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ON SEIDL-TYPE MAPS FOR MULTI-MARGINAL OPTIMAL
TRANSPORT WITH COULOMB COST

UGO BINDINI, LUIGI DE PASCALE, AND ANNA KAUSAMO

ABSTRACT. In this paper we study the three-marginal optimal mass transporta-
tion problem for the Coulomb cost on the plane R%. The key question is the
optimality of the so-called Seidl map, first disproved by Colombo and Stra. We
generalize the partial positive result obtained by Colombo and Stra and give a
necessary and sufficient condition for the radial Coulomb cost to coincide with
a much simpler cost that corresponds to the situation where all three particles
are aligned. Moreover, we produce an infinite family of regular counterexamples
to the optimality of Seidl-type maps.

1. INTRODUCTION

1.1. Multi-Marginal Optimal Mass Transportation Problem for Coulomb
cost. We denote by P(R?) the set of all Borel probability measures on the space
R? where d > 1 is the dimension of the space. In this paper we are interested in the
Multi-Marginal Optimal Mass Transportation (MOT) problem for the Coulomb
cost ¢: (RHY — RU {+o0},

~ 1
C(ZEl,...,IN>: Z m
1<i<j<N " J

We fix a marginal measure p € P(R?) and seek for minimizing the quantity
/ c¢dy(zy,...,xN) (1.1)
(RN

over all couplings v € P((R)™) of the marginal measures p, that is, over the set
My (p) :== {y € PRY) | (pri)yy = p for alli € {1,...,N}},
where pr; is the projection on the i-th coordinate:
pri(zy, ..., oy) = x; for all (24,...,2y5) € (RH)N.

Finding the minimal 7 for the problem ([1.1)) is often called solving the Monge-
Kantorovich (MK) problem, in honor of the French mathematician Gaspard Monge
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(1746-1818) and the Russian mathematician Leonid Vitaliyevich Kantorovich (1912
1986), both of whom can be considered founders of the field of optimal mass trans-
portation. The existence of minimizers for the problem is easily proven (we
are minimizing a linear functional on a compact set) and their structure is rather
well-understood (see [11]). A much more challenging problem is the one of find-
ing — or even proving the existence of — a deterministic optimal coupling. A
deterministic optimal coupling is a solution 7, for the problem of the type

Yopt = (]d7T17"-aTN—1>ﬁﬁa (12)
where T;: RY — R” are Borel functions such that (7;)yp = p for all i € {1,..., N —

1}. This is equivalent to asking whether the equality

min / (a1, ..., xn)dy(ze, ..., xN)
VN (D) J(Rd)N

—mind [ e Tio), . T dpte) | (T = 5}

holds. If the answer is affirmative, we call any minimizing coupling of the type
(1.2) a Monge minimizer.

Since the cost function ¢ is symmetric with respect to permuting the coordinates
and the density p has no atoms, in view of the conjecture we are studying and
also [7, (15, [I7] we may restrict ourselves to seeking for Monge minimizers of the

type

Yopt = (Id, T, ..., TN"1),p,

where T': R? — R? is a Borel measurable function such that Typ = p and ™ = Id.
Here and from now on we denote for all natural numbers k& by T* the k-fold
composition of T with itself.

This paper concerns the case where N = 3, d = 2 and the density p is radially
symmetric, that is, A;p = p for all A € SO(2). In this case (and also for general N
and d as long as p is radially symmetric) solving the MOT problem for Coulomb
cost can be reduced to a one-dimensional problem where the underlying space is
the positive halfline R, := [0,00). To make this notion precise, we define the
radial cost c: (Ry)* — R U {+oo},

c(ry,re,r3) = min {é(vy, ve,v3) | |v;] = 1; for i =1,2,3}
for all (7’1,7’2,7’3) € (R+)3.

For a given triple (rq, r9, r3) there exist many differently-oriented vectors (vq, v, v3)
that realize the above minimum. Once a triple of minimizers (v, ve, v3) has been
fixed, the optimal configuration can be characterized by giving the radii and the
angles between them. We may always assume that the vector v; lies along the
positive x-axis. With this choice in mind we denote by 6, the angle between v,
and vy and by 63 the angle between v, and v3. For this radial and angular data
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that corresponds to the triple of vectors (vy, vz, v3) € (R?*)® we will sometimes use
the notation C(ry, 7,73, 0s,03) for the Coulomb cost ¢(vq, ve,v9). This allows to
rewrite the radial cost function c as

= in C 65,0 1.3
c(r,72,73) o (r1,72,73,02,05) (1.3)
We also introduce the radial density p = | - |ﬂﬁE| Now solving the (MK) problem

for the Coulomb cost and the marginal measure p is equivalent to solving the
one-dimensional (MK) problem in the class IT3(p) for the radial density p and the
radial cost ¢, as will be made more rigorous in the next theorem, first proven by
Pass (see [2§]).

Theorem 1.1. The full (MK) problem for the Coulomb cost

min {/ ¢(vy, va, v3) dy(v1,v2,v3) | 7 € Hg(ﬁ)} (1.4)
(R2)3

and the corresponding radial problem

min {/(M o1y, 7, 73) dy | € ng(p)} (1.5)

are equivalent in the following sense: the measure v € l3(p) is optimal for the
problem if and only if the measure

T1,72,73

¥ i=(r,r2,73) @ p

1s optimal for the problem . Above, """ s the singular probability measure
on the 3-dimensional torus defined by

2w

, 1
MT1,7“277"5 — % 5t592+t593+t dta
0

where (03, 05) are minimizing angles 0y = Z(vq,v2), 03 = Z(vq,v3) for
c(ry,re,r3) = min {é(vy, ve,v3) | |v;| = r; fori=1,2,3}.
In [31] the authors conjectured the solution to the radial problem (1.5). The

conjecture is stated for all d and N but for the sake of clarity we formulate it here
for N = 3.

Conjecture 1.2 (Seidl). Let p € P(RY) be radially-symmetric with the radial
density p. Let s; and so be such that

P[0, 51)) = p(ls1, 52)) = p([s2,00)) = 3.

We define the map T : [0,00) to be the unique map that sends, in the way that
preserves the density p,

'Here | - | denotes the function | - |: R? — R, given by |(z,y)| = /22 + ¢2.
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e the interval [0, s1) to the interval [sq, s5) decreasingly,
e the interval sy, s2) to the half-line [sy, 00) decreasingly, and
e the half-line [s9,00) to the interval [0, s;) increasingly.

More formally, this map is defined as

F7'(3—F(z)) whenz€l0,s)

T(z) = F'(3—F(z)) whenz € [s1,5s)

F'(1—-F(z)) whenz € [s9,00)

where [ is the cumulative distribution function of p, that is, F'(r) = p([0,7)).
Then the map T is optimal for the radial problem (1.5).

The map introduced in Conjecture is also called “The Seidl map” or “the
DDI map” where the letters DDI stand for Decreasing, Decreasing, Increasing,
identifying the monotonicities in which the first interval is mapped on the second,
the second on the third, and finally the third back on the first. In an analogous
manner one can define maps with different monotonicities: 111, IID, DDI and
so on. Since the marginals of our MOT problem are all the same and equal to p,
the only maps 7" that make sense satisfy T° = Id, which leads us to the so-called
T := {I, D}? class, first introduced by Colombo and Stra in [§]:

T :={I11,DDI,DID,IDD}.

In [§] the authors were the first to disprove the Seidl conjecture. They showed
that for N = 3 and d = 2 the D DI map fails to be optimal if the marginal measure
is concentrated on a very thin annulus. They also provided a positive example
for the optimality of the DDI map: they constructed a density, concentrated
on a union of three disjointed intervals the last of which is very far from the
first two, so that the support of the transport plan given by the DDI map is
c-cyclically monotone. On the other hand, in [I2] De Pascale proved that also for
the Coulomb cost the c-cyclical monotonicity implies optimality: this implication
had been previously proven only for cost functions that can be bounded from
above by a sum of p-integrable functions. Using these results and making the
necessary passage between the radial problem and the full problem one
gets the optimality of the DDI map for the example of Colombo and Stra. In [§]
the authors also provided a counterexample for the non-optimality of all transport
maps in the class 7.

In this paper we address the connection between the density p and the optimality
or non-optimality of the Seidl map for d = 2 and N = 3. Our main results are the
following;:

Theorem 1.3. Let p € P(Ry) such that
ro(rs —11)> — 11(rs +19)> —r3(ry +19)* >0 (1.6)
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for p-a.e. (r1,72,73) € [0, 81] X [$1, S2] X [s2, s3]. Then the DDI map T provides an
optimal Monge solution v = (Id, T, T*)4(p) to the problem .

This theorem makes more quantitative the positive result of Colombo and Stra
(see Remarks and for a more detailed description). Its proof also gives a
necessary and sufficient condition for the radial Coulomb cost to coincide with a
much simpler cost that corresponds to the situation where all three particles are
aligned. More precisely, we show that

Theorem 1.4. Let 0 <1y <19 <r13. Then (02,03) = (m,0) is optimal in (1.3) if
and only if
TQ(T‘g — 7’1)3 — 7’1(7”3 + T2)3 — 7”3(7“1 -+ 7‘2)3 Z 0
Moreover, if ({1.6) holds, (0,05) = (m,0) is the unique minimum point.
We continue by using this new condition to construct a wide class of counterex-

amples for the optimality of the maps of the class 7. This class contains densities
that are rather physical, for example positive, continuous and differentiable.

14+2v3
Theorem 1.5. Let p € P(Ry) positive everywhere such that SN +T\/_ a
52
T(x)(T*(z) — 2)® — 2(T*(z) + T(2))* — T*(x)(z + T(x))* > 0 (1.7)
for p-a.e. x € (0,s1), where T is the DDI map. Then none of the maps S in

the class {D,1}* provides an optimal Monge solution v = (Id, S, S*)4(p) to the
problem . Moreover, there exist smooth counterexample densities.

nd

2. A STUDY OF THE ¢ COST
Recall the definition of the radial cost function ({1.1))
c(ry,re,r3) = min {é(vy, ve,v3) | |v;| = 1; for all ¢ = 1,2,3}.

By rotational invariance, we can suppose that the minimum is always achieved
for v1 = r1Z, i.e., in polar coordinates, ¢; = 0. Hence we can say that

c(ry,r2,73) = min {C(r1,0;r9, a; 73, 8) | (a, B) € T?}; (2.1)
due to the dimension d = 2, the cost C(ry, 0; 73, a; 73, 5) has an explicit expression
C(r1,0 5) ! + !
ry, 0;r, a1
O T 0) S arirecosa) 2t (T 18— 2rirscos )12
1

+ (r3 + r2 — 2ror3 cos(a — 3))1/2

The main ingredient for the proof of [[.3] and [L.5]is the following result, already
stated in the introduction, which we recall for the sake of reader.
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Theorem 2.1. Let 0 < ry < ry < r3. Then (a,B) = (m,0) is optimal for the
definition of the radial cost c if and only if the polynomial condition (|1.6))

ro(rs — 7“1)3 —ri(rs +12)° —r3(ri +12)* > 0,
holds. Moreover, if the above holds, (c, 5) = (7, 0) is the unique minimum point.

Proof of 2.1} Let 0 <7y < ry < r3 be fixed. In order to lighten the notation, we
will omit the dependence on the radii when possible. We will also introduce the
following functions for 4,5 € {1,2,3} and 6 € T":

1
D;;(0) = r? 4+ ’I’JQ- —2r;rjco86,  Fi;(0) = W
It will be useful to compute the derivatives of Fj;, so we do it now:
r;7; sin 6
F!.(6) _nirjsmy
ij 3/2
Dy
rirjcosf 3 27“1-27‘? sin? 6
o) = - ’

ij/ 2 2 ij/ 2
rirj(rir; cos® 0 + (17 +13) cos 0 — 3rr;)
Dy;(0)/?
In order to simplify the notation even more, we denote

Qij(t) = rirjt* + (7 +rj)t = 3riry,  t € [=1,1],

so that
75Q;:(cos 0)
F0g) — _ 1irjQyj(cos
1]( ) Dij<9)5/2
Observe that Qz](_l) = —(TZ' + ’I“j)2 and Qz](l) = (T’Z' — Tj)Z, so that
FI(0) = —— 3 d F'(n)= —1 2.2
50) =~ and B = s 2:2)

First we prove that if («, 8) = (7, 0) is optimal in (2.1]), then (1.6]) holds. Recall

that the function to minimize is

fla, B) = Fia(a) + Fi3(B) + Fas(a — 3)

and notice that f € C°°(T?). Thus, if (7,0) is minimal, it must be a stationary
point with positive-definite Hessian. Let us compute the gradient and the Hessian

of f:
Ve, B) = (Fiy(a) + Fo(a = ), Fi3(8) — Fia(a = B),

_ (Fla) + Fyla—=5)  —Fyla—p)
Hf(a,ﬁ)—( —Fyy(a—p) F{§(5>+Fg”3(a—5))'
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Using (2.2), we have

rire rar3 Trars
3 3 o 3
Hf(ﬂ', O) - (Tl +i2) TQTgrz * T3) _ T17’3<T2 + T3> ToT'3
(ro 4+ r3)? (rs —mr1)3  (ro+rs)?
and
r2rors riToT?
det Hf(m,0) = — ! — 3
fm,0) (r1+12)3(rs —m1)® (ro+13)3(rs —r1)?
7"17"%7'3

T Pt )
rirarslra(rs — r1)® — ri(rs +1r9) — r3(ry + 12)?]
(r1 4+ 1ro)3(rg +13)3(rs — 11)3 .
The positivity of det H f(m,0) implies the condition ([1.6]), which proves the first

part of 2.1]

Now we assume that (1.6) holds, and we want to get that (7, 0) is the unique
minimum point. The first (and most challenging) step is given by the following

Proposition 2.2. Suppose that 0 < r; < ro < r3 satisfy (1.6). Then (0,0), (0,7),
(7,0), (m,m) are the only stationary points of f(«, [3).

The proof of is quite technical and long. For the sake of clarity we postpone
it to the end of this section, in order to keep focusing on the main result.

Since {0, 7}? are the only stationary points, the global minimum of f must be
between them. By direct comparison of the values f(0,0), f(0,7), f(m,0), f(m, 7)
we will conclude that (7, 0) is the unique minimum point.

We compute
1 1 1

- -

f(0,0) =
o —1 rs — T2 rs—m
1 1 1
f0,m) = + +
ro—7r1y rgtreg r3t+n
1 1 1
m,0) = +
f( ) To + 71 T3 + T2 r3—171
1 1 1
flm,m) = +

ro+r1 rs—ry T34y
and observe that clearly f(0,0) > f(0,7). To deduce the other inequalities we
observe that the function

1 1

is decreasing in x and increasing in y, so h(rs,m1) < h(re,r1) = f(7,0) < f(0,7)
and h(rs,r1) < h(rs,m) = f(7,0) < f(m, ), as wanted.

for 0 <y < .
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Proof of[2.9. A stationary point («, 3) must solve Vf =0, i.e.,

rirgsina rorgsin(a — f)

_ _ -0
D12(a)3/2 D23<Oé - 6)3/2
rirgsin 8 rorgsin(a —f3) 0
Dy3(8)3/2 ~ Dag(a — ()32
which we rewrite as
7179 Sin o rirgsin 3 0
DlQ(Oé)?’/Q D13(6)3/2 B (2 3)
rirgsin 3 rorgsin(a —f3) 0 :

D13(5)3/2 B D23(Oé - 5)3/2

Observe that the four points (o, 8) € {0,7}? are always solutions for (2.3). We
will study this system in detail for 5 € [0, 7]. The conclusions can then be derived
for § € [—m,0] by making use of the change of variables & = —a, § = —f. To
proceed in the computations, we perform a finer study of the function

7;7; sin 0

iy = —F" = —J
Gij (6) - Fzg (9) Dij (9)3/2 )
so that the optimality conditions ([2.3)) will be rewritten in the form

gi2(a) = —g13(8)
{gla(ﬁ) = gos(a — B). (2.4)

We now prove that for every § in [0, 7] there exists at least one and at most two
a’s such that each of the two equations is satisfied.
The derivative of g;; is
) — e Qleost)
Y "7 Dy ()52
and it vanishes for

—ry — 17+ \/rf + 14772 + 1)
Qij(COS 0%]) =0 = cos Qij = o € (O, ].)
’T‘ZT]

By looking at the sign of the second degree polynomial );;, we conclude that g;;(f)
is increasing from 0 to its maximum on [0, §;;] and decreasing to 0 on [¢;;, ]

Lemma 2.3. For every 6 € [0, 7], g13(0) < ¢12(0) and ¢15(6) < go23(6). (See Fig.

21

Proof. We claim that 0 < ¢15(0) < ¢15(0) and g}5(7) > g15(7) > 0. Indeed, using

2.2}

rirs
915(0) = —F75(0) = rs— 118 >0, and g,(0) =

e

(7“2—7“1)3’



ON SEIDL-TYPE MAPS FOR COULOMB COST 9

thus

915(0) < ¢15(0) <= 7r3(ry — r)? <ra(rs — 1)’

which is weaker than (|1.6)).
On the other hand,
i3

gig(ﬁ) = —F1//3(7T) = —m <0, and 912(7) = -

172
(ry +19)3
thus
G13(m) > gho(m) == r3(r1 +19)° <ra(rs + 1)’
which is once again weaker than (1.6]).

Moreover, the equation g13(6) = g12(6) has at most one solution in (0, 7), since
we have the following chain of equivalent equalities:

g13(0) = g12(0)

™rs _ rre
Di5(0)3/2 D12(0)3/2
2/3, 9 2 0) — 2/3, 2 2 0
r3 (r{ + 15 — 2rorscost) = ry’°(ri +r; — 2rirgcosf)
2/3 2/3, 4/3 4/3 2/3 2/3
cosf — 7"2/ 7"3/ (7”3/ - 7"2/ ) - 7"%0"3/ - 7"2/ )

2r11y 5 " =)

Recalling that both gi3 and g1 vanish at the endpoints of [0, 7], we get the thesis.
An analogous argument applies to the comparison between g3 and gs3. U

Remark 2.4. Tt follows from the Lemma above that for every value of g;3, and so
for every fixed [, there exists at least one o where g1a(«r) takes the same value.
If the value of g3 is not the maximal one then there are exactly two different o’s
such that the value is achieved. The same holds for go3(a — /3). See figure below.

Lemma 2.5. If cosf € (cosb;;,1) then
g;j (9) < g;j (0)

if cosf € (—1,cos0;;) then

cos ) — cos 8;;
1 — cos 0;;

cos ) — cosb;;
"0) < o (1) — Y
gzg( ) gz](ﬂ-> —1 — cos Qij
Proof. We omit for simplicity of notation the indices ij. Recall that
rir;iQi;(cosf)
9(0) = — 2J_ ) o 5/2
(réz + r$ — 2r;r; cos 0)
rir;Qij (1)

(r7 + 77 = 2mr;t)3/2

= h(cos ),

where h: [-1,1] = R, h(t) =
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g12

g13

FIGURE 2.1. The relative position of the graps of g12 and g3 on
the interval [0,7]. However the strict inequality betwen the two
maximal values is not proved. See Lemma [2.3]

The thesis is a weak version of the convexity of h: if h is convex, then the
inequalities hold by applying the Jensen’s inequality separately in the intervals
[—1,cos6;;] and [cosB;;,1]. It could happen, however, that h has a concave part
between —1 and a certain threshold £, and then it is convex. In this case we prove
the following:

e h;; is decreasing between —1 and a certain threshold o, where it reaches

the minimum;
e £ <o, i.e., in the interval [o, 1] the function is convex.

Then we deduce that, for —1 <t < o,

t — cos 0;;

hij(t) < hij(=1) < hii(=1)

(recall that h(—1) is negative).
On the other hand, for o <t < cos 6,5,
h(t) < line joining (o, h(c)) and (cosb,;,0)
< line joining (—1,h(—1)) and (cos;;,0)

since o is a minimum point. See Figure [2.2] for a more clear graphical meaning of
the proof.
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cos 0;;

h(t)

FIGURE 2.2. A graphical understanding of Lemmal[2.5} the function
h(t) stays below two segments.

Here come the computations:

rir2t? 4 5ryry (] + vt 4+ — 137 + 1)
(r7 + 77 = 2ryrt)7/?

W () =

We have that h'(t) = 0 for

—5(r2 +1%) £ /2Lrf + 102202 + 211
t= .

27’1'7’]'

Observe that the smaller solution is always outside the interval [—1, 1], since

—5(r% 417) — \/21r;.1 + 10222 4 2174 < =102, < =27,

Denote by o the bigger root.
We move on to the second derivative:
ririt? 4 Orgry (r7 4 vt + drf — 27rir} 4 4r)

h"(t) = 3ryr;
J (r7 + 17 = 2ryrt)9/2

11
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We have that h"(t) = 0 for

—9(r? +72) + \/65r;1 +270r2r2 + 6574
t= .

27”1'73

As above, the smaller root always lies outside the interval [—1,1]. Denote by &
the bigger root. Now we prove that o > £ for any choice of the values 0 < r; < r;.
By homogeneity, denoting by u = 77/ 7’]2- € (0, 1), it suffices to prove that

—5(1 4+ u) + V21u2 4+ 102u + 21 > —9(1 4 u) + V65u2 + 270u + 65,

i.e.,

4(1 4 u) + vV21u? + 102u + 21 > V65u2 + 270u + 65
37u* + 134u + 37u 4 8(1 4 u)v/21u2 + 102u + 21 > 65u” + 270u + 65
8(1 + u)V3V7u? + 34u + 7 > 28u® + 136u + 28
2V3(1+u) > V7u? + 3du+7
12(1 +u)? > Tu? + 34u + 7
5(1 —u)* >0,

as wanted. N

Now the idea is the following: in view of Lemma , the first equation of
implicitly defines two C'*® functions a(f) and o, () such that ap(0) = 0, a(0) =
7. Analogously, the second equation implicitly defines two functions ay(f) and
a(B) such that ap(0) = 0, a,(0) = .

We want to prove that each curve oy, intersects each curve a, only in 0 or
7. By sign considerations, we notice that the first equation implies «(f3) € [, 27|
and the second equation implies a(5) € [3, 7 + (]. Hence, the possible solutions
lie in the region 7 < a < 7+ 3, and when considering the whole torus T? the
region has a “butterfly” shape.

This already shows that the curves ag(8) and ay(5) do not produce solutions,
since we have that f—7 < () < 0and 0 < ap(8) < w. Thus we can concentrate
our attention on the curves «, and a,.

The key observation lies in the fact that

T <a,(8) <7+ a.(0)s,

i.e., the function () stays below its tangent line at 8 = 0 (see Picture [2.4).
Likewise, the function a, () stays above its tangent line at 8 = 0. This allows us
to conclude that they do not intersect since, as we will see, the condition is
equivalent to o/ (0) < & (0).
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2T
&%)
O
aﬂ'
T
ors
0 ™ 27

FIGURE 2.3. In blue, the “butterfly” region of admissible solutions
to optimality conditions (2.3). In black and orange, a plot of the
curves o and &g, in the region 0 < g < 7.

Lemma 2.6. For 8 € (0,7) let () be the solution of
913(8) + gij(a) =0
a(0) = a(r) = 7.
Then
T <a(f) <m+a'(0)s.
(See Figure for a graphical understanding.)

13
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2T

() T+ a,(0)3

T+a (0)8

0 T

FIGURE 2.4. A graphical understanding of Lemma the func-
tion a,(f) is confined by 7 < a,(8) < m + . (0)3, and similarly
T+ a(0)8 < a,(B) < 7+ B. This implies that the intersection
between «, and a, is only at 8 = 0.

Proof. Differentiating in g we get
/ / / _ / _ 913(6)
gl3(ﬁ)+a(ﬂ)gz](a(ﬁ)) =0 = a(ﬁ) - _g;j(a(ﬁ»

Take 5 € (0, 613), where 63 is the critical value of g;3, so that cos 5 > cos 613. By
Lemma 2.3 we have that o € [, 21 — 6;;], because the equation g13(6) 4 gi;(a) = 0
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has two solutions in the interval [7,27] and by definition « is the leftmost one.
Using Lemma [2.5( we have

913(0) cos B —cosbhs —1 —cosb,;

o/(B) <

= —gi;(m) 1—cosfy cosa(B)—cosb;

= a/(0) > 0, it suffices to show that

cos 3 —costlis —1— cosb;;

1 —cosths cosa(f)—cosb;; —
Let & = a(f) — m, so that 0 < & < 5. We must prove

cos f —cosbys 1+ cosb;; <1
1 —cosbhy cosa+cosby; —

(1 + cosb;j)(cos 5 —cosbyz) < (1 — cosbiz)(cosa + cos b))

(cos B — cos @) + cos b;; cos B + cos b3 cos @ < cos b, + cos bO;3.
But this is true, since @ < § = cos 3 — cosa > 0 and clearly
cos 0;; cos 3 + cos 63 cos & < cos 05 + cos ;3.

We got the desired inequality for g € (0, 6,3). However, for 5 > 613 we have
o'(B) < 0, hence the line o/(0)3 is increasing and the function a(f3) is decreasing,
giving the inequality for every f. U

By Lemma [2.6| we obtain that the function a(f3) lies between the horizontal
line @ = 7 and the line o = 7 + o (0)8 (strictly for § > 0). Recall that the
function a, (/) satisfies the second equation of the stationary system ((2.3)))

rirgsind rorg sin(@ — 3) 0
Di3(B)*?  Doz(a — B)*2
with a,(0) =7, a,(m) = 27.
By a change of variables &(f) = 27 + § — @, (), we get that & satisfies

913(B) + g23(@) =0
G(0) = () = 0,

hence 7 < a(B) < ™+ &'(0)0, i.e.,
T+ a (0)8<a,(B)<m+p

for § > 0. So the idea is that the two lines provide a separation of the curves, so
that no intersection can happen except at the starting point.
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We conclude by observing that the condition (1.6) is equivalent to &’ (0) >
a! (0): indeed we have

™

G13(B) — gas(a- () — ) =0 =

&;(0) — 14 9/33(0) — 1 ™rs (7“2 + 7’3)3 _ 7’2(7“3 - 7“1)3 - 7‘1§7“2 + 7’3)3
a3(™) (rs —m)*  rar3 ro(r3 —717)
and / , ,
o (O) _ 91/3(0) _ rirs (7"1 + 7“2) _ 7’3(7“1 + 7“2) .
" —g12(m) (r3 —m1)®  1imy ro(rg —11)3

3. CONSEQUENCES OF THEOREM

When p satisfies the assumptions of Theorem 2.1 we know that
1 1 1
+
To + 171 T3+7’2 r3 —17T
for p-a.e. (r1,7m9,73) € [0,81] X [s1,82] X [s2,+00). The key observation lies in
the fact that this can be viewed as a 1-dimensional Coulomb cost for points
—r9,11,73 € R. We can now rely on a somewhat well-established theory for the

Coulomb cost in dimension d = 1.
This allows to prove Theorem [I.3

c(rla T2, 7”3) =

Proof of Theorem[1.3 This is a direct consequence of the one-dimensional result
presented in [6]. Indeed, we can consider the absolutely continuous measure p €

P(R) defined by
p(z)  x€]0,s1]U|[sq,+00)
ple) = q p(=x) = € [=s52,—51]
0 otherwise
and observe that the DDI map T for p corresponds to the optimal increasing map
S defined in [6].
The optimality follows from the fact that c(z, T(z), T*(z)) = cip(y, S(y), S*(y))

for p-a.e. x € [0, 5] and p-a.e. y € [—sa, —s1], where ¢;p is the Coulomb cost on
the real line, as observed above. O

The idea of the first part of the the proof of Theorem is to show that on
the support of the DDI map, the c-cyclical monotonicity is violated. We prepare
a couple of technical results.

S1 1+ 2\/§

Lemma 3.1. Let — >
S92

2 1 1 V3 1 1

> .
32+e+232+6+231+6 s1;—e s M—e¢

. Then there exist €, M > 0 such that

(3.1)
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Proof. When e = 0 and M = 400, the inequality (3.1]) reads
2 1 IRVA TS|

S9 289 28, s S1

2v3+1
which is equivalent to 5 > %
52
By continuity, there is a small € such that
2 1 1 3 1
- Lv3 1
So + € 282+6 281+€ S1 — € S1
Now choose M big enough such that the desired inequality (3.1]) holds. O

Remark 3.2. We recall the polynomial condition (|1.6)):
TQ(T?, — 7"1)3 — 7”1(7"3 + T2>3 — 7"3(7“1 + 7"2)3 Z 0

For fixed r1 and 79, the cubic polynomial in r3 that appears on the left-hand side
of (1.6 has three real roots. They are given by the following expressions:

5rime 4+ 15 & (r1 + 12) /75 + 12117 — 41}
2(7’2 — 7"1) ’

Since we are only interested in the region where r3 > 0 and since

—Ta,

5riry + 12+ (r1 + 12) /73 + 12111y — 41
2(7’2 — 7’1)
is the only positive root for every value of 0 < r; < 79, the condition (|1.6)) can be
rewritten as

5117 + 13 4 (11 + 12)\/T3 + 12r 179 — 477 -
T3.
2(7"2 — 7“1) =3
Remark 3.3. In [8], a crucial role was played by Lemma 4.1. In our framework this

lemma can be obtained as a consequence of Theorem by choosing (following
the notation of [§])

olrv ) = 2

ry > max  @(ry, 7).
[y i Ixlry 3]
If rf < ry, as assumed by the authors in [8], then the maximum above is a real
number and the threshold r; can be fixed. Thus our result gives a quantitative
optimal version of their choice. Moreover, Theorem allows us to deal with the
case in which there is no gap between 7" and r, , since we have an explicit control
of the growth of p(ry,72) as r; — ro.

Before the next lemma we introduce the notation ¢, (ry, 2, 73) for the Coulomb
cost of the configuration where all three points are placed along the z-axis so that
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the angle between v; and v is 7 and the angle between v; and vs is 0; following
our general line, the vector v; lies along the positive z-axis. In other words

CW(T’1,T277”3) = C(T177’277”3>7T;0) .
Lemma 3.4. Let s1,89,¢ and M as in and let (r1,79,73) € (0,€) X (s2 —

€,82) X (82,80 +€) and (1,0, l3) € (51 — €,51) X (51,81 +€) X (M, 400). Suppose
that the condition (3.2)) is satisfied by both (ri,72,73) and (¢1,4s,03). Then

c(ry,ro,r3) + (b1, €y, ls) > c(l1,79,73) + c(r1, Lo, l3).
Proof. Since the condition (3.2)) is satisfied, we have
1 1 1

ri+ry ro+rs r3—mn
1 1 1

= + +
So+€ 2s9+€ Sy+te

C(T1,7“2,7”3) = Cw(Tl,T2,T3) =

and

1 1 1
b bo b) = exlly, oy ) = + e Y

S 1 n 1
—2s1+€  My+ U
Now we analyze the other side. Since ({1, {5, (3) satisfy and r; < /1, then
also (11, €3, 3) satisfy E|, so that

+ 0.

1 1 1
Uy, l3) = iy 7€7€ =
C<Tl> 25 3) ¢ <T1 2 3> r1+€2+€2+€3+€3_rl
1 1 1
< —+

+ .
S1 62 + 63 M —¢
For the other term we have

V3

V3
0(6177"277’3) S CA(£17T27T3) S CA<€1,£1,€1> = €— S ,
1 §1 — €
2m Arm
where ca(ry,re,r3) = C(r1, 72,73, —, — ) denotes the cost when the angles are the

ones of an equilateral triangle. The second inequality follows from the fact that
we are keeping the angles fixed, but decreasing the size of the sides. By comparing
the expressions and using Lemma [3.1| we get the desired inequality. U

Finally we come to the proof of Theorem [1.5

Proof of Theorem We divide the proof in three steps: 1) the non-optimality
of the DDI map, 2) the non-optimality of the other maps in the class {D, I}
and 3) the existence of smooth counterexample densities. In the first two steps
we follow the ideas of [8, Proof of Counterexample 2.7].

2It can be computed that ¢(r1,72) it increasing in r;.
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Step 1) The non-optimality of the DDI map: We fix ¢, M according to
Lemma Since p is fully supported and T is continuous, we have

T(x) — s, and T?(x) — s5 as 2 — 0,
and
T(x) — s and T?(z) — +oo as . — 57 .

This allows to choose triplets (ry,re,r3) and ({1, 02, ¢3) as in the hypothesis of
Lemma [3.4] such that

(T17T27T3) = (IE,T(ZL‘),T2(ZL‘>) and (61762763) = (y7T<y)7T2(y))'

Apply Lemma[3.4]to conclude that the support of the DDI map is not c-cyclically
monotone.

Step 2) The non-optimality of the other maps in the class {D,I}® We
assume that S is the DID map. The proof for the other maps of the class {D, I}*
requires slightly different choices of intervals, but the idea is the same. It suffices
to find two triples of radii (I,S(1),S*(1)) and (r,S(r), S*(r)) where I, € [0, 5]
such that

c(l,S(1), S*(r)) + c(r, S(r), S*(1)) < c(l,S(1), S*(1)) + c(r, S(r), S*(r))
To this end, let us show that
There exist parameters & € (0,5), 3 € (s1,52), and M > s, such that
¢ = ¢, on the set (0,a] x [, s3) x [M,o0) and
for all 7 € (0, &) we have S(r) € [§, s2) and S*(r) € [M, o0). (3.3)
Let us pick an a € (0,s;). We set 3 = S(a) and M = S*(a). A comment: The

DID map S maps the interval (0, o] first to the interval [, s2) (by S) and then to
the half-line [M, oo) (by S?). By Lemma 4.1 in [8] we can fix a M > s, such that

¢ = ¢, on the set (0,0 x [, 52) x [M,00).

If M < M, we can choose in & = « and B = B, and the claim follows. If
M > M, we choose & = S(M) and 3 = S?*(M), because now by the monotonicities
of S we have that (0,a] C (0,) and [, s3) C [B, s2).-

Now let us prove that the DI D map is not optimal. We fix intervals I C [0, s1]
and J C [s1, s2] and a halfline H C [s5, 00), given by Condition (3.3). We also fix
points r, 1 € I; without loss of generality we may assume that [ < r. By the choice
of I, J and H we have ¢ = ¢, on the Cartesian product I x J x H, and therefore
we have

c(r, S(r), S*(r)) = cx(r, S(r), S*(r)) and c(l, S(1), S*(1)) = c(1, S(Z),SZ(Z))(3 )



20 UGO BINDINI, LUIGI DE PASCALE, AND ANNA KAUSAMO

Denoting
x1=—S(), xo = —9(r), 13 =1, vy =71, x5 = S*(r), and z¢ = S*(I),

we have six ordered points on the real line. As has been proved in [6], the optimal
way of coupling these points is

(1,23, x5) and (2, x4, Tg) -
Therefore, denoting by c¢;p the one-dimensional Coulomb cost, we have
c1p(x1, w3, x5) + c1p(xa, T4, T6) < c1p(T1, T3, T6) + C1p (T2, Ty, T5) -

By Condition this is equivalent to

cip(w1, w3, 25) + c1p (29, 24, 16) < (1, S(1), S*(1)) + c(r, S(r), S*(1)). (3.5)
By our choices the points x; we have

cip(w1, w3, 25) = ¢:(1, S(1), S*(r)) and c1p(re, 74, 76) = cx(r, S(r), S*(1)) .
Combining this with Condition gives

cx(1,S(1), S%(r)) + cx(r, S(r), S*(1)) < c(l, S(1), S*(1)) + c(r, S(r), S*(r)). (3.6)

The radial cost ¢ is obviously majorized by the cost ¢, for all radii, so we get

c(l,S(1), S*(r)) + c(r, S(r), S*(1))

< e (1,S(1), S*(r)) + cx(r, S(r), S*(1)) a<) c(l,S(1),S*(1)) + c(r, S(r), S*(r)),
where the inequality (a) is Condition (3.6). So all in all
c(l,S(1),S*(r)) + c(r, S(r), S*(1)) < c(1, S(1), S*(1)) + c(r, S(r), S*(r))

contradicting the c-cyclical monotonicity of the map S as we set out to prove. [J
Step 3) The existence of smooth counterexample densities: As noted
in the Remark , the polynomial condition can be solved for r3 and trans-
formed into
r3 > @(r1,72),
where

5rime + 15 4 (r1 + 12) /73 + 121179 — 41}
2(7”2 — 7“1) '
If we study this condition on the ‘graph’ of the DDI-map
G = {(z,T(2), T*(x)) | = € [0,51]},

that is, if we plug in (ry,rq,73) = (2, T(x), T?(x))), we see that the main assump-
tion (|1.7) of this theorem can be written in the form:

T?(x) > ¢(x,T(x)) for p-a. e. x € (0,s;).
This condition is satisfied whenever
T*(z) = ¢(x,T(x)) + h(z) (3.7)

Sp(rlv TQ) =
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where h : [0,s,] — R is strictly positive with h(0) = 0. The expression ({3.7))
gives us an efficient way to construct counterexample densities. We can choose
the densities p; and ps on the respective intervals [0, s1] and [s1, s3] in any way we
like. Then we define the tail for the measure (formally: pli,00) =: p3) by setting

ps = (p+hp1 =Tip (3.8)

for a suitable p;. Above we have abbreviated ¢(x) = p(z,T(z)), and we will use
the same abbreviation in the following. Note that once the densities p;, and ps
have been chosen, the function ¢(x) is well-defined for all x € (0, s1) because the
DDI map T that maps the first interval to the second one is determined by the
densities p; and ps.

In the beginning of this theorem, we have already assumed that the densities

1+2v3

s
Pll0,s5] = p1+p2 satisty EES . If we further assume that p;, po are smooth

52
(5] > ; (which will be motivated below), and then

2
define the tail according to (3.7)) choosing a specific h to be defined shortly, we
actually get a smooth counterexample density.

First we illustrate how to generate a continuous density. We plug in the expres-
sion of ¢ the point (z1,22) = (z,T(x)) and compute the derivative with respect
to z. We omit the slightly tedious computations because they are not important
for expressing the idea of the counterxample. At x = 0 the derivative reads

'(0) = 5(6+T7(0) + 1+17(0) +8) = T'(0) + 7.

By choosing pi, ps and h smooth, the continuity is clear everywhere except at the
point sy. In particular, we must study the condition p(s;) = p(s3).

Abbreviating for all x € (0, s1) ¥(x) = ¢(x)+h(x) and using the Monge-Ampére
equation for T?(x) = ¢ (z) we get

and satisfies the assumption

plx) = ¢ (x)p(i(x)). (3.9)
Analogously, using Monge-Ampere for T'(z) we get
p(x) = —p(T(2)T'(z). (3.10)

Putting z = 0 first of the two gives us p(s3) the second one gives us p(s, ) and
from the equality

W(0)p(s3) = =T'(0)p(sy)
we get

R'(0)+7+T'(0) =-T"(0),
that is,

Tﬂn:—%mﬂn+n. (3.11)
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Setting x = 0 in (3.10)) gives 7"(0) = —%, and combining this with (3.11)) leads
P\S2
to the condition )
P L,
=—(h(0)+7
p(SQ) 2( ( ) + ) ?
that is,
woy =229 7
p(s2)

This is the condition our auxiliary function h must satisfy to guarantee the conti-
nuity of the density p. As will be shown below, we will also need to assume that
the first derivative of h is strictly positive, this is why the final assumption on
p(0)
p(s2)

7
the values p(0) and p(sy) must read >3- that is, the inequality has to be

strict.

About the differentiability of the counterexample densities
Let us see what the condition of p being differentiable at s, looks like, in terms
of densities. The differentiability of the rest of the tail is guaranteed by the
smoothness of p1, po, and 1.

We write the Monge-Ampere equation for :

V(@)p((x)) = plx) = € (0,51).
We differentiate n-times both sides with respect to x:

n n %
> (k) W"‘“”(%)%p(@b(w)) = p"(z)

k=0
and we compute for x =0

> (1)e o [fnwe)] =m0,

k=0

Suppose that we already defined /(0),..., ™ (0). The only term containing
R"D(0) is obtained for & = 0 in the LHS, and reads ™" (0)p(s,). Hence we
can isolate it and get

S0 = 90 = 3 ()0 [ptuan]
k=1 k d.]?k =0

Since p is positive everywhere, in particular p(sp) > 0 and get a well-defined
expression for A" (0) depending on #’(0), ..., h(™(0) (already previously defined
by induction). The base step is given by h(0) = 0.

Now by Borel’s lemma there exists a smooth function f : R — R such that
f® = h® for all natural numbers k. Because h'(0) = f'(0) > 0 and h(0) =
f(0) =0, there is a 6 > 0 and an interval [0, 0] such that f(z) > 0 for all = € [0, 0]
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We now choose our h to coincide with f in the interval [0,2) and to be constant,
equal to f(d) on the interval [§,00). On the interval (2,§) we join these two parts
smoothly, so that the function A is smooth on all of its domain [0, c0) — obviously
at 0 we mean by smoothness the existence of all derivatives from the right. Now
by using the h generated above and by defining the tail density p3 according to
(13.8)) we get the existence of smooth counterexample densities. U

APPENDIX

Proof of the equivalence of the radial problem with the one-dimensional problem
stated in the introduction.
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