), then F(x) := ||z||* is of smoothness class CHYH(R™). Moreover, the
unit ball B := {x € R" | N(z) < 1} is strictly convex, and

(22) |IDN(x)y| <1, DN(z)z=1 forall y# o with ||z||=y|]| =1,
where DN (2) y denotes the pairing of DN (z) € (R™)* and y € R".

Proof. Every norm N (z) is convex throughout R™ and bounded by some multiple
of the Euclidean norm: N(y) < L|y|. Thus both N(z) and its square F'(z) = ||z||?
are continuous functions. The midpoint convexity condition (4) therefore implies

convexity of F'(x). We shall use the opposite inequality to conclude concavity of
g(x) := F(z) — L?A|z|?; indeed, for x,y € R™, g satisfies the midpoint estimate

g(x+y);g(x_y)_g(x) _ F(x+y);F(x_y)—F(x)—L2A|y|2

AF(y) — L*Aly|?
0.

INIA

Now recall that the distributional second derivative of a convex function is a non-
negative definite matrix of Radon measures DZ»ZJ»F(JL‘) [8, §6.3]. Concavity of ¢
implies a pointwise bound on this matrix: 0 < D?F(x) < 2L?AI. Thus F belongs
to the Sobolev space W2°(R") and is differentiable Lipschitz continuously [6,
§5.8.2-3]: F € CH1(R"™).
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To address (22), first observe strict convexity of the closed unit ball: given two
distinct points a,b € B, their midpoint must lie in the interior of B according to
(4):

2

a+tb a=b|" _ flall+ 18]
23 A < <1
(23) 2 + 2 - 2 -
with A > 0. Now the triangle inequality implies
e Nl Yl = ]
DN(z)y = tlg%f
(24) < €1

while homogeneity yields DN (z) # = ||z|| = 1. Thus the supporting hyperplane to
the ball at # € 9B consists of those z € R” satisfying DN () z = 1. Strict convexity
prevents this hyperplane from touching the ball at more than one point, whence
(24) can be sharpened to DN (z)y < 1 for y € B\ {«}. Similarly, DN (z) (-y) < 1
for —y € B\ {x}, which concludes the proof of (22). O

Lemma 12 (Differentiability of Kantorovich Potential Along Rays). If zy lies in
the relative interior of some transport ray R, then u is differentiable at zy. Indeed,
setting e := (a — b)/||a — b]| where a,b are the upper and lower ends of R yields:

|Du(zo)y| <1 for all ||y|| = 1, with equality if and only if y = +e.

Remark 13. This proof requires a modification of the Euclidean case dealt with by
Evans and Gangbo [7, Lemma 4.1].

Proof of Lemma 12. Choose zp in the interior of R. By (21), for some small ry > 0,
we have

u(zg +te) = u(zo) +¢ on —rg <t < rp.
Rescale u by setting

u'(z) =

Then u" satisfies the same Lipschitz condition (20) as u but is centered at «” (0) = 0.
Hence for some subsequence r, — 0 we have u™ — v where the convergence is
uniform on every compact subset of R”. Clearly v € Lip; (R",]|| -||) and

(25) v(te) =1 for allt € R!.

u(zg + rz) — u(zg)

for 0 <r <.

We shall now show linearity

(26) v(z) = DN(e)z forall z€ R",

by exploiting the Lipschitz condition v inherits from u together with the first order
Taylor expansion of N(e + z/t) := |le + z/t|| around e guaranteed by Lemma 11:

v(te) — v(z) |[te — z|| z 1
_ < — = — DN{(e) - —).
8 A - v 2+ o)
Subtracting v(te)/t = |le|| from both sides, the two limitst — +oo of this inequality
combine to yield (26).
We conclude that
lim u(zg + rz) — u(zg)

7 — 00 r

= DN (e) z uniformly for z € B1(0).
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This implies that u is differentiable at zp, with Du(zp) = DN(e). The remaining
assertions of Lemma 12 follow directly from (22). O

The next lemma exploits uniform convexity and smoothness of the norm to
produce a quantitative estimate of how far away any two rays must be from crossing.
When F(z) = ||z]|?, it states that the sums of the squares of the diagonals AC
and BD of any quadrilateral ABC'D are controlled by the distance between the
midpoints of the shorter pair (in least squares sense) of opposite sides. In particular,
no quadrilateral can be folded in such a way that the midpoints of these two sides
are brought close together unless both pairs of opposite corners are also driven
together — with a particular rate. In the FEuclidean or Hilbert space setting, the
rate constant (1+ A/A)/(14 A) = 1 given by the polarization identity is seen to be
sharp by folding up a square. Alternately, the estimate (28) can be interpreted as a
reverse form of the triangle inequality, which holds for vectors that are sufficiently
aligned.

Lemma 14 (Twisted Quadrilateral Non-crossing Estimate). Let F' : V. — R be
any function on a vector space V, uniformly smooth and convexr enough that for
some A, A >0 and all z,y € V the following inequalities hold:

(27) NF(y) < LF(e ) = Fla)+ 3 F(e =) < AF(y).

If four points a,b,c,d € V satisfy Fa —b) + F(c—d) < F(a—d) 4+ F(ec—1b), then
a—c b—d 1+ (A/X) a+b c+d

(28) F<2)+F<2)§ L+ A F(Q a 2)'

Proof. Applying uniform convexity (27) with both (z,y) = (¢ — ¢,b — d)/2 and
(z,y) = (b—d,a— ¢)/2 and then summing yields

(29) (1+2) [F (a;c) +F<¥)]
cr (S5 5 R (-1,

where F(z) :=[F(z) + F(—2)]/2. The desired inequality will follow if we can show
that the second-to-last term controls the last one. Applying uniform convexity
again yields

(30) AF(a;b_c;d) < F(a—b)—;—F(c—d)

a—b c¢—d
—F
(55 + 57,

either with or without the tilde. Uniformity of the smoothness gives

(31) F(a—d)+F(c—b)_F<a—d+c;b)SAF(a—d_c—b).

2 2 2 2
But the left hand side of (31) dominates the right hand side of (30) by hypothesis,

SO
\F a—c_b—d < AF a—l—b_c—l—d .
2 2 - 2 2

Together with (29), this completes the proof of (28). O
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The next lemma is crucial for the definition of the change to variables in which
one variable is along transport rays. The lemma shows that if transport rays inter-
sect a level set of u(z) in their interior points, then directions of rays have a Lipschitz
dependence on the point of intersection, provided distances from the point of in-
tersection to endpoints of a ray are uniformly bounded away from zero for all rays.
Taking # = 0 and F(y) = F(—y) symmetrical implies A < 1 < A in (27), so the
Lipschitz constant of Lemma 16 is seen to satisfy ' > 1 with equality only in the
Hilbert space case.

Definition 15 (Ray Directions). Define a function v : R — R” as follows. If z
is an interior point of a transport ray R with upper and lower endpoints a, b (note
that R is uniquely defined by z in view of Lemma 10), then

a—b
v(z): a0l
Define v(z) = 0 for any point z € R™ not the interior point of a transport ray. We
call v(z) the direction function corresponding to the Kantorovich potential w.

(32)

Lemma 12 shows that on transport rays, the direction function v(z) is nothing
but the gradient of v computed in the Finsler setting.

Lemma 16 (Ray Directions Vary Lipschitz Continuously). Let Ry and Ra be
transport rays, with upper end ap and lower end by for k = 1,2 respectively. If
there are interior points yi € (Ry)® where both rays pierce the same level set of
Monge’s potential u(yy) = u(y2), then the ray directions (32) satisfy a Lipschitz
bound

(53) It) vl < Sl — el

with constant C? + X = 2(1 4+ A7*A)/(1+ A) depending on the norm (4) and the
distance o := kH—1i1n2{||yk — apll, llyx — bxl||} to the ends of the rays.

Proof. Let zp,xp € Ry denote the points at distance o above and below y; on the
ray, so that

(34) u(zp) = uly) + o,

(35) ue) = ulm)-o

(36) ot —ill = 20,

(37) ye = (2 +xr)/2,

(38) and viye) = (2p —x1)/20

for k = 1,2. Thus

(39) o)~ vim)l? = o | 252 - 2272

while uniform convexity of the norm (4) gives

21 — %2 L2 — &1

(40) 5 5

1
§||Zl — 2?4 §||l‘2 — x|

21 — %2 L2 — &1

—A
2 2
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Combining (34)—(36),
lor =@l = ulz) —ulzz) <z — 2o,
llz2 — ol = u(z2) —u(z1) < lz2 — |,

where the Lipschitz condition (20) controls the cross-terms. Lemma 14 therefore
applies to F'(z) = ||z||? and the four points (a,b, ¢, d) = (21,21, 22, ¥3), to yield

Z1 — &9 ] — T2 . 1+(A/A) 21+ x 29 + o
(41) < -
2 2 1+ A 2 2
Combining (39)—(41) with the identity (37) gives
1+ (A/A
o otan) =l < (22 s — el
to complete the proof. O

Remark 17. The proof of Lemma 16 uses only the Lipschitz property of u, and not
the optimality of « in the Kantorovich Problem 2. Thus its conclusions hold true for
any u € Lip; (R™, ]| -||), if we call each segment [a, b] on which u(a) — u(b) = ||a —b||
a transport ray, and define the direction function v accordingly.

3. MEASURE DECOMPOSING CHANGE OF VARIABLES

It is in this section that we construct the change of variables on R”™ which is
the heart of our proof. Lemma 16 suggests how these new coordinates must be
defined: n — 1 of the new variables are used to parametrize a given level set of
the Kantorovich potential u, while the final coordinate z,, measures distance to
this set along the transport rays which pierce it. Thus the effect of this change of
variables will be to flatten level sets of u while making transport rays parallel. But
the conditions of the lemma make clear that we retain Lipschitz control only if we
restrict our transformation to clusters of rays in which all rays intersect a given
level set of u, and the intersections take place a uniform distance away from both
endpoints of each ray. These observations motivate the construction to follow.

We begin by parametrizing the level sets of u using a lemma of Federer [9, §3.2.9].
The key observation is that we only need this parametrization on the interiors of
transport rays, where Du # 0 exists in view of Lemma 12. From now on, it will be
convenient to fix a Euclidean structure in R”. The Euclidean scalar product and
associated norm are denoted by (-,-) and |z| := (z,2)"/?, while Br(z) denotes the
Euclidean ball of radius R centered at z € R™. Of course, a function is Lipschitz in
one norm if and only if it 1s Lipschitz in all norms, though the Lipschitz constants
may differ.

Lemma 18 (Bi-Lipschitz Parametrization of Level Sets). Let u : R® — R! be a
Lipschitz function, p € R, and S, the level set {x € R" | u(z) = p}. Then the set

Sp N{z € R" | u is differentiable at © and Du(x) # 0}

has a countable covering consisting of Borel sets S;; C Sp, such that for each i € N
there exist Lipschitz coordinates U : R — R~ and V : R*~! — R satisfying

(42) V(U(x)) =2 forall z€ SZZ;.
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Proof. Note that if Du(z) # 0 exists, then Du(z)(R") = R!. Federer [9, §3.2.9]
asserts that

{x € R" | u is differentiable at # and Du(z)(R") = R'}

has a countable covering consisting of Borel sets E; such that there exist orthogonal
projections m; : R™ — R™"~! in O*(n,n — 1) and Lipschitz maps

(43) Ui :R"—=R'xR"' and V;:R'xR""! = R"
with

Ui(r) = (u(@), mi(2)) and Vi[li(x)] =2 forall z € B
Clearly the sets

(44) St =Sy N E;

cover S,. For any fixed ¢+ € N, define

(45) U:R*"—R"' and V:R"'—=R"
by

U:=mol;, where 7:R!x R* 1 — R""! is the projection (21, X) — X,
V(X)=Vi(p,X) forall X eR".
Clearly U and V are Lipschitz continuous, while U(z) = m;(z) for z € SZZ;, and
V(U(z)) = Vi(p, m(x)) = Vi[Ui(#)] = « establishes (42). O

For each rational level p € QQ and integer ¢ € N, we shall extend these coordinates
to the transport rays intersecting SZZ;. Taken together, these coordinate charts must
parametrize all points T3 C R™ on transport rays (cf. Definition 8). Tt is convenient
to define them on a countable collection of subsets called clusters of rays:

Definition 19 (Ray Clusters). Fix p € Q, a Kantorovich potential u, and the
Borel cover {S;;}Z' of the level set S, := {# € R” | u(¢) = p} in Lemma 18. For
each ¢, j € N let the cluster Tp;; := |J R, denote the union of all transport rays R,
which intersect SZZ;, and for which the point of intersection z € S;; is separated from
both endpoints of the ray by distance greater than 1/j in || - ||. The same cluster,
but with ray ends omitted, is denoted by T;Z»]» = U, (RY).

Lemma 20 (Clusters Cover Rays). The clusters Tp;; indexed by p € Q and i,j €
N define a countable covering of all transport rays Ty C R”. Moreover, each Tp;;
and transport ray R satisfy:

(46) Either (R)® C Tpij, or (R)°NT,; =0.

Proof. A transport ray R = [a,b] has positive length by Definition 7. Along it,
the Kantorovich potential u is an affine function with non-zero slope, according
to Lemma 12. Thus there is some rational number p € (u(a), u(b)), for which R
intersects the level set S, := {z | u(z) = p}. The point z of intersection belongs
to one of the covering sets S;; C Sp of Lemma 18, and lies a positive distance from
each end of the ray, so R C T};; for some j € N.

Conversely, if the interior of some other ray R’ intersects one of the rays R,
comprising the cluster 7};;, the non-crossing property of Lemma 10 forces R =
R, C T,i;, which completes the proof of (46). O
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Definition 21 (Ray Ends). Denote by & C T3 the set of endpoints of transport
rays.

On each ray cluster Tp;; we are now ready to define the Lipschitz change of
variables which inspired the title of this section:

Lemma 22 (Lipschitz Change of Variables). Each ray cluster T,;; C R" admits

coordinates G = Gpgj : T;Z»]» — R x RY with inverse F' = F;; : G(TZEJZ»]») — R”

satisfying:

(i). F extends to a Lipschitz mapping between R"~! x R! and R".

(i1). For each A > 0, G is Lipschitz on T;‘Z»]» ={z € T;Z»]» | ||z — all, ||z = b]| > A},
where a and b denote the endpoints of the (unique) transport ray R,.

- 0

(iii). F(G(z)) =z for each x €T, '

(iv). If a transport ray R, C T, intersects S, at z, then each interior pount
x € (R,)" of the ray satisfies

(47) G(x) = (U(2), u(z) — u(2)),
where U : R — R"~! gives the Lipschitz coordinates (42) on SZZ;.

Remark 23 (Flattening Level Sets). The final assertion of Lemma 22 implies: (a)
F maps the part of the hyperplane R"~! x {0} which lies within G(TZEJZ»]») onto SZZ;;
(b) F maps the segment where each “vertical” line {X} x R' intersects G(T5;;)
onto a transport ray. Thus in the new coordinates (X, z,) € R"~! x R, the level
sets of u are flattened: they are parametrized by the variables X = (#1,...,25-1)

while z,, varies along the transport rays.

Proof. Lemma 10 shows that rays do not cross, while Definition 7 (or Lemma 12)
shows that u is an affine function on each ray, with slope as large as permitted by
the Lipschitz constraint (20). Thus every point € T;Z»]» lies on a unique transport
ray, and this ray intersects the level set S, in a single point z € SZZ;, so the expression
(47) defines a map G : T;Z»]» — R"! x R! throughout the cluster. It remains to
construct the inverse map F' on G(TZEJZ»]») CR"I xR Let (X,2,) € G(Tﬁij), and
let V' be the map (42) parametrizing S, Then the point V(X) € S, 1s an interior
point of some transport ray R, both of whose endpoints are separated from V(X)
by a distance exceeding 1/j. Let v(-) be the direction function (32) associated
with the Kantorovich potential u, and define

(48) F(X,2,) = V(X) + z,v(V(X)).

That F' inverts G (assertion (iii)) now follows from (42), (47) and the fact that u
is affine with maximal slope along the ray R.
To prove F'is Lipschitz on G(TZEJZ»]») C R ! x R, introduce

(49) A={XeR" | (X,0)€ G2}

pij
We first claim the ray direction v o V 1s a Lipschitz function of X € A. Indeed,
recalling that V(X) € S;; is separated from the endpoints of Ry (x) by a distance
greater than 1/j, we invoke Lemma 16 to conclude that X, X' € A satisfy
(50) v (VX)) —v(V(X)I < JCLIVX) = V(X
(51) < JG X =X
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because V : R*~! — R” was Lipschitz in Lemma 18. To complete the proof that
F is Lipschitz, it remains only to bound #, in (48). Since the supports X and Y of
the original measures were compact, the transport rays 7,;; C T3 lie in a bounded
set. Tt follows from the definition (47) of G that (X, z,) € G(TZEJZ»]») is also bounded,
since v and U are Lipschitz on R”. Finally, we can extend F to all of R?~! x R!
while preserving the Lipschitz bound (51) using Kirszbraun’s theorem [9, §2.10.43],
to conclude the proof of assertion (i).

It remains to prove assertion (ii) of the lemma. Let A > 0. We first show the
direction function v(-) to be Lipschitz on T;‘Z»]». Being discontinuous at the mutual
end of two rays, its Lipschitz constant must depend on A. Let z, 2’ € T;‘Z»]» lie on
the transport rays R and R'. If |[|x — 2'|| > A/2 there is nothing to prove, since

4
lv(z) —v(@)l <2 < Slle = 2|

Therefore, assume ||z — || < A/2 and hence |u(z) — u(2')| < ||x — &'|| < A/2. The
point y' 1= &'+ [u(x) — u(x’)]v(2') then lies on the ray R/, since the ends of R’ are
at least distance A from z’. Moreover, u(y') = u(2’) + [u(z) — u(z")] = u(x), and
the distances from « and y' to the ends of R and R’ are at least A/2 respectively.
Invoking Lemma 16 again yields:

2C
(52) lv(2) = v(@)]| = llv(2) = v < =l = ¥/l
Moreover, ',y € R’ lie on the same transport ray, and u(z) = u(y'), so
(53) 2" =¥/l = [u(2’) — u(y)| = [u(z’) —u(x)] <[]z’ — =]

combines with the triangle inequality ||z — ¢/|| < ||z — 2'|| + ||#’ — /|| to produce
the desired bound for v(-) on T :

pij:
(54) Iote) @) < 2 e ).
Turning to G, we estimate
(5%) Gl#) — G| < 16(2) — GO+ 16() — Gl
Since 2’ and ¥ lie on R', definition (47) yields
(56) 160~ GEI = lule) — ul)] = ') — ulw)] < [lo — 2]

Let z and z’ be the points where R and R’ pierce SZZ;. Since u(x) — u(z) = u(y’) —
u(z"), the same definition gives

(57) |G(x) = G = U(z) = U()].

Setting ¢ := u(z) — u(x), we have z =  + ov(z) and 2’ = ¢ + ov(2'). Also |o]
is bounded by the diameter of the cluster T;‘Z»]». Because the coordinates U were
Lipschitz, we have

(58) U(z) = U ()]
(59)

from (53)—(54). Now (55)—(59) imply G is Lipschitz on Tpﬁj, to complete the lemma.
O

Cslle = /|| + o Cs[v () — v(2")]]

<
< C3(2440CA™ ||z — 2|
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The next step is to address measurability of the sets T,;; and G(TZ%]»). As in
Evans and Gangbo [7], this is done with the help of the distance functions to the

upper and lower ends of rays:

Lemma 24 (Semicontinuity of Distance to Ray Ends). At each z € R™ define

(60) a(z) =sup{|lz—ull | y €V, u(z) —uly) =z —yll},
(61) B(z) =sup{llz —xf] | ® € X, u(x) —u(z) =[]z — ||},
where sup ) := —co. Then o, 3 : R® — RU{—oc0} are both upper semicontinuous.

Proof. We prove only the upper semicontinuity of «(z); the proof for 5(z) is similar.
Given any sequence of points z, — z for which «g := lim, a(z,) exists, we need
only show ay < a(z). Tt costs no loss of generality to assume oy > —oo and
a(zp) > —oo; moreover, a(z,) < 0o since the support Y of the measure p~ was
assumed compact. From (60),

(62) @(zn) = 1/n <|lzn = ynll = u(zn) = u(yn)

for some sequence y, € Y. By compactness of ), a convergent subsequence y, —
y € Y exists. The (Lipschitz) continuity of w yields ag < ||z — y|| = u(z) — u(y) <
a(z) from the limit of (62), which proves the lemma.

Geometrically, the functions «, § have the following meaning: If z lies on a
transport ray R, then a(z) and #(z) are the distances (in || - ||) from z to the lower
and upper end of R respectively; thus at ray ends z € &, exactly one of these
distances vanishes. If z € Ty is a ray of zero length, then a(z) = G(z) = 0. If
z € R"\ (T UTY), then either a(z) = —oo or f(z) = —oco. We combine these
functions with our change of variables to show the clusters of ray interiors T;Z»»
are Borel sets, and to give a much simpler proof than Evans and Gangbo that the
ray ends have measure zero [7, Proposition 5.1]. In what follows, n-dimensional
Lebesgue measure is denoted £".

Lemma 25 (Measurability of Clusters / Negligibility of Ray Ends). The ray ends
E C Ty form a Borel set of measure zero: L™(E) = 0. The rays of length zero
To C R also form a Borel set. Finally, for each p € Q and i,j € N, the cluster

T;Z»]» of ray interiors and its flattened image G(TZEJZ»]») from Lemma 22 are Borel.

Proof. First observe that Ty = {z € R" | a(z) = #(2) = 0} while £ = {z € R" |
a(z)3(z) = 0 but a(z) + B(z) > 0}. Both of these sets are Borel by the upper
semicontinuity of & and @ shown in Lemma 24.

Therefore, fix p € Q and ¢, 5 € N and recall the Borel set S;; C R”™ and Lipschitz
coordinates U : R® — R™! on it from Lemma 18. Since U is univalent (i.e.,
one-to-one) on SZZ;, it follows from Federer [9, §2.2.10, p.67] that U(S;;) is a Borel
subset of R"~1. Moreover, the set A defined in (49) is given by

A={X € U(S) | a(UHX), BUHX)) > 1/}
according to (47), which with Definition 19 also yields the image
G(Tyi;) = {(X,2) | X €A, —a(V(X)) < zn < BV(X))}

pij
of the ray cluster in flattened coordinates. Here V = U~! is Lipschitz, so a o V|
f oV are upper semicontinuous in view of Lemma 24. Thus we conclude that
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both A C R"~! and G(Ty;;) C R*~! x R! are Borel. Lemma 22(iii) shows that
the transformation F' = GG~! back to the original coordinates is well defined and
univalent on G(Tﬁij). Since F' extends to a Lipschitz function throughout R™ and
T;Z»]» = F(G(Tﬁij)), we conclude, using Federer [9, §2.2.10] again, that T;Z»]» is Borel.

To show the ray ends have measure zero, consider the corresponding points

GCR"™I xR!of Tps; in the flattened coordinate system:
G={(X,—a(V(X))) | X € A} U {(X,B(V(X))) [ X € A}.

Using upper semicontinuity of « oV and g oV we conclude G is a Borel set, and
£7(G) = 0 by Fubini’s theorem. Now £N1T,;; = F(G). Since F : R"!xR! = R"
is a Lipschitz map, we can use £7(G) = 0 and the Area formula [9, §3.2.3] to
conclude that £7(£ NT,;;) = 0 (and hence is Lebesgue measurable). By Lemma
20, the clusters {7},;; } form a countable cover for £ C T7, so £L*(£) = 0 to conclude
the proof. O

As a particular consequence of this lemma, the set T} of all transport rays is
Borel, being a countable union of Borel sets T;Z»]» with £. Also, the sets T);; are
Lebesgue measurable, being the union of a Borel set with a subset of a negligible
set.

Finally, we can take the clusters T};; of rays to be disjoint. Indeed, enumerate

the triples (p,,j) so the collection of clusters {7};;} becomes {Ti;}, k=1,2,....
For k > 1 redefine T() — T \ (U;:ll T(1)). Redefine T(Ok) — (Ok) \( ;:11 T(Ol))
analogously. We will continue to denote the modified sets by 7;; and T;Z»]». Note
that the structure of the clusters 7,;; remains the same: for each T,;; we have a
Borel subset Sp; := Tp;; NSy of S;; C R” on which there are Lipschitz coordinates

U, V (42) satisfying
(63) V({U(x)) == forall ze€ Sp;.

Indeed, since the new cluster is a subset of the old, the former maps U, V will
suffice. From the modification procedure it also follows that the ray property (46)
holds for the modified sets — which justifies calling them clusters — and that the
ray R, corresponding to each z € 5,;; extends far enough on both sides of 9,
(e, a(z),B(z) > 1/j) to define coordinates F', G on T,;; satisfying all assertions
of Lemma 22 (again, the original maps F and G work for the modified clusters).
The measurability Lemma 25 holds for the new clusters, as follows readily from the
modification procedure. Thus from now on we assume:

(64) The clusters of ray interiors T°

pij are disjoint.

4. MASS BALANCE ON RAYS

Since we intend to solve Monge’s problem by constructing a map which moves
mass along rays, it is essential to know that fT and f~ assign the same amount
of mass to each transport ray. In the Euclidean case this is the content of Evans
and Gangbo [7, Lemma 5.1]. Here it remains true, but our proof exploits the
fact that the optimal maps s.(x) between fT onto f~ for the cost c.(x,y) =
||z — y||'T* in Theorem 2(iv) accumulate onto transport rays of the limiting Kan-
torovich potential.

While individual rays all have mass zero, one can consider arbitrary collections
of transport rays instead. The ray ends, having measure zero, are neglected. Thus:
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Definition 26 (Transport Sets). A set A C R” is called a transport set if z €
AN (T1\&) implies RY C A, where R, is the unique transport ray passing through z.
Tt is called the positive end of a transport set if A merely contains the interval [z, a)
whenever z € A N (T1\ ) and a denotes the upper end of the transport ray R,.

Examples. Any subset A C Tj of rays of length zero is a transport set, as are the
clusters of rays Tp;;.

For Borel transport sets, such as 77, ., the following balance conditions apply.

pij?

Lemma 27 (Mass Balance on Rays). Let A C R" be a Borel transport set. Then

(65) /Af"'(x)dx:/Af_(x)dx.

More generally, if a Borel set AT C R” forms the positive end of a transport set,
then

(66) Prayde> [ () de

At At
Proof. We will prove inequality (66) for a positive end of a transport set. Equality
(65) for transport sets then follows by symmetry.

Let AT be a positive end of a transport set. Since ToUT} C conv[X UY] contains
all transport rays by Definitions 7 and 8 and the supports of f* by Lemma 9, it
costs no generality to replace AT by its intersection with 7y U7;. Thus we assume
At CTHUTh.

Assume first that A1 is a closed set and that AT does not contain any lower
ends of rays. Then AT is compact since X UY is bounded. Recall that our limiting
Kantorovich potential u was obtained from (14) and a limit (y.,, ;) — (¢o, %0)
— uniform on X' x ) — of potentials minimizing K (¢,+) on J. (X',)). Here the
convex costs ¢, (x,y) = ||z — y||'T% — co(2,y) uniformly on X x Y as j — oo in
Proposition 3.

For r > 0, let N,.(A%) = {x € R™ | dist(z, AT) < r} denote the r-neighborhood
of At. Since At is the positive end of a transport set and closed and does not
contain any lower ends of rays, it follows that if y € At and u(z) — u(y) = ||z — y||
for some x € X, then x € AT. Since u € Lip;(R",d) and AT, X \ N,(AT) are
compact sets, it follows that

. o S .
yeat, xg}kf\Nr(A+)[||x yll = wl@) + uly)] 2 6(r) > 0

By (14),
wo(x) + ¥oly) > —||lx — y|| + 6(r) for any y € AT e X\ NT(A'I').

The uniform convergence mentioned above then yields
)
Pe () + e, (y) > —ce (2, y) + % for any y € A*, x € X'\ N, (AY),

provided j > jo(r) is sufficiently large. From Theorem 2(iii)—(iv) it now follows
that s, (z) € AT implies © € N, (A1) if j > jo(r). Here se; 1 X — Y is the
unique optimal map between f* and f~ with respect to the cost function ¢(z,y) =
||z —yl||**<7. Since s., pushes u't forward to u~, we obtain pt [N, (AT)] > p=(A1).
But because A% is closed, the limit r — 0% yields (66).
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If At is merely Borel, then we can replace AT by A1\ £ since £ is a Borel set of
L measure zero and u* are absolutely continuous with respect to Lebesgue. Thus
we assume that A* C (To UTy) \ €. Since At is Borel, for any § > 0 there exists a
closed set C'= Cs C AT such that £L"[AT \ C] < §. Denote by R*(C) the set

RT(C)=CU U [aE1],
2€CN(T1\E)

where a(z) denotes the upper end of the transport ray R,. Continuity of u(-) implies
that RT(C) is closed. By definition, R*(C) is a positive end of a transport set,
and does not contain lower ends of rays since C'NE = 0. Thus

(67) pHRHO)] = p [RF(O)].

Since At D (' is a positive end of a transport set, RT(C') C At U&. Moreover,
L&) = 0, so pF[RT(C)] < p*(AT). Finally, L[4+ \ RT(C)] < 6 and the mea-
sures put are absolutely continuous with respect to Lebesgue, so p*[AT\ R*(C)] —
0 with 6 — 0F. Thus p*[RT(C)] — p* (A1), and (67) implies (66). O

5. CONSTRUCTION OF THE OPTIMAL MAP

This final section 1s devoted to the proof of Theorem 1 by constructing an optimal
map for Monge’s problem.

Proof. Step 1. Localization to clusters of rays. According to Lemma 6, it is
enough to construct a map s : R® — R” pushing pt forward to u~ which only
moves mass down transport rays: i.e., for any # € X', the point s(z) must lie below
z on the same transport ray R, possibly of length zero. Here ‘down’ and ‘below’
refer to the constraint u(z) > u(s(z)) from (18).

Decompose the set X'UY into the rays Ty of length zero, clusters of ray interiors

T;Z»]», and the ray ends £ using Lemmas 9 and 20. The cluster property (46) implies
that any such map s satisfies s(z) € T;Z»]» almost everywhere on T;Z»]», while s(z) =

on Ty. Since the ray ends form a set of measure zero by Lemma 25, they are ne-
glected here and in the sequel. Thus we can construct an optimal map s separately
on each cluster T;Z»]» and on Ty. Indeed, suppose for each (p,i,j) we have a map

.0 0
Spij Ly — T

ij ij pushing /J|+TD ~forward onto /Jl_TD , and a map sy : Ty — Tp push-
pij pij

ing “I-I—Tu forward onto iz, Here pi4 denotes the restriction of measure y from R”
to A C R™. The clusters T%. and Ty are disjoint and Borel by (64) and Lemma 25.

pij
Thus the map s : R” — R"” defined by
_ so(x) for x €Ty,
(68) s(x) = { spij(z) for =z € T}%j’

is well defined, Borel, and pushes uT forward to u~.
Consider sq first. Since every subset A C Tj is a transport set, Lemma 27 shows
the identity map pushes “I-I—Tu forward to “I_To' Thus we define sg(z) = @ on Ty. The

remainder of the proof is devoted to constructing maps s;;; : T;Z»]» — T;Z»]»
“|+TU forward to /Jl_TD ~ which only move mass down transport rays.
pij pij

Step 2. Change of variables. Fix p € Q, ¢,j € N and consider T;Z»]».
Denote u;j = “|iTU . By Lemma 22 the map F' is one-to-one on G(Tﬁij), and
Py

pushing
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F(G(Tﬁij)) = T;Z»]». Since F' is Lipschitz, the Area formula [9, §3.2.5] yields

o [ APEEEEREE = [ e

pij pij

for any summable ¢ : R®™ — R!. Here J, F denotes the n-dimensional Jacobian of
F. Define f* :R"~' x R' — R! by

(70) (o) = { gi(F(l‘))JnF(x) v € G(TY),

otherwise.

The characteristic function ¢ = XG(TS,,) in (69) shows f* is summable; it is obvi-
ously non-negative and Borel since Lemma 25 shows G(TZEJZ»]») Borel and bounded.
Introduce the measures d6% := f*(x)de. Comparing (3) with (69) gives

(71) Fyt* = i,

meaning the map F pushes % forward to u;@j. From Lemma 22(ii)—(iii) we deduce

and G(F(y)) = y on G(Tﬁij). With (71) this

the inverse map G is Borel on T;Z»]»,
implies

(72) G#uﬁj = 6%,

From (71)—(72) it then follows that if a map s : R"~! x R! — R"~! x R! pushes
0% forward to 67, then the composition s,;; = F' 050 pushes u;'ij forward to p,;; .
In addition, Lemma 22(iv) shows that when § moves mass down vertical lines, i.e.,
satisfles $(X,x,) € {X} X [—o0, ,] for any (X, z,), then sp;; moves mass down
transport rays. Thus it remains only to construct § : R?»~! x R! — R*~! x R!
satisfying

5407 =07, $(X,xn) € {X} x [~00,®,] for any (X,z,) € R"™' x R

Step 3. Restriction to vertical lines. By Fubini’s theorem, the functions
f* (X, ) are summable for a.e. X € R"~!. Let us introduce the distribution
function

(73) vE(X, 1) = /00 (X, 2,) day,
(74) = /Rl X(0,00)(Tn — 7')j?ﬂE (X, zp,) dzy,.

Here ¥* is non-negative and Borel throughout R” [22, §8.8], with a continuous
non-increasing dependence on 7. For a.e. X € R®~! we shall show:

(75) WY, ) > U (X, 7)
holds for all 7 € R, with equality
(76) Ut (X, —o0) = U™ (X, —o0) < o0

as T — —oo. These inequalities are interpreted to mean that at no point 7 along
a transport ray can the mass of u~ above 7 exceed the mass of ut, though they
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balance in the limit (76). Note that ¥ (X, 7) becomes independent of || for large
|7], since f* had compact support in (70). The bound in (76) comes from Fubini’s
theorem applied to f£ € LY(R™).

Let us first fix 7 € R, and establish (75) for a.e. X € R"~1. Consider the sets

(77) AT ={X cR" | UT(X, 7)< ¥ (X,7)},
(78) QF = {(X,2,) € G(T});) | X € A* 2 > 7},
(79) F(Q%) ={e el | Glr) e QF}.

Noting that (Z,z,) € QF implies (Z,z,) € QT for every z, > z, with (Z,z,) €
G(Tﬁij), it is not hard to verify that F(Q%) C T;Z»]» is the positive end of a transport
set from (46)—(47) and Definition 26. Now At C R"~! is Borel like ¥* and

Qt C R" is Borel by Lemma 25. Fubini’s theorem, (70), (73) and (77)—(78) yield

s [ W - v X = [ () - )

o+

On the other hand, F'(Q?) is Borel whenever Q C G(TZEJZ»]») is, since F' is one-to-

one and continuous on G(T2.) [9, §2.2.10]. Choosing the characteristic function

pij

© = Xpr(n) in (69)—(70) yields

/in(l‘)dl‘:/F(mfi(Z)dz<oo,

hence

sy [ e e = [ e - @l 20
A+ F(Qt)

from (80). Here the last integral is non-negative by Lemma 27, since F(Q7T) was
the positive end of a transport set. But the first integrand is negative by (77), so
we infer £L771(At) = 0. Thus (75) holds for a.e. X € R"~! depending on our
fixed 7. Fubini’s theorem then shows it holds for a.e. (X, 1) € R"™. Therefore, fix
Xo € R*~!. The continuous dependence of ¥*(Xy, 7) on 7 implies (75) is not
violated for X = X, and any 7, unless it is violated on an interval of positive
measure around 7. Using Fubini again, we conclude for a.e. X € R"~! that (75)
holds for all 7.

To obtain the equality (76), use compactness to fix 7 < z, for all (X,z,) €
G(Tﬁij), so that F(X, 1) = UF(X, —0c0). We need the reverse inequality to (75),
so define

AT = {X e R UH(X, 1) > ¥ (X, 1)},
Q" ={(X,x,) EG(T%,) | X €A™},

pij

F(Q) ={zeT); |Gx)eQ}.

Note that this time Q7 is independent of 7, whence (7, z,) € Q= implies (7, z,) €
Q- if (Z,2,) € G(Tﬁij). It follows that F(27) C T;Z»]» Is a complete transport set
(and not merely its positive end). Repeating the same argument as before, Lemma
27 implies

Jowr = [ e - el = 0
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instead of (81). This time the first integrand is strictly positive, so £?*(A7) = 0,
which completes the proof that mass balance (76) also holds for almost every X €
R 1.

This balancing of mass (76) is a consistency condition which enables us to solve
the one-dimensional transport problem on a.e. vertical line { X} x R! separately. We
shall use inequality (75) to show the solution maps we construct verify tx (z,) < z,
on R'. After that, it will remain only to prove that the resulting map § : R*~! x
R! — R""! x R!, defined by (X, z,) = (X,tx(2,)), pushes 6% forward to 6.

Step 4. One-dimensional transport. Fix X € R"~! for which (75)-(76)
hold. We will construct a map ¢x(z) < x on R!' which pushes I+ (X, 2,) day,
forward to f_ (X, 2n) dwy. Note that this map is not unique: among the possible
solutions we are free (and we elect) to choose the unique non-decreasing, lower
semicontinuous map. But this choice is arbitrary; the only important thing is that
our choices are consistent enough on different rays that we end up with a measurable
map on R"”.

We define tx using the distribution functions \I!i(X, 7). Fix 7 € R!, and recall
that \I!i(X, -} is a continuous, non-increasing function which takes constant values
outside a compact set. By (76), there exists some ¢ € R! which satisfies

(82) U (X, 1) = /TOO f"’(X,xn)dxn:/:o F(X, 2n) dey, = U (X, ).

Of course ¢ need not be unique, since ¥~ (X, -) will not decrease strictly where f_
vanishes. But the set of all { satisfying (82) forms a closed segment (or half-line).
If we define

(83) tx(r) :=inf{¢ e R | U (X, 7) > ¥ (X,()}
(84) =sup{¢ € R [ UF(X,7) < ¥ (X, ()},

then monotonicity of \I!i(X, -) shows tx non-decreasing, and the equivalence of
(83) to (84). Lower semicontinuity of ¢x () follows from (83) and continuity of
U (X, ), while tx(7) < 7 follows from (75). Finally, we claim the map tx pushes
dot = I+ (X, z,) dz,, forward to dfy = f- (X, 2n) dxy, or equivalently

(85) 9}((15)()_1(14)) =0%(A) for each Borel set 4 C R!.

Indeed, when A is a half-line (—o0, (), then (85) follows directly from the conditions
(82)—(84) defining tx. But half-lines generate all Borel sets, so (85) is established.
Step 5. § pushes 01 forward to 6. Here s : R*» 1 x R' = R ' x R! is
defined as 5(X, #,) = (X,tx(2y)), where tx(2,) < 2, is from Step 4.
First we prove & is Borel. It is enough to show that the functiont : R* ! xR! —
R! defined as ¢(X, z,) := tx (=) is Borel. For each ¢ € R set

(86) Tr = {(X,7)eR" xR t(X,7) >}, and
(87) M, = {(X,7)eR" xR UT(X, 7)< ¥ (X,()}.

Observe that M. is Borel since U* are, and M¢ D M. for € > 0. We shall prove
T = M;, to conclude that #(X, 7) is Borel on R”.
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Indeed, if (X, 7) € T¢, then tx () > ¢ and we must have (X, 7) € M to avoid
contradicting (83). Thus T, C M. Conversely, let (X,7) € M,. Continuity of
U~ (X, -) in (87) shows (X, 7) € M¢4. for some ¢ > 0. Thus t(X,7) > ( +¢ by
(84), and (X, 7) € Ty to complete the proof that T = M.

Having shown s is Borel throughout R" =1 x R}, the fact that 6+ (571 A) = 6= (A)
for each Borel A C R™ follows from (85) by Fubini’s theorem. Thus s pushes 6%

forward to ¢~. By Step 2 this yields maps s,;; = F' 0 5 0o G on each cluster T;Z»]»
which push “|+TU ~forward to /Jl_TD ~ while only moving mass down transport rays.
pij pij

Step 1 combines these maps in (68) to yield an optimal map s : R” — R” for
Problem 1. O
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