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Abstract.

This thesis is devoted to the study of the Random Euclidean Matching problem in the case of exponentially and
polynomially decaying densities. Such problem consists in finding the optimal matching between a sequence
of independent random variables with common probability distribution p taking values in a domain Q C R¢
and their reference measure. Such points are denoted by {X;}" ;. Here optimal refers to the cost function
determined by the power p of the Euclidean distance. More precisely, the problem is to estimate for very large
n the expectation E of the cost function determined by the p-Wasserstein distance between two measures: the
first one is the empirical measure on the points X; and the second one is nu. Briefly speaking, one has to match
each point X; to a region ; C 2 such that u(Q;) = % in such a way to minimize the Euclidean distance.

There are two reasons why one could be interested in studying such quantity. The first one is that it is the
semi-discrete version of a problem in which one has to match a sequence of iid points X; to another sequence
of iid points Y;. But it creates much less technical difficulties since in our case one of the two measures is
absolutely continuous with respect to the Lebesgue measure. Furthermore, the problem is interesting in its own
right because it is related to the estimation of the averaged Wasserstein distance W), between n points sampled
from the distribution p (the empirical measure) and the distribution itself.

Such problem has been deeply studied in the case of variables distributed on bounded connected domains
with uniformly positive probability densities, but the results concerning the case of points distributed according
to a probability density supported in R¢ were much less. There were partial results and conjectures for the
Gaussian density in the case p < d and no conjectures at all for p > d. This thesis investigates that direction: we
focus on radial probability densities p supported in R¢ with an exponential and polynomial tail. The Gaussian
density is one of these.

Our purpose is to prove asymptotic estimates for the expectation E of the cost function we described above
in the case of iid points distributed with a probability measure whose density has an exponential and polynomial
tail. The strategy of the proof is to adapt the results in the case of bounded connected domains Q.

In the very first part, we focus on the rigorous definition of the problem and on the state of the art.

Then, we recall some basic notions and we prove the result we mostly need. In particular, since the Random
Matching problem finally turns out to be an Optimal Transport problem, in the following we focus on the
couplings between two measures, the Optimal Transport maps and the Benamou-Brenier formula, which leads
back the Wasserstein distance to a PDEs problem.

Another part is devoted to the concentration properties of binomial random variables, since, given a sequence
of iid random variables, the number of them in a fixed region is finally a binomial random variable.

Then, since one of the main difficulties in the strategy we will use is the concept of geometric decomposition of
the domain, we will need also some extra tools, which we will focus on later. Indeed the geometric decomposition
in our case is performed exploiting the symmetries of the density. In particular, to partition the space in much
smaller regions, we use the Exponential Map, that projects the tangent space to a manifold (in our case, the
sphere) on the manifold itself, and the Haar measure, i.e., the left and right-invariant measure, on the orthogonal
group. Therefore some Chapters are dedicated to this.

In the very last Chapter we prove our main result: we find a critical exponent p° ¢ at which the rate of the
expectation of the cost function for exponentially and polynomially decaying densities changes abruptly. Such
p°Ti¢ depends on the density itself and on the dimension. As we said before, the way we prove it is inspired by
the results in the case of bounded and connected domains, but, in order to adapt the proof to an unbounded
domain and to a probability density vanishing for large |z|, we need to exploit the radial symmetry of the
density. Indeed all the estimates used in the compact case fail in our setting. Our result is the following: we
determine the rate of the cost function for any p and d and, for p < p, we prove some more precise estimates
about the limit of the cost function divided by its rate.
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Chapter 1

Introduction.

The main topic of this thesis is the the Random Matching problem for distributions with unbounded support.
The base example is the Gaussian distribution, but we consider the general case of radial distributions that
decay exponentially and polynomially. We first define the random matching problem, then we focus both on
the case of uniform and not uniform densities on bounded and connected domains. Finally we focus on the case
of unbounded domains, and we come to the exponential and polynomial densities.

1.1 The random matching problem: the state of the art.

The random matching problem is the problem of finding the best coupling between two independent samples
of iid random variables. More precisely, the problem is stated as follows: one has two sequences of independent
random variables { X;}7 ; and {Y;}", with a probability distribution ; on R? (let us denote them by variables
of type X and of type Y'), and one defines a cost function as follows. If one denotes

Sy = {permutations of {1,...,n}},

the cost function CP¢, with p > 1, is defined as

P:d . — i — Y, |P. 1.1.0.1
cr mgnZJXZ Ys, (1.1.0.1)

oesSy £
i=

In other words, one has to match each random variable of type X with only one random variable of type Y, and
then take the sum of the power p of the distances. Of course, the previous quantity depends on the realization
of the variables X and Y, and therefore one is interested in the average of the cost function. Therefore, if E is
the expected value with respect to the law of the random variables, the quantity one investigates is

E[CE4],  for n > 1.

One can reformulate the previous problem in terms of Wasserstein distance between two measures p and v,
which we will define rigorously in Section 2.1. Briefly speaking, such distance is the infimum of the quantities
|z — yll Lr (@x,dx) among all the possible couplings 7 of y and v.

It is possible to show (see for instance [10]) that

crd = wr (Z 5X,.,Zayi> : (1.1.0.2)
=1 =1

Let us spend a few words about the equality in (1.1.0.2): the upper bound is immediate to prove, indeed it is
enough to notice that for any o € S,, the measure

n
Ty 1= E 0X,, Yy, s
i=1

is a coupling of .7 | dx, and Y ;" ; dy;, and then to minimize among o € S,,. The validity of the lower bound
reflects the fact that the best coupling one can find between such measures is, in fact, a one to one matching
between the points.

This problem has been studied by several authors, and we are going to focus on the state of the art starting
with the uniform case (we are going to generalize later).



1.1.1 The uniform matching.

By this expression we mean that the problem taken into account is the case in which the points are independent
and uniformly distributed on [0, 1]%.

The scaling hypothesis. An heuristic argument in [29] explains why one would expect that, at least in the
case of iid random variables uniformly distributed on the hypercube [0,1]¢, the quantity above should have
order n'~ 4, that is, for a constant C' > 0 one should expect that

p,d
ElC 0.0,

PR (1.1.1.1)

s

where here and later ~ means that for any n € N the left hand side is bounded from above and below by the
right hand side (for some positive constants). We added to the notation of the cost the domain where the points
are distributed in (in this case [0,1]¢) and their distribution (in this case dz, the uniform measure).

The argument why one should expect the behavior in (1.1.1.1) is the following: the averaged distance between
a point of type X and the associated point of type Y should have order n_é, since one has n points in a space
of measure 1 and in dimension d. Hence, taking the power p and then summing over i one gets n'~4. In fact,
this does not happen in dimensions d = 1 and d = 2, but it holds if d > 3. That is, in the case of uniform iid
random variables, the rate is the following:

ns d=1,
E[O [Olddz] X fpi=n 1ma (IOgn)% d=2, (1'1'1'2)
1 d> 3.

The case d = 1 has been deeply studied in [14] (see also [3, 4, 8]), and the scaling of the expectation of the cost
can be computed by direct inspection (the optimal matching is the monotone one in dimension 1).

We will mostly focus on dimension d > 2.

As for the case d = 2, the presence of the extra logarithmic term has been proved in [3].

/\//[ H/
N f/ 7

Figure 1.1.1.1: Optimal matching on [0,1]? with n = 29.

The case d > 3 has been studied in [5, 16, 17].

In dimension d = 1 and d = 2 the averaged cost is much larger than expected, and this fact can be understood
as the proof that the typical distance between a point of type X and the associated point of type Y has order
n~2 in dimension d = 1 (instead of n=!) and n~2 (logn)2 in dimension d = 2 (instead of n~2). Briefly speaking,
this difference between the small dimensions and the higher ones is due to the variance of the number of points
in each subset of the hypercube [0, 1]%.

Let us point out that the validity of (1.1.1.2) has been proved in [25, Section 4] even in the case of iid points
on a compact Riemannian manifold such as, for instance, the d — 1-dimensional sphere.

The existence of the limit. The case p = 2 has a special role in optimal transport, hence we begin with
focusing on that.
If d = 1 the cost can be computed explicitly and on the interval one has

lim IE[C' L

an Sl 10,1, ) = 6 (1.1.1.3)

The same can be done replacing [0,1] by T' = R/Z and § by 5 (see [14]). The reason why the cost on the the
one dimensional torus is asymptotically smaller than the cost on the segment is that the segment can be closed
to get a torus, hence the distance between close points decreases.
As for the case p = d = 2, we mentioned in equation (1.1.1.2) that, if the points are independent and
uniformly distributed on [0, 1]?, then
2,2 —
E[C’n7[071]27dr] ~ logn,



and later it has been conjectured in [13] that

E[Ca7 I
lim —l®tPdes = (1.1.1.4)
n—00 logn 2
even if one substitutes [0,1]* with T? = R?/Z?. This conjecture is based on optimal transport tools and it
has been proved but, before stating the complete result, we have to mention another problem that has been
introduced. That is, one can consider

cod = W <Z 6Xi,nu> : (1.1.1.5)

i=1

where y is the uniform measure on [0, 1]2. This can be done in general, that is, for any sequence of iid random
variables {X;}$2, with common distribution y, by the law of large numbers the quantity % i Ox, converges
in probability to the reference measure. Hence one can substitute one of the two sums of delta functions with

n 1 n
Zéyl:an&/izny, for n > 1.
i=1 i3

The point of doing this is that from a technical point of view the estimate of the distance between two measures
one of whom is absolutely continuous with respect to the Lebesgue measure is easier than dealing with two
singular measures. This problem is sometimes referred as the semi-discrete matching problem, and it corresponds
to associate to each point X; a region of [0,1]? (or of Q C R? if {X;}%°, take values in (), instead of another
point Y;.

The rate (in n) is exactly the same as in equation (1.1.1.2), only the constant changes. Hence, when we refer
to one or the other the estimates about the rate estimates are the same and we omit to say it.

Theorem 1.1.1 ([4, 1]). Let {X;,Y;}2, be a sequence of iid random variables uniformly distributed on a
compact Riemannian manifold X with no boundary and measure 1, or on [0,1)2. Then, if CP¢ and CP? are the
cost functions defined respectively in (1.1.0.1) and (1.1.1.5) and m is the uniform measure on X, it holds

R[C22 1 R[22 1
T et N S T o N (1.1.1.6)
n—oo  logmn 2m n—oo  logmn 4m

Concerning the previous Theorem, in [1] the authors have proved the same results as [4] with different
methods. Therefore some estimates have been improved: indeed the authors proved that

< y/lognloglogn,

where in the previous expression and in the following the symbol < means that the left hand side is bounded
by the right-hand side for a positive constant. Such estimate has been further improved in [21], as follows:

logn
47

~ 1
’ —W‘gloglogn.

Moreover, for different exponents p > 1 and dimensions d > 3 there are results which exploit subadditivity
arguments and state that the limit of the expectation of the cost function in the uniform case divided by the
correct rate does exist (see [16, 9, 5, 23]), but, up to now, it is not known its value.

We shall denote by ¢/} and ¢ the limits of the expectations of the cost divided by the correct rate respectively
for the bipartite matching and for semi-discrete one, that is

[cr) E[Ch]

= lim and & := lim (1.1.1.7)

n—oo  fy, n—oo  fp ’

with f,, defined by (1.1.1.2).
Let us point out that, using this notation, thanks to (1.1.1.3), (1.1.1.4) and (1.1.1.6) one has

1 1
61:6’ 03:% and é% i

1.1.2 The not-uniform case.

Another case has been later considered, that is the case in which the random variables are iid on Q C R¢ with a
probability distribution du = pdx absolutely continuous with respect to the Lebesgue measure. We begin with
the case p = d = 2, which is the only one in which the limiting constant is explicit.



The case p =d = 2. It has been proved that if the points of type X and Y are iid distributed in a bounded
and connected domain Q C R? with Lipschitz boundary and according to a probability measure du = pdx, with
p a-Holder and uniformly bounded from above and below by strictly positive constants, then the expectation
of the cost function is asymptotically the same as the uniform case except for a correction constant due to the
volume of the domain. That is, the following result holds.

Theorem 1.1.2 (|7, 2|). Let {X;,Y;}2, be a sequence of iid random variables on Q@ C R? with probability
distribution du = pdx, where € is a bounded and connected domain with Lipschitz boundary and p is a-Hdélder
and such that % <p<C, forC>0. Then

2,2 ~2,2
E[Cn,ﬂ,u] @ and ]E[Cn,ﬂ,p,} @

. 1.1.2.1
logn n—oo 27’ logn  n—ooo 4r ( )

Let us spend a few words about this result. The idea used by the authors is the following (we use the case
of bipartite matching but the idea is the same): if one decomposes 2 in a disjoint union of squares {Q,}; (in
fact, one has to use a Whitney partition), denoting by o € S,, the optimal assignment, one has

~>"E Yo Xi-Y,
J

:X;,Ys, €Qj

n

Z |Xl - YUz‘

=1

2

E[C2? ] =E 20, (1.1.2.2)

where in the approximation one pretends that the contribution of the points matched with other points outside
the same square is negligible.

Here and later the symbol ~ is used to mean that the left hand side divided by the right hand side is
asymptotic to 1 for large n.

If one chooses the squares small enough to transport the points distribution p|g; into the uniform one (and
this can be done if p is regular enough), in the right hand side of the expression above one finds the cost of the
bipartite matching of iid random variables uniformly distributed on @;, which is a square of side L;. Hence, if

Q; =q; + 0, LjF,
one has
Xi—q Yo, —q

X =Y, P = L] | = — =~
L L

2
= |Q)l1X; — Yo, 1%, (1.1.2.3)

where the points X and Y are iid and (almost) uniformly distributed on [0, 1] if X and Y are (almost) uniformly
distributed on @);.

The number of points of type X and Y in @, is a random variable too (let us denote by n(Q;) the number
of points of type X in @;) and its expectation is

Eln(@))] = ni(Qs) =n | dop(a). (1.1.2.4)

Qj

Hence, combining (1.1.2.3) and (1.1.2.4), one can approximate

E SIXi - Y,

1:X;,Y,, €Qj

1 .
| = Q[ o] = 1QIE |5 toatn@i)] = S togtuty). (11:25)

in such a way to get by (1.1.2.2)

8022, ~ 3 1Ll iognu(@)) = 3 L iogn + 3 Dl iog(u(@)) = Piogn+ (0,
J J

J

where C'(2) is a constant depending on 2 and on p. This estimate is the reason why, up to some approximations,
one should expect the behavior in (1.1.2.1).

The case d > 3 and p > 1. The same argument has been used to prove an analogue estimate for d > 3 and
any exponent p > 1, where one has the following result.

Theorem 1.1.3 ([5, 24]). Let {X;,Y;}$2, be iid random variables distributed on Q C RY (d > 3) with probability
distribution du = pdx, where € is a bounded and connected domain with Lipschitz boundary and p is a-Hdélder
and such that % <p<C, for C >0. Then, for any p > 1, it holds
E[CP'd , E[C?'d
limsup[#%“] < c@/ p =4 and 1imsup[1"7_’%’”] < 65/ P, (1.1.2.6)
Q Q

n—00 nl=a n— 00 n

with ¢&, and &) in (1.1.1.7).



The argument is the same as before: as in (1.1.2.2), one gets

Cﬁéu ZE Z X = Y5, [P, (1.1.2.7)

©:X,Ys, €Q;
and assuming again that
Qj = q; +(0,L;)",
as in (1.1.2.3) one has

Xi—g Yo—4

L; L

|X; — Y, |7, (1.1.2.8)

p_ 7P
=L

where the points X and Y are iid and (almost) uniformly distributed on [0,1]¢ if X and Y are (almost) uniformly
distributed on @; (if the size of @); is small enough). Hence, combining (1.1.2.8) with (1.1.2.7), one gets

CP’Q“U, ZE Z ‘Xi—ygi|p Z'QJ| E[ oA, dz] ZZ|Q]‘|%]E[C§77/(QJ')1_%}

1:X,Ys, €Q; J
=TI m@)F = ' F ey (
J

and this explains why one should expect (1.1.2.6).

Let us point out that this argument can be made rigorous for the upper bound, thanks to the property of
subadditivity of the Wasserstein distance (see (2.1.0.2)). We now explain how does it work at least in the case
of the semi-discrete matching, since the bipartite one is very similar but a little bit more technical. If {Q;}; is
the decomposition of 2 in hypercubes, by triangle inequality one gets

p
E[cPd ] S, E||w P i CT T Q) g,
HOnasl (Z o W) : ’ ;Xlzj:u(Qj)“ © XJ:MQJMQJ i
L e (36 N M) g g |wr Q) g, . (1.1.2.10

In the previous expression, 7 is finally to be sent to 0.

As we said before, the first summand in (1.1.2.10) has been estimated by the authors thanks to the subad-
ditivity of the Wasserstein distance, indeed both the measures involved in it can be written as the sum over j
of measures concentrated on @); (and with the same mass on @, that is, n(Q,)), as follows:

W (Soxo X MW, || <E |y X o
=1 ; 1(Q;) J

i X{€Q;

Such term is usually referred to as local term and, up to choosing the squares (); small enough, we can
approximate each term in the previous sum with the analogue quantity for uniformly distributed variables on
Q;. This produces the pre-factor fQ p'~ @ and the logarithmic correction in dimension d = 2. Briefly speaking,
this is the rigorous way to get (1.1.2.5) and (1.1.2.9).

The second summand in (1.1.2.10) is a little bit more difficult to estimate, and usually one has to prove that
it is much smaller than the first one. That one is the so called global term.

For the lower bound the authors have used a boundary version of the Wasserstein distance, that is, the
quantity defined in Subsection 2.1.1. The power p of such distance is superadditive, hence it works well for the
lower bound, and by using that one gets the boundary matching problem.

The boundary matching problem.

This problem has been introduced by [5, 2] to prove a lower bound similar to (1.1.2.6). The point is estimating,
for large n, the following boundary cost functions

Cobe, = Wb <Z 5X1.,Z(5Yi> and  COl¢, =W (Z §Xi,n,u> , (1.1.2.11)
=1 =1 i=1

10



where {X;,Y;}22, are iid random variables on €2 with probability distribution du = pdx with the same properties
as before. The difference from the previous cost functions is that in this case one considers the boundary
Wasserstein distance Wb (see Subsection 2.1.1) instead of the ordinary one. Roughly speaking, one can add
points on 99 (not independent on X and Y') to build the optimal matching between the random variables.

Of course, this produces two limiting constants as in (1.1.1.7), a priori different from those ones. That is, in
the case of {X;,Y;}22, iid random variables uniformly distributed on [0,1]¢, one gets two other constants cbf;
and ¢bY), defined as

E[CHP-4 ] E[CHP-4 ]
b= lim "}0’1“"” and @ := lim "’}O’”d’dz (1.1.2.12)
n—oo n n—oo n

where the existence of such limits for d > 3 has been proved in [23, 2] using the superadditivity of the boundary
Wasserstein distance (see Lemma 2.1.1 in Subsection 2.1.1).
Abusing a little bit with the notation, for any p and d, hereafter we will denote

E[Cb" ] E[CP 14 1)
bl = ligr_l)ioréf — e = lim_}sup %M, (1.1.2.13)
n n—oo n

where the only case in which it is not sure that the previous lim sup and liminf coincide with the limit of the
respective quantities is the case d = 2,p # 2.
As for the not-uniform case, the following result holds.

Theorem 1.1.4 ([5, 24]). Let {X;,Y;}$2, be iid random variables on Q C R4(d > 3) with distribution du = pdz,
where € is a bounded and connected domain with Lipschitz boundary and p is an a-Hdélder probability density
such that % <p<C, for C >0. Then for any p > 1 the cost of the boundary matching in (1.1.2.11) verifies

E[CbP"? , E
lim infM > cbﬁ/ p'7d  and liminf
Q

> el | ptod 1.1.2.14
n— oo n1—§ n— 00 ZC d/Qp ’ ( )
with cbf, and cbl) the constants defined in (1.1.2.12).

Notice that comparing (1.1.2.14) and (1.1.2.6), one could be able to prove that the limsup and the lim inf
are actually limits and do coincide if

di=cbtl, and & =cbh. (1.1.2.15)
Of course, since Wb < W (see Subsection 2.1.1) it holds
e <y and  abh <,

and moreover, (1.1.2.15) holds for both the constants ¢ and ¢ ([2]) for p = d = 2, and in general for p = 2 and
any d > 3 in the case of the semidiscrete matching (see [22]), that is

& =cabh, Vd>3.

The pre-factor fQ p'~ 4 in (1.1.2.14) is obtained as in Theorems 1.1.2 and 1.1.3. The difference is that since the
boundary Wasserstein distance can be computed between measures with different masses, one does not have to
pass through the global term as in the upper bound. Indeed, by superadditivity on disjoint sets (see Lemma
2.1.1), if {Q,}; is the decomposition in disjoint hypercubes of €2, one has

wop (iéxi,n,u> > Zng Z dx,,nulg,
j

i=1 X €Q;

Taking the expectation of such quantities, one can argue as for the local term in the upper bound.
Summarizing the results mentioned in Theorems 1.1.2, 1.1.3 and 1.1.4 one gets the following result.

Theorem 1.1.5. Let {X;,Y;}32, be iid random variables on Q C R? with distribution du = pdx, where € is
a bounded and connected domain with Lipschitz boundary and p is an a-Hélder probability density such that
% <p<C, for C>0. Then for any p>1 and d > 2 it holds

E[CPd E[CPd
limsup 53— Cnoal §C§/p1 4, limsup —— Cnal SEZ/pl’g,
n—oo M4 (Xg>3 + (logn)2 xa=2) Q n—oo n'7a(xa>3 + (logn) 2 xa=2) o

(1.1.2.16)
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and
lim inf £ [bel”?z £ [éb%’?z

] v ]
- L Zcbp/plfﬁ, lim inf 5 L zébp/plf .
n—oe nl=(xgs3 + (logn)ixa—s) — “Jo oo 174 (xg>s + (logn) ¥ xa=s) — o
(1.1.2.17)

als

The proof of the previous result in the case p = 2,d # 2 in completely analogue to the proof of the result in
the other cases, but it has been rigorously stated in [11].

1.1.3 The Gaussian matching.

A natural question is what happens in the case in which the points X and Y are distributed in an unbounded
domain Q C RY, that is, if the scaling and/or the constant change.
A classical example is the case in which the distribution of the points in R? is du = pdz, with

and in this case the state of the art is the following.

Theorem 1.1.6. Let {X;,Y;}2, be a sequence of iid random variables distributed in R? according to the
gaussian probability measure p. Then

e in dimension d =1 and with exponent p =2 (see [8]) it holds

E[C’i%u] ~ loglogn,

e in dimension d = 2 and with exponent p = 2 (see [25, 32, 26]) it holds

E[C}%: ] ~ (logn)?,

n,R2 1
e in dimension d > 3 and for any 1 < p < d (see [27]) it holds

E[Ch. | ~n' 4.

Let us spend a few words about the previous theorem. As for the dimension d = 1, the result in [8] extends
to the cost C*! (the bipartite case) and holds for general log-concave distributions (i.e., for distributions whose
density is the exponential of a strictly concave function).

As for the dimension d = 2, the rate (logn)? instead of logn is due to the fact that the most of the n points
of type X and Y are contained in the disk of radius v/2logn, and therefore, if one pretends that in (1.1.2.1)
one can substitute = B 5155, one gets

ogn?’

E[ngé"’:u} ~ % logn = (logn)?.
Of course, such an estimate is not precise since one can not approximate the gaussian density on B, 51557 with
a density bounded from below from a positive constant, as required for the validity of (1.1.2.1). Nevertheless,
that is the reason why one gets such a rate.

As for d > 3, recall that in the case of bounded and connected domain, for 1 < p < d by (1.1.2.6) and
(1.1.2.14) one has the estimate

als

E[vagvu] ~ chnl~

b /pk%, (1.1.3.1)
Q
where the constant ¢/, depends on wherever one is considering the upper or the lower bound. However, since for
1<p<dthe(1- %)th power of the gaussian density is integrable, if one substitutes in the previous expression
in (1.1.3.1) Q = /2logn, such a constant does not generate an extra term in the scaling rate.
Finally, let us stress that for p = d in [32] it was conjectured that

wla.

E[CPGa ) =~ (logn)*,

R, p

and this complies with the estimate in (1.1.3.1) since, if one substitutes = y/2logn in the case p = d, one
gets exactly the measure of the ball of radius y/2logn, which increases with n as (log n)%.
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1.2 The exponential and polynomial matching.

The purpose of this thesis is to complete the classification of the behavior of the cost function in the gaussian
case in Theorem 1.1.6, to study whenever one can get some estimates similar to (1.1.2.6) and (1.1.2.14), and to
extend those results to the case of polynomially decaying densities.

The results we are showing have been proved in [12, 11].

Here we state the main result and we explain the strategy we use to prove it. We are considering the
following class of densities:

B
e . v € R, q>0,
plx) = AT T Pk with { v>d+1, q=0. (1.2.0.1)

with ¢gq the normalizing constant. By ¢ = 0 we mean the case in which there is only the polynomial part (and
the exponential one disappears).
The cost function changes it behavior for large n when p reaches the following critical threshold:

, d q>0
crit ,__ ) )
ptt = { Pt = d(y;d)’ g=0, (1.2.0.2)

Notice that p°"# is the critical threshold for p such that the integral in (1.1.3.1) is not finite.
For f, as in (1.1.1.2), the cost function E[Cq]::ﬁéd,pdx] (respectively ]E[bel’%d’pdx]) is bounded from above
(respectively from below) by the following rate (for some positive constants):

frs . l<p<d Ins L, lse<yp
logn)tta =d=2 1 2=5n5y, p=pd=2
’Tﬁ’d = ( g )g 7, p fOFq>07 Trp;,d = (Ogn)i Ty p P, fOI’qZO,
(logn)«, p=d>3 lognn~, p=p*,d>3
(logn)=tP=0)  p>d nva, p>p*
(1.2.0.3)
Moreover, if p < p*, we can estimate the limiting constants by multiplying i and & by the following positive
constants
Jra ', 1<p<d,
=9 Js, (1 - %) . p=d=2, forq>0, (1.2.0.4)
‘B{Z/EL pP= d Z 3a
Jpa ' 74, ] o 1<p<p,
1 J P flog(R/|a)]" 7
Cg = (7 - 2) ! limp 00 e (logR)Q_% » p=d=2 for ¢ = 0.
d
11 Je. p7 .
(v = d)~Himpoo 5, p=p*>3,

Therefore the results we shall prove are the following, stated separating the upper and the lower bound.

Theorem 1.2.1 ([12, 11], Upper bound). Let {X;}$2, be a sequence of iid random variables distributed in R?
with probability distribution du = pdx, with p in (1.2.0.1). Then, for p* defined in (1.2.0.2), 724 defined in
(1.2.0.3) and ¢} defined in (1.2.0.4), it holds

. E[é(z:%d,u] ~p D crit
hmsupT SCZCdv Vp € [1,p"],
n— 00 Tn
~p.d d it
E[C'Z,Rd,u] <O Vp>pT

where the second inequality holds for a positive constant C' > 0.

Theorem 1.2.2 ([12, 11], Lower bound). Let {X;}32, be a sequence of iid random variables distributed in R?
with probability distribution du = pdx, with p in (1.2.0.1). Then, for p defined in (1.2.0.2), 724 defined in
(1.2.0.3) and ¢4 defined in (1.2.0.4), it holds

= pod
E[Cbi,]Rd,u]
d

lim inf > ebh¢h, Vpe [1,p"",

n— oo 7_7117’

E[CS, | > Che, Wp > pr,

where the second inequality holds for a positive constant C' > 0.

13



To explain the results, let us denote, for this moment, by .S,, the radius

Vql , > 0,
S, = { qrosm. 4 (1.2.0.5)
ny—d, qg=0.

We begin with the case d > 3: by (1.1.2.6) and (1.1.2.14), in the case of uniformly positive densities on bounded

connected domains, one has
/ '~ / pla, (1.2.0.6)
Q Bs,,

where the constant depends again on whenever one considers the lower bound or the upper bound.

The reason why one should substitute 2 = Bg,_, with S, in (1.2.0.5), is explained in Section 6.1, but, briefly
speaking, the idea is that the most of the points are constrained in such ball (or disk).

However, by (1.2.0.6) it is clear that if p'~@ is integrable, nothing should change (and, in fact, nothing
changes), while the critical threshold p = p"® in (1.2.0.2) corresponds to the infimum of the exponents p such
that pl_% is not integrable. The idea behind the case p > p® is the same but it is a little bit more delicate
since, while for p < p"® there is a small degree of freedom in how to choose S,,, for p > p"# there is not (see
Section 6.1 for more details). Hence if one uses (1.2.0.6) to estimate the cost for large n the technique does not
work for S, in (1.2.0.5). Moreover, for p > p°"*, in the estimate there are a lot of not negligible contributions
which do not appear for p < p¢*. and this is the reason why we do not get precise estimates on the constant.

d P 1-
]E[CYPL,Q,H] = anl

ars
ks
ks
ks

_ Pl
— &n

1.3 Structure of the thesis.

The structure of the thesis is the following.

In Chapter 2 we recall some Optimal Transport notions and other related properties. In particular, in
Section 2.1 we define the marginals of a measure on a product space, the notion of coupling of two measures,
the Wasserstein distance (Definition 2.1.2) and its subadditivity. Then, in Subsection 2.1.1 we focus on the
boundary Wasserstein distance, which is instead superadditive (Lemma 2.1.1), and we spend some words about
the way it is related to the classical one. In Section 2.2 we then define the transport maps, the push-forward
of a measure and we recall its properties: the density of a pushforwarded measure, the push-forward of a
push-forward, the way it changes the (classical and boundary) Wasserstein distance between two measures
(Lemmas 2.2.2 and 2.2.3) and the necessary conditions to get a measure as the push-forward on another one
in an hypercube (Lemma 2.2.6). We finally focus on the Benamou-Brenier formula (Section 2.3) and on some
properties of the decomposition of measures (Section 2.4).

In Chapter 3 we recall some concentration properties of the Binomial random variables: in particular, we
need an estimate on the centered moments of binomial Random variables (Lemma 3.1.1) and the Chernoff
bound (Proposition 3.1.1).

In Chapter 4 we focus on the exponential map. Indeed, since the decomposition we use exploits the radial
symmetry of the density we are considering, to transport each subset into a cube we take advantage on the
exponential map, which projects the tangent space to a manifold on the manifold itself. The case we are
interest in is the d — 1-dimensional sphere. We start with the definitions of geodesics and geodesic distance
between points (Section 4.1), and then we focus on some properties about the first and second derivatives of
the exponential map (Section 4.2).

In Chapter 5 we recall some notions of Measure Theory: in Section 5.1 we recall the definition of the
Hausdorff measure, while in Section 5.2 we briefly recall some properties of the Haar measure on O(d), which
we need later for some technical reasons in Chapter 6.

In Chapter 6 we prove the main result following the scheme we mentioned in the Introduction. To do that,
we first focus on the exact domain we have to consider to approximate the cost as we mentioned before, that is,
a ball with a radius increasing with n, and we estimate the error in substituting the distribution p with another
one supported in such ball (Section 6.1). Then, in Section 6.2, we explain how the decomposition in hypercubes
is to be made both in the upper bound, where the regions are not properly hypercubes (see Subsection 6.2.1)
and where one has to estimate the global term as in (1.1.2.10), and in the lower bound (Subsection 6.2.3). Then
we focus on the local term and we approximate the cost of the matching in each subset of the decomposition
with the cost of the matching for uniformly iid random variables (see Section 6.3). Finally, we prove Theorems
1.2.1 and 1.2.2, respectively in Sections 6.5 and 6.6.
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Chapter 2

Some generalities about the Optimal
Transport.

In this Chapter we focus on some general facts about Optimal Transport.
First we define the Wasserstein distance between two measures.

2.1 The Wasserstein distance.

The most of the content of this Section is taken from [20, 5, 31, 33].

To define the Wasserstein distance, let us denote with M the set of positive measures on a fixed region
(M() is the set of positive Borel Radon measures on ). In particular, if one has a measure m € M(Q x Q),
with Q C R, its marginals T 1%71' and F?Tf‘ are the two measures on (2 satisfying

/Q dr}(2) f(2) = /Q drey)f(@), and /Q dT%x(y) () = /Q dr(z, )£ (4), (2.1.0.1)

xQ

for any bounded continuous function f : Q — R. Using the marginals, we get the notion of coupling of two
measures with the same mass, as follows.

Definition 2.1.1 ([31], Problem 1.2). Let Q@ C R? be a Borel space and p,v € M(S) be two measures such that
w(Q) =v(Q). The set of couplings of p and v is

L(p,v) :={m e MQxQ):Tjr=pIir=v},
where the marginals F;ﬂ' and F§7T of m are defined in (2.1.0.1).

The condition of having the same mass is sufficient and necessary for the existence of a coupling, indeed by
substituting f =1 in (2.1.0.1) one gets

(A x Q)= Fé,u(Q) = F?tu(Q),
hence there does not exist a coupling between two measures with different masses.

On the contrary, the set of possible couplings between two measures with the same mass is for sure a non
void set, indeed one can always find the product coupling (which is the worst one for our purposes), that is,

ﬁu Qv e (u,v).

If the two measures coincide the most natural coupling is
dr(x,y) = du(x)d(y — ),

that is, the coupling 7 such that for any bounded and continuous function f: Q x Q@ — R

/ dn(z,y) f(z,9) = / dyu() f ().
QxQ Q

Now we can define the Wasserstein distance between two measures with the same mass.
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Definition 2.1.2 ([31], Problem 1.2). Let Q C R?, and let p1 and v be two positive measures on Q and p > 1.
The Wasserstein distance of order p between p and v is

W, (1, v) := inf { </§sz dr(x,y)|lx — y|p) Time F(/Lﬂ/)} .

It is possible to prove (see for example [31, Proposition 5.1]) that the Wasserstein distance has the three
properties of a distance (strictly positive unless the two measures coincide, symmetric and satisfying the triangle
inequality), and also that under particular conditions the infimum is achieved.

Before that, we state the following properties of the Wasserstein distance.

The subadditivity. A crucial property of the Wasserstein distance is the subadditivity. For further details,
see [33, Theorem 4.8], where it is also referred as convexity.

The property is the following: if @ C R? and (E, &, \) is a measure space such that, for any z € E, u, and
v, are measures on {2 with the same mass, one has

W (/E d/\(z),uz,/Ed/\(z)yz) S/de(z)wg(uz,uz). (2.1.0.2)

The proof of that is immediate: if, for any z € F, one chooses a coupling 7, of u, and v,, the measure

| .

1s a coupling o Z) b, an 2)v,, and therefore
i pling ffEd)\( )i ded/\() , and therefq

w ([, [ aew) < [ oo [ anale -,

and (2.1.0.2) follows from a measurable selection of the optimal couplings m, € I'(u,, ;).
Notice that if one chooses £ = N and A is the counting measure, one gets

Wy (ZMAZW) < ng(#ia’/i)a
i=0 =0 i=0

and notice also that the previous result (2.1.0.2) does not require the measures to be concentrated on disjoint
domains.

The homogeneity. The homogeneity property is the following: if 4 and v are two positive measures with
the same mass on a metric space 2 and « a positive constant, then

Wh(ap, av) = aWh(p,v). (2.1.0.3)

this is a consequence of the fact that, 7 is a coupling of i and v if and only if ax is a coupling of au and av.

The monotonicity. We now briefly focus on the monotonicity with respect to p: if 4 and v are two positive
measures on a metric space €2 such that u(Q) = v(Q) = 1, then, for any 1 < p < g < oo, it holds

Wy (p,v) < Wo(w,v). (2.1.04)

This is a consequence of the fact that, for any 7 coupling of p and v, one has 7(2 x ) = u(Q) = v(Q) = 1,
and therefore, by Young inequality,

W) < ([ antale-or) < ([ Xde(ay)x—yq);,

and by taking the infimum of the right-hand side with respect to © we get (2.1.0.4)
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2.1.1 The boundary Wasserstein distance.

In this subsection we focus on a variant of the Wasserstein distance, that is, the boundary Wasserstein distance,
introduced in [20] and also in [5]. The point of doing that is that while the Wasserstein distance has the
subadditivity property (2.1.0.2), which is very useful in the proof of the upper bounds one needs, the lower
bound is very similar but one needs a version of the distance satisfying a superadditivity inequality. In other
words, one defines a new set of couplings between two measures ; and v on an open domain Q C R¢, as follows.

Definition 2.1.3 ([20], Problem 1.1). Let Q@ C R? an open domain and let u and v be two positive measures
on . The boundary couplings of i and v are the elements of

Th(p,v) == {m € M(Q x Q) : Tiulg = p,Tivlo =v}.

One can use this definition to introduce the boundary Wasserstein distance (and this is what we shall do),
but before that let us focus a moment on the previous definition.

First notice that, while u and v are concentrated on €, 7 is concentrated on Q x Q and its marginals
(concentrated on ) are forced to coincide with 4 and v only on €. This is the reason why one does not have to
ask for 4 and v to have the same mass, since the mass defect can be rearranged on the boundary. In other words,
T'b(u,v) is always a non void set: for instance, if u(Q) > v(Q), one can fix T € 9 and it is straightforward to
verify that

ﬁu ® (V + (ﬂ(Q) - V(Q))5gz) S Fb(u, 1/),

Moreover, one can notice that if the two measures have the same mass, then
I(1,v) C Th(p, ), (21.1.1)

since any coupling of p and v can be extended to a boundary coupling by not giving weight to the points of
Q x 09, 00 x Q and 9 x I). Hence, in case the two measures have the same mass, the boundary couplings
are much more than the ordinary couplings.

Now we can focus on the definition of the boundary Wasserstein distance.

Definition 2.1.4 ([20], Problem 1.1). Let Q C R? an open domain and let u and v be two positive measures
on . The boundary Wasserstein distance between p and v is

Wl { ([ artwie =)’

First notice that, thanks to property (2.1.1.1), one can immediately state that if y and v have the same
mass on a bounded domain 2, then

tmE I‘b(,u,u)}.

Wb, (u,v) < Wy(u,v), (2.1.1.2)

because in this case the infimum is taken on a larger set (see [20, Remark 2.10]).

The superadditivity. Contrary to the classical Wasserstein distance, the boundary Wasserstein distance has
the following superadditivity property.

Lemma 2.1.1 ([2], equation (2.8): superadditivity of WbE). Let Q@ C R? be an open domain, and let {Q}ren
be a sequence of open and pairwise disjoints subsets of Q. Then, for any couple of measures . and v on €, it
holds

Wb (1, v) > Y Wb (ulay, v]a)-
keN

Before proving the Lemma, let us notice that the statement does not require that

but only that
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Proof. The proof of this fact is a little bit technical, but the idea is quite simple: given a boundary coupling
m of ;1 and v, one has to find a sequence of boundary couplings {my }x of u|q, and v|q, through some specific
elements of A(UpQ) N Zy, with 2y being the segment connecting x to y. Such {7y }ren have to satisfy

/, Cdn(zy)lr—yP =D [ dm(zy)le —yl?, (2.1.1.3)
x keN 7 i x 2

in such a way to have

/ dn(ele =y = 3 Whula,.vla,).
X

keN

and the thesis will follow optimizing over . B
To do that, let us fix 7 € I'b(u, v) any boundary coupling of u and v. We then have to decompose € in a

disjoint union of subsets, that is
Q:UQkU (Q\U9k> R
k k

from which one has

/ dr(z,y)|z —yP > / dm(x,y)|lx —yl? (2.1.1.4)
QxQ Uk Qe xU; Q5
-I-/ ) dr(z,y)|lx —yl? (2.1.1.5)
Us 2% (@\U; )
+ / dr(z,y)|x —y|P (2.1.1.6)
(2\U, ) xU,,
—|—/ dr(z,y)|x —y|?, (2.1.1.7)
(U5 ) x (2\U; 25)

and we shall estimate from below the four terms in (2.1.1.4), (2.1.1.5), (2.1.1.6) and (2.1.1.7). To estimate
(2.1.1.4), for any k € N we define the following function

F: Qe x RN\ Qp = 0, (z,y) = (1= te(z,9)z + tr(z, y)y,
where t;, is the first time a point exits from €2 following the direction x — y, that is
te: Qe x RO\ Qp — 0Q,  (2,y) = inf{t € [0,1]: (1 —t)x +ty ¢ U}
Now notice that if z € € and y € ; with k # j, we have
te(z,y) +t5(y, @) <1,
otherwise, by definition, one would have
inf{t: (1—t)x+ty ¢ U} >sup{t: (1 —t)z+ty ¢ Q;} = 3t € (0,1) such that (1 —t)z +ty € QN Q;,

but this can not happen since € N, = 0.
Hence one has

|z —y|P = |z —y[P(te(z,y) + 1 — ti(z, y) — t;(y, ) + t;(y, )"
> o —ylP(tr(z, ) + |z — y[P(t;(y, ©))?
= |z — Fi(x,y)|" + [Fj(y,z) — y|?,

and therefore

(2.1.1.4) = Z dr(z,y |x—y|p+2/ m(z,y)|z — y|P

kEN QkXQk k’;é_] QkXQ

> [ dnte)le-up

kEN Qk X&)k

+Z/ (ivy)lx—Fkxyl”JrZ/ m(z,y)|Fi(y, ©) — y[".

Ak Qkxﬂ k#j QkXQ
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Moreover, (2.1.1.5) and (2.1.1.6) do not need to be estimated further, except for noticing that

(2.1.1.5) = dr(z, y)|z —y|”,

keN

dr(z,y)lz —y|® and (2.1.1.6) = /
/QkX(Q\UjQJ) % (\U; @) <%

while for (2.1.1.7) we use the trivial estimate
(2.1.1.7) > 0.

Combining the previous bounds we get

| ==Y [ dneple =g
axQ

kEN QkXQk

+Z /ﬂkm (a:y)Ix—FkxylerZZ/ (2, y)| Fr(y, 2) — y|?

keN j#£k keN j£k? Y ka
1D 3) B e M dn(a )l P
ken Y e x (U 25) wen ¥ (Q\U; ;) x
= Z/ _dmp(z,y)|z —yl?, (2.1.1.8)
keN ¥ 2k X

with 7 the measure implicitly defined by
| ameofey = [ @)
Qk XQk QkXQk

+Z/Q . dr(z,y) f(x, Fr(x,y)) JrZ/ )f(Fr(y,x),y)
kX85

ik gk XQk

+/ﬂkx(n\uj Qj)dw(:my)f(:c,y)Jr/(Q\Uj . dr(z, ) f(z,y).

Hence one can notice that (2.1.1.8) is exactly (2.1.1.3) up to proving that 7, € I'b(ulq,,V]a,)-
Therefore, let us show that the first marginal of 7y, restricted to Qy is p (restricted to Q0 too). The analogue
property for the second marginal works the same way.
Recalling that
Fy(y,x) € 0, = 1q, (Fr(y,x)) =0,

and also that m € I'b(p, v), one has
| amgiein @ = [ dre) @)@
Qk XQk QkXQk

i dr(z,y)f(x)lq, (z) +
;/ﬂka- Y * ;C

" /Q;€ X(Q\Uj Qj) dW(m’ y)f(x)]lﬂk (‘r) " ‘/(Q\UJ QJ)XQk dﬂ—(m7 y)f(x)]lgk (:E)

- /Q ) @) = /Qd”(ﬂf@mm (2) = /Q o (0] 2).

/ dr(z,9)f (Fi(y, ) Lo, (Fi(y, 2))
Qi x Qg

Hence (2.1.1.3) is proved and therefore the proof is concluded. O

2.2 The push-forward of a measure and its properties.

To start with, we define the push-forward Tyu of a measure p via a map 7. For our purposes, p is again a
measure (not necessarily a probability measure) on Q C R4,

Definition 2.2.1 ([33], Definition 1.2). Let Q,Q" C R be Borel spaces, ji a measure on Q and T : Q — Q' a
p-measurable map. The push-forward of p via T is the measure Typ on Q' such that

Tyu(A) == p(T~1(A)), VA C Q' Borel.
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In particular, if X : ¥ — Q is a random variable with u as probability distribution, then T(X) : ¥ — Q' is
a random variable with Tyu as probability distribution.
As a consequence of Definition 2.2.1, for any measurable map f : Q' — R such that f oT € L'(u), one has

| it = [ aus).
It is very easy to build a coupling between a measure and its push-forward via a map 7T, indeed the measure

m(z,y) = p(x)d(y — T'(x)),
meaning that for any f:Q x Q — R it holds

/ i, ) f () = / dp(x) f(z, T(z)),
QOxQ Q

is by definition a coupling of p and Tyu. In other words, m = (Id, T')su, where of course (Id,T) is a map from
Q to Q x Q. In particular, this means that

W (1, Typ) < /Q du(@)|e — T ()P (2.2.0.1)

Notice also that applying the map T preserves the independence of the random variables, indeed, if {X;};cg is
a family of independent random variables, then also {T(X;)}icr is. Indeed

P (ﬂ {(T(X;) € Ai}> =P (ﬂ {X; e Tl(AZ-)}> = [[Pxi e T7'(A) = [[ P(T(X)) € Ai).

i€E i€cE i€cE i€E
In particular, one has the following result.

Proposition 2.2.1. Let T : Q C RY — ' C R? be a measurable map. Then, if {X;}iep are iid random
variables on Q with distribution u, also {T(X;)}icr are iid random variables on T(Q) and their common
probability distribution is Tyu.

Moreover, if T : Q — Q' is a diffeomorphism and p is an absolutely continuous measure (denote by p its
density), then the same holds for Typ. Indeed changing variables y = T'(z) one gets

[ atnt@rra) = [ du@(ra) = [ dop@)r@) = [ duor ) aet DT ) ),

’

that is, Tyu has density
dTyp dp

T (z) = dx(T_l(x)) det DT (x).

In the following, we prove some properties about it: in particular, we need some informations about the push-
forward of a measure through the composition of two maps and the push-forward of an empirical measure.

Lemma 2.2.1. Let {X;}?, CQand T :Q — Q,S:Q — Q" two measurable maps. Then
(S o T)n,UJ = SuTML; (2202)

T, (Z 5x@-> = 0rx,)- (2.2.0.3)
i=1 i=1

Proof. We start with the proof of (2.2.0.2): for any measurable function f : Q” — R, we have

[ s o un()f@) = [ dut@) (8o T)@) = [ duta)(s )T (@)

Q
- [ dtutos)@) = [ asBut) ).

and therefore the statement is proved.
For the proof of (2.2.0.3) is sufficient to prove that for any function f: Q — R

/Q/ dTy (Z 5Xi> (z)f(z) = /Q/ d <Z 5T(Xi)> (z)f(x),

and this is easy to prove since

n

| . (Z%) @) = [ d(ZaXi> (@ (T@) = 3T = | @(Zaﬂm) (@)1 ().

O
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Before going on, we have to mention the following result: one may ask whether the best couplings in the
definition of Wasserstein distance are induced by transport maps. In the following case, which is the case
interesting to us, they are.

Theorem 2.2.1 ([33], Theorem 10.38). Let p and v be two measures on R?, with y absolutely continuous with
respect to the Lebesgue measure. Then there exists an optimal coupling m for the Wasserstein distance Wy, in
Definition 2.1.2 and it is induced by an optimal transport map T, that is

™ = (Id, T)ﬁ/fw

A further information we need about the push-forward of a measure is the relation between the Wasserstein
distance of the push-forward of two measures and the Wasserstein distance of the original ones. One finds out
that is quantity is related to the Lipschitz constant of T

Lemma 2.2.2 ([7], Lemma 1 and [2], equation (2.12)). Let u and v be two measures on Q C RY such that
w(Q) =v(Q), and let T : Q© — Q' C R? be a measurable map. Then

T(z) — T(y)\*

WP (Typ, Tyv) < (sup [T@) = T(y)l )_ ( )|> WP (p,v). (2.2.0.4)
z,y€Q |z =yl

Moreover, if T is bijective, it holds

Wy (Typ, Tyv) > ( i L) =Tl

P
P . 2.2.0.
ot T )me,u) (2.2.05)

Proof. We begin with the proof of (2.2.0.4). This statement is a direct consequence of the fact that, for any
coupling 7 of u and v, one can find another coupling 7 of T} and Tyv satisfying the inequality in the statement.
Such a coupling is 7 = (T, T)ym, and for any bounded and continuous function f: ' x @ — R it holds

[ dieuien) = [ dnens (1@, 1)
QXY QxQ
To start with, we prove that 7 is a coupling of Tyx and Thv, in fact
| drense = [ inen @@) = [ du@)f@@) = [ o)

and the same holds for Tyv.
Therefore, by definition one has

P v T(x, )|z —ylP = m(x x) — P= Tz Mx_ !
W (Typ, Ty )S/Qxﬂd (@, y)lz -yl /QXQd (@,9)IT(@) = T(y)] /ngd (@) [z —yl vl
IT(z) =TI\ m(z,y)|z — y|?
< ) fgtees o

and the statement follows optimizing over 7.
The proof of (2.2.0.5) is a consequence of (2.2.0.4): indeed, if one applies (2.2.0.4) substituting

w—Typ, v—=Twv, T— T,

one gets

— _ T 1) =T 1
W2 (1Y) Ty, (T1)Tyv) < (sup i GO )]
z,yeQ |z — y|

P
) W2(Typ, Ty). (2.2.0.6)
By (2.2.0.2) of Lemma 2.2.1 one has

(T~ YTy = (T~ o T)ypp = 1dgp = pi,

and the same holds for v. Thus (2.2.0.6) becomes

|T1(:c)T1(y)|)_p < L [T(x) T(y)|)p
WE(Tys Tyw) > Wi v) = ( inf =2 ) Wi, v),
p (T Tyv) 2 <:1:S;1€p§2 |z —yl s =B |z =yl )

thus also (2.2.0.5) is proved. O
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The same properties hold for the boundary Wasserstein distance.

Lemma 2.2.3 ([2], equation (2.13)). Let p and v be two measures on Q@ C R:. Then, if T : Q — Q' C R?
verifies T(0Q) = 9, it holds

P
T(x)—-T
Wob (Typ, Tyv) < | sup M Wb (p,v). (2.2.0.7)
z,y€N |'T ZJ|
Moreover, if T is bijective, it holds
T(x)-—T P
Wob (Typ, Tyv) > ( inf_ |(I)(y)|> Wb (p,v). (2.2.0.8)
z,yeN |z — y|

Proof. The proof of this statement if completely analogue to the proof of Lemma 2.2.3, but since here we deal
with the boundary couplings of y and v, we have to be careful that, given m € I'b(, v), defining 7 = (T, Ty,
that is

[ dreiey) = [ dnlenfT@. 1),
Q' <Y

QxQ
one has @ € T'b(Tyu, Tyv). To prove this, one can notice that its first marginal coincides with Tyu on € since,
for any f: Q) — R, by definition

[ _dieiete@ = [ dnen) (TE)0(T@) = [ dry)f(T@)ial)
Q' xqY ax0 axQ
where in the second equality it is hidden the passage

T(0Q) =09 = 1o/(T(z)) = 1o(z).

Thus, since 7 € I'b(u, v), one has

/Wxﬁdﬁ(x,y)f(x)]lg(x) :/Qxﬁdﬂ'(l',y)f(T((E))]lQ((E) :/

Q

dyu(x) f(T(x)) = / dTyu(x) f ().

’

Thus the first marginal of 7 is Tyx, and the same argument proves that the second marginal of 7 is Tyv. Hence
7 € Lb(Typ, Tyv).
This is enough to prove both (2.2.0.7) and (2.2.0.8), as in the proof of Lemma 2.2.2. O

As a consequence of Lemmas 2.2.2 and 2.2.3, one gets that, in the case in which the quantity
T(z) - T(y)|
lz -y

does not depend on x and y, that is, for example if T is the composition of a traslation and a rescaling, the two
inequalities in the Lemmas produce an equality. In other words, the following result holds.

Corollary 2.2.1. Let ju and v be two measures on Q@ C R? such that u(Q) = v(Q) and T : R* — R the affine
map
T(z) = azx +b.

Then, it holds
Wy (Tyu, Tyv) = |al" W (u, v) -
Moreover, the same result holds for Wb and without the hypothesis () = v(Q).

Proof. Since T is invertible, thanks to Lemma 2.2.2 one has

, ﬂww)—iwyﬂ)p < H%x)—iwyﬂ)p
inf ————22 ) WP(u,v) < WP (Typ, Tyv) < | sup ———— | WP(u,v),
<I7yEQ iz — y] b (1,v) b (Typ, Tyv) Lyé)ﬂ  — g (k. v)

and using that the quantity
T(z) —T(y)| _ |ax+b—ay—b|

= |al,
'l [z =yl
does not depend on x or y, the statement follows.
In the case of the distance Wb, to conclude it is also necessary to notice that T'(0Q) = 0T'(2). O
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We now state a first application of the superadditivity property we proved in Proposition 2.1.1 and of the
rescaling property we proved in Corollary 2.2.1. For the following result we also need the notion of Binomial
random variable, which is studied in details later, in Chapter 3.

Lemma 2.2.4. Let {X;}5°, be a sequence of iid random variables uniformly distributed in (0,1)% and let N be
a binomial random variable of parameters n and p independent of {X;}52,. Then, if

N
fln,p):=E leg (Z 6Xi,np]l(0,1)d>] ,

i=1

for any A > 1 it holds

Proof. To prove the result, we argue as in [23]: we split (0,1)% in [A|? hypercubes Q; of side %
In this way, we have
J@i < 0,1)
J
and the inclusion is a proper inclusion unless A is a natural number.
Then, if
N
=Y 1(X; €Q)),
i=1

is the number of points in Q;, N(Q,) is a binomial random variable of parameters n and p|Q;| = pA~¢ (see
(3.0.0.2) for this). Hence, we have

N
f(n,p) =E Wb (Z 5X“np]1(o,1)d>1
i=1
(2]
> Z E |Wop Z dx,;,nplg, by Lemma 2.1.1

7j=1 L ©: X;€Q;

Rk

=1 | i X,€Q;

If now we define the map
1 d d
T;:Qj =g, X(O,l) — (0,1), = Mz —g¢)),
we get
2]
fp) = > BB (W (T | D dryxn | npl@s (T Ds(Lo,ne) | [ N(Q))
j=1 L 1 X;€Q;
(A [T
=Y NPEE W | Y 610, mplQ L0, || N(Q;) by Corollary 2.2.1
j=1 L L : X;€Q;
(A [T N(Qj)
= Z ATPE | E | Wby Z 6z:,mp|Qj| Loy | [ N(Qj) ||

Jj=1 L L i=1

where {Z;}%°, are iid uniformly distributed on (0,1)% independent of {X;}2°,. In the last passage we used that

{T;(X;)}i:x,cq, conditioned to N(Q;) are uniformly distributed in (0,1)? as Well as {Z; }N(QJ .
Hence, we have

fn,p) = AN (m 7).

and the statement is proved. O
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We also need a result concerning some sufficient conditions under which an absolutely continuous measure on
an hypercube is the push-forward of the uniform measure through a Lipschitz map T whose Lipschitz constant
is very close to 1.

Before proving that, we focus on a very useful property of positive and C' regular functions.

Lemma 2.2.5. Let Q C R? be a convex domain. There exists a constant C > 0 depending on 0 such that for
1
any positive function p : Q <, (0, +00) it holds

sup
z,ye

p(x) [Vp(2)]
o 1| e {om NS 1 (2:2:0:9)

In particular, fized M > 0, there exists a positive constant C(M, Q) depending on Q and M such that, for any

p with the same hypothesis as before and such that |v?(§)| < M, it holds

sup
z,y€N

(2.2.0.10)

pa) _ o 1702
o) 1\<C<M’“>z65 o)

Proof. The proof of (2.2.0.9) is immediate: there exists a point £ = tz + (1 — ¢)y (for a certain ¢ € [0, 1]) such
that

’p(w) _ 1‘ = |exp {log p(x) —log p(y)} — 1|

p(y)
SERS

<erf|Tig e}
< exp @) p SESH} -1

where diam(2) is the diameter of .
(2.2.0.10) is a consequence of (2.2.0.9) if one considers that e®—1 is asymptotic to ¢ for small values of ¢. [

We can now state the result we mentioned before Lemma 2.2.5.

Lemma 2.2.6 ([31], Section 2.3). Let d > 1 and M > 0. There ezists a constant C' depending on d and on M

1
such that for any hypercube Q = q+ [0, L]¢ and p : Q c, [0, +00) such that p > 0 a.s. and sup,cq Wpfg)‘ <M,
there exists a map T : Q — Q such that

p= T( ) and sup
g |Q| z,Yy€Q

Before proving this fact, let us mention that such a map is also referred as "Knothe map", and its peculiarity
is the way it is constructed, that is, modifying one direction at a time.

Let us also notice that if the density p in the previous Lemma is uniformly bounded from below by a positive
constant ¢ > 0, then one gets

1T(z) = T(y)|
|z —yl

— 1’ < CLsup |VP(2)|
zZ€Q p(Z)

‘ |T(z) = T(y)|

L
1‘ < L sup [Vo(2)].
|z —y|

,ueQ C zeQ

In general, for an a-Hélder density uniformly bounded from below by a positive constant ¢, Lemma 2.2.5 holds
with T satisfying

LCE
_ 1‘ < Cicm (2.2.0.11)

sup <
c

‘ T(z) = T(y)|
z,Y€Q

|z =yl
where C, is the Holder constant (see |2, Proposition 2.4] for further details on this).

Proof. We prove this through a map 7" which modifies one direction at a time, and we can assume that ¢ = 0
and L = 1, as follows.

24



Step 0: we can assume Q = [0,1]¢. To prove this, let us define the map

T:Q=g+[0,L)" — 0,17, T()="-".

L
Such a map is invertible, hence (T‘l)ﬁ = (Tﬁ)_l, and satisfies
Typ(x) = p g+ Lz) LY,
from which we have
T L
wp [T _ et Lol Ve 22012
zeo,1]e  Typ(x) sco]e  plq+ Lx) zeQ p(2)

Hence, if such a map T exists for Tup, by (2.2.0.2) of Lemma 2.2.1 we have

; ; (1
Top =T (Lp,e) = TﬁTﬁ(|Q|> =p=(Ty)" 1TnTu<|Q|> (T oToT), <|C§|>

and for any z,y € @

T oToT(x)—T ' oToT(y) - 1‘ B

==yl |7t — ]
<c sup NVEP@I_ op g VPG
zef0,1¢  Typ(x) ze@ p(2)

where in the last passage we have used (2.2.0.12).
Hence, T~! o T o T works for p as T works for T, yp, and for this reason we can assume @ = [0, 1]4.
To prove the thesis, we first denote

1 1

(k) L P(yl,u-,yk,wkﬂ,-u,xd) . d

P (:v)~f/ dy1~~~/ dyr, . k=0,1,....d, ze(01)%
0 0 P([Ovl]d)

and it is straightforward to see that

o) _ pﬂ[O,l]d

d) _
oo, 24 7 = Lo

Thus, we look for a map T'®) such that

(T®),p*) = ph=1) (2.2.0.13)
so that by induction
Pl 1y
T 6 o@D, (1 —(TW o...oT@DY), )@ — ,0) — 101"
(T 0o T); (Lg,pa) = (T 00 TW)3p = p (0, 119
Therefore a suitable candidate for the map T" we are looking for is
T:=TWo...oT@,
and then we claim that, up to choosing each T*) in a suitable way, we get
T(x)—T
TODAY = 00,117 and  sup | L@ =TWI_ 1‘ <¢ sup VPO (2.2.0.14)
z,y€[0,1]¢ |z -y z€f0,1]¢ p()

To find T satisfying (2.2.0.14), we claim that it is sufficient to find {7 }¢_, as in (2.2.0.13) satisfying

D((T®)~1)(z —IdH<C sup 2D 99 015)

T®(5)0,1]%) = 9[0,1]* Vk=1,...,d and sup
00.19 0.1] z€[0,1]4 p(z)

z€10,1]4

Of course the first statement in (2.2.0.15) implies the first statement in (2.2.0.14).
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It is not completely trivial to see that the second part of (2.2.0.15) implies the second part of (2.2.0.14). To
prove this, we begin with noticing that

T(z)—T
sup Ml‘g sup [[DT(z) —1d|
z,y€[0,1]4 |$ - 1/| z€[0,1]4
d

= sup ZD(T(Uo~~oT(’“))(z)—D(T(l)oWoT(’“*l))(z)
z€[0,1]¢ || .2

< sup || DTY(2)|| sup [|[D(T®)~1)(z) —1d||, (2.2.0.16)
h=1j=1 z€[0,1]4 z€[0,1]4

Thus we have to estimate both sup,cg 1ja HD((T("“))_l)(z) —1d|| and SUp..cfo,1)4 HDT(k)(Z)H, which is a little
bit more than (2.2.0.15). We begin with the estimate of the first one of these two quantities. Notice that if one
proves that for any k=1,...,d

max<{ sup
z€[0,1]¢

one can conclude since

D(T™®™)(z) —1d

, Sup
z€[0,1]4

D((T(k))’l)(z)—IdH <¢ sup VPN (2.2.0.17)
zel0,1]4 p(z)

sup
z€[0,1]4

®Y ) 1dll < ] [Vp(z)|
D(T™)(2) IdH_chng]d PO

D)) <1+ sup
z€[0,1]4

and one can combine this estimate with (2.2.0.16).
Thus we only have to prove (2.2.0.17).

Step 1: prove that, for a constant C' depending on d and on M, it holds

sup

D((T<k>)—1)(z)—1dH§c sup V2@
z€[0,1]4

z€f0,1]4 p(x)

We claim that (2.2.0.15) holds for a certain choice of the map 7).
Such map T verifying (2.2.0.13) exists in the form

T(k)(x) = (21, Th1,S2ps1sewa (Th), T 1y - -, Ta),
because none of p*) and p*~1) depends on z1,...,zs_; (therefore they can be left fixed), and moreover
1 1
/ dap® (z) = / dap* =V (z).
0 0

First we prove that for a suitable choice of the map S one gets
T®(z) =2  VzedqQ, (2.2.0.18)
which implies the first statement in (2.2.0.15).
To do that, notice that (2.2.0.13) can also be written as

1 1 1 1
/dy1---/ dyk—lp(yh-.-,yk—l,xk,---,md)=/ dyl---/ dyrp(yr, - - Yk Tpr - xa)|(Sph L e @)l
0 0 0 0

and therefore, by imposing the condition S;kﬂ,...,zvd (xx) > 0, one finds out that S,, ., . ., (wx) verifies
1 1 T
dyy -+ |, dyg_ d ooy Yky Lt 1y e v ey @
S;k1+1w~wmd<xk) _ fo Y1 i fo ykllfo yep(y1 Yks Th41 d)7 (2.2.0.19)
fO le' v fO deP(Zl, ey Ry T4y 7xd)
and therefore
Sieiwa@ =0, S7L o (W)=1, S;L (zk) €(0,1)Vay € (0,1)  thatis, (2.2.0.18).

To prove that such S, works well enough to satisfy the second condition in (2.2.0.15), notice that

k+15--Td
di itk j=1,....d,
D((T™) ™) (x) = (Aiy)d =y, with A;; =< 0 i=kj=1,... k-1,
aJS;kl,,:Ed izk»j:k,...,d,
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and therefore

d
HD((T(k))_l)(Js) —IdH < | OuSatms = 1)+ S (0555 a) (2.2.0.20)
j=k+1

and to estimate this quantity we look back to (2.2.0.19). We begin with di: by (2.2.0.19), first notice that

|0kSp s a () — 1]

_ Jo dys- [y dyr_1p(yy, .. Yk-1, Tk, - Ta) 4
fol dzy--- fol Azkp(Z1y -+ oy 2y Tt 1y - - > Tdl)

- fol dy - fol dyp_1 fol Ayklp(Yrs - s Uk—1, Ty -+ 3 Td) — P(Y1,+ s Yks Tht 1y - -, Td)|

a fol dzl~~~f01 dzip(21y -y 2y Tt 1y - - > Tdl)

<c sup V2O Jo dy - Jy dyi-s Jy dyep(, - Yo Ty 2) with C by (2.2.0.10) of Lemma 2.2.5
sefo,1ye P(2) fol dz1-~-f01 dzip(21y -« oy 2y Tha1s - - Td)

=C sup M (2.2.0.21)

z€[0,1]4 p(2)

Moreover, for j > k + 1, looking back to (2.2.0.19) again, we have

1 1
fO dyl fO dyk—l fomk dykajp(yl,...,yk,mk+1,...,xd)

03 S (9%)‘ < T T
FhiLrtd fo d21~--f0 Azip(Z15 ooy 2y Tht 1y - - > Tal)
1 1
Jo dyr--- [y dyr—1 fomk Ayrp(Y1s - Yk, Tht1s - - - Ld)
1 1
Tfo le-“fO dzkajp(zl,...7zk,xk+1,...,xd)

2
1 1
(fO le'“fO dzkp(zl,...,Zk,xkﬂ,...,xd))

1 1 1
< 2f0 dyy - [y dyk—1 [y dyr 10501, - Yk Thg1s - - Ta)]

B L)ldzl"'ﬂ)ldzk:p(zla"'azkamk+17"'7xd)
<2 sup M <2 sup M (2.2.0.22)
z€[0,1]¢ p(z) z€[0,1]4 p()

Combining (2.2.0.21) and (2.2.0.22) with (2.2.0.20), we get

sup
z€[0,1]4

)

D(T®) (=) 1| S CVI—F+1 sup Wp?(“)”)
z€[0,1]4 z

which concludes the first step.

Step 2: prove that

DTW® () — Id” <C sup |V'D(Z)|
z€1[0,1]4 p(Z)

sup
z€[0,1]4

The estimate of this quantity is very similar to the previous one. Indeed, equation (2.2.0.19) can also be read
as

1 1 Sapiq,s 24 (Tk)
fo dyl"'fo dyr—1 fo e a dykp(yh---,yk7xk+1,---,xd)

T = T T , (2.2.0.23)
f() dzl.”f() de;p(Zl, <3 Rks Th+1, -axd)
and since 5 75
(k). ij 1#k,
a(g )’L: 0 Z:k7j:17 .,k—l,
x] 6jS$k+1»---73«'d(mk) Z = k).] = k7 . 7d7
we have
2 ¢ 2
HDTU@)(J;) - IdH < OnSenasra @) = 12+ S (0580 na (20)) (2.2.0.24)

27



and we can estimate this quantity using (2.2.0.23) as follows.
Differentiating both the sides of (2.2.0.23) with respect to x we get

|8k53;k+1,.4.,xd (zk) — 1|

1 1 1
_ fo dzl"'fo dzk*l fo dzk[P(le-~7Zk>xk+1a~~-7xd)_p(zlw~-7Zk717Sxk+1,‘..,xd(xk)7xk+17'-~a$d)]
= 1 1
Jo dyr--- fo dyk—1p(y1, - Yk=1, Serinwa (Th)s Thg1s - - 5 Ta)
1 1 1
< fo dzy--- fo dzr_1 fo dzlp(z1, s 2k g1y -0 Ta) — P21, -5 Zh—15 Sapprsewa (Th), Tha1s - - - Ta)|

1 1
fo dyl e fo dykflp(y:h e Yk—1, S:vk+1,...,wd (xk)7 xk+1; .. axd>

<C sup I I
ZE[Ovl]d p(Z) fo dl,ll fo dyk—lp(y17"‘5yk—laSxk+1,...,.’td(xk)7xk‘+la"'7:Cd)

_ ¢ sup V) (2.2.0.25)
z€[0,1]¢ p(2)

where in the second inequality we used (2.2.0.10) of Lemma 2.2.5.
Moreover, differentiating with respect to z; with j > k£ + 1 one has

1071w (Th)]

Serparnnreg (28)
— _Ioldy1~'-f01dyk71f0 it a dykajp(y1,~-‘,yk,$k+1,...,$d)

fol dzy - - fol dzi—1p(21, -+ 26—1, Sup iy, g (Th), Tht1, - - -, Td)

Sapiqses x4 (k)
fol dyl---fol dyk,1 f() k+1 4Tk dykp(yl,A4.7yk7xk+1,...,acd) foldul---fol dukajp(ul,...,uk,xk+1,...,md)

fl dzl---fl dzi—1p(21, .-y Z=15 Sapyq,wq (Tk)s Thtly - - -y Td) fl dw1~~-f1 dwgp(wi, ..., Wk, Tht1,-- -, Td)
0 0 + 0 0
1 1 1
fo dylfo dyk71 fo dyk‘a]'p(ylv"'7yk7$k+17"'7xd)‘ (22026)
S q 1 .2.0.
Jo dzv--- [y dzu—1p(z1, .y 2k—1, Say iy ,zg (Th), Tht1, - - -, Ta)
N fol dy1--~f01 dyr—1 fol dyep(Y1, - - Yk Thyl, - - - Td) fol Clul~~-f01 duk|0jp(ut, ..., Uk, Tht1, - -, Td)]
fl dzl---fl dz—1p(21y -y Zk=15Sapp1swg (Th)s Thtty - o Td) fldwl---fl dwip(Wwi, ..., Wk, Tht1,-- - Td)
0 0 + 0 0
(2.2.0.27)

Now in the term in the integral in the numerator of (2.2.0.26) can be estimated as follows:

dip(v
10p(y1s - Yes T, s 2a)| < sup mp(yly---vyhl’kJﬂ’...,lid)
veoyd PV)
V6(0)] ()
< sup sup  ——2p(Y1y- -y Yh—1,Szpiq, (Tk)y Tht 1y« -+ Td)
vefo,14 P v) w,we0,1]d p(w) Tht1,eTq
[Vp(v)| IV p(v)|
< sup 1+C sup — = | p(y1,. - Ye—1, Sap iy, 2y (Tk), Tht1,y -, Ta)
velog P(V) veo,d (V) k1o d
(2.2.0.28)

where the last inequality follows from (2.2.0.10) of Lemma 2.2.5.
Using again (2.2.0.10) of Lemma 2.2.5, the term inside the first integral in the numerator of (2.2.0.27) can
be estimated as
(u)

p
P(ylv--~7yk7$k+17~--al’d) S sup 710(3/1’-~-ayk—lvSxk+1,..<,xd(17k)a$k+17~-~7$d)
w,we(0,1]4 p(’ll))

V(v
<|1+C sup | p( >| p(y17~-~aykfhka+1,...,wd($k)>xlc+17-~-a$d)7 (2.2.0.29)
velo,1]¢ p(v)

while the second one as
19p(v)]

10;p(ut, ..., Uk, Tht1,. .., Ta)| < sup p(ur, . Uk, Tht1y -, Tq)
vel0,1]4 p(v)
v
< sup Mp(ul, ey Uy Tty -« -5 L) (2.2.0.30)

ve[0,1]4 p(v)
Inserting (2.2.0.28) inside (2.2.0.26) and then (2.2.0.29) and (2.2.0.30) into (2.2.0.27), one gets

[Vp(v)| [Vp(v)|
0;Sayrrma(@r)| <2 sup ———=(14+C sup ————|. 2.2.0.31
19 " () velo,1]e p(v) velo,1]d p(v) ( )
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Combining (2.2.0.25) and (2.2.0.31) with (2.2.0.24) one finds out that

HDT(’“)(Q:)H < OVi—hF Tsup 2

z€EQ p(Z)
and therefore the proof of Step 2 is concluded. Hence, the proof of the Lemma is concluded too. O

We now prove another result concerning the boundary Wasserstein distance between measures with different
masses concentrated on [0, 1]%.

Lemma 2.2.7 ([11], Lemma 2.5). For any 0 < A < B positive constants and p > 1, it holds
(B—-A)
sz (A]]'(O,l)d7 B1(071)d) S BP—1 .

Proof. The proof is quite simple, indeed we can find a one dimensional transport plan between the measures.
We first define the one-dimensional map

B A
. _ [ Zv w€[0,5),
T:10,1] — [0,1], T(z): { i s [%71} 7 (2.2.0.32)
and then, using T, we define
S :[0,1)% +— [0,1]¢, S(x) == (T(21), 72, .., 2q). (2.2.0.33)

We first claim that the measure
™= (57 Id)uB]].[071]d7

is a boundary coupling of Al 1ya and Bl 1ya. Indeed the second marginal of 7 restricted to (0, )4 is Blg,1)a
by definition. Moreover, since

/ dr(z,y)f(z) = B/ dyf(S(y)) by Definition 2.2.1 of push-forward
[0,1]¢x[0,1]4 [0,1]¢

1
= B/ dyy / djf(T(y1),9) by definition of S
0 [0,1]4—1

3 B 1
B/ dyl/ agf{ wvi,9 +B/ dyl/ dijf(1,4) by definition of T
0 [0,1]d—1 A A [0,1]d—1
: B ,

= A/[Q”d dyf(y) + (B — A)/ dyf(1,9),

[071]d—1

the first marginal of 7 restricted to (0,1)% is Al 1ya.
Hence we have

wop (A]l(o)l)d,B]l(O’l)d) < / dr(z,y)|lz —yl?
[0,1]4x[0,1]4
5 [ dylsw) - P
[0,1]4
1
- B / i T(w) - l?
0

4 B p 1 )
=B dyl +B Ady1|1—y1|
0 4

Zyl_yl
_ (B—A)p/ldzzp: 1 (B4
Bp71 0 p+1 Bp71

where in the last but one equality we have changed variables y; = %z in the first integral and 1 —y; = (1 — %) z
in the second one. Hence the proof is concluded. O

2.3 The Benamou-Brenier formula.
The Benamou-Brenier formulation of the Wasserstein distance between two measures allows to write an optimal

transport problem in terms of a PDE’s problem. To introduce that, we need the notion of continuity equation
for measures.
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The continuity equation.
It is well known that for a regular enough
v: [0, +00) x QCRY) = Q,

tangent to 9, denoting v¢(x) = v(¢, x), the unique solution to the problem

{ Do () + div(p(@)ve(2)) =0, o (2.3.0.1)
po(x) = p(), R
with p: Q — R, is given by (see [31, Section 4.1.2])
[y = (QPt)ﬂ,U, (2.3.0.2)
where @; solves
{ Iepr(x) = ve(pe(2)), (2.3.0.3)
wo(z) = .

Indeed, if ¢; is a solution to (2.3.0.3), using that

D) = vilin(a)), 5 det(Dipy(a)) = (divee) (pu(x) det(Diy(e)),

we have
d

@ (o ame(e) = & llipu(a)) det(Depy ()]

= [Orpe(pe () + Ve (i (2)) - e ()] det(Depy () + Mt(@t(ﬂf))% det(Dypy(z))
= [Orpe (@i () + Ve (i (2)) - ve (e () + pe (e () (diver) (01 (2))] det(Dpy(x))
= [0t + div(peve)] (@i () det (D (),

hence equation (2.3.0.1) is satisfied if and only if the time derivative above is zero and therefore

(o7 Ve = (05 Heko = p,

that is, (2.3.0.2).
Now we can go back to the Benamou-Brenier formulation of the transport problem.

Theorem 2.3.1 ([6], Benamou-Brenier formula). Let p and v be two positive measures on Q C R, Then, one
has

1 &gut + dZ"U(ILLt'Ut) = O,
WP (p,v) = inf / dt/ dpg(z)|ve(@)|P v -1 =0 on 0L,
o Ja flo = s 1 =V

We are not going to prove this equality, but actually we only need the upper bound, which is quite immediate
to check. For further details see also [31, Section 6.1].

If the couple (u¢, v¢) is admissible for the infimum in the Theorem above and ¢; is the solution to (2.3.0.3)
for such v, one has

V= Ut=1 = (@t:l)uutzo = (<Pt:1)w7

and therefore

WP (1, v) = W2 (1, (91)1) < /Q dp(@)|z — 1 ()P by (22.0.1)
/ 2)lpo(@) — o1 (@) = / dp(x)
p 1
/ / dtve (pi(z)) /du( )/ dt|vi(pe(x))P by convexity of the function | - |P

/ dt/ du(x)|ve(pe ()P */ dt/ (pe)gp(x)|ve(x)|P by Definition 2.2.1 of push-forward

:/O dt/ﬂdut(xﬂvt(x)p

As a consequence of Benamou-Brenier formula, one gets the following estimate, which is no more symmetric in
wand v.

1
dtatQDt (fE)
0
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Proposition 2.3.1 ([1], Corollary 4.4 and [33], Chapter 1). Let Q C R? be an open and bounded set, and let ;1
and v be two densities on  such that p(Q2) = v(Q). Then, if f: R — R is the solution to

Af=pu—v onf,
V- f=0 on0Q,

it holds

W) < [ ae L

for a constant c, > 0.

Proof. 1If instead for looking for v; as in the original statement of the Benamou-Brenier formula, one looks for
ft such that V f; = pve, one gets

Oppe +Afr =0,
Vfi-7n =0 on 04, (2.3.0.4)
[0 = fh, p11 = V.

and

/dt/ |vft (2.3.0.5)

The simplest thing would be to use (2.3.0.4) and (2.3.0.5) choosing for p, the linear interpolation between p
and v, but doing that one gets

pe=p+tv—p)=10-t)p+tv=(1-1t)u,

and one would obtain (1 —¢)~P*! in the denominator which is not integrable for ¢ close to 1 and p > 2. Hence,
we make an intermediate step: by triangle inequality we have

ptv ptv
WP(M)”)SWP<M52)+WP( 2 7”)7

and substituting into the previous estimate the following one

J % noovv v nov vV v 1
‘W< z”0:W?Q+2v+z)Smﬂgn)+mﬂzn):JWW”%

one gets
uw+v 1
mww<m(,2)+lwwm
that is
1
2r w+v
Wyl < 2w, (w150 (23,0,

Hence in (2.3.0.4) and (2.3.0.5) we substitute v with

ptv
=3

Indeed if f is chosen as in the hypothesis, one gets

and if
w+v t t I
= P ) = _ )4y E
[ u+t( 5 u) u(l 2)+2V2»
then py and f; = £ satlsfy (2.3.0.4) for p and £~ and by (2.3.0.5)
\Vft / / |Vf / Vf()[P
P dt dt dx
g (nt5) < [ f ol £S5 e

and then one can conclude using (2.3.0.6). O
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2.4 An estimate exploiting radial ad angular symmetries.

Here we investigate the Wasserstein distance between two measures on R? whose radial or angular part is the
same. In particular, the following Lemma states that if the measures have the same radial marginal, then the
Wasserstein distance can be estimated with the distance between the angular marginals on 0B7, up to rescaling
with a radial factor, while if the two measures have the same angular component, then the distance can be
bounded with the distance between the radial marginals.

Since the result could be confusing, in the next result we will denote by

Wp.0.d;
the Wasserstein distance of order p between two measures defined on a metric space (€2, d).

Lemma 2.4.1. Let Q and ¥ be two metric spaces, let p, v be two measures on 2 such that u(Q) = v(Q), and
let v be a measure on . Then, for any m € T'(u,v), it holds

W21 ® 7,0 @) < / dn(a.) / ()P ((x.), (). (2.4.0.1)

In particular, if the two spaces are [0,+00) and OB;, with distance
d((r,z),(r',2")) = |re —r'2'|,
one has two cases: if @ =1[0,4+00) and X = 0By, it holds
Wy(p@vy,v@y) W) oo v)y(0B1), (24.0.2)
while if Q@ = 0By and ¥ = [0,400), it holds

W@ 7.0 ©9) < Whop, gy, ) [ (0" (24.0.3)

where the distance dpp, on 0B; is the geodesic distance on the sphere.

Proof. We start with the proof of (2.4.0.1), which follows from the fact that if 7 is the coupling in the statement,
then

m((2,y), (@,y")) = m(x, 2" )v(y)dy (),
is a coupling of ;4 ® v and v ® . To prove this, we consider a measurable function f : 2® ¥ — R. By definition
one has

/(szxz)z dx((x,y), («',y') f(x,y) = /

Q

_ /Q du(a) /E dy(y)f(z,y)
_ / (1 @ 7) () f(x,y),
Qx>

hence the first marginal of 7 is p ® v, and its second marginal is ¥ ® y for the same reason.
Therefore, it holds

Wy (p®y,v®7y) < /
(Qx%)2

dn(a) / dy(y) f ()

47 (2, 9), (@) P (), (&) = /

QxQ

dr(a.a') [ B (@.9). (9.
hence (2.4.0.1) is proved. Now we shall use it to prove (2.4.0.2) and (2.4.0.3), and we begin with (2.4.0.2): if
Q2 =10,+00) and ¥ = 9By, for any = € 9B; and 7,7’ > 0 one has

(), () = Irx —v/a] = |r = '|la] = r 1],
and therefore by (2.4.0.1), for any m € T'(u, V), one gets

WP(u@,v @) < / dr(r,1") / ()P (), (1 ) = / dr(r, ") — [PA(DBy),
[0,400)2 aB, [0,400)2

and by minimizing over m € I'(y, V) one gets the thesis.
As for (2.4.0.3), one has

d((r,z), (r,2")) = |rz —ra’| = r|lz — 2| < rdpp, (z, '),

and therefore
(oo}

dﬂ'(m,x’)/ dy(r)yrPdy g (z,2'),
0

and as before the thesis follows optimizing over 7 € T'(u, v). O

WP 7,1 @) g/
OB1Xx0B;
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Chapter 3

Some properties of binomial random
variables.

In this Chapter we recall some notions which we need about the binomial random variables.
Let us begin with the definition of binomial random variable.

Definition 3.0.1 ([30], Section 2.2.2, Binomial random variable). Let (2, X,P) a probability space. A random
variable N : Q — N is a Binomial random variable of parameters n € N and p € (0,1) if

P(N = k) = (Z)pk(l Pk, Vk=0,1,...,n.

Let us recall also that a Binomial random variable can be obtained the sum of n independent Bernoulli
random variables, defined as follows.

Definition 3.0.2 ([30], Section 2.2.1, Bernoulli random variable). Let (2, 3, P) a probability space and p € (0,1).
A random variable Z : Q — {0,1} is a Bernoulli random variable of parameter p if

PZ=1)=p, P(Z=0)=1-p.

Let us recall that if {Z;}_, are iid Bernoulli random variables with parameter p, then
N:=> 7, (3.0.0.1)

is a Binomial random variable with parameters n and p. In particular, if {X;}$2, are iid random variables in
R? with common probability distribution g, the random variable

n(4) = 3 La(X))

is a binomial random variable of parameters n and p with
p=P(1a(X1)=1)=P(X; € A) = u(A).
We now state a first result concerning binomial random variables.

Lemma 3.0.1. Let N be a binomial random variable of parameters n and p and let {Z;}32, be Bernoulli random
variables independent of N and of parameter q. Then, the random variable

N
M:=>"7,
=1

18 a binomial random variable of parameters n and pq.

Proof. To prove that, notice that for any k& € {0,1,...,n}, one has

n

P(M =k) =Y P(M=kN =0PN =)



since conditioned to N, M is a binomial random variable of parameters N and ¢ (see (3.0.0.1)). Hence
n = (n—k _ n—
par =) = () 3 (2 )bt - o+ -
=

= (W) (" Yo

and therefore the proof is concluded. O

In particular, thanks to Lemma 3.0.1, one can conclude that if N is a binomial random variable of parameters
n and p and {X;}$2, is a sequence of random variables independent of N and distributed in R? with common
probability distribution g, then the random variable

N(A):= > 1(X; € A), (3.0.0.2)

=1

is a binomial random variable of parameters n and pu(A).
Finally, before going on let us briefly recall that if X is a Bernoulli random variable of parameter p, for
d € N one has

1, ifd=0,
IE[(X —p)Y| =p(1—p) |1 —p)* "+ (-1)%p? 1] << 0, ifd=1, (3.0.0.3)
p(l1—p), ifd>2,

where the inequality is actually an equality for d = 2.

3.1 Concentration inequalities.

The main result we need concerns how to estimate the ¢/ moment of n(A), and this is the content of the
following Lemma.

Lemma 3.1.1. Let N be a binomial random variable with parameters n and p with np(1 —p) > ¢ > 0. Then,
for any q > 2 there exists a constant C depending on q and c such that

E[|N — np|9] < C(np(1 —p))%.

Before proving it, we recall that it can be obtained by Proposition 3.1.1 as Lemma 2.2 in [23], but we prefer
using the following direct proof.

Proof. Let us prove it only if ¢ = 2k and k € N\ {0}. It is sufficient to our purposes since, if the result holds
for such class of the exponents ¢ = 2k, then it holds for any ¢ > 2. Indeed, if one defines

k(q) = min{k € N\ {0} : 2k > ¢},

by Young inequality one gets

E[IN —np|?) < E[IN = np )50 < (Clnp(1 —p) "5 ) ™7 = 050 (np(1 - p))?,

with C' > 0 depending on 2k(q) and therefore on g.
Hence we assume ¢ = 2k and k € N\ {0}. In such case, if {X;}!_; are iid Bernoulli random variables with
parameter p, one has

i=1

E[[N —np|?] = E[(N —np)**] =E (Z(Xi —p)> = > E[Xy-p)-Xp -pl, (3101

i1,..0502=1

and therefore, substituting
E,={je{l,...,2k}:i;=¢}, L=1,...,n,
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one gets

(3.1.0.1)

Now we can perform the previous sum by counting the number of non empty sets among {E1, .

<

By, Enil 17, Eo={1,...2k} |t=1j€E,

Eryes En: 7y Be={1,...,2k}

Z H E [(Xz - p)lEeq by independence of {X;}? ,

By En:L7_y Ee={1,...,2k} £=1

Z [p(1 — p))FtelBel=2}

Elww;En:I_IZL:l E£:{1y~~72k}7‘El‘7élv‘€

if one denotes by m such number, one can notice that

hence one can write

2k =) |Ed| >
=1

0| Ee|>2 0| Ee|>2

= 2. 2

Evyoos Bn:l 7y BEo={1,...,2k},|Be|#£1V¢  Ei,..,En:| |7, Ee={1,...,2k} IC{1,...,n}

Therefore, if {F;};c; are the non empty sets among Ey, . ..

D

by (3.0.0.

3).

S IEl=2 Y =2m, =me{l,... k}

.., En}. Indeed,

1(|Ey| > 290 € I, |Eq| = 0V ¢ )

2.

L(|Ey| > 20 € 1, |E,| = OV ¢ I).

Er oo Bl Jpy Be={1,....2k} m=0 IC{1,...n},|I|=m

m=0

(3.1.0.1) < Ek: (Z) N 3

SFmc 7 Fe={1,....2k}| F¢|>2V¢

>

[p(1—p)]™

Loy Pt LT Fo={1,...,2k} | Fe|>2V¢

::Ck,vn

ko n!
=Y (1 = )]

1
<Gy max [np(l—p)" < CreC'fp(1 = p)IF,

! m=0,...,k
m=

with C’ > 0 depending on k and on the fact that np(1 —p) > c.

3.1.1 Chernoff bound.

, B, (which means |F;| > 2Vi € I), one gets

Thanks to the property of concentration of the binomial random variables, it is possible to estimate the prob-
ability of the event in which such random variable is far from its expected value.

Subsection.

That is the aim of this

Proposition 3.1.1 ([15], Chernoff bound). Let N be a binomial random variables of parameters n and p. Then,
for any § € [0,1] it holds

P(N —np > npd) < exp{—

and, in particular

npd?

P(|N —np| = npd) < QeXp{
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0°np

3

} and P (N —np < —npd) < exp {—

b

npd>
2
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Proof. First, we notice that the second statement is a consequence of the first one, indeed:
PN —np| > npd) =P(N >np(1+9)) +P(N <np(l —96)) = P(A;) + P(As), (3.1.1.1)

and we first estimate P(A;), then we focus on P(A4,). By writing N = Y1 | X;, with X; iid Bernoulli random
variables of parameter p, for any ¢ > 0 one has

]P(Al) — P(etN > etnp(l-i—é)) < e—tnp(l-‘,—é)E[etN] — e—tnp(1+6) HE[etX'i]
=1

o o ferte=D\"
= 7P (pet 4 (1 —p))" < <etp(1+5)> 5

and since the minimum of the previous inequality is achieved for ¢ = log(1 + J), one gets

npd> npd>
P(A;) < exp{np[d — (1 4+ 0)log(1 + )]} < exp{—6]f2} < exp{— Z(S }

The estimate of P(As) is quite similar. One has

IP(AQ) — P(—N > —np(l _ 5)) _ P(e_tN > e—tnp(l—&)) < etnp(1—5)E[e—tN] — etnp(l—é) H]E[e—tXi]

i=1
= P(1=0) (pe=t 4 (1 — p))™ < (e_P(l—eft)Hp(l—é))n )
and since here the minimum of the right hand side is achieved for ¢ = log(1 — §), one gets
npd>
P(Az) < exp {—np[d + (1 — ) log(1 —d)]} < expy——— .
and using (3.1.1.1) the thesis is proved. O

3.2 Some properties of polynomial functions of binomial random vari-
ables.

Now we focus on some results which will be useful in the next sections. All the result we prove can be written
in a more general way, but for simplicity we only consider the case which we are interested in.

The first result is a Lemma which bounds the probability that a binomial random variable with special
conditions on the parameters is smaller than a fixed value.

Lemma 3.2.1. Let c € (0,1) and « be positive constants. Then, there exists C < 1 depending on ¢ and o such
that for every N binomial random variable with parameters n and p with n > « and np > ¢, it holds

P(N <a)<C.

Proof. First, we observe that we can assume that « is a natural number, indeed if the property holds for every
natural number, we have n > a > |a] and

P(N <a)=P(N < |a]) <C,
where || is the integer part.
We distinguish two cases: the case np > 2a and np < 2a. Let us start with the first one: by Proposition
3.1.1, if np > 2a, we have

P(Nga):P(N—npga—np):ﬁ”(N—npg—%) Sexp{—%}gexp{—%}<l.

We split the case np < 2« in two more cases, as follows. We first denote by
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and then we notice that for n > 2« we have

20\ F - 1
< <1 - a) Z —(np)ke ™ since k < a,np < 2o and log(1 —p) < —p

< <1 - n) h B. (3.2.0.1)

Now since 8 < 1 there exists N, > 2« (also depending on 8 and therefore on ¢) such that for n > N, the
right-hand side of the previous inequality is smaller than 1.

Hence, if np € [¢,2a] and n > N, we can conclude applying (3.2.0.1). Otherwise, in the case np € [c,2q]
and n < N,, we can use the rough estimate

Oé Z( ) ~ me{a+l,...,Nqy }qE[O 1], mqe[c2o<k§:<k> ( Q)

k=0
O

The next result is a Lemma concerning an estimate for the expectation of some function of the binomial
random variables.

Lemma 3.2.2. Let ¢ > 0 be a positive constant and let A € R and B > 0. Then, there exists a constant C > 0
depending on A, B and ¢ such that for any N binomial random variable of parameters n and p such that np > c,

it holds

E[(N + 1)"]
E[(log(N +1))”]

(E[N] +1)4, (3.2.0.2)

<C
< C(log(E[N] +1))5. (3.2.0.3)

In particular, if

f(z):= (x+1)*(og(z + 1)), AeR and B >0,
for a positive constant C' depending on A, B and c, it holds
E[f(N)] < C(E[N]). (3.2.0.4)

Finally, if M > c, there exists a constant C > 1 depending on ¢ and M such that for any N binomial random
variables of parameters n and p with np € [c¢, M| it holds

E[f(N)] = = f(E[N]). (3.2.0.5)
Proof. We start with the proof of statement (3.2.0.2), which follows from direct computations. Notice that it

is sufficient to prove the statement for integer values of the exponent A, indeed, supposing that (3.2.0.2) holds
for every integer value of the exponent, for a general A by convexity one has

E[(N+1)*] =E [((N + 1)ﬁ)"4}

A

4]
[A[T] TrATT
<E [((N + 1)TAl ) ] by convexity

< C(EIN + 1) gsince 2 [|A[] is integer

\AN
— C(EIN + 1)),

where [-] is the ceiling function.
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Proof of (3.2.0.2) in the case A =1,2,.... Suppose therefore that A € N\ 0: we have to estimate

E[(N 4+ 1)* i() )RR+ )AL

If one defines N

k=A

since there exists a positive constant C' > 0 depending on A such that for every k > A

k!

(k+ ) < O—p

one has

E[(N + D" =E[(N + )" Lyca] + E[(N + 1) 1n>4]

N!
< AY + CE 1
SR (e R
=AY + CpAGa(p). (3.2.0.6)
So we claim that
Ga(p) <n? (3.2.0.7)

If we prove (3.2.0.7) we can conclude because by (3.2.0.6) we have
E[(N + 1)*] < A% + C(np)?,

that is, (3.2.0.2). Therefore we only need to prove (3.2.0.7), but this is immediate, indeed we have

n! " n— A\ e nl - A ; nea—j !
GA(p)Z(n—A)!?_%(k—A)pk A1 -p) k:(n—A)!jz_%( i )P(l—P) 4 —mﬁnA-

Proof of (3.2.0.2) in the case A= —1,-2,.... We argue as before: for B = |A| = —A, we define
Fp(p) = Zn: "B - p)"‘kik!
' = \k (k+B)V
and we estimate E[(N + 1)~5] using Fj, as follows
B4 = 3 (- s <03 (1) i = ). 3208)
= \k (k+1)B — = \k (k+ B)! R

We also have

(” J; B)pf(l — )BT = 7”! < % (3.2.0.9)

and combining (3.2.0.8) and (3.2.0.9) we get
E[(N +1)"P] < C(np)~P.

Hence the proof of (3.2.0.2) is concluded also for negative integers A = —B.
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Proof of (3.2.0.3). The proof of this second part of the Theorem is much simpler because the function inside
the expectation is concave for large values of the argument.
If we define
fe(z) = (log(1+z))B, = >0,

we have to prove that for any binomial random variable as in the hypothesis, it holds
E[fz(N)] < Cfp(E[N]).

First, we observe that the function fp is concave in the region

[max{zp,0},4+00), withzg:=ef™t -1,

and convex in the region [0, max{zp,0}). Hence, since the statement is valid with C' = 1 if B € [0,1] by
concavity of fp, we can assume B > 1 (and therefore xp > 0). In such case, we have

Elfs(N)] =E[f3(N)In<as] + E[fB(N)In>ay); (3.2.0.10)

and since we can roughly estimate

E[fg(N)ln<ey] < sup fp(x) = fe(zp) = (B—1)P =:cp, since fp is increasing, (3.2.0.11)
z€[0,zB)

we focus on the second summand in (3.2.0.10). For that term, we can infer that

Elfp(N)In>zp]

E[fB(N)]lNZJB]: P(N > zp)

]P(N Z JTB)

ENIn>z ) . . .
< fB <IP>[(NZA%C]:)]> P(N > xp) since fp is concave in the region [z, +00)

E[N]
< fB (IP’(N > 25

- P"g (%“)]B

< [log(E[N] + 1) —log(1 — P(N < 2))]” < Cfs(E[N])+C by Lemma 3.2.1, (3.2.0.12)

) since fp is increasing

where C' is a positive constant depending on B and c.
Combining (3.2.0.12) with (3.2.0.10) and (3.2.0.11) we get (3.2.0.3).

Proof of (3.2.0.4). We can now conclude: by Holder inequality, we have

E[f(N)] = E[(N + 1)*(log(N +1))”] < \/E[(NV + 1)24), /E[(log(N + 1))25]
< C'(E[N] + 1)*(log(E[N] + 1))
— C'J(EIN)),

where C” is the square root of the product of the constants provided by (3.2.0.2) and (3.2.0.3) for A’ = 24 and
B’ =2B.

As for the proof of (3.2.0.5), we can use the following argument: since the function f we are considering is
strictly positive in [¢,400) and continuous (hence bounded in the interval [¢, M]), we are reduced to prove that
for any binomial random variables of parameters n and p such that np > c,

E[f(N)] > ", (3.2.0.13)

for a positive constant C’ depending on c.
So let us briefly prove (3.2.0.13): if A > 0 we have

E[f(N)] > E [(N + 1)*(log(N +1))%1x>1] > 2% (log2)"P(N > 1) > ',

where the constant C’ comes from Lemma 3.2.1.
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As for the case A < 0, we can argue as in the proof of (3.2.0.2): if A= —1,—2,..., we have

BN = 3 ()00 = ot 1 ot + 1) = & 5 ()G 1)

1 (n e k! 1 n! n—A e
>C’I;<k>pk(l_p) k(k—A)!:O(n—A)!k_l(k—A>pk(l_p) '

1 nlpA "L - A 3 n—A—j
=c<n—A>!j_IZA< ;Jpasor
> %(np)A (1-P(N' < —A)),

where N’ is a binomial random variable with parameters n — A and p (satisfying therefore (n — A)p > np > ¢).
Hence, if C" € (0,1) is the constant provided by Lemma 3.2.1, we get in this case

E[f(N)] > ge*(1 - ).
To conclude the proof, we only need to prove (3.2.0.5) for A < 0, A ¢ Z, but such case is trivial since we have
E[f(N)] = E[(N + 1)(log(N + 1))?] > E [(N +1)~ =41 (log(N + 1))3} >

since the property is already proved for integer values of A (in this case —[—A]). O
Using Lemma 3.2.2 we can prove the following concentration result.
Proposition 3.2.1. Let ¢ > 0 be a positive constant, and let f : [0,4+00) — R be the function
f(x) = (z +1)*(log(z +1))%, A€R and B >0.

Then, there exist two infinitesimal functions w : [¢,+00) — [0,1) and W' : [¢,+00) — [0,+00) such that for
every N binomial random variable of parameters n and p such that np > ¢, it holds

(1 — w(np))f(np) < E[F(V)] < f(np)(1 + ' (np)). (3.2.0.14)

Proof. The proof is quite technical but it relies on the concentration properties of binomial random variables
which we mentioned before. First, we fix o € (%, 1) k€ (0,c7%) and we define the set

A= {|N —np| < k(np)*} = {np — k(np)* <N < np+ k(np)*}.
Notice that, thanks to the choice of k, one has
np — k(np)® > ¢ —kc® > 0, (3.2.0.15)

so that in A the variable N is uniformly bounded from below by a positive constant which does not depend on
n or p. By Proposition 3.1.1, we have

P(A°) < 2exp {—kz(m;)m_l} . (3.2.0.16)

Notice also that

F'(@) = Alw + 1"~ (log(z + 1)) + Bla + )"~ (log(z + 1))~ = I 91 <A i 1og<f T 1)> ’

so that, for a positive constant C' > 0 depending on ¢, k and «, thanks to (3.2.0.15) one has

19 < jp@is ol

— kc® . .2.0.1
C . Vi € [c— ke, +00) (3.2.0.17)

This estimate of course is valid even if A or B are zero (if they are both zero the Proposition is trivial).
From now on, we assume that

np > M, (3.2.0.18)
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with M to be fixed later, , otherwise for np € [¢, M| the statement is obvious since by (3.2.0.4) and (3.2.0.5) of
Lemma 3.2.2

Now we can estimate

Ellf(N) = f(np)] _ E[lf(N) — f(np)[14]
) = i) (3.2.0.19)
E[|f(N) — f(np)[Lac]
n Fon) , (3.2.0.20)

where A€ is the complement of A. We estimate separately the summands in the right-hand side of the previous
inequality, that is, (3.2.0.19) and (3.2.0.20). First we focus on (3.2.0.19): we have

(3.2.0.19) = ﬁ]EHf’(ﬁ)(N —np)|La] with £ depending on N, np and f
np
1
max "(z E||N —np|l
= ekt ”f(np) ! Pl
1
<C——= max EE [[N —np|l4] thanks to (3.2.0.17)

f(np) zelnp—k(np) np+k(np)*] T
1

< C'—k(np)® with C’ depending on C,k, c and « and by definition of A
np

O//
= e = ()

and so the estimate of (3.2.0.19) is completed. Notice that we can assume that the constant M in (3.2.0.18)
satisfies

so that 0 < w; < i.
Now we focus on (3.2.0.20): by triangle inequality and Holder inequality we have

(3.2.0.20) < W +P(A°) < W\/P(Ac) + P(A°). (3.2.0.21)

Moreover, by (3.2.0.4), we have
E[(f(N))*] < C(f(np))?, (3.2.0.22)

where C' > 0 is the constant provided by (3.2.0.4) of Lemma 3.2.2 and depending on A’ = 24, B’ = 2B and c.
Thus, combining (3.2.0.21) and (3.2.0.22), we have

k2 (np)Qa—l

(3.2.0.20) < C (\/IP(AC) + ]P’(AC)) < 2Cexp {_6} —: wa(np) by (3.2.0.16).
As before, we can assume that the constant M in (3.2.0.18) is large enough to satisfy

2M204—1 1
QCeXp{—RG} S Z,

so that we < i.
We can finally conclude since we just proved that

E[lf(N) = f(np)]
f(np)

and w is the function in the statement satisfying w < % for np > M. O

= (3.2.0.19) + (3.2.0.20) = w1 (np) + wa(np) =: w(np),

Now we can use Lemma 3.2.2 and Proposition 3.2.1 to prove the following Theorem.

Theorem 3.2.1. Let Let ¢ > 0 be a positive constant, and let f : [0,400) — R be the function

f(x) = (x +1)*(log(z +1))?, A€R and B>0.
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Let w : [0,+00) — [0,400) be a bounded and infinitesimal function. Then, there exists another infinitesimal
function &' : [¢,400) = [0,+00) depending on A, B,c and w such that, for any N binomial random variable of
parameters n and p with np > ¢, it holds

ELf(N)(1+w(N))] < FEN])(1+w' (BIN]), (3.2.0.23)
and moreover, if supw < 1,

E[/(N)(1 - w(N))] > F(EIN])(1 - o/ (E[N))), (3.2.0.24)
with w' as before and supw’ < 1.

Proof. To prove the statement we have to prove that the quantities

oy o EFOD( £ 0())]

f(E[N])
with w < 1 in the case of a_, are bounded from above and below by positive constants and that a4 T> 1.
np— oo
To prove that a4 T> 1, we first assume that np > M, for M large enough to be fixed later (since we
np— oo
have to consider the case np — oo). Then, we observe that

E[f(N)(14+w(N))] =E[f(N)] (3.2.0.25)
T E[f(N)w(N)]. (3.2.0.26)

As for the first summand in the right-hand side of (3.2.0.25), we have
[E[f(N)] = F(EIN]] < f(np)wr(np) = f(E[N])w: (E[N]), (3.2.0.27)

with wy; < 1 the infinitesimal function provided by Proposition 3.2.1.
Moreover, the second summand in (3.2.0.26) can be estimated as follows: by Holder inequality we have

ELf(N)w(N)]] < E[f(N)w(N)[] < VE[(f(N))]VE[(@(N))?]
< VO(S(EIND)VE[w(N))?] = C' f(EIN])VE[W?(N)] (3.2.0.28)

where C is the constant provided by (3.2.0.4) of Lemma 3.2.2 with A’ = 24 and B’ = 2B. So let us estimate
this factor concerning w?: if

np
= > 7},
A={Nz1
by Proposition 3.1.1, we have
. np np
= - —_— < - . . .
P(A°) ]P’(N np < 2)_exp{ 8}, (3.2.0.29)

and therefore by (3.2.0.29) we have
Elw?(N)] = E[w?(N)14] + E[w?(N)1 4]

< max w?(2) + (max jw()[)*P(A°)

< 2 2 _npy .
< miapc (@) + (max o (@)])? exp { ~F } = wa(mnp).

Combining this estimate with (3.2.0.28) we get
[E[f(N)w(N)]| < C"f(E[N])y/w2(np),
which, if combined with (3.2.0.25), (3.2.0.26) and (3.2.0.27), gives
o — 1| < wi(np) + C'V/wz(np).

Notice that in this case we can assume that the M such that np > M is large enough to have wy + C’'\/ws < 1.
The previous argument also proves the boundedness from above of a..
As for the boundedness from below, if E[N] = np € [¢, M], one has

E[f(N)]inf(1 —w) _ inf(l —w)
MECETEN) T O

with C' the constant provided by (3.2.0.5) of Lemma 3.2.2. O
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3.3 The convergence to a Poisson random variable.

In this Section, we first recall the Definition of Poisson random variable.

Definition 3.3.1 ([30], Section 2.2.4, Poisson random variable). Let (2, X,P) a probability space. A random
variable M : Q — R is a Poisson random variable of parameter ¢ > 0 if

—cck

P(Mzk):T vk € N.
We recall here that, if N is a Binomial random variable of parameters n and £ and M a Poisson random
variable of parameter ¢ > 0, for fixed k € N it holds (see for example [30], Section 2.2. 4):

== (1) () 00 = g () e S
—_————
— %1 ——e¢

n— oo n— oo

Hence we now focus on a result concerning the convergence of a sequence of binomial random variables of
parameters n and = to a Poisson random variable of parameter c.

Proposition 3.3.1 ([30], Section 2.2.4). Fiz ¢ > 0 and let: {Np}oe, be a sequence of binomial random
variables of parameters n and -, M a Poisson random variable of parameter ¢ and f : N — R a real function.
Then

sugE[\f(ch)H < 4oo <= E[|f(M)]] < +o0, (3.3.0.1)
ne
and, in this case, it holds

E[f(Noo)] —— ELf(M)] (33.02)

Proof. First notice that, by splitting f = fi — f_, where fi are respectively the positive and negative part of
f, we can assume that f > 0. In such case |f| =

Therefore we assume f : N — [0, 4+00).

We start with the proof of (3.3.0.1), and, to do that, we prove the following intermediate estimate:

E[f(M)] < liminf E[f(N,..)] < limsup E[f(N,..)] < e“E[f(M)]. (3.3.0.3)

n—00 n—00

Since one has:

n

LG D S e 00 s

k:O
by summing only over k < K for fixed K € N and then taking the liminf, one gets

| k n—k
lim inf E[f( nc)]>hnni>lo%fzn—n7k)nk21 ( —E) f(k)

n—00 n

n' Ck C n—k
2 Elzf&%&fmm (1-7) ®

K
Z e S (k
and then taking the limit as K — oo, one gets

lim lnfE[f( n, c)] Z E[f(M)]v

n—oo
that is, the first inequality in (3.3.0.3). To prove the second one, using again (3.3.0.4), since

n! c\n—k
— < - — < .93.0.
g S L e (1 n) <1, (3.3.0.5)
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one gets

nook
limsup B[ (Ny,.)] < limsup Y 7 f(k) = E[f(M)],
k=0

n—oo n—oo

hence also the second inequality in (3.3.0.3) is proved. Therefore also (3.3.0.1) holds as a consequence of
(3.3.0.3). So we now focus on (3.3.0.2): if we prove that

limsup E[f (Ny,0)] < E[f(M)], (3.3.0.6)

n—oo

combining (3.3.0.6) with (3.3.0.3) and the assumption that E[f(M)] is finite, also (3.3.0.2) is proved. To prove
(3.3.0.6), we argue as follows: let k(n) € N be a natural number such that

n R c\"~
BNV < 35 (1= 9 fewy
k=0
ey n(1-5 &) ck
<(1- E) (=55 > k) (3.3.0.7)
k=0
+ Z Ef(k)’ (3.3.0.8)
k=k(n)+1

and since thanks to the choice of k(n)
(3.3.0.7) —— E[f(M)],

n—oo
and
(3.3.0.8) = e“E[f (M) L ps>k(n)) —— 0,

n— oo

one gets (3.3.0.6). O
Proposition 3.3.1 can be used to prove the following result.

Corollary 3.3.1. Let ¢ > 0 be a positive constant, N, . a sequence of binomial random variables of parameters
n and 5, M a Poisson random variable of parameter c and X = {X;}32, a sequence of id random variables

uniformly distributed in (0,1)?. Then, if f)(({)p :N = [0,+00), j =1,2,3 are the following functions

k k k
£ (k) = w2 (Z 5Xi,k1(0,1)d> ) (k) o= Wk (Z Sx,, kﬂ(o’l)d> FO (k) == WhE (Z 5Xi,c11(0,1)d> ,
i=1 i=1 i=1
it holds ‘ ‘
B 10,0l o B[P 00)]
Proof. To prove the statement, by Proposition 3.3.1, it is sufficient to prove that
sup E[f¢) (Nn.e)] < +00, (3.3.0.9)

neN
for any j =1,2,3.
We start with j = 1: for any n € N one has
E |8 (Noo)| =E(E |8 (Noo)|Noe| 1
fX7p( n,c) fX,pq( n,c)‘ n,c Np,e>1

_P P
<CE [Ni,cd (Xd=3 + (1og(Nn.c + 1))5Xd:2)]11vn,021} by (1.1.1.7)

P

 (Xazs + (108( Vo + 1)) F xam2) |
< C"(E[Np.o] + 1) 7 (log(E[N,.c] +1))2 by (3.2.0.4) of Lemma 3.2.2
=C"(c+ 1) " (log(c+1))? = C".

< CE [(Nmc e
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Hence we only have to prove that the same holds for f and f®).

By (2.1.1.2), for any k € N we have
2 1
) < £, (R),

hence also ) )
E[/8),(Nno)] SE[£,(Nao)] €7,

for any n € N.
As for f ég’ )p, by triangle inequality we have

k
) < QPng (Z 0x;, k]].(ml)d) + 2pr£ (k']].(O,l)d7C]].(0,1)d)

=1

k
f)((?)zn(k) = ng (Z 5X,”C]].(071)d

i=1
2 [k —cl?
< 2pf)((,)p(k) + QPW by Lemma 2.2.7

<2 (k) + 2P — e,

hence, for any n € N,
&y (Nuo)| < 2E |18} (Nnc)| + 226"V [| Ny — ]

E [ X.p
< 2PCM 4 2P PO 5 by Lemma 3.1.1.

Hence, we can apply Proposition 3.3.1 to infer that
(4) (4)
E {fx’p(Nn’c)} n—00 E {fx’p(M)] ’

for any j =1,2,3.

45



Chapter 4

The geodesics on the sphere and the
exponential map.

This Chapter is dedicated to the study of the exponential map, which we need in the geometric decomposition
for the upper bound, that is, in Subsection 6.2.1. To define it, we begin with the definition of geodesics on the
sphere.

The most of the notions and properties we need are taken from [28].

4.1 The geodesics.

To introduce the concept of geodesic, let us begin with the notion of distance between two points on 0B;.
Definition 4.1.1 (|28], page 58). Given P,Q € OBy, the geodesic distance between P and Q is
1 [0kl
d(P,Q) = min / dtly(e)|: 701 = 0B
0 7(0) = P,y(1) =Q
The minimizing curves vy on the spheres are the arcs of circles, that is, the following property holds.

Lemma 4.1.1 ([28], Proposition 5.13). For P # @Q € 0B; such that Q # —P, the minimizing curve in
Definition 4.1.1 is the following:

Q-(P-Q)P
1-(P-Q)

Otherwise, if Q = —P, for any v such that v- P =0 the curve

~(t) = P cos(arccos(P - Q)t) + sin(arccos(P - Q)t), t € [0,1].

~(t) = Pcos(mt) +vsin(nt), t€0,1],

18 a minimaizer.
In particular, one has

d(P,Q) = arccos(P - Q).
With these notions, a geodesic on 0Bj is defined as follows.

Definition 4.1.2 ([28], page 58). A curve v : [0,1] — 0By is a geodesic if there exists a constant v > 0 such
that for any t € (0,1) there exists € > 0 such that for anyt —e < t1 <ty < t+ ¢ it holds

d('Y(tl)7’Y(t2)) - U(tQ — tl)
By the previous Lemma 4.1.1 it is easy to derive the following property.

Proposition 4.1.1 ([28], Proposition 5.13). Ifv:[0,1] — 0By is a geodesic curve, there exist P,Q € By such
that
P-Q=0,

and w > 0 such that
~(t) := P cos(wt) + Q sin(wt).
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4.1.1 A particular class of rotations on the sphere.

What we need in the following is a rotation Rg : R — R? which moves dB; along the geodesic from P to
Q. To build such a map, we proceed as follows: we let the vectorial space {P,Q}* be fixed, and in the plane
generated by the vectors P and @ we apply the rotation by angle 6 = arccos(P - ). In other words, if we fix
the orthonormal basis

Q-(P-Q)P

vy =P, V= ——————, 3,...,0q such that v; - v; = d;;,

V1= (P-Q)
P=v, Q=(P -Qui++1- (P Q)%v,

so that the coordinates of P and @ with respect to the basis {v;}¢_; are respectively

(1,0,0,...,0) and (P-Q,\/1—(P-Q)%,0,...,0),

we get

and the matrix representing the rotation Rg we mentioned above with respect to the orthonormal basis vy, ..., vq
is
P-Q —/1-(P-@Q)* 0 0
1—(P-Q)? P-Q 0 --- 0
Q _ e
Mg = 0 0 1 0],
0 0 0 1

and this is the map we were looking for.
The rotation Rg has the property move each point in dB; to another point whose distance from the first
one is not larger than the distance between P and @, as the following Proposition states.

Proposition 4.1.2. Let P,Q,S € 0B,. Then, if Rg is the rotation defined before, it holds
dap, (S, RE(S)) < dag, (P, Q).
Proof. By Lemma 4.1.1, if we denote by 6 = arccos(P - @)), we have to prove that
arccos (S - Rg(S’)) <.
If we now use the basis vq, ..., vy mentioned above and denote by
sp:=8-v, k=1,...,d,

the coordinates of S with respect to that basis, we can write

S-Rg(S) = (51,82,83...,5d) * ($1 €080 — sosinf, s1sinf + sy cosb, ss,...,8q)
d
= (s? —&-s%)cos@—&—Zsi
k=3

=1— (5?4 53)(1 — cosb),

where in the last inequality we have used that

d
|S|? = Z sz = 1.
k=1
Therefore we have

arccos(S - R%(S)) = arccos(1 — (s? + s2)(1 — cos)) < m[%)i] arccos(l — a(1 — cos0)) =0,
ac|0,

since the above function is increasing with respect to a and therefore the maximum is achieved for a = 1.
Hence the thesis is proved. O

Before defining the exponential map, here we state another result concerning the particular class of rotations
Rg we just mentioned.
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Lemma 4.1.2. Let P,Q € 0B, Rg the rotation defined before, and V- € O(d) be an orthonormal operator.
Then, the operator
L:= (R}p9)TVRY,

s an orthonormal operator and satisfies
Lv-P=v-P YveRY (4.1.1.1)
in particular
LP=P and L{P}*={P} . (4.1.1.2)

Proof. To start with, let us stress that L is orthonormal since it is a composition of orthonormal operators.
Then, we prove (4.1.1.1): for v € R? we have

Lv-P=(Rp?) VR - P=VRSv-Ry°P=VRv-VQ=R%v-Q=v-(RYTQ=v-(RY)'Q=v-P,
that is, the thesis. Finally, to prove (4.1.1.2) we can use (4.1.1.1) as follows: since we have
LP-P=P.-P=1=|LP|P)|

hence by Cauchy-Schwarz inequality one has LP = AP for a certain A € R, but applying (4.1.1.1) again we
have
A=AP-P=LP-P=P-P=1,

and therefore LP = P. Moreover, as for the second property in (4.1.1.2), we can observe that for any v € {P}*,
by (4.1.1.1) one has
Lv-P=v-P=0= Lve{P} = L{P}* C{P}}

where the last inequality is actually an equality since L is orthonormal and therefore invertible. O

Now we define and prove some properties of the exponential map, and this is the content of the next section.

4.2 The exponential map.

The exponential map is a way to project the tangent space to a manifold on the manifold itself. Since the
densities we are considering are radially symmetric, we need some properties about the exponential map on the
d — 1 dimensional sphere.

We begin with the definition of exponential map, but, before that, recall that given a point P € 0By, the
tangent space to dB; in P is the orthogonal to P, that is,

Tp(0B;) == {v €R%:v- P =0}.

Definition 4.2.1 (28], page 72, the Exponential map). Let P € 9By and v € Tp(0B;). The exponential map
1s defined as
expp : Tp(0By1) — 0By, v P (1),

with v the geodesic on OBy such that

Nt
woy=p 2l

The geodesic on the sphere are the circles from Proposition 4.1.1, thus one can write explicitly

AP (1) := P cos(|v]t) + ﬁ sin(|vlt),
v
and therefore one has v
expp(v) =, (1) = Pcos(|v]) + ol sin(|v]).

Through this map one can build a diffecomorphism (up to restricting to a suitable subset of Tp(9B1)) between
0B; and Tp(0B;1). We want to study the differential of this map.

To do that, to avoid considering the local coordinates of a boundary of the point P, we write D expp(v)
through its formal definition: for any v € Tp(0B), the differential of expp in v is the linear map

Dexpp(v) : To(0B1) — Tp(@B1),  Dexpp(u)h i lim SRR+ EN = expp(v)

e—0 e

(4.2.0.1)
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Using the rescaling property (see |28, Lemma 5.8])

Yeo(t) = 72 (ct), (4.2.0.2)

it is immediate to see that
Dexpp(v)|y=o = Id.

This fact is proven within the proof of [28, Lemma 5.10], and it is quite immediate to show indeed for any
h € Tp(0B1) one has

B —
D expp(v)|p=oh = lim expp(v + eh) — expp(v)

ly=0 by definition

e—0 3
P 1) — P 1
= lim Yoren(l) =% )|U:0 by definition of exponential map
e—0 £
P —-~F 1
= lim M by definition
e—0 £
P P
— 0
= lirr%) 0 (6) =7 (0) by rescaling property (4.2.0.2)
e— 3

=h by definition of v} .

But we need to know that also the second derivatives of expp are bounded, indeed one can do the same for the
second derivatives: for any v, h € Tp(0B1), D? expp(v)h is the linear map

DA(0)h: Tp(0B)) — Tp(0By),  D*expp(v)hk i lim 25PpH k)R = Dexpp(v)h

e—0 g

(4.2.0.3)

Thus we shall prove the following result about the first and the second derivatives of the exponential map on
the sphere. Hereafter, we denote by ¢ the normalization of a vector v, as follows.

Definition 4.2.2. For v € R4\ {0},  is defined as

Proposition 4.2.1. There exists a constant C > 0 such that for any P € 0By, v, h,k € Tp(0By1), it holds

|Dexpp(v)h — h| < Clh||vl; (4.2.0.4)
|D? expp(v)hk + Ph - k| < Clv||h||k|; (4.2.0.5)
|expp(v) — P| < Cvl. (4.2.0.6)

This is a consequence of the following Lemma.

Lemma 4.2.1. Let P € 9By, v,h,k € Tp(0B1) and © as in Definition 4.2.2. Then the following hold:

Dexpp(v)h = [—Psin(|v|) +o (COSSF’) - Sim':'))} oo+ hs’iné)"“); (4.2.0.7)
o o [ psinel) . (eos(lel) _ sin(oD\],
exppom = [~ 4o (D - S L
+ (kD b+ ho - k) (COTS'”') - SquE';’))
o ho -k [v sin([v]) + (P|o] + 30) (Coslfjf’) = Sim;")ﬂ . (4.2.0.8)

Before proving Lemma 4.2.1 we exploit it to prove Proposition 4.2.1.

Proof of Proposition 4.2.1. As for the proof of (4.2.0.4), by (4.2.0.7) we have

D expp(v)h — h| = ‘ {Psin(|v|) +o (COS(”) - Sin('””ﬂ i-h+h <Smi|”|) - 1)‘

vl [v]?

|
| cos(fvl) sin(ju]) sin(jo])
< |sm(|v|)|—|—|v\ |1}| - |’U|2 ‘h|+|h| T_l )
where in the inequality we have used that |P| = || = 1 and Cauchy-Schwarz inequality.
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Hence, one can prove (4.2.0.4) recalling that for any ¢ € [0, 1]

2
|sint| <t, \cost—1|§§,

sint

¢t sint
cost _=m — - 1‘ < Ot (4.2.0.9)

t 2| =

As for (4.2.0.5), by (4.2.0.8) one has

|D2 expp(v)hv + Ph - k| < HP (1 - Sm('””) +0 (COS(“’D - sm(“"))] k-h

|v] |v] BIE
. . cos(|v sin(|v
+(l<:v-h+hv~k)( |1()| ) _ |£|2|)>
bRk {ﬁsin(|v|) +(Plo] + 30) <COS|(|U|) _ sn|1£||;;|))] ‘
sin(|v COS|( (U sin(|v
< 1= S0+ 6 o | <20 D)
+ |hl[K|| Sm(lvl)I,

where we have used again that |P| =
the thesis.
As for (4.2.0.6), by definition of exponential map on the sphere we have

9] = 1 and Cauchy-Schwarz inequality. Applying again (4.2.0.9) one gets

|expp(v) — P| = 'P(COS(UD -+ ﬁ sin(|v])

< [P[|cos(|v]) = 1] + |9]] sin(Jv])]

2
< min {2 i 2| } +|v| since |P| = 9| =1 and using again (4.2.0.9)

< Clvl.

Now that we saw how to use it, we can prove Lemma 4.2.1.

Proof of Lemma 4.2.1. First we prove (4.2.0.7). By definition we have

P 1) =41
Dexpp(v)h — lim fYU-‘rEh( ) Yo ( )
e—0 IS

Pcos(|v + eh|) + 2= sin(|v + eh|) — P cos(|v|) + 9 sin(|v|)

=1 |v+eh|
= 11m
e—0 c
. sin(Jvt+eh|)  sin(|v])
= P lim COS(|U * Eh|) — COS(|UD + h lim Sln(|’U + €h|) |v+eh| |v]
e—0 £ £e—0 ‘1} + €h| c
_ _Psin(\ |) ht h51n(|11|) . (cos(|v|) B 51n(;;|)) oh
|v] v [v] El

which is what we needed.
As for (4.2.0.8), by the previous equation we have
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Dexpp(v+¢ek)h — Dexpp(v)h

D? expp(v)hk = lim

e—0 IS
1 . .
T —Pbm(‘v—i_gk')(v—f—ak)~h—|—hsm(|v+sk|)
s |v + ek| |v+ k|
cos(|v+ek|  sin(|jv+ ek|)
k — k)-h
+(v+5)( o kP T kP (v+ek)
oSy (el DY
|v] |v] |v] |v]
_p (sin<\v+;k\) _ sin(lw\)) sin(Jv+ek])  sin(Jv])
— lim [v+ek] [v] ('U + Ek) “h+ hlim |[v+ek| Jv|
e—0 15 e—0 €
cos(|vtek|)  sin(Jv+ek])  cos(|v]) + sin(|p\)
[v+ek|? lv+ek|3 [v]? [v]3

+(v+5k)(v+6k)~hii_>r% .
3 sin(|v|)k e (cos(v|) B sin(|v|)> lim (v+ek)(v+ek)-h—vv-h

|’U‘ |'U‘2 |’U‘3 e—0 S

__p (cos(|v|) 3 51n(;1|)) o kv hth (cos(v|) B sm(|§|)> ok
ol ol ol ol
+m)'h<_sin(|;f) —BCOS(|:D +3sin(|:|))@'k
] o] [v]

B Psm(|v|)k ht <COS(;’|) _ sm(|;)|)> (kv-h+vk-h),

[v] [v] |v]

that is, (4.2.0.8). -

4.2.1 Some properties of the exponential map.

In this Section we state some results about the composition of the exponential map with an orthogonal operator
R. In particular, in the proof of Lemma 6.2.4, we need the following two properties.

Lemma 4.2.2. Let R € O(d) be an orthonormal operator. Then, if P € 0B; and v € Tp(0By), the following
conditions hold:

Trp(9B1) = RTp(B,), (4.2.1.1)
Rexpp(v) = expgp(Rv). (4.2.1.2)

Proof. We begin with the proof of (4.2.1.1), which follows by definition
Trp(0B)) ={z €R*:RP-2 =0} ={z cR*: PR 2 =0} =R{y: P-y =0} = Tp(0B,),

and therefore the statement is proved.
As for (4.2.1.2) we have

Rexpp(v) = Ryp(1) = 7ap(1) = exprp(Rv),

and therefore the thesis is proved and there is no need to involve the explicit form of the exponential map. [J
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Chapter 5

Some other notions of Measure Theory.

5.1 The Hausdorff Measure.

In this Section we briefly recall the definition of Hausdorff measure of dimension s > 0 in R%.

Definition 5.1.1 ([19], Definition 2.1: Hausdorff measure). Let A C R? and s,6 € (0,+00). Hi(A) is defined
as

3 diam C}
2

o0 T S
g =1 : C U j ) i <
H3(A) := inf ; EESY ) A C U2, 0y, diam C; <6 5,

and the s-dimensional Hausdorff measure of A is

H?(A) :=sup H3(A).
6>0

Briefly speaking, the Hausdorff measure is a way to perform the measure of a set embedded in R?, such as,
for instance, a k-dimensional surface with k£ < d.

For further details on the Hausdorff measure see [19], but to our purposes it is sufficient to know that the
Hausdorff measure H* restricted to a k-dimensional surface sufficiently regular, say C*, is the uniform measure
on the surface itself.

5.2 The Haar measure on O(d).

In this Section we briefly recall some notions about the existence of the Haar measure on a compact Lie group,
and in particular on O(d). We need it in order to prepare the geometric decomposition for the upper bound in
Subsection 6.2.1, since it is necessary to use a multiplication invariant probability measure.

Since all the results we will take from this Chapter do not need a specific formulation, we only state the
results we need, that we take from [18]. To start with, we define what is a Lie group.

Definition 5.2.1 ([18], Definition 2.1). A Lie group (G,-) is a manifold with a group structure such that the
multiplication map - is regular.

As we mentioned before, the Lie group we are interested into is O(d), and it is straightforward to see that
it is included in the previous definition.

Remark 5.2.1 ([18], Section 4.4). For d € N\ {0}, O(d) is a compact Lie group.

Let us spend a few lines about the previous expression.
O(d) is described by
O(d) == {M € M**YR): MM =1d},

d(d+1)
2

and therefore, since the previous condition MM7T =1d is a system of independent equations in RdQ, by

the implicit function theorem O(d) is a @ dimensional manifold.

The multiplication map is the multiplication between matrices and O(d) is compact since it is closed and
bounded in R?. The closedness is trivial to verify by definition while the boundedness is a consequence of the
fact that, if U € O(d), then

Uij| = [{ei, Uej)| < leil|Uej| < [[Ufloc = 1,

since

[Uv]* = (Uv, Uv) = (v, UTUv) = ||v]*.
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We mentioned before that we need a multiplication invariant probability measure on the compact Lie group
O(d), that is, a measure p such that for any U € O(d) and £ C O(d), it holds

w(U - €) = u(e),

and that is the content of the following Section.

5.2.1 Left-invariant and right-invariant probability measures.

To start with, we define rigorously the left and right-invariant probability measures.

Definition 5.2.2 (Multiplication invariant measures.). A measure p on a Lie group (G,-) is said to be left-
invariant (respectively right-invariant) if for any U € G and € C G, it holds

u(U - &) = (&),

and respectively
u(&-U) = pu(€).

As examples of left and right-invariant measures on Lie groups one can consider: the Lebesgue measure dz
on (R?,+) or on the torus (T%, +), or the measure % on (RT,-) where - is the canonical multiplication on R.

We shall see that there exists also a unique left-invariant and right-invariant measure on (O(d),-), where -
is the canonical multiplication map between matrices.

The case d = 1 is trivial since one has O(1) = {£1}, and therefore the only left (which is also right) invariant

probability measure is p such that u(£1) = 3.

The left and right invariant measures on O(2). The case d = 2 is a little bit less obvious than the case
d =1 but it is explicit: one has

0(2) = {(6059 _SM) , <C°S‘) sin 6 > e [o,%)} — {RT(0), R~ (8),0 € [0,27)},

sinf cosé sinf@ —cos@

and therefore any element of O(2) is described by its determinant (£1) and by the angle 6.
Since one has

R(6) = R*(0) <(1) _01> R+(9)<(1) _01> R (0) (é _01> and  RY(O)RT(0) = RY(0+0),

it is straightforward to verify that
RT(ORT(O)=RT(0+0), RT(OR (0)=R (0+6), (5.2.1.1)
R - (O)RT(®)=R (06-0), R ()R (¢)=RT(0-0). (5.2.1.2)
By (5.2.1.1) and (5.2.1.2) it follows that
(RY(0))" ' =R"(-0) and (R (0) ' =R (0). (5.2.1.3)
Therefore the only left-invariant (which is also right-invariant) probability measure on O(2) is p defined via

1 2

/ duU)f(U) = do[f(R*(0)) + f(R™(9))],
0(2) 0

where df is the Lebesgue measure on R.
By setting f = 1 one finds that p is a probability measure on O(2), and it is straightforward to see that y is

both left and right-invariant since for any U € O(2) and £ C O(2), assuming that U = R () (the same holds
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if U = R™(0)), one has

1 2m
HU8) = = [ 011 0 (R70) + Ls (R (0))]

= ﬁ O " d@[]lg((RvL(g))flRwL(Q)) + 15((R+(§))*1R* (0))]
= % o dO[1e(R*(—0))R*(0)) + Le(RT ()R~ (0))] by (5.2.1.3)
T Jo
— % 2r dO[Llg(RT(—0+0)) + 1¢(R™ (-0 +0))] by (5.2.1.1)
™ Jo
1 —6+2m )
v 5 d'[1g(RT(0)) + 1g(R™(¢'))] changing variables §' = 6 — 0
= % - df'[1e(RT(0)) + 1¢(R™(¢'))] by periodicity of the integrand function
™ Jo

=u(€) by definition of u.

Using (5.2.1.1), (5.2.1.2) and (5.2.1.3) one can prove that y is also right-invariant.
The question is what happens in the case d > 3, where the structure of O(d) is much less obvious. In this
case one can use a more general existence and uniqueness result.

5.2.2 Existence and uniqueness of the Haar measure.

Theorem 5.2.1 ([18], Theorem 37.1, Existence and uniqueness of the left Haar measure.). Let (G, -) be a locally
compact Lie group, and let ¥ be the Borel o-algebra on G. Then, up to normalization, there exists a unique
measure i on (G,X) such that:

e 1 is left-invariant,
e /i is finite on every compact subset K € ¥,

e 1 is outer regular, that is

w(S) =inf{p(U) : S CU,Uopen}, VSeX,

e 1 is inner reqular, that is

w(U) =sup {p(K): K CU,Kcompact}, YU € X open set.

Such measure p is said a left-invariant Haar measure.

The previous Theorem holds of course in the case of right-invariant measures too, since there is nothing
more specific in the concept of left-invariance than of right-invariance, but a simple way to get a right-invariant
measure from a left-invariant one is the following: if p is left-invariant, then fi defined via

f(A):=p{geG:g7 ' € A},
is right-invariant. Moreover, if u is finite on every compact subset and it is inner and outer regular, then also
8 lb.One may ask whether the left and right Haar measures do coincide: in such case, the group G is said to be
unimodular. The following Theorem provides a sufficient condition for a group to be unimodular.
Theorem 5.2.2 ([18], Proposition 35.4). If (G, ") is a compact Lie group, then it is unimodular.

As a consequence of Theorems 5.2.1 and 5.2.2 and of Remark 5.2.1, one gets the following result.

Proposition 5.2.1. For any dimension d > 1, O(d) admits a unique left and right Haar measure.
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Chapter 6

Random matching for exponential and
polynomial densities.

The density we are going to consider as distribution of the variables {X;}? ; here have radial symmetries, thus

p(x) = p(|z|)
with
o i ) vyeR, ¢g>0,
p(r) = AT with { y>d g=0 (6.0.0.1)

where the case ¢ = 0 is a slight abuse of notation to mean that one has only the polynomial contribution and
not the exponential one. Moreover, ¢; chosen in such a way to have

/Rd dzxp(z) = 1.

Since we have to deal with the p*® moment, with p > 1, we have to be sure that

/ drp(x)|a” < oo, that is / drr®P = p(r) < oo,
R4 0

and the previous property holds for

any p > 1, q>0,
1<p<y—-d, ¢=0,

and of course this means that we need v > d + 1.
This class of densities has the property that for any a € R, a < v—1 whenever ¢ = 0, there exists a constant
C > 0 (depending on v and a) such that for any R > 1

éR“iQHp(R) < /R drp(r)r* < CR*™11p(R). (6.0.0.2)

This property is a consequence of the fact that there exists a constant C' > 0 depending on ¢ and -y such that
forany R >1

qu—l S |p/(R)| S CRq_l.
C p(R)
This is the crucial property we are going to use, and it also implies that
R 1 q>0,a>00rq¢>0,a=0b<—-1lorq=0,—ya+b< —1,
/ drp(r)?r® < { logR qg>0,a=0b=—-1lorq=0,—va+b=—1,
0 p(R)*Rb—aF! g>0,a<0orq=0,—va+b>—1.

The critical exponent. As we mentioned in the Introduction, and in particular in (1.1.3.1), one expects
that the behavior of the cost function changes whenever the exponent p becomes such that p1*% is no more
an integrable function. The class of densities we are considering is vanishing for large |z|, hence the more p is
large, the less the (1 — 5)" power of the density is integrable.
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Hence the critical exponent p is defined as

prit .= sup {p >1: / drp(z)'—4 < oo} ,
Rd

and it is straightforward to see that since for ¢ = 0

dap(x)' i = Hd_l(aBl)C;%/ drr?=t (1 4+ r77) 4
0
=C (1 +/ drr(”/d)Jrdel) ’
1

crit d’ q > O’
P = p* = 7(1(77—01) < min{d,y—d}, ¢=0,

Rd

one has

and notice that while if ¢ > 0 one has p®® =d > 1, if ¢ = 0, p®* > 1 if and only if

2
v 2>

T > d+ 1 = initial lower bound for -,

and therefore the critical exponent p which changes significantly the behavior does not necessarily exist, that
is,if g=0and v € <d+ 1, %)7 one has

p* < 1 and therefore p € [1,7 — d) = p > p“*.

6.1 Restriction to a ball of radius R.

Since our purpose is to apply the method we mentioned in Subsection 1.1.2 to the probability distribution with
density p, we want to divide all the domain in which the random variables are distributed on, that is, R?, in a
set of squares. We will focus later on the way this partition is to be made, but what we want to stress now is
that there is a region of R? where the averaged number of variables is too small. Indeed, if we consider a ball
(or a disk, in dimension d = 2) of radius R, we get

n—E[n(Br)]| =n . drp(z) = nH¥"1(0B;) /ROO drr®1p(r) ~ nR*p(R).

Hence, the radius R inside which we want to constrain the variables is to be chosen in such a way to have
n — E[n(Bgr)] < n, in such a way to have a very small fraction of the variables outside the region we are
excluding, that is

1
p—J (qlogn)s ¢>0,
ny—d q=0.

This choice of R is however not the best one: indeed to compare the cost of the matching with the cost of
the uniform matching, one has to be sure that in each hypercube we divide the ball (or the disk) into, two
conditions are satisfied:

e the density has to be almost constant (that is, it has to be transported in the uniform one through a quasi
1-Lipschitz map),

e there is a large number of variables {X;} to be matched with the reference measure.
Before we deal with these two requests, let us substitute the previous R with a slightly smaller radius:

¢/ qlog (#) q >0,
R= tog ) , (6.1.0.1)

()" a0

with o and 3 to be fixed below according to the conditions we need.
Let use begin with the first one: it means that p restricted to the hypercube must be transported into the
constant one. By Lemma 2.2.6, it is possible if for any = in the hypercube, denoting by L its side, it holds

Vp(x)|  |p'(r)
o) ‘L‘pm

L ’ < Ce, with r = |z| and € to be finally sent to 0. (6.1.0.2)
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We recall here that by Lemma 2.2.5 the previous condition ensures that if  and y are in the same hypercube
Q, one has

sup
z,YEQ

pla) 1‘ < Ce. (6.1.0.3)

For x close to the boundary of the ball, that is, |x| &~ R, property (6.1.0.2) writes as
p'(R)
p(R)

Here comes the second condition: using (6.1.0.4) one finds out that the expectation of the number of points
inside the hypercube @, of side L and at distance R from the origin is

L

‘ ~ LR1™! < Ce, and therefore L ~ eR*™1. (6.1.0.4)

E[n(Q1)] = n / dup(x) ~ np(R)L? ~ nep(R)R—4a-1), (6.1.0.5)
L

where the first approximation is a consequence of the fact that the density is almost constant inside the hy-

percube, that is, (6.1.0.3), and the second one comes from (6.1.0.4). By substituting definition (6.1.0.1) of the

radius R in (6.1.0.5), for ¢ > 0 we get

while for ¢ =0

—q+d

) T c(logn)?

n

Bln(@u)] ~ e (ot

To satisfy the second condition one has to choose o > 1 +d(1 — %) ifg>0and 8> 0if ¢ =0. As we are going
to prove later such a choice is possible for p < p°®. To explain why it happens, we first notice that large values
of o and 8 worsen the estimates of such a cut off, in Proposition 6.1.2, but improve the estimates of rearrange
the masses inside the hypercubes, in Propositions 6.2.1 and 6.2.2. This happens since large values of o and (8
ensure that the averaged number of points inside the hypercube is very large, and therefore their variance is
very small (in comparison). While if p < p" one can choose o and 3 large enough as we said before but small
enough to not affect the cost of the cut off in Proposition 6.1.2, for p > p°™* it is straightforward to see that

the only choice of a and 5 which balances the estimates in Proposition 6.1.2, 6.2.1 and 6.2.2 is

1

q

Thus the critical distance is defined as follows.
Definition 6.1.1. The radius S, is defined as

Sy = N
w_ )77
(o) ¢=0

with
X _ 1y x _1
a{ e (2+dn Diedo H+1) p<d
—2 _1
=1+d(1-7) p>d,
and
>0 p<p’,
1 ok
B € <0a14ﬁ£22> p=p,
=0 p > p*.

What we want to prove is that the cost is basically determined by the cost of the variables which are inside
the ball of radius S,. S, is not exactly the final radius R,, where we are going to apply the cut off, since a
further step will be to divide Bg, in a sequence of annuli through a corresponding sequence of radii {ry}r>1,
and therefore we have to be careful that in this decomposition the last annulus is not too much small. In this
lines we do not want to deal with the exact decomposition in the sequence of the annuli (Subsection 6.2.1) or
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with the exact choice of the radii ((6.2.2.8) and Definition 6.2.3). To give the definition of R,,, it is sufficient to
say that, if the sequence {ry}r>1 is chosen as in (6.2.2.8), k is chosen as

k:=max{k>1:7r, <S5, <71}, and R,, := Thal- (6.1.0.6)

Such R, is the critical radius, and by (6.1.0.2) it is straightforward to see that

Pn) < p(Ba) < Cp(Sh), (6.1.0.7)

where the constant C' > 0 does not depend on n. This holds since the distance between 7y and rg41 is chosen
in such a way to satisfy (6.1.0.4), that is

~

10’ (rie)] p(r
(g1 — rk)ﬁ < Ce and therefore 1—ce<—<<1+ce foranyry <r,s<7ri1.
P\T'k

(s)

Now we focus on the cut off at radius R,. This means that one needs to replace all the n variables {X;};_,
with other n iid random variables { X} , constrained inside a ball of radius R (or a disk, in dimension d = 2).
To make this, we first define the following new density

)

Definition 6.1.2. For R > 0, p the density in (6.0.0.1),
0 =eR79,
and Ap p(1+s) = {o € R?: |z € [R,R(1 +6))}, pg is the probability density defined as

1 — p(Bg)
% = p(lp, + 1 .
Pr = p(lpy, p(AR,R(1+6)> AR,R(1+5))

Let us stress that the previous measure coincide with p in the ball of radius R but moves all the mass outside
Bpr in the annulus Ag r(145). Notice that the previous density is obtained as the sum of two terms: the first
one, i.e., the coefficient multiplying 1z,,, has order 1, while the second one can be approximated for large R
and small § = eR™7 by

1— p(BRr) _ [z drri=tp(r) _ _R¥"p(R)
P(ArRa+s) RO grpa-1p(y — RITIORp(R)

1 1
TSR = in both the cases ¢ > 0 and ¢ = 0 by the choice of 4, (6.1.0.8)

€

and therefore
1 R C

p(x)(ILBR + EIAR,R(1+5)) < pR(x) < p(x)(]lBR + E]lAR‘R(Hé)) (6.1.0.9)

Also notice that this new density p% has the same properties as p, that is (6.0.0.2), indeed
/ drp%(r)r® < Cp(S)S*—at1, (6.1.0.10)
s

Let us spend a few lines about (6.1.0.10). One has to distinguish the three cases S > R(1+4), S € (R, R(1+ )]
and S < R. Of course if S > R(1 +9)

| ot =o.
S
since p%(r) =0 for any r > R(1 + §). Then, if S € (R, R(1 + §)], by property (6.1.0.9) one has

R

00 R(1+49)
[ < [T drtone < Spsysers = Sotsyseanie
s e Js 5 £

1—gq
S) < Cp(S)S*9Tt, (6.1.0.11)

and finally, if S < R, by the previous property (6.1.0.11) one has

0o R 0o o oo
/ drp(r)r® :/ drpf%(r)ra+/ drpg (r)r® §/ dT‘p(’l")’l"a+/ drpR(r)r®
S S R S R
< Cp(8)S* ™9 4 Cp(R)R™ T < C'p(8)S*~ 9t

which concldes.
Before estimating the distance between p and p%, let us see how this new density pr can substitute the
previous one, that is, p. The main result we are going to prove is the following.
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Proposition 6.1.1. Let {X;};., be iid random variables in RY with common distribution p. Then there exist
{X;}1, iid random variables in R with common distribution p% such that

wy <Z5XWZ55Q>] < nWy(p, pr).
=1 =1

Proof. Since p is absolutely continuous with respect to Lebesgue measure, thanks to Theorem 2.2.1 there exists
amap T : R? = R? (depending on R and ¢) such that

b = Top, and Wi(pu i) = | doplala = T(a)" (6.1.0.12)

Therefore if {X;} , are iid random variables with common distribution p, {T'(X;)}?  are iid random variables
with common distribution p%. In fact, by Definition 2.2.1 of push-forward, the law of T'(X) is T;(law of X') and
the independence is preserved by the fact that T'(X;) depends only on X;.
Therefore, by setting
X@ = T(XZ),

and noticing that the measure (in R? x R%)

n n

~ Y E[IX; - T(X,)] = / dzp(@)|z — T(2)P?
i=1 i=1 Y R?

=nWp(p,p%) by (6.1.0.12),

and this proves the statement. O

Therefore now the question is how much the density p% is far from p (in the Wasserstein metric). The
answer is in the following Lemma.

Lemma 6.1.1. If p is probability density defined in (6.0.0.1) and p% is the probability density in Definition
6.1.2, it holds

W2 (p, p5;) < CRI47 P~ p(R). (6.1.0.13)
Proof. A possible way to prove the statement could be by finding first an explicit map 7 : R — R? such

that Typ = p%, and then estimating |T'(x) — x|. It is possible, but we prefer to prove this by first using the
subadditivity of the Wasserstein distance (see (2.1.0.2)) to get, in both the cases, the inequality

1 — p(Br)
WPh(p, pr) = W) <,0]13R +plpe, Pl + ————<Lag nauys

P(AR,R(1+6))
< WE(pLpy, plg) + WP (plps + L=p(Br)
= P R R P p(AR R(l-‘,—é)) R,R(1+5)
p(BRr)
=Wwp (leBR, PAnnre) Lag noss (6.1.0.14)

and then by applying the triangle inequality and involving the third measure

5. L= p(Br)

d—1
- Hd—l(aBR)H 081,

where H% ! is the d — 1-dimensional Hausdorff measure in Definition 5.1.1. p moves all the mass outside By
on the boundary of the ball (and not on the annulus).
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Therefore, to prove (6.1.0.13) in both the cases, we apply the triangle inequality to the three measures
involved in such a way to get

1 — p(Br)
(61014) S Wé) (,0]13%7 mﬂA}?,R(l+é)
1 — p(Br)

p
) ILA )
p(AR)R(l«I»(S)) R 5>)

. . 1—p(Bg)
S QPWZZ)) (p]].B}C:i,p) + 2PWII)7 <p7 [MMW]]-AR‘R<1+E>> . (61015)

< (W) (o1m3.0) + W06

The bound for the second summand in (6.1.0.15) can be performed as follows: one can observe that the map
T : AR Rr(1+5) — OBR defined as

T(z) := Rz,
verifies
L= p(Br) o _ 1=p(Br) HI g, = p
P(AR Ra4s)) Y HI-1(OBR) rR— 5
and also
|T(x) — x| < RO. (6.1.0.16)
Therefore

. 1—p(Bg) 1—p(BRr) .41 1 — p(Bg)
Wp 71 = Wp [ I S VA ]l
g (p, (AR r(its) IO b ’del(aBR)rH loz, p(AR,R(H(;))p AR R(1+5)

1—p(B
S/ dxﬁp(w)lﬂw) — | by (2.2.0.1)
AR, R(1+96) p(AR,R(l-HS))

1 — p(Br)
= p(AR,R(1+4))

— (ROHY (0B,) /R ()

P(AR r(1445))(R0)P by (6.1.0.16)

< C(RS)” p(R)R*™7 by (6.0.0.2)
= ePCp(R)RY=97Pla=Y) by Definition 6.1.2, (6.1.0.17)
with ¢ = 0 in the case of polynomial density.
The estimate of the other summand in (6.1.0.15) is slightly different.

In the following chain of bounds the first one is obtained as in the previous estimates.
One has

(o)
WE(plpge,p) < Hd_l(aBl)cfl/R drp(r)r=tr — RP

|r — RJP

A e Rap
|rq_Rq‘p|T R

:Hdil(aBl)cg/ drp(r)rd=t
R

< C’/ dprd=1HPA=D) |pa _ RUP ()
R

o del4p(l— p(r)
=Cp(R / drrd—1tp(-a) a0 _ pajp
(8) R | | p(R)

1

s9—1

a (R(s?—1))? with r = Rs

< C/Rd+p(1—q)p(R) /oo dgsd—1TP(1—a) =7 ,—C" Ri(s7-1)
1

_ C/Rd+p(1—q)p(R) /oo drrd—1+PA=a)=v ,=C"r? p—(d=14p(1-q)—7)—1,C"RT Lo} o r/R
R
< C"RIHPA-D=4,(R). (6.1.0.18)
Then, combining all the estimates, one gets

W2 (p, p%) < (6.1.0.15) < (6.1.0.17) + (6.1.0.18) < (PC + C")p(R) R4~ 1 P(a~ 1),

that is what we wanted to prove. O
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Now that we have proved the previous Lemma, we can estimate the cost of the cut off.

notation, from now on we will use the following one.

Definition 6.1.3. For k as in (6.1.0.6), the density p, is defined as
P = Pre-

Proposition 6.1.2. Let R,, be the critical radius. Then, it holds

d_1_ 1 _
q 1-p(1 q)+a q

logn) g>0
aWP(p, pn) < 04 (108 ) 7
5 (Popn) < { nm(logn)ﬁ(l_m) q=0.

Proof. First we notice that, by Lemma 6.1.1, we have
Wﬁ(% pn) < CRfqup(qfl)P(Rn),

and therefore, recalling property (6.1.0.7), we have

nWh(p, pn) < CnSd—a—rla=1) p(8,) < Cnsz_q_p(q_l)ef%bfv.

To shorten the

(6.1.0.19)

Therefore, to prove the inequality in the case ¢ > 0, it is sufficient to recall that in this case, by Definition 6.1.1,

we have

q n
S = ([l <<1ogn>a>’

and then notice that by (6.1.0.19) we get

d__ ol

nWE (. pn) < Clogn)a =10 tes,

Instead, in the case of the polynomial density (¢ = 0) by Definition 6.1.1, we have

1

5= (o)

and then, by Lemma 6.1.1,

nWP(p, pn) < CnRIP=7 < On7-7 (logn)* =572,
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6.2 The geometric decomposition.

Our purpose is to divide the space in a lot of (not necessarily disjoint) subsets. The hypercubes would be the
most eligible choices for this decomposition since we know the behavior (for large n) of cost of the uniform
matching on an hypercube, and in fact in the lower bound (where there is no need to estimate a global term) we
will use a set of disjoint hypercubes to estimate the cost. But the probability measures we are considering are
radially symmetric, therefore we have to exploit this symmetry in the upper bound, where we have to estimate
the distance between the real density and the density in which the masses have been rearranged.

6.2.1 Geometric decomposition for the upper bound.

To explain the partition which we are going to use we begin with the standard definition of an annulus:
Aps={zcR: |z| €[rs)}.
We need to divide an annulus in a non countable union of deformed hypercubes, which we define as follows.

Definition 6.2.1. Let r,6 > 0, y € OBy, U € O(d — 1) and RY the rotation of R? which follows the geodesic
from eq to y, defined in Subsection 4.1.1. Q%J is defined as

QU ={x eR: |z € [r,r(1+0)), 2 € AV}, (6.2.1.1)
where
APV = exp, (RY(U((-6/2,6/2)") x {0})) € OB (6.2.1.2)

Roughly speaking, Qf”éj is obtained as follows: we have (—§/2,6/2)%~! which is a d—1 dimensional hypercube
(of side ¢) on T,,(0B1). We rotate it by the orthogonal operator U € O(d — 1) and then we embed it into
R? setting the last component to 0. Then we roteate this embedded hypercube by RY € SO(d), that is, the
rotation which follows the geodesic from ey to y. This way, we get a d — 1 dimensional hypercube of side § on
T,(0B1), which we project it on 0B; through the exponential map, as in Figure 6.2.1.1.

V(22,527 x (0}

| SY(U((*J/ZJ/Z)“I)X{O})

y

ALY = exp, (RY(U((—6/2,5/2)" 1) x {0}))

0B,

Figure 6.2.1.1: The angular component of Qf’n’g is Ag’U, that is, the red arc.

We finally rescale it by r and add the radial component, as in Figure 6.2.1.2.

0By(145)

0B,

9B, v

Figure 6.2.1.2: The region delimited by the thick boundary is Q%U
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It is fairly straightforward to see that the regions defined above closely resemble hypercubes, up to a suitable
transformation. But what we need is instead a more precise estimate on this transformation: in particular, the
result we need about this fo’g is the following.

Lemma 6.2.1. There exist a diffeomorphim S : [0,1]¢ — Qf’_’g and a constant C > 0 such that

sup D—S(x) - RYU ’ < 04, (6.2.1.3)
z€[0,1]¢ )
det DS(x)
— < 2.1.
Gy det U’ < s, (6.2.1.4)
Vdet DS@)] _ s (6.2.1.5)

sup
weo,)e | det DS(z)]

We shall prove it in Subsection 6.2.2. Notice also that the union of this deformed hypercubes over y and U,
for fixed r and 0, is exactly the annulus with radii » and r(1 + §), indeed

y,U _
U o = Arr(146)-
y€OB1,Uc0(d—1)

In a lot of cases, we will not use the partition we mentioned before in that order. That is, one can partition the
space in annuli A, ., (the sequence {ry}, of the radii to be defined later) and then divide each annulus in
the non countable and not disjoint union of kaU(Sk Nevertheless, sometimes doing the partition following such
order produces an error term too much large. Therefore, in the most of the cases the partition we are going to
use is made as follows: first we divide the ball Bg, in a disk (with radius r1) and an annulus A,, g, , in such
a way to exclude the origin. Then, we divide this large annulus A,, g, following the radial partition given by

Ag’U in (6.2.1.2) in Definition 6.2.1. This means that we want to consider regions like
{z €R?: |z| € [r1, Ry), & € AYY}, (6.2.1.6)
and therefore we use the following more general notation.

Definition 6.2.2. For ¥ C 9B; and r < s the truncated pyramid AES 18
AES::{xGRd:r§|$|<S,£EE}, with r < s.

An example of region A%, is in the following Figure 6.2.1.3. Notice that the region we defined in (6.2.1.6)

T8

0B,

Figure 6.2.1.3: If ¥ is the union of the two red arcs, A>

75 1s the region inside the continue thick lines.

is a truncated pyramid as in Definition 6.2.2, that is,

y, U
Aé
r1, Ry

(6.2.1.6) = A

and also that, for ¥ = 9B; A~ _, coincides with the annulus Ars.

T,8)

Moreover the union over ¥ = Aéy’U of AZ is the annulus A, s, that is

TS
ALY
U Ar,g = Ar,s-
y€OB1,UcO(d—1)
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Once made this radial decomposition of A,, g, in the previous pyramidal regions, the next one is to split each
pyramid in Q;’{g as in (6.2.1.1) in Definition 6.2.1, and this partition only involves the radial component.

Now that we have explained the decomposition we are going to use in the upper bound, we can focus on the
proof of Lemma 6.2.1, which makes rigorous the idea of moving each Qf;f’]&k in an hypercube.

Before proving such result, we state the following estimates about the matrix norms. They are quite
immediate but we shall prove it later. For A € M?*4(R), we will denote

[Alloo :=max[A;;], [|A] := max[Av].
i, [v]=1

Lemma 6.2.2. Let A, B € M¥4(R). Then, if we denote by A; the j'" column of A, we have

d
[Aigl < A1 < NAL< 4| D0 AR < dlfAlloos (6.2.1.7)
k=1
|det(A + B) — det B| < dld||A|oo (|| Ao + | Bloc)* " (6.2.1.8)

Moreover, if A= A(x) depends on x € R%, it holds

iA(ac)

d—1
o, [A() 15 (6.2.1.9)

oo

|V det A(x)| < d!Vdmax
J

6.2.2 Proof of Lemmas 6.2.1 and 6.2.2.

Proof of Lemma 6.2.1. To build such a map S we exploit the exponential map which we defined in the previous
Section: we want to move the angular component Afjg in [0, 1]9~! and then the radial component [ry,, 7% (14 6)]
into [0,1]. To make this, for U € O(d — 1), first we move [0,1] in U([—3, 2]%71) x [0,1] via the map

1

$1—§

S’:[O,l}d%UG—;,;]d1>x[o,1}, S(z) =0 . 5_1 , U:((g (1))
Tq

The first d — 1 components have to be moved into the angular component and the last one into the radial one.
To do that, we denote again by RY = RY € M (R4*4) the rotation from ey = (0,...,0,1) to y following the
geodesic between the two points (see Subsection 4.1.1). Then, we consider

1 1 d—1
.’L'EU<|:—2,2:| >, t€[071], T .= (.’I],O)eRd,

and with this notation we define the map

{ 111! J B
F:U —3 2} x [0,1] C R?, F(x,t) = exp, (0RYZ)r(1 + t0).

Roughly speaking, the map F takes (z,t) as an argument, rescales all by §, sends the first d—1 components (that
is, x) into the corresponding vector in T, (0B, ), sends the point obtained via this procedure in 0B, through
the exponential map, and finally sends the last component (that is, ¢) into the radial component (rescaled by
r).
The map S we were looking for is R
S:=FolS,

and now we shall prove that such a map has all the properties we claimed before.
We claim that the following three properties hold:

DF
- ’(:ct) _ | <o, (6.2.2.1)
(ac,t) 7'(;

det DF(z,t) ’
sup | L@ ) s 6.2.2.2
(x,t) (ro)d ( )

DF
V(det DF)(a,0)| _ o (6.2.2.3)

o det DF(z,t)
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Before proving them, notice that these two estimates conclude the proof of this first step, indeed one has

ap | 25@) RyUH = ap |PECE) 5 pup| < sup ||[PE@Y gl
z€[0,1]4 rd z€l0,1]4 rd (z,t) rd
= sup M — RY|| <co, by (6.2.2.1),
(z,t) rd
which proves (6.2.1.3).
As for (6.2.1.4), one has
det DS(x) det DS(x) ~|  |det DF(S(x))det U ~|  |det DF(S(x))
—— = —det =|————F= —det = — det = 1| < ¢
i den0| =[S et (ro)1 “f (757 =
by (6.2.2.2). o
Moreover, using again that DS = U, we also have
det DS(z) = det(DF(S(x))U) = det(DF(S(x))) det U
= V(det DS)(z) = UTV(det DF)(S(z)) det U
D r DF)(S - DF)(S
Vet DS)(w)| _ [UTV(det DEYS@)]| gy _ VWt DEYSEN] _ o oo

|det DS(x)] ~ det(DF(S(z))) |det U] = det(DF(S(x))) ~

and this proves (6.2.1.5).
Thus, we only have to prove (6.2.2.1), (6.2.2.2) and (6.2.2.3).

Proof of (6.2.2.1). Differentiating with respect to x; for some j =1,...,d — 1, we get

iF(z t) = lim F(x+&ej,t) — F(z,t) r(1 + £5) lim exp, (ORYE + E0RYe;) — exp, (ORVE)
8xj £—0 f 540 f
=r6(1+td)Dexp,(6RZ)RYe;, by definition of Dexpp in (4.2.0.1), (6.2.2.4)

while, differentiating with respect to the last variable ¢, we get
OF (z, t) 0

ot T ot

Thus we can apply (6.2.1.7) of Lemma 6.2.2 with

DF(x,t) (1+t6)Dexp,(6RVZ)RVe; — RYe; j=1...,d-1
rd exp, (0RYT) — RVeq = exp, (0RYT) —y j=d

exp, (6RYZ)r(1 +t6) = rd exp, (6 RYT). (6.2.2.5)

A= —RY, sothat 4; = {

in order to get

2 d-1
< Z |(1+t6)(D exp, (0RYZ)RYe; — RVe;) +toRYe; |2 + |exp, (6RYT) — y|?

j=1

H DF(z,t) RY

rd

d—1 d—1
2(1+6)* Y |Dexp, (JRVZ)RVe; — RYe;|” + 2(t6)2 > IRVe;|* + | exp, (6RYE) — y|?
j=1 j=1
d—1
2(1+16)* ) CloRYE[*|RVe;|* + 2(d — 1)(t5)* + [RYE|* by (4.2.0.4) and (4.2.0.6) of Lemma 4.2.1
j=1
d—1
= (1+15)* Y Co*[3[* +6°|%| < Cdo®,  that is, (6.2.2.1).
j=1

Proof of (6.2.2.2). By (6.2.1.8) of Lemma 6.2.2 we also have

det(DF(z,t)) B DF(z,t) Y
(o) 1| = |det s det R
d-1
< || PE@D ol ([|PE@D ol 4 gy
rd rd

< CH(1+Co) by (6.2.2.1),
hence (6.2.2.2) is proved.
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Proof of (6.2.2.3). Let us start with the estimate of the numerator, for which we have to deal with the
second derivatives of F. We claim that, for a constant C' > 0, for any (z,t) € [0,1]? we have

1

Before proving the inequalities in (6.2.2.6), we see how to conclude the proof using them: by (6.2.1.9) of Lemma
6.2.2 we have

i(DF)(:E, t) H

3 DF(m,t)H < Cré?,  |DF(2,t)|0 < 70. (6.2.2.6)
T,

oo

9
ot

< Cré?, H

o0

|V(det(DF(z,t)))| < Vdd! max {m]ax aDgx(j’t) H ,’ aDFaix,t) H } |DF(x,t)]/%?
< Vddire?(r6)?1 = Vdd\(r8)%s, by (6.2.2.6). (6.2.2.7)

Therefore, thanks to (6.2.2.7) and to (6.2.2.2), which implies
det(DF (z,t)) > (r6)%(1 — ¢d),

we have estimated both the numerator and the denominator in (6.2.2.3), and therefore

IV (det DF)(,1)| 5
< 1qg—2
det DF(x,t) — C\/gddl —c6’

hence (6.2.2.3) is proved.
Therefore we only have to prove (6.2.2.6), which is straightforward by (6.2.2.4) and (6.2.2.5): for j, k =

1,...,d — 1 we have
82 %F('ﬁ +€ek7t) - %F(ﬂ?,t)
F(x,t) = lim — 2
O0x 0y, £—0 £
Dexp, (6RYZ + {0RYex)RYej — D exp, (0RYZ) RVe;

=rd(1 +t9) %1_r>r(1) ¢

= (1 +t6)r6*D? exp, (6RYZ)RYe;RYe;, by definition of D*expp in (4.2.0.3).

Hence we have

F(x,t)

92 2
‘&vjaxk Fi(m’t)‘ = ‘&rjaxk
= (1 +t6)r6* | D* exp, (6RYZ)RVe; Rey|

< Oré®|RVe;||RYy| with C by (4.2.0.8) of Lemma 4.2.1

= Cré2.

Moreover by (6.2.2.4) we have

2
‘88(%1?(:1;,15)‘ = |[r6°D exp, (§RYZ)RYex| < Cré®|R¥e;| = Cré®, by (4.2.0.7) of Lemma 4.2.1,
Tk
and by (6.2.2.5)
62
@F(fx, t) = 07

therefore the first two estimates in (6.2.2.6) are proved. The third one is a consequence of (6.2.2.1), indeed

DF DF
IDF (2, 1) = ro ‘(;t) _ R4 RY|| <o (H(;”) ] |Ry||) < r8(CS + 1),
r T
and therefore the proof is concluded. O

Now we focus on the estimates in Lemma 6.2.2 which we left aside before.

Proof of Lemma 6.2.2. We begin with the proof of (6.2.1.7). The first inequality is trivial since

|4 ;] <

d
D Akl =140,
k=1
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and the second one is a consequence of the fact that
[A511 = [l Ae; | < [[Alllles Il = (1Al
Then, for the third one we can notice that for any v € R?
d d d d d d d
Aol = > 1(Avyl* =3 ZAi,jvj <2 DI 3 SINE
i=1 i=1 \j=1 i=1 \j=1 k=1 k=1 j=1

and therefore one can conclude optimizing over v € R%.
As for the fourth inequality in (6.2.1.7), by the third inequality we have

d
1Al < | Do 14502 = Z A < VE[ANZ = dl|A] oo
j=1

3,j=1

As for (6.2.1.8) we can use the formula for the determinant, that is

d
det(A+B)= > (1) [[(A+ Bliviy = Y_ (=17 > [[A4ic0) [[Bicw

cesd i=1 cESE IC{1,...,d} i€l i¢l
= Z H Bio@) + Z Z H Ai o) H Bi o)
oceSd ceSd IC{1,...,d},|I|>14€l i¢l
=det B + Z (*1)0 Z H Ai,a(i) H Bi,a(i)~
ces? IC{1,...,d},|I|>1 i€l i¢l

Therefore, since by definition |A4; ;| < || A/, we have

|det(A+ B) —det B[ < ) > IMMewl ITIBewl<a 1A 1 BlIS

ce84 IC{1,...,d},|I|>1 i€l i¢l IC{1,...,d},|I|>1
d d d—1 d
=y (0 JIAISIBIES = dl Al Al Bl
k 41
k=1 £=0
d—1 d
< dd) Al Y @ LN B = didl Al (]l + 1B]l0)",
£=0

and therefore also (6.2.1.8) is proved.
Then, (6.2.1.9) follows by direct computations: one has

ddet A 9 1 ~ 0
T - 0 gy MA@ = 20 (073 54 [T Ao
; - aesd i£k

oceSd

hence

0A(x)

<a| %9 pan,

J Moo

and therefore

d 2
|V det A(z)| = Z (8;1:] x ) < Vdd! max

Jj=1

0A(x)
o)

J

\ JA@)]e,

thus also (6.2.1.9) is proved.

67



The global estimate (rearrange the mass inside the squares).

To make the decomposition one defines the sequence of radii

7 fixed, Te+1 = k(1 + k), for k>0,  with 0 to be defined below. (6.2.2.8)

Since it is a bit heavy to write Z£:1 and Ui:p with k as in (6.1.0.6), we will use the following notation.
Notation 6.2.1. For k chosen as in (6.1.0.6), we will denote
k
Yoy w Ue()
k>1 k>1 k=1

The decomposition we are going to use is the following:

BR _BMU U U U Tlmk

y€OB1 UEO(d—1) k>1
and of course it depends on the choice of ;. We will use the following notation.

Definition 6.2.3. Given the sequence of radii in (6.2.2.8), the decomposition of Br,

Bgr, = B, U U U U Qrk,ék

y€OB1 UeO(d—1) k>1

is said to be of type radial-angular if
Ok = ery ?, (6.2.2.9)
whereas it is said to be of type angular-radial if
o =0=er;", (6.2.2.10)
with k as in (6.1.0.6).

In the previous Definition, the case of the polynomial densities has been included with ¢ = 0. To clarify the
way these two decompositions are made one can look at the following Figure 6.2.2.1.

Radia

\aBn/

N S/

™~ OBy,

Figure 6.2.2.1: On the left: the radial-angular decomposition. On the right: the angular-radial decomposition.

Now in the upper bound we have to rearrange the mass inside each ZerUék As a general notation, from now
on we will denote as follows the number of random variables inside domain A.

Notation 6.2.2. Given {X,-}?Zl be iid random variables with common probability density p, and A C R? a
measurable set, we will use the notation
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In particular, using Notation 6.2.2, we have to estimate the distance between the two measures

Y,
dHY( / dUMpnﬂQy,u . (6.2.2.11)
O(d—1)

n(By,)
b npn]lB pn]lBr +
Wy w5 (B, 1 Z Mékpn(ngL,;k) Ok

E>179B1

To specify the role of the constant Mgy appearing before, let us pretend that, instead of such decomposition,
we had one indexed on a countable set (the current one is indexed on k, which is the only discrete index, but
alsoon y € 9By and U € O(d — 1)). If it was, M would represent the number of sets in (6.2.1.2) in Definition
6.2.1 which any x in the annulus A,, ., belongs to. Since it is not, Ms is the measure of the (y,U) such that

x belongs to Q for x in the annulus A that is

Th,0k? Thk>Tk+1)

Ms:= | an'\(y) / UL yo (@) = Lr,r(L+6)(2)) [ dH () / dU1 0 (2),
9B, O(d—1) e 8B, O(d—1)

which does not depend on z by rotation invariance.

Let us spend a few lines about this: it is quite intuitive to understand why it is, since if one projects an
hypercube on the surface of a sphere, by radial symmetry there is no reason why the measure of such hypercube
should change if one changes the starting point of the projection. But let us prove that rigorously: if z, z € R¢,
let us denote by V' any orthonormal operator such that 2 = VZ. Our purpose is to prove that

/ d?—ld_l(y)/ dUILAy,u(V;Tc):/ de_l(y)/ dU1 yuv (%), (6.2.2.12)
0B, O(d—1) g 0B, o(d—1) s

and it is true since

[ oanwtw) [ angeva = [ anti) [ avneye)
8B, O(d—1) ° 8B, O(d—1) °

:/ d?{dil(y)/ dU1 AVTHLE, oo (Z)  same argument as (6.2.2.32)

0B, O(d-1)

— [ ) [ U@, withy = VU = LV
OB, O(d—1)

and where the orthonormal operator L(V,y) is obtained as in (6.2.2.34). Therefore (6.2.2.12) is proved.
Now we can go back to My. Even if we did not emphasized it in the notation, M also depends on r, but
it is constant inside each annulus. A final clarification about Ms, : for any measure 1 and function f one has

1
d— 1 —
§ /8 dH /O(dl) dUMék /Q%k du(x)f(:c)/BRn\Brl du(z) f (), (6.2.2.13)

k>1

indeed

S oawtw [ arg [ el
9B, o@-1y Ms, Qv

k>1
1
= i) [ () F (@) Ly 11001 (7)) L (2)
12‘/8 O(d-1) Mék Rd (e, (141)] AT’kak
= /Rd dy(z Z Ty e (146,)1 (|2]) by definition of M,

k>1

- / dpu(x) f (),
Br, \Br,

and this concludes.
Our purpose is to prove the following result about (6.2.2.11).

Theorem 6.2.1. Let p,, be the density in Definition 6.1.3, n(-) as in Notation 6.2.2 and g(n) be the quantity

U
n( ik 5)

n(B,,) d—1
g(n) :=E Wl | np,lp,, ,——=puls,, +/ dH ™ (y) avy —————p,1,, ,
P 7 pn(Bry) 9B, o@d-1 i1 Mspn(QLY) o

(depending also on p,d,q,v and r1). Then, if the decomposition is chosen
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o asin (6.2.2.9) for1<p<d=2,4>0,
e asin (6.2.2.10) otherwise,

it holds 4 y
< 7P p < pcrz
(n) < ;L,d cmt

~ Tn p>p

where the implicit constant depends on €.
To achieve this result, we have to prove it step by step, exploiting the radial symmetry of the distribution

prn. Thus we begin with two preliminary Lemmas, the first one concerning the radial estimate and the second
one the angular one, and then we see how we can combine them to estimate the expectation of (6.2.2.11).

Lemma 6.2.3 (The radial estimate). Let ¥ be any subset of 0B, {ri}r>1 be the sequence of radii defined in

(6.2.2.8) and {X 1, did random variables with common probability density p, as in Definition 6.1.3. Then,
using n(-) as in Notation 6.2.2, there exists a constant C(g) > 0 depending on p,q,d,~,r1 and € such that:

n(Br,) n(Ar R, ) L
E |WP (n 1, , 1 1p, ERASLE LIPS D < Cle)n'— 5, 69914
|: P PrnlBR, pn(BTl)Pn 1 pn(Arl,Rn)pn )R (e) ( )
n(AZ (AT, ryosn) Ry e
B #Mﬁ DD e Sy < ORI @)E [ anpry -1t
(AT1 Rn) "1 Rn 551 Pn Ark”ﬂ) TRt .

(6.2.2.15)

Proof. The proofs of the first two statements are quite similar, and we begin with the first one.

Proof of (6.2.2.14). Notice that the two measures involved in the Wasserstein distance are the product of a
radial part and of an angular part, and that the angular parts coincide. That is

npnlp,, =nlp g, (r)en(r)r® dr @ Lop, (y)dH* " (y),

and, since E[n(B,,)] = np,(B,,) and E[n(4,, r,)] = npn (A g, ), one has

n BT1 n Arl, n Brl n AT17 n -1
L+ o G g, = G 1) g e )]
® Lop, (y)dH (),

thus, by (2.4.0.2) of Lemma 2.4.1

BT ) TL(AT R )
E |WP? (npn]lB , 2 Bry pnlp,, + —— 0,14,
{ i 7 pp(Bry ) ' pn(ArR,) L fin
n(ATl Rn)

<nH* 1 (B))E {W;’ (1[O,Rn](r)pn(r)rd—1, [#};3”1[0,”]@) + mn(mm(m} pn(r)rd_l)} . (6.2.2.16)

To estimate (6.2.2.16) we use the Benamou-Brenier formula by Proposition 2.3.1. That is, if we find a function
f 0, Ry,] — R such that its second derivative f” is equal to the difference between the two measures which we
consider, we can estimate

2.2.16) < nH*!
(6.2.2.16) < nH*"(0B1)E r)rd—1)p= o (1)rd—1)p—1

T FOP e BN
/O ar— 1]_ " (831)/0 drs . (62.2.17)

Hence we look for f such that

f%ﬂZ%UWH{ﬁﬁ;%hwﬂﬂ+ﬁﬁ2ixﬂmﬁﬂﬂ—qa(ﬂmemMZQ

that is, since
n(Ar, r,) = E[n(Ar, g,)]| = —n(Br,) + E[n(B,)],

we have

! _ n(B'f“l) — ]E[?’L(B“ )] pn(Br)(pn(Brl))il if r € [077'1]
P = = i omy) { pu(Ar ) pn(Ary 1))~V i 7 € [r1, Ra] (6.2.2.18)

We can use the previous explicit expression of f’ in (6.2.2.18) to prove that, for a constant C' > 0 depending on
q, d, and eventually on r; (which is fixed), it holds

1f'(r)| < clnBr) _n]E[n(B”)Hpn(r)rd { i,q : § ::1 (6.2.2.19)
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where the second estimate is a consequence of (6.1.0.10).
Plugging the estimate (6.2.2.19) into (6.2.2.17), in the case of the exponential densities (¢ > 0), we get

E[ln(Br,) = ElnB:)IP] | [ (pn(r)r)? S V2 o
(6.2.2.16) < Cn [/0 r o T +/ﬁ L PR

npb

< CnE[n(B,,)] "%

Rn
1 +/ drpn(r)rdlp(ql)]
T

<Cn'"%,

and also in the case of the v polynomial densities (¢ = 0) since it has the same properties as the exponential
case with ¢ = 0 hence, in this case, we get

R,
_p — _p
2.2. nE[n(B,,)]"2 |1+ Pn P 5
(6.2.2.16) < CnE[n(B,,)] 1 / drp, (ryré= 1P| < onl

T1

where we have used that p,, (r)r¢= 14?7 ~ pd+P=1=7 i5 integrable.

Proof of (6.2.2.15). To estimate this term, we first claim that we can restrict to the very suitable set

E[n(AY, n, )]
A= { (47, >_2R}’

indeed using Proposition 3.1.1 one has

d—1
PA) < exp {~cBln(A% 1, 1} = oxp { ~cn(1 = pu(Bo) iy |

which, even multiplied for the worst estimate we can have for the Wasserstein distance of the measure involved,
that is

n(A7 g, (A7, i)
WP | — 2 p T s — T las < CnRP,
P\ pn(AZ ) "R z:l pn(AZ L)) et

is much smaller than the right hand side in the thesis.
Then, one has reduced the proof of (6.2.2.15) to the estimate of the quantity

n(A7 r,) (AT )

P r1,Rn Tk Th+1

B LaWy | oS ),on]lAElen,E o etaz |- (6.2.2.20)
A\, Ry E>1 PP\ e Te

To deal with it, one can repeat the same argument as before to infer that, if f : [r1, R,] — R solves

n(AZ AZ
0= e B )| g - [(d;ml)ﬂ]’ =) =0, (62221)

k>1 Tk Tht1
then
R, 1P
(6.2.2.20) < nHIL(D)E ]1A/ f— |)f ()
1 SR — —
(gt pn(r)rt=)P—
R, /]
< 21771an71(2)/ dTM, (6.2.2.22)
N O T
P2}
where in the last inequality one has first used that in A it holds M > 2’ and then removed the
r1,Rn

restriction to A. Then, to estimate (6.2.2.22), we only have to bound the quantity E[|f'(r)|P]. To do that,
notice that by (6.2.2.21) one gets an explicit expression of f’, that is

oy n(AY g) —E(AY )] pa(AY ) (AT L) —E(AT . )] pa(A7 )
fi(r) = §H[Tk77‘k+l)(r) an—l(z) pn(Ath ) o and—l( ) pn(A""k77’k+l)
(AE rk) - [ (A%:l Tk)] pn(AZ n)
nH4=1H(E) pn(AY R |
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which is enough to ensure that for r € [rg, re41)

E[ln(Ar, g,) —Eln(A7 g IFI+Eln(Ar ,,.,) — En(A7 . )]]
(nHA=H(E))P
E[ln(A7, ) — En(A7 )P (on (A7 R,))7]

(nHA=1(Z))P
E[n(A] g% +ER(AY )12 +ER(AT )% (pn(A7R,))"

TkyTk+1

(nHI-1(Z))P
E[n(AZ ;)I% +n% (pu(AZg))"

E[lf/(rFF]<C

<C

< 6.2.2.23
: (nHTT @) (0:2:2:25)
Notice that in the second inequality we have used Lemma 3.1.1 making sure that
E[n(A7, g,)] 2 ¢ = c(e),
and therefore the previous constant C' actually depends on €.
Let us focus one moment on the first term in (6.2.2.23): for r € [rg,7x+1) one has
R,
B3, p, )] =t 1(®) [ dsst o)
Tk
< OnHA YD) p(r)r ¢ by property (6.1.0.10)
< OnHITL () p(r)rd—1, (6.2.2.24)
where in the last inequality we have used the property that, for any rp, <7 < s < rgy1, we have
Lo o0 aa L<lco
C = pnls) C~s
Again, the case of the polynomial density corresponds to ¢ = 0.
Similarly, for the second summand in (6.2.2.23), one has
R”L
pn(AERn) = ’Hdil(E)/ dss®1p,(s) < CHEH(Z)p(r)ri=® by property (6.1.0.10). (6.2.2.25)
Hence, combining (6.2.2.24) and (6.2.2.25) with (6.2.2.23), one gets
plryrt=a ) ®
EIll IO A A—
170 < 0 (A )
which, if combined with (6.2.2.22), gives
R, , .
(6.2.2.20) < C(e) (nH1 (%))~ % / drp(r)}~ 5 pd-1-p =2
that is, the second statement (6.2.2.15). O

Now we want to focus on the angular estimate, that is, partitioning an annulus A,.,.(14.s) in the subsets QZ{’?
we have mentioned before in (6.2.1.1) in Definition 6.2.1. To do this, we need to define the kernel K.

Definition 6.2.4. The kernel K : 0By x 0By — [0, 400) is defined as
K(.’E,Z) = / ded—l(y)/ dU]lAy,UXAy,U<$,Z),
9B, O(d—1) s g

with APV as in (6.2.1.2) in Definition 6.2.1.

Intuitively, for any couple (z,2) € dB; x 0B1, K(z, z) counts the number of A(;y’U which they both belong
to. Of course it does not "count" in a proper sense, it integrates, but the spirit of the definition is the same.
Notice that

d=1 = d=1(, d—1 v.ul(x U2
/&Bl M (sc)K(m,z)—/aBl -1 )/331 dH () /o<d_1) AU gy (@)1 g0 (2)

_ d— d—
_/BBl M 1(y)/ UL 0 (2) /831 AH (@)1 0 (1)

O(d—1) g
= MsH(As) for any z € OB, (6.2.2.26)

where, in the last equality, we have omitted (y,U) from the notation since "del(Ag’U) does not depend on it.
The definition of K extends to measures on 0B, as follows.

72



Definition 6.2.5. Given a measure p on OBy, K(u) is the measure such that, for any f: 0B; — R

dK (n)(2)f(z) = |  dH"" () f(z) | duly)K(z,y).

OB, OB, 9B,
We begin the angular estimate by noticing that K has the following property on measures on 0B;.

Lemma 6.2.4. Let p and v be two measures on OBy and p > 1. Then

d—
WP (K(p), K(v)) < MgH™H(As)WE (1, v).

We do not want to prove immediately the previous Lemma since we want to see how we can use it to prove
the following result.

Lemma 6.2.5 (The angular estimate). Let {X;}?, be a sequence of iid random variables with common prob-

ability density p, as in Definition 6.1.3, and n(-) the number of variables in a domain as in Notation 6.2.2.
U

Then, there exists a constant C > 0 such that if ATAE is the pyramid in (6.2.1.2) in Definition 6.2.1 and 6.2.2,
1t holds

ayv
n(Ar s n(Ar3S S dupn (w)uptd—1
WZI; ( ) )PnﬂAr,s’/ de_l(y)/ dU%pnﬂ AUU SC\[;.SPL(—)(HTgfl(E[n(AT,S)])
pn(Ars) 8B, o(d-1) pn(A,«Afy WMy AR [ dupn (u)u

E

Proof. We begin this proof in a way which is very similar to the radial estimate. Let us recall that, by (6.2.1.2)
in Definition 6.2.1, we have

APY = exp, (RY(U((~6/2,5/2)""") x {0})) C OB.

The two measures involved have the same radial component and only their angular part is different. In other
words, the first measure can be written as

n(Ays)

—=1 dHe? n d=1q d
pn( qr,s) o, (2)dH (2) ® pn(u)u [r, 9)( u)du,
and the second one as

AVU

S5
[ [ R @ant e @ )t (1)
8B1 (d 1) p’I’L(A’r,g )M(; S5

Therefore by (2.4.0.3) of Lemma 2.4.1, one has

Ay’U
A, _ Ard
E Wg n(A, ) pn]lAr,sv/ d’}-ld l(y)/ du n( y’,U pnl AyU
pn( T,S) 0By O(d-1) Pn(ArAg )

g/ dupn (w)u? TR | WP "(i{"’s) 1331,/ Ay )/ dU""iﬂAy,U , (6.2.2.27)
r pn(Ars) 8B o(d—1) p'n(A'rAs YMs s

therefore we can conclude the proof if we estimate (6.2.2.27), which is our next purpose.
To do that, let us write better the two measures in (6.2.2.27) through the kernel K in Definition 6.2.4. In
fact, we claim that for any z € 0B;

n(Ays) 1 n(As) / d—1
——=1sp,(2) = - dH z)K(x, z), 6.2.2.28
Pn(Ar,s) oB ( ) pn(A,AfU)M Hd— 1(831) 0B, ( ) ( ) ( )
and, if B
Xi = )fz 5
| X
also
n(AAg)U) 1
/ dHcH(y)/ dU%lM,U(z) = Y K(X.2). (6.2.2.29)
0B, OW-1)  p (AR M pu(An: YMs i%en,
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Let us postpone both the proofs of (6.2.2.28) and (6.2.2.29), and let us see how we can use them to conclude:
by combining them with (6.2.2.27) we get

ALY
n(A s _ n Ar,g
E WII; %pn]lAr,s’ de 1(2/)/ dU%pnl Ag’U
pn(Ars) 0B, 0d-1)  p (AR Mg AR
Sd " p+d—1 [ A .
< LA g Ny () [ k), Y KR
pn(ArAg )Mé & (8B1) 0B i:X;€A
f: dupn(u)up“i*l n(Ar,s) 1t
= (AA??,U)M E W;)) K mlaBl ,K Z 5)”(1 by Deﬁnltlon 6‘2.4
Pn(Ars s L X €A
[ dupr, (wyupTa=1 n(As)
. wp | sl g 5o ||, byL 6.2.4.
= [ dupp(u)udt v\ #i-1(0By) % xze;x " T

Hence, by (1.1.1.2), we get the thesis since, conditioned to n(A, ), the random variables {X; : X; € A, .} are
uniformly distributed on 9B;.

Proof of (6.2.2.28) and (6.2.2.29). We begin with the proof of (6.2.2.28) (the uniform measure): by noticing
that

apy HTH(As)
n A7§ = Pn Ars —,
pr(Ar3 ) = pn( ’)del(aBl)
and then diving by MsH?1(As) and multiplying by it again (see (6.2.2.26)), we have
n(Ar s 1 n(Ay s _
iy om () = ot [ @K o, (2,
P ne pn(Ar,g )M§ 1 9B,

and this proves (6.2.2.28).
Now we focus on the proof of (6.2.2.29) (the uniform measure with rearranged masses): by writing explicitly

AYU N
’I?,(Ar,g ) = Z ]lAg‘U(Xi)7
i:XiGATYS
we get
(428 |
d’Hd_l(y)/ av—" A’;fU 1,yu(z)= — d?—ld_l(y)/ dUL \yv , avv (Xi, 2)
951 OWd=1  p (An IM; ° pu(An2 VM ixien,,, 0B o@d-1) ’ °
= il U K(Xl, Z),
AT
pn(Ard IMs i:X,eA,
where the second equality comes from Definition 6.2.4 of K. This proves also (6.2.2.29). O

Now we focus on the proof of Lemma 6.2.4 which we left aside before.

Proof of Lemma 6.2.4. To prove this, let m be any coupling of u ad v. We want to find another coupling 7 of
K (p) and K(v) such that

/ dﬁ-(mvy)daBl (xay)p < Mtst_l(Aﬁ) / dﬂ-(xay)daB1 (x7y)p (62230)
0B1x0B1 0B1x0B1
If we assume of having already found 7 satisfying (6.2.2.30), we can conclude since this implies
WP (K0 K@) < [ di(e s, () < M) [ dnla)da, (2.0)
OB1x0B; OB1x0B;

which leads to the thesis by minimizing among all possible couplings 7 of 1 and v. Therefore let us prove that
there exists another coupling 7 of K(p) and K (v) which verifies (6.2.2.30).
We claim that the coupling

m(w, z) == /8le831 dm(z,y)K(w,2)d(z — R (w)),

verifies such property, where §(z — RY(w)) means that only the (w, z) such that z = RY(w) have weight, that is

x

T = Hw m(z w, z) f(w, RY(w)).
[ e = [ et [ s Ri)
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Step 1: prove that 7 is a coupling of K(p) and K(v). The first marginal of 7 is K(u) since

~(w. 2 w) = d—lw iz w. w
[ )= [ o) [ i) e

= / d’;’-[d_l(w)f(w)/ dp(x) K (w, z) since the first marginal of 7 is p
6B1 aBl

= / dK (p)(w) f(w) by Definition 6.2.5.
B,

To prove that the second marginal of 7 is K (v) is a little bit more difficult. Let us denote by RY the rotation
moving z in y defined in Subsection 4.1.1. Assuming that we know that for any (z,w) and (z,y) it holds

K(R;(2),w) = K(z, RY(w)), (6.2.2.31)

which we shall prove later, it holds

/ dr(w, z)f(z) = / d?-ld_l(w)/ dr(z,y) K (w,z) f(RY(w))
0B1x90B1 9By 0B1x0B1
= / de_l(z)/ dm(z,y)K(Ry(2),z)f(2) by changing variables z = RY(w)
B, 8B1xdB;

= / dH () / dr(x,y)K(z,9)f(z) by (6.2.2.31) and RY(z) =y
8B, 9B1xdB,

= / d?—ld_l(z)/ dv(y)K (z,y)f(z) since the second marginal of 7 is v
0B, 0B1x0B1

= / dK(v)(z)f(z) by Definition 6.2.5.
B,

Therefore to conclude this first step we only have to prove (6.2.2.31).
We claim that there exists an operator L(y’) € O(d — 1) (depending on z,y, and y’) such that

RY(AY V) = AFRW) LW (6.2.2.32)
To prove it, we use Lemmas 4.2.2 and 4.1.2 to argue that
Rz(Azg/’U) RY(exp,, RY (U((=6/2,6/2)%1) x {0}))) by definition

’

(

= expgy () (RERY (U((=6/2, §/2)471) x {0})) by Lemma 4.2.2
(RR =) (RRy(y DTRYRY (U((=0/2,6/2)"") x {0}))
(

L'(y")(U((=6/2,6/2)"") x {0})), (6.2.2.33)

— PRIy
= XPRY(y)

where L'(y’) is the orthonormal operator
L(y') = (R=C)TRIRY,

which, thanks to Lemma 4.1.2, fixes both e and {e4}+, and therefore it can be written as

L'y = (L%” ?) , (6.2.2.34)

with
Ly )i =ei- L(y)e; = e; - (RBWNTRYRY ¢; = RF:W)e, . RYRY e;, Vi, j=1,...,d—1.

Hence, combining (6.2.2.33) and (6.2.2.34) one gets (6.2.2.32).
Now we go back to the proof of (6.2.2.31): one has

K(RE(2),w) = / aH () / AU 0 (RE()T 0 ()
9B O(d—1) 3 s
_ d—1/_1
= dH (y)/o(d_l) dUﬂRg(Ag’vU)(z)ﬂAg“U(w)
:/ de_l(y/)/ dU]lARg(y’)ﬁL(v/’)U(Z)HAH’,U(M) by (6'2'2'32>
O(d—1) 5 5

= dH (" dU'L o (2)L me gy (nirz (pryy—10
/ HT(y") old-1) U N (2) A?yw ) (L(RE ("))~ 1U (w),

(0]



where, in the last passage, we have used the unitary change of variables
y'=Ri(y), U =Ly
Now in the last equality one can write better the integrand function: indeed one has

AT RGN T AR ME M) EEGN Y o AV M) RGNV

if M(y") is the submatrix of M’(y") as in (6.2.2.34), and M’(y"”) is the matrix obtained as in (6.2.2.32) and
(6.2.2.33) with Ry instead of RY and y” instead of . Now we claim that

L'(Ry(y"))M'(y") = 1d, so that L(Ry(y"))M(y") = Id. (6.2.2.35)

If we postpone the proof of (6.2.2.35) and combine it with the previous equality, we get

K Rm Z),w :/ de71 y// / dU]]_ y// ’ ]]_ - g ury (W
@)= [ anan | 0 (L g gy ()

— [t [ e (g (RYw)
8B, o(d-1) s s
= K(Zv Rg(w))v
which proves (6.2.2.31).

Hence, we are left with the proof of (6.2.2.35): we have
x RY (R "INT Ry Ry "NT px
L/(Ry(y”)) /( ) (R (R (y") ) RYR (y" )(R (y )) R RrY”
(RR”R‘@” YTRYRZRY"  since (RFWI)TRRW) =1d
= (RF(E, (" )TRy since RYR, =1d
—(R)TRY since  RUR(") =y

=1d,
that is, (6.2.2.35).
Hence 7 is a coupling of K(u) and K(v).
Step 2: prove that 7 satisfies the inequality in (6.2.2.30). By definition of 7, we have
/ dn(w, z)d(w, z)? = / d’Hd_l(w)/ dm(z,y)K(w,z)dsp, (w, RZ(w))P by Definition of 7
OB x0B; 9B OB1 x0B;

< / de_l(w)/ dm(z,y)K(w,x)dsp, (x,y)? by Proposition 4.1.2
aB, 8B1x 9B,

:/ dw(x,y)dagl(m,y)p/ dH* N (w)K (w, x)
dB1x9B;

0B,

- M5Hd_1(A6) / dﬂ-(‘rvy)dal% (.’L‘,y)p,
0B1x0B1

and this concludes the proof. O

Now that we have proved these two Lemmas, we can estimate the expectation of (6.2.2.11).

Proposition 6.2.1 (The global estimate with decomposition radial-angular (6.2.2.9).). Let {X;}, be iid
random variables in R? with common probability density p, as in Definition 6.1.3. Denoting by n(-) the number
of particles in a set as in Notation 6.2.2, let g(n) be the quantity

B0 2

E>179B1

g(n):=E (W} | npu1lp, , dHY( / dUApn]ng,% ,
0(d—1) ko

M, pn( - 5,)

(depending also on p,d,q, v and r1). Then, there exist a positive constant ¢ > 0 and another constant C(g)
such that the following estimates hold: if ¢ > 0

p<d>3orp<d=2orp>d=4,

Ce(a—Y—g(1—1 lo n)c(a —d(1=3) p=d=2
< C(e)rpd(logn)~ce=F-da-3» § (o8 ’
g9(n) < C(e)ry“(logn) (log log n)% p>d=3,

(logn) p>d=2,
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while if g =0

p<p*orp>p*,d#3,

1
p,d —cB
ot < Certtogny = { | o

loglogn)

P
2

Before proving this estimate, let us stress that, thanks to the choices of o and 8 in Definition 6.1.1 the
previous Proposition 6.2.1 basically states that, in a lot of cases, using the radial-angular decomposition one
has

< b, p < pcmt
g9(n) { < gpd s perit, (6.2.2.36)
~ n )

where, "a lot of cases" means that the following two possibilities are excluded: p > p°"®,d = 3 (for any ¢), and
p>2=d,q>0.

Proof. We begin with the proof of the first statement. We use the triangle inequality with the measure

n(A
D::Z (

k>0 Pn

TkyTk+1 )

) ThTk+1
TksTk+1

and then apply the property
(A+ B)? < 2PAP 4+ 2PBP,

to get
g9(n) < 2°E [W) (npnlsg, ,7)] (6.2.2.37)

B n(QY 5)
+ o [wr (5, 2Br) By tEn / dHY( / AUl g )L (6.2.2.38)
[ P ( pn(Bry) ! ; 8B, o(d—1) Makpn(fok,,;k) Qo

We estimate the first summand with Lemma 6.2.3, applying again triangle inequality with the measure

n(B,) M

pn]]'Br + pn]]-AT1 )
pn(Bn) ! pn(Arl,Rn) Hn
to get
n(By,) n(Ar Rr,) )]
6.2.2.37) < 2PE |WP? [ np,1 ,——2" .1 . +é nla
( ) |: P ( P B2 pn(B'rl)p B ! pn(A,«],R )p 1 Bn
n(Br,) n(Ar R,) n(Ary i)
o Nt R R LCL IR S DR D o s W D I
P pn(B7.1) 1 pn(ATl,R") 1,Rn kZZO pn(A7'k77'k+1) ko Th41

and therefore, using the subadditivity (2.1.0.2) in the second summand, we have

n(BT ) n(Ar R )
6.2.2.37) < 2PE |W? nl ,— 51 B YA |
(0:2:250) 5 { v <”p B o (Br) B T Ay, ) A

n(Ar ) n(AT r )
+ 2PE | WP %pnl A, , %mﬂfx
P pn(Aﬁ R, ) Lo ,; pn(Arkﬂ"kﬂ)

Tk Thk41

Now one can see that the first summand in the previous inequality is exactly (6.2.2.14) of Lemma 6.2.3 and
that the second one is the term in the statement (6.2.2.15) of Lemma 6.2.3 with ¥ = 9By, and therefore one
can also estimate

R, ~
(6.2.2.37) < Cn'~% + Cn'~% / d?"p(r)l_%rd_l_pd+g :
™1
Ry

_r P q_1—pdta=2
<Cn'":2 drp(r)t=2pd=17P7%

R,
rd 42-d—
<Cn17%/ dre™ T (1= 8) pd=rtprg=t-1
1

1 q>0,p<2orq>2,p=2orq=0,p<p,
R2_q q€(0,2),p=2
1-2 ) ’ )
<Cn 2 log R,, gq=p=2, orqg=0,p=np,

RY _ y+2—d—q __
(- %)Ri%p 2 a q>0,p>2o0rq=0,p>p,

e

7



with

2(y —d)
==l 7 6.2.2.39
4 vy+2-d ( )
Notice that
—d)?*(d—2
pf—p= M, therefore p < p*, and p = p* if and only if d = 2. (6.2.2.40)
- 1lv—d+2) - -

Recalling the definition of the critical radius R,, in (6.1.0.6), thanks to the previous estimate, we can infer that
if ¢ > 0 one has

P
nl=z

p<2orq>2p=2,
(logn) " q<2,p=2,
loglogn q=p=2,
(logn)(%_a)(%_l)"‘%(d"‘p#_” p>2,

(6.2.2.37) < C

n'=% p<2o0rqg>2,p=2,
2—q

:C (1Ogn)T q<25p:27

loglogn q=p=2,

(log n)(%—a+d(1—é))(%—1)—%(d—1)+d—1—p(1—§) p>2,

while if g =0
1—2
n- 2 p< b,
(6.2.2.37) < C{ n'~"%logn p=np, p defined in (6.2.2.39),
2 —B(525+5-1) . B
n7=1(logn)~"7=a"z p>p,
and these bounds complies with the estimate in the statement, since the rate is 72+ defined in (1.2.0.3). To see
this, notice that the previous thresholds in the estimates above are: p = 2 for ¢ > 0, which is equal to p™* = d
if d = 2 and strictly smaller than that if d > 2, and p for ¢ = 0, which is equal to perit = @ if d=2 and

crit crit

strictly smaller than that if d > 2. Therefore one can divide in cases: if d = 2 one has p = p (or2=7p

if ¢ > 0) and therefore the cases p <,=,> p"® coincide with the cases p <,=,> p (or p <,=,>2if ¢ > 0).

Otherwise, if d > 3, one can first consider the case p < p° . which has no void intersection with all the cases

p<,=,>p (orp<,=,>2if ¢ > 0) since the threshold is strictly smaller than p** by (6.2.2.40), and then one

can study the cases p > p**, which are included in the case p > p (or p > 2 if ¢ > 0) for the same reason.
Now we focus on (6.2.2.38). One can notice that

n(AT"mTkH) o n(Brl) n(ArkJ'}H»l)
Z Tﬂnﬂfx,,yk,r“l = mpnﬂfg,.1 + Z ﬁpnﬂfx%rﬂl )

Tkﬂ“k-+1) TksTk+1

kzop" k21p”

and therefore by the property (2.1.0.2) of subadditivity (the two measures in (6.2.2.38) coincide on B,,), we
have

U
(6.2.2.38) <E | WP prnﬂflr e D d?—[d_l(y)/ dULk’ékz]pn]le,U
1 n(Aryress) Rkt =108 o@d-1) M. pu(Q)75) rk Ok
U
n(A7 T ) "’L(ng7 ) )
<SE [wr [ Bl g, / d’Hd_l(y)/ dU——2me0e g e ||
,; P <pn(Ark,"“k+1) R o, O(d—1) M‘Skpn(Qg;L,;k) Qlh o

where in the second inequality we have used again the subadditivity (over k). Then, by Lemma 6.2.5 applied
with r = 7, and s = 741 = rg(1 4 dg), recalling that

U
Q%U _AAg
rE,0K TR TR

we get

(6.2.2.38) < C> rb7l | (Bn(Ary ) = D 1870 (npn(Aryrisn))- (6.2.2.41)
k>1 k>1

Thus we have to estimate p,(A;, .., ,), that is

re+1
Ay rin) = ’Hd_l(ﬁBl)/ drrd_lpn(r) < Clrgs1 — rk)rz_lpn(rk). (6.2.2.42)

Tk
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Estimate of (6.2.2.38) in the case d > 4: in this case we see from (1.1.1.2) that 7} _,(m) = m'~ 77, and
therefore combining (6.2.2.42) with (6.2.2.41) we get

(6.2.2.38) < Cnl~aT Z(T’“H - Tk)l_ﬁrgflpn(m)l_ﬁ

E>1
_p_ d—1+pi=t __p_ . 1—q . .
< OplaT E (Phg1 — Tr)Ty T (re) T T since Ty — T = er,” % in this case
E>1

R7l
—_P_ — q=1 —_P_
SCnl d—l/ drrd 1+pd—1pn(r)1 d—1
r1

Rn
2 _rd__p_ _ a—14y
:Cnl_d’l/ dre~ "7 (- a 1) pd=rFpig=r -1
71

]-d 1 q>07p<d710rq:0’p<ﬁ’
Rd+a— q>0,p=d-1
1— 2 " 7 7
SCTL d—1 IOan q:()?p:ﬁ’
q » _ g—1+~y
e_RT(l_dfl)RZ Y+Pg=T q q>0,p>d710rq:03p>p
with
—d)(d—-1
5o w (6.2.2.43)
v —
Notice that
—d)?
5 m > 0. (6.2.2.44)

Applying the previous estimate to the definition of R, in (6.1.1), for ¢ > 0 we get

a—1 p < d—1
_% p = d _ 1,
(T-a) (g —D+3(d+pi=—a) _ (log n)(%—a+d(1—§))(ﬁ—1)+d—1—p(1—%) p>d—1,

while for ¢ =0

n!ma p <P,

(6.2.2.38) <C'{ n'" 7T logn p=0, p defined in (6.2.2.43),
_p_ —B(—14 2= _
n7-4(logn) @-nG-a’  p> p.

To check that this estimates are consistent with the statement it is enough to recall the definition of the rate
774 in (1.2.0.3) and to divide in the two cases: since in the estimates above the thresholds are p = d — 1 for
g > 0 and p = p for ¢ = 0, both strictly lower than p"*. Hence, one can first analyze the case p < p"*, which

has no void intersection with p <,=,> p (or p <,=,> d — 1 in the case ¢ > 0), and then p > p°T# which is
contained in the case p > p (or p > d — 1 if ¢ > 0) by (6.2.2.44).
Now we study the other two cases (d = 2, 3).
Estimate of (6.2.2.38) in the case d = 3: since in this case d — 1 = 2, we have 75_ (m) = m!~% (logm)%:
arguing as before, in this case we get
(6:22.38) < C 3 rE(npu(Arn i)'~ (og(npn(Ary 1))
E>1
1—2 @4—2 1—2 3—¢q P
< CnE Y e — iy T pa(re) % log(nrd " pa (i)
k>1
P R p(g—1) P . »
<Cn'"> / drr—2 +2Pn(7")17§(log(”rdfqpn(r))é
r1
i [T —2(1-2), 3—ytpLi=ttr_1 3—q—vy,—TE\\2
<Cn"2 / dre” @ 7 2)p3 =P (log(nr°~9"7e™ 0 ))2 (6.2.2.45)
R,
1—2 Ry, —=2(1-2) 3 a—lt+vy 4 3 _rd \p
+Cn _5/ dre” @ U2 p3 =7t (og (n? 717 Ve T 0 ) 2 (6.2.2.46)
1
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where in (6.2.2.45) and (6.2.2.46) we have split the previous integral as the sum of two integrals, the first one
in [0, R])) and the second one in [R], R,], with

qqlog< - ) q>0,

(log n)’

with o’ > « and 8’ > 3 to be fixed later.

Let us begin with the estimate of (6.2.2.45): one can notice that if r > R},

R, =

’ /4 8=a=y
mﬁ—q—we*% < nRg—q—'ve*RT”q = (log n)a, a q >0,
log n)? q=0,
g

and therefore

r

r> R = (log(nr®~ 7 Ye™7))% < C(loglogn)?. (6.2.2.47)
Applying this inequality (6.2.2.47) to (6.2.2.45) we have
1_2 D Rn rd1_p 3 a=1+y
(6.2.2.45) < Cn _?(loglogn)f/ dre” T 1= 5)p3—tpi=— -
R,
1 q>0,p<2o0rq=0,p<p,
R2+4 g>0,p=2
p 1P n I ’
< C(loglogn)2n "2 log R,, ¢g=0,p=p,
R _ a—1+vy
e_T(l_g)Ri YT q>0,p>2o0rq=0,p>p,
with
__2(y—3)
= . 6.2.2.48
p= (6.2.2.48)

We used the same notations for this p in (6.2.2.48) and the p defined in (6.2.2.43) because the first definition
recovers the second one for d = 3.
According to the definition of R,, in (6.1.0.6), for ¢ > 0 the previous estimate reads as

ni=% p<2
(6.2.2.45) < C(loglogn)? { (log n)H% p=2,
(log n)(%—a)(%—1)+%(3+p%l—® _ (logn)(%—a+3(1—%))(%—1)+2—p(1—§) p>2,

whereas for ¢ =0

n'~% (loglogn)? p < P,
(6.2.2.45) < C{ n'~%(loglogn)® logn . p=D p defined in (6.2.2.48).
(loglogn)%n%(logn)fﬁ(flﬂ’?&—@) p>p

Now we focus on (6.2.2.46): in this case, we use the rough estimate

ya
2

(log(nr3~97e=7))% < C(logn)%,

and therefore
4q

B p a—1lty
(6.2.2.46) §C’n1_%(logn)g/ dre~ T 1= 8)p3=vtpt= -1,

71

The same steps as the ones used for » > R/, prove that if ¢ > 0

1 p <2
6.2.2.46) < Cn'~ % (logn)® { (logn)'*i =2
( g g p=2,
n8=1(logn) T~ H30-NE-D+2-p(0-3) )5 9
while if ¢ =0
1 p <D,
(6.2.2.46) < Cn'~%(logn)% { logn p =D, p defined in (6.2.2.48).



Now we can see that if

L 2 B(—1+ps2=t) 1 p>p
r_ o _) p—=2 P > 2 5 _ 2 T ey p>D, 5 dofi . 294
o —a {0 b<2. and ' — {O <P P defined in (6.2.2.48),

so that, in the case p > 2 and p > P, (6.2.2.46) is much smaller than (6.2.2.45), the previous estimates
(6.2.2.38) < (6.2.2.45) + (6.2.2.46),

prove that if ¢ > 0

n'~%(logn)? p <2,
(6.2.2.38) < { (logn)>*a p=2,
(log logn)%(logn)(%_a%(l_%)) E-D+2-p(1-7) p> 2,
and that if ¢ =0
n'=2(logn)? p<p,
(6.2.2.38) < C{ n'"%(logn)'*+: p=p, p defined in (6.2.2.48),
P P —B(— =1
n773 (loglogn) % (logn) P Pxt=5)  p > p.

and this estimate complies with the statement too: to see this, the same argument used in the end of the
previous Paragraph for d > 4 works.

Estimate of (6.2.2.38) in the case d = 2: since in this case d — 1 = 1, we have 77 | (m) = m'~%, and
therefore by (6.2.2.42) we get
(6.22.38) < O 1 (mpn( Ay n )2 SO0t =5 Y rf(rin — r)rnpn (i)'
k>1 k>1
_p Bayy _r
<Cn'~% Z(rk_,_l — )Ty + pn(ri)t 5
k>1
En Pg P
<Cn'"2 drr'’z Tlp, (r)' 2
ry
R, .
< Cnlf%/ dre~ T (1=8)p2-v+pit -1
T1
1 q>0,p<2o0rq=0,p<p,
1—2 R’?I—"_q q> Oap = 27
SO log R, q="0,p=p
R} P — aty
e_T(l_f)Ri TP q>0,p>2o0rq=0,p>p,
with
2(y—2
p= 202D (6.2.2.49)

gl

We estimate the previous quantity in the two different cases ¢ > 0 and ¢ = 0. If ¢ > 0 we have

nl=% p <2,
(6.2.2.38) < C{ (logn)'*a p=2,
(logn)(%_o‘)(g_lH%@‘*‘%_q) = (log n)(%_a+2(1_é))(%_lﬁgﬂ_p(l_%) p> 2,
while if ¢ =0
n'=% p<p,
(6.2.2.38) < C{ n'"%logn p =P, p defined in (6.2.2.49),
772 (logn) P p s p,

and these estimates complete the proof since the rate is 72°¢ in (1.2.0.3) and in this case the thresholds to study
are p =2 (if ¢ > 0) and p = p = p* (for ¢ = 0), both equal to p°". O
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Proposition 6.2.2 (The global estimate with decomposition angular-radial (6.2.2.10).). Given {X;}}, iid
random variables in R® with common probability density p,, and n(-) the number of such variables in a domain
as in Notation 6.2.2. Then, if g(n) is the quantity

n(Q%Y)

n(B,,) d—1
o) =& | W} [ nputag, 2 putn, + [ ant i) iYL
? " pn(Br,) ' 4By O(d-1) kleﬁpn(ngUa)

pn]le v P

(depending also on p,d,q,v,r1 and €), there exist a constant ¢ > 0 and a constant C = C(g) such that the
following estimates hold: if ¢ > 0

1 p<d>3orp>d,

p,d 7c(o¢717d(17%))
g(n) < C(e)rP%(logn) d { (log n)c(a—%—d(l—%)) p<d=2,

while if g =0
g(n) < C(e)mh(logn) =’

Before proving this estimate, we can notice that thanks to the choices of a and § in Definition 6.1.1, even
in this Proposition 6.2.2, in a lot of cases it is ensured that

< Tp,d p < < pcmt
" 2.2,
g(?’l) { S Tﬁ’d P> pcmt (6 50)

where the only eventuality not included in the previous estimate is p < d = 2,¢ > 0. Of course the implicit
constant depend on &.

Proof. In this case, we use triangle inequality with the measure

v, U

n(B;,)1 n(A,°
= w +/ ded—l(y)/ dU(—llzy)Upn]]_ AVU
aB1 (d—1)

pn(Br) Mipn(Apip,) A
obtaining
g(n) < 2°E [W7 (npnnBRn,ﬂ)] (6.2.2.51)
B, n(Q%%)
+orm [we (g, w1p, + / dH( / dU$ 5 . 6.2.2.52
[ i ( (B p o ; 0B, o-1  Mspn(QY 5) s ( )

We begin with the estimate of (6.2.2.51), and to bound it we use again triangle inequality with the measure

n(B,,) n(Ar 1)
wlp,, 4 T
pu(Br) B T (A g, ) P A

and then we use Lemmas 6.2.3 and 6.2.5, indeed

n(B;,) n(A. r,)
6.2.2.51) < 2PE WP 1 — 1 5.1 — Tl 51 6.2.2.53
( )< [ b (npn Brn pn(Brl)pn Bry ¥ Pn(An,Rn)pn At B ( )
n(B, ) n(Ar,r,)
+ VR0 (ot + D (62254

(6.2.2.53) is exactly the term appearing in (6.2.2.14) of Lemma 6.2.3, and therefore we can estimate
(6.2.2.53) < Cn'~%,

while by subadditivity (see (2.1.0.2)) we can estimate (6.2.2.54) by noticing that the two measures involved
coincide on B,,, and therefore we can estimate it with

ALY

A, n(A,
(6.2.2.54) <E | WP ”((Alﬁ"))pnhwn,/ d’;’-ld_l(y)/ dU(liy)Upn]lAAg,u
Pn\Ar R, 8B, O(d—1) Mspn(A R ) B

I dspu(s > i)
PP S LGl
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using Lemma 6.2.5 with » = r; and s = R,,. If we now observe that the first coefficient

R, _
frl dspn(5)8p+d ! <
R’Vl p—
Jo " dspn(s)sd=?
because both the quantities in the numerator and in the denominator are bounded, and that

R,
E[n(Ar, gr,)] = n/ drpn(r)rdfl’}-ldfl(ﬁBl) = Chn,

T1

by (1.1.1.2) we get

1— -2

n
(6.2.2.54) < C{ nl-
nl

v

p
2

(logn)

QU QL

4,
3,
2

w\*d M\’@ a.

and therefore the first part of the proof in concluded since we just proved that

[

’ pl-TT d>4,
(6.2.2.51) < (6.2.2.53) + (6.2.2.54) < Cn*"%2 + C{ nl=%(logn)? d=3, <Sn~é2d
nl=% d=2,
for a positive £ > 0, and this estimate complies with the statement.
Now we estimate (6.2.2.52). We have to compare two measures, the first one is
AYY
. n(B, _ (A r.)
= (Bl) pulp,, + [ dH 1(y)/ dU%pnﬂ NS
Pn( Tl) 9B (d-1) M6Pn< r1,R ) At
while the second one is
U
n(B,) / d—1 n( Z; 5)
pulp, + dH(y) U ) ———— o Palqu
pn(Bry) ! 881 o(d-1) ,; Mapn(kaUﬁ) @r
and therefore by subadditivity (see (2.1.0.2)) one has
(k) n(@L%)
n(A ° Q
(6.2.2.52) < / d’;—td—l(y)/ dUE | WP %pnﬂ NEEDD $
9B, O(d—1) ) Al r i1 Mgpn(QTk s)

Mﬁpn( r1,R
The expression we found in the previous inequality can be bounded using Lemma 6.2.3. Indeed if
=AY,

we have
y,U _ 2%
Qrk,é - A"“k77’k+1’

and therefore by (6.2.2.15) of Lemma 6.2.3 with 3 = Ag’U7 we have
C d U p R 2 g4 d4q—2
(6.2.2.52) < W(”H 71(A§’ ))175/ drp(r)t=2pd=1=P 72—
5 .

We briefly focus on the first factor outside the integral, indeed by definition

M :/ defl(y)/ dU1 yyv :/ dU/ dHH (y)L v > ladfl,
9B, O(d—1) 5 0(d—1) 9B, s c

%5(1—1 < Hd—l(AgJ:U) < C(Sd_l,

and also

hence

(6.2.2.52) < Onl~ 85— 5(- 1/ drp(r)'=Epd-1-pHH=

= Cen! RV / drp(r) 1= 5 1-p
1
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and we have already studied this quantity at the beginning of the proof of the previous Proposition 6.2.1, within
the estimate of (6.2.2.37). Recalling the definition of R,, the same computations prove that if ¢ > 0

1 p<2orq>2p=2,
+(2-9) —
1-2 p(g—1) ) (logn)s q<2,p=2,
(6.2.2.52) < Cn "2 (logn)? log log 7 g=p=2,

nz =1 (log n)(%_o‘)(g_lH%(dﬂ’#_q) p>2,

n'=% (logn) 2 (= p<2orq>2p=2,
o) ogmye i<2p=2
(logn)¥1loglogn g=p=2,
(logn)(%—a+d(1—é))(%—l)-&-d—l—p(l—%) p> 2,
while if g =0
n'=% p<p
(6.2.2.52) < C{ n'"Flogn p=p  p=20-d _ . (-d'd-2
nﬁ(logn)_ﬁ(_l"'p(;(;i)z)) p>p, - oyt2-d Yy —d+2)

and this completes the proof since, as in the previous Proposition, to check the estimates it is sufficient to
analyze the cases:

e d =2, where the previous thresholds are p = 2 (if ¢ > 0) and p = p (if ¢ = 0), both equal to p“*

)

e d > 3, where the thresholds are p = 2 (if ¢ > 0) and p = p (if ¢ = 0), both strictly smaller than p°*,
where therefore p < p"* has no void intersection with p <, =, > p(p<,=,>2if ¢>0), and p > perit,
included in p > p (p > 2 if ¢ > 0).

O

The consequence of Propositions 6.2.1 and 6.2.2 is that, up to choose the decomposition in the suitable way,
that is, as in (6.2.2.10) except in the case p < d = 2,¢q > 0, where (6.2.2.9) is more suitable, it is possible to
prove that the expectation of the global term in (6.2.2.11) is much smaller than the rate 72:¢ for p < p°* and
has at most its same order for p > p°"*. In other words, as a corollary of (6.2.2.36) and (6.2.2.50), we have
proved Theorem 6.2.1.

6.2.3 Geometric decomposition for the lower bound.

The geometric decomposition for the lower bound is much easier since we do not have to care about the global
term. Indeed the boundary Wasserstein is superadditive, so there is no global term to estimate. The cut off at
a critical radius is not needed, that is, one is going to estimate the cost only in a region which approximately
coincides with the ball of radius R,,, but instead of constraining the variables inside it, one only looks at the
cost given by the points which are already inside it.

Thus, since one does not have to estimate the global term, there is no need to divide Bp, in such a way not
to break the radial symmetry of the density: one can simply consider a set of hypercubes covering Bg,, .

By the same argument we used in Subsection 6.2.1, one can notice that it is still important that the
hypercubes {Q;} are to be taken small enough iso that the density p restricted to @; can be transported to the
uniform one.

Here we take the partition in a slightly different way: we fix £ € N (to be sent to co eventually), and, for
x1 > 0, we consider the following sequence of {x}7° |, that is

1
= 1+——7.
Th+1 -’L'k( +€LIZJ>

The previous sequence is very similar to the sequence of radii in (6.2.2.8), with the only difference that here we
need the condition

T

N> =(|z}]. (6.2.3.1)

Tk41 — Tk

Then, we consider the hypercubes
Qk = [—(Ek;,.’llk]d,
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and thanks to (6.2.3.1) we can divide Q**1\ Q¥ in a set of smaller hypercubes Q) = {Q;k)}j, with side 241 — .
The number of these hypercubes (that is, the cardinality of Q) is

@\ QM _ @5~ QM _ @ekn)’ ~ (o) _ o)

Q5| Q| (h41 = )

<1 + %)d - 1] = Qdei:l (Z) GEH )

Then we denote by
Q= U Qr = {Qj}jen,

keN

and we use the following decomposition.

Definition 6.2.6. We define
J={j eN:Q;NBg, #0},

and the geometric decomposition for the lower bound is taken by considering

U

JjeT
6.3 The comparison with the uniform case.

In this section we focus on the matching problem inside an hypercube, and we use an argument very similar
to [7, 2] to compare the cost of the gaussian (or polynomial) matching to the uniform one. We shall prove the
following results. Just for the sake of clarity we separate the upper bound and the lower bound, indeed the
geometric decomposition is different in the two cases (see Subsections 6.2.1 and 6.2.3). To start with, we state
both the estimates, and then we shall prove them.

Lemma 6.3.1 (Compare to the uniform matching: upper bound.). Let {X;}, be iid random variables with
common, distribution p, and let Q = fokUék one of the hypercubes in (6.2.1.1) in Definition 6.2.1 and ry, o by
Definition 6.2.3. Then, if {Z;}2, is a sequence of iid random variables uniformly distributed on [0,1]¢, one has

n(Q)
n P
Elwe [ 3 ax, 2D o) | < v eo@e |[wr [ 3 6sn(@1p | |
X €Q Pn(Q) i=1

with n(Q) as in Notation 6.2.2.

Notice that the quantity e appearing in the previous estimate is hidden in J, in Definition 6.2.3.
The analogue estimate for the lower bound is very similar, but it involves the boundary Wasserstein distance
instead of the ordinary one, and it holds on the hypercubes {Q;} by Definition 6.2.6 instead of 6.2.3.

Lemma 6.3.2 (Compare to the uniform matching: lower bound.). Let {X;}" ; be #d random variables with
common distribution p and let Q = Q; one of the hypercubes in Definition 6.2.6. Then, if {Z,;}5°, is a sequence
of #d random variables uniformly distributed on @), one has

n(Q)
: X, EQ =

with notation

n(Q) =3 Lo(X).

The two proofs are quite similar, but Lemma 6.3.1 requires a little more effort. Indeed one has first to move
the Q = Qi’kUék in a proper hypercube, and then to move the push-forwarded density on the hypercube into the
uniform one.

Lemma 6.3.2 instead only requires to move the density over () = @; into the uniform one, since ) is already

a proper hypercube.

Proof of Lemma 6.3.1. To prove this Lemma we first have to transform @ = fo;Uék in a proper hypercube, and

then move the push-forward of the obtained measure into the uniform one. As for the first passage, that is, to
move () in a proper hypercube of side 1, it is immediate to see that thanks to Lemma 6.2.1, we know that there
exists a diffeomorphism

S:00,14 — Q = Q“Y,

Tk, 0k
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such that

DS det DS(x) |V det DS(z)|
—RYU|| < C6 ———* —detU| <09 7 < ¢l 6.3.0.1
sup | 25— v <o [SLERD —aev|<on s IS <on 030
We can exploit it to conclude the proof: thanks to this estimate one gets
M < 1ok (1 + sup HD ( 5 ) (.T) — RyUH> < Tk(sk(l + Cék) < rpde(l + CE). (6.3.0.2)
|z — yl z€Q Tk0k

Hence, using first Lemma 2.2.2 and then (6.3.0.2), one has

( Z 5X77 pn]]-Q) ( Z (SX“ p]].Q)

X, €Q 1:X;€Q
= W; (Sﬁ (i:XXngdsl(Xi)) ,Sﬁ(Sfl)ﬁ (Z((g))p]lQ>) (6.3.0.3)
Sjyé’cz( o — ] >W” (i,);fs o8 ”(p(@)plQ))

< (1+C6) Tk(sk pr ( Z bg- 1(X)7 (ZES;[)]Ra)) . (6304)

:X;€Q
We first claim that
(rkdk)? < (14 c2)|Q|1, (6.3.0.5)
which, combined with (6.3.0.4), gives
( > bx., Q)pn1Q> < (1+ce) |Q|de( > s (ST (ZES;MC))). (6.3.0.6)
iXi€Q i X,€Q

Thus we have to relate the previous quantity to the analogue quantity for iid uniformly random variables, but,
before that, let us prove (6.3.0.5). Since

sup‘ (r0x)* det(D(S™(z)) — detU|—sup‘ (r0x)? det((DS(S™ ()~ 1)—detU’

zeQ z€Q
= sup |(rk5k)ddet((DS(z)*l)fdetU|
z€[0,1]4
det U(Tk5k)d
= —————~ — 1| <cdp, by (6.2.1.5) of L 6.2.1,
Lo | et DS(2) < ¢y y ( 5) of Lemma

changing variables * = S~1(y), we have

1_/[0’1]ddm_/Qdy|det(D(S1)(2/)) S/Qdy(rkcsk)d|detU(1+05k)—|Q(7’k5k)d(1+65k)7

and this proves (6.3.0.5).
Now we can go on with the proof. First we move (S~!)yp into the uniform measure.

Step 1: we claim that there exists a map
T:[0,1]¢ — [0,1]¢

such that

(S™H (p]lQ> =Ty (Ljpe) and  sup lz) = Tly)] <1+ Ce. (6.3.0.7)
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Let us postpone the proof and see the consequence of that. Using first Lemma 2.2.2 and then (6.3.0.7) we have

,1)ﬂ (n(Q)p]].Q>) = WZ‘? (Tu ( Z 6T1(Sl(Xi))) ,Tﬁ (H(Q)]].[071]d))

14 E 5571( 1),(S N7
! (i:XriEQ . p(Q) e
B P
< < 1F@”7Ty”) W ( S 5T%SWXan(Q)1DJV)

sup
z,yeQ |z -yl X, €Q

(1+C€pW‘D Z 5T 1(S-1(X
X €Q

conclusion. As a result of (6.3.0.6) and (6.3.0.8), there exists a constant C' > 0 depending on p (and

Step 2:
on p and d), such that

(1+C€)|Q‘§W]§ Z Op—1 S—l(X,i)),n(Q)ﬂ[O,l]d

(3 e ) -
: X, €Q : X, €Q

Thus, taking the expectation, one gets

{ ( an)]gawgan {W;(Z s (Quw)]. 6309
:X;€Q

Z 5X17
:X;€Q

Now we consider {Z;}5°, iid uniform random variables on [0, 1]¢. If we condition to n(Q), by (2.2.0.3) of Lemma
) }i:x,eq are independent and distributed on [0, 1]% with probability distribution

2.2.1 {T~1(S~(X.
(Tl osy, (222} Zq by (6.3.0.7)
VIV
Thus
& | Z S (s-1x), QT | | =E |E | WP Z or-1(5-1(x,)) (@) Lo,14 | [1(Q)
X, €EQ L L X, €EQ
r T n(Q)
=K |E WZI; Z 5Zian(Q)]1[0,1]d n(Q)
n(Q)
g |w 2527 1.4y (6.3.0.10)

Combining (6.3.0.9) and (6.3.0.10) one gets the thesis.
Now we go back to the step which we left aside before

Since the density is

pﬂ@) (2) = 222 (5(2)) det DS (2),

Proof of (6.3.0.7) of Step 1.
o= 57 (56) @ = 78

by Lemma 2.2.6 such a map T exists and verifies

T@) -TWl _ |, f<L wp IV
- e

sup
x,y€[0,1]4 |z — y z€[0,1]4
Thus the statement is proved if one proves that
V5
M < Ce, since we have already rescaled and therefore in this case L =1, (6.3.0.11)

sup
z€[0,1)4 p(2)
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indeed in that case one would have

0 ) T(z)-T
f sup M =f[L sup M < ce and therefore sup M <1+ce.
z€[0,1)4 p(2) z€[0,1])@ p(2) z,y€[0,1]4 |z — vy

Thus we only have to prove (6.3.0.11). First, notice that for any z € [0, 1]¢

V) Y (3(S())det DS(x))  (DS(@)TVp(S(x) _ V(det DS(x))
) p(S@)detDS@)  p(S(@) det DS(z)
hence
V()] [Vp(S(z))| | [V(det DS(x))]
= <||DS(z + . 6.3.0.12
e e 5 R )] (03012
Now, one has
DS(:E) 1—q
||DS($)H S kask W — RyU + ’I"k(skHRyUH S Tk(sk(l + C(Sk) S Tk§k(1 + 6) S C(:‘Tk , (63013)
KOk
with
sup [Vp(2)] < sup C|Z|q_1 < CT%I} < C/Tz_17 (6.3.0.14)
se@ p(2) z€Q
and by (6.3.0.1)
|V (det DS(z))|
— = < < Ce. .3.0.1
[det(DS ()] < C6, < Ce (6.3.0.15)
Combining (6.3.0.13), (6.3.0.14) and (6.3.0.15) with (6.3.0.12) one gets
VO@) oo forallz e [0, 1)<,
plx)
hence (6.3.0.11) holds and therefore the proof is concluded. O

Proof of Lemma 6.3.2. The proof of the lower bound is quite similar to the proof of Lemma 6.3.1. The difference
is that our purpose is now to apply (2.2.0.8) of Lemma 2.2.3 instead of (2.2.0.4) of Lemma 2.2.2, and therefore
the same argument we used in that case works, up to finding a suitable map 1" such that, if Q = @,

@MQ =T <@1Q> . T(0Q) = 0Q, (6.3.0.16)
and that
w >1-¢ (6.3.0.17)

If we find such 7', thanks to Lemma 2.2.3 we get

E[n(Q)] _ (]E[n(Q)] )
bb Ox, = Wb Or-1(x,
w p iz}%Q X ,O(Q) p]lQ Wbp Tﬁ e T-1(X;) ,Tﬁ |Q‘ ]]_Q

c\P E[n(Q)]
() w3 o ).

and taking the expectation we conclude with the same argument as the previous Lemma: conditioned to n(Q),
{T=Y(X})}i-x,co are uniformly iid on @ by (2.2.0.3) of Lemma 2.2.1. Then, applying the affine map which
moves Q; = q; + [0, L;]% to [0,1]¢,
§:Q=Q; = 0,1 5() =~
J
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by Corollary 2.2.1 we get

Wit [ 3 s 2Dl ) e (579, [ 3 bsirminy | (5 DER@110.49)

X EQ Q| X, EQ

=LEWBE [ D" dsir1(x,)) E(@)] 1o 10
1: X, €Q

=1QIW | > Ssr-1(x) ER(@]L0,1¢ | »
:X;€Q

with {S(T~1(X;))}i.x,eq uniformly iid on [0, 1]¢ if conditioned to n(Q).
To explain why such a map T satisfying (6.3.0.16) and (6.3.0.17) exists, let us assume that the hypercube
we are considering by partition in Definition 6.2.6 is

Q=Q; CQ"\ Q"
In this case the side of the squares is

1—q
T,

T C
kG

L= (x — ) =
N F R

and for any = € @; one has

1
|$| < \/gxk+1 = \/E(Ek (]. + ) < Cay,

qEH
hence ,
p(x) p(lz() ¢ ¢
Hence by Lemma 2.2.6 such a map exists and verifies
@) =T |, Ve@l | e
|z -yl p(x) ¢
and therefore the proof is concluded. O

6.4 Some useful formulations of previous results.

In this Section we formulate some preliminary results in a slightly different way with respect to the Introduction.
To begin with, we focus on the Random Matching problem with a random number of iid points.

Lemma 6.4.1. Let {X;}5°, be a sequence of iid random variables with uniform distribution on [0,1]¢ and ¢ > 0
be a positive constant. Then, for any N binomial random variables independent of {X;}32, with parameters n
and q with nq > ¢, it holds

N

E Wy <Z 5XwN]l[o,1]d>] < (1+w(E[N))&(E[N])' 7 (Xdzs + |10g(E[ND|%Xd:2) 7 (6.4.0.1)
i=1
N

E Wby (Z 5XwN]1(071)d>] > (1 — w(E[N]))ébh(E[N])* 4 (Xdzs + |10g(E[N])|ng:2> : (6.4.0.2)

where w : [c, +00) — [0,400) is a function vanishing as the argument increases (w < 1 in (6.4.0.2)) and &, and
bl are the constants defined in (1.1.1.7).

Proof. Since the proof of the two results is the same, we only prove (6.4.0.1). By conditioning with respect to NV,

we get {X;}¥, iid random variables uniformly distributed on [0, 1]¢. Hence, if w,w’,w” and w" are functions
with the same properties as the function w in the statement, we have

N N
E [Wg’ (Z(;XNN]I[O,I]GL>:| =E [E wp (Z%@:Nﬂ[o,ud) NH
p

i=1 =1
<E[(1+w(N)N'™ 8 (xazs + (og N) Exaza) 1] by (11.2.13)

= E[(1 4/ (NN + 1) 8 & (xazs + (og(N + 1)) Exaza)]
< &1+ " (E[N))(E[N] +1)' @ (xass + (og(E[N] + 1)) 2 xq=a) by (3.2.0.23) of Theorem 3.2.1
= (1 + " (E[N])) (E[N])' " (xaz3 + | Log(E[N])| % xa2),
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and therefore the proof of (6.4.0.1) is concluded. As we mentioned before, the proof of (6.4.0.2) is the same
(substituting (3.2.0.23) with (3.2.0.24)), hence we omit it. O

We now focus on an intermediate result about the boundary cost function.

Lemma 6.4.2. Let {X;}5°, be a sequence of iid random variables and ¢ > 0 be a positive constant. Then, for
any N binomial random variables independent of {X;}32, with parameters n and g with nq > ¢, it holds

N
wop (Z 5X1.,N11(071)d>1 ,

i=1

E

N
W@(X)&EWM@W>]ZO—MHNME

i=1

where w : [¢, +00) — [0,1) 4s a function vanishing as the argument increases.

Before proving the Lemma, let us specify that also an upper bound could be proved (i.e., with < (1+w(E[N])),
but since we only need the lower bound we leave it aside.

Proof. We have to prove that the quantity

E [ng (Zﬁil 5X1,E[N]]1(0,1)d>]
E [ng (Zjvzl 5Xi,N]1(O,1)d)}

a=a(n,q) = (6.4.0.3)

is bounded from below by a positive constant and that liminf,,, o oo > 1.

Step 1: we prove that

liminf o > 1.
ng—oo

To do that, we start by noticing that by triangle inequality we have

N N
‘Wbp <Z 5X1.,N]1(0,1)d> — Wb, (Z 5X1.71E[N]11(071)d)
=1

i=1

< Wb, (EIN1L0,1y, NLo,10)

Therefore, there exists a constant ¢, > 0 depending only on p such that for any e € (0, 1) it holds

N
E leg (Z 5X1,E[N]11(071)d>] >(1—¢)E

and moreover

N
W (Z(SX“NI(OJ)CZN — 2R [WH (E[N]1(g.1ye, N1(g1y)] ,

gp—1
i=1

[N — E[N]J?
max{N,E[N]}r—1
_ E[N —E[N]P)

- (B[]

Y2

< C(E[N)'"2 by Lemma 3.1.1.

E [Wo2 (E[N]L(g1)4, N1g1ya)] <E [ ] by Lemma 2.2.7

Combining these two estimates we get

1-2
a>1—¢c— c;’_cl (EgN]) - . (6.4.0.4)
€ ]E |:ng (21:1 5X,-7N]]-(071)d):|
Now we can rearrange the term in the right-hand side of (6.4.0.4) as follows:
1—-P P
(E[N])'~ % 3 (E[N])'~% (E[N]) 4 (Xdza + Ilog(E[N])\zxaz:z)

E (W (S, 0x, Nl )| BIND'™H (xaza+ [log(BIN]) Fxaza) B [Wbh (S, 0x,, N0 )]

(END' ¥ (xaza + [10g(EIN])| xa-2)
E (Wt (S0, x, N1y )|

< CEINY) "5 (xazs + [og(BIN])| Fxaza) by (6.4.0.2) of Lemma 6.4.1

=: w(E[N]), (6.4.0.5)

_p(d=2)

= (EIN) ™5 (a3 + | 1og(EIN])|~Fxams )

90



where the function w is vanishing as the argument increases.
Combining (6.4.0.4) and (6.4.0.5) we get

a>1—¢e—

and we get liminf,, ,.c & > 1 by taking

so that

a>1— (WE[N]) 0 — c,Cv/w(E[N]).

Step 2: we prove that for any n and p such that ng > ¢, a(n,q) > % The constant C' mentioned before
depends on c. We first notice that, since we have just proved that it is asymptotic to 1 as ng — oo, we can
assume that

np € [c, M],

where M is large enough to have 1 — WD (M) — ¢,C/w(M) > 3. Otherwise, if np is larger than such M,
the statement has already been proved in the previous passage.
Since we already know that, up to a constant, the denominator in « is bounded from above from

E[N]'~4 (Xd23 + Xd:2(10g(E[ND)g) <C  for E[N] =np < M,

it is sufficient to prove that also the denominator is bounded from below from a positive constant if ng € [c, M].
This is a consequence of the fact that, using Lemma 2.2.4 with

= ()
c
if N, . is a binomial random variable with parameters n and -, we have
N ng\ 1 CreNd Qe
E ng (;5)(“71}9]1(0,1)@)] > {(C) J (nq) E ng ;(sxi,cﬂ((),l)d
d Nn.e
1 b
>  min P@J z dE [WbHP 0x,,cl
el ) Pl &y et
Nn,c
=: C(e, M,p,d)E | Wbl | Y 6x, ¢l || (6.4.0.6)
i=1

hence the numerator of « in (6.4.0.3) is bounded from below by the right-hand side of the previous inequality.
Therefore we only have to prove that (6.4.0.6) is bounded from below uniformly for n € N. This is a consequence
of the fact that, by Corollary 3.3.1, we have

M.
(6.4.0.6) —— E leg (Z 5X1,,c]1(0,1)d>] , (6.4.0.7)

n— oo i—1
i
where M. is a Poisson random variable with parameter c¢. Since the righ-hand side of (6.4.0.7) is positive, we

can conclude that the numerator of « in (6.4.0.3) is uniformly bounded from below for ng € [¢, M], and therefore
the proof is concluded. O

We can now state the main result that we need to prove Theorems 1.2.1 and 1.2.2.

Proposition 6.4.1 (]2, 23, 11]). Let d > 2, Q C R? be a bounded connected domain with Lipschitz boundary
and {X;}32, be a sequence of #id random variables distributed on Q@ with common probability density p. Then,

if ¢ > 0 is a positive constant, for any N binomial random variables with parameters n and q such that nq > c,
1t holds

N
E Wy (Z%Wp)] < (1 +w(E[N]))e(E[N]) (xd23+|log(E[N])|%)/Qp1*%, (6.4.0.8)
N
E [beé (ZéxﬂE[N]pﬂ > (1 - w(E[N])cbg(E[N])' (xdzs+|log(E[N])\%)/Qp1‘§, (6.4.0.9)
=1

where w : [¢, +00) — [0,400) is a function vanishing as the argument increases (w < 1 in (6.4.0.9)).
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Proof. The proof of (6.4.0.8) is completely analogue to the proof of (6.4.0.1) of Lemma 6.4.1, where one has to
use the second inequality in (1.1.2.16) of Theorem 1.1.5 instead of (1.1.2.13).

The proof of (6.4.0.9) is a little bit more technical, since the result we proved which relate the case if
deterministic and random number of points points are limited to the case of the uniform distribution. The
proof uses the same techniques as [2, 23, 24], that is, the same technique of the proof of Theorem 1.2.2, so we
only sketch it.

Step 0: restrict to a union of hypercupes. Let
T ={keZ: Q5 =ck+¢e(0,1)" C Q}.

By (3.0.0.2), if

N

= 1(X; € Q}),
1

i=

is the number of variables in the hypercube @5, N(Q%) is a binomial random variable of parameters n and
gp(Q%), and therefore we have E[N(Q5)] = ngp(Q%) = E[N]p(Q%). Hence, by Proposition 2.1.1

N ]
E |Wb (Z(sxi,E[N]P)] > E(we | > ox,.E )]p]l(g?)d

keJe 1: X, €QF

1 d
Y ElE|wy | Y o EN@IISLY | [ N@s)

1>
keg. | X,eQ8 P(Q%)

Step 1: move {Xi}i:XieQi into variables uniformly distributed in (0,1)¢. We now apply two maps to
the variables {X;}i.x,eq:: the first one is Tk, the linear map moving Q7 in (0, 1)4, that is

ek
T Q5 — (0,1)°, xr—>x55.

To choose the second one we argue as follows: the variables {X;}i.x,eqz, if conditioned to N(Q},), have distri-

]1 £
bution (QE) Hence, the variables {T}(X)}i.x,eq; , if conditioned to N(Q7,), have distribution, Ty (p( 2k )).

We first claim that the Hélderian constant of Ty (p(TEk)) is smaller than £® for a constant. Indeed it holds
k

1ge 1ge
. ‘Tkﬁ (Z(T%) () — Thy (S(TQ{)) (Zl)‘ _ cd w0 |p(ex + k) — p(ey + €k)|
z,y€(0,1)d |z — y|~ (Qk) z,y€(0,1)4 |z —y|*
_ & . |p(2) — p(w)]
- ;)(T‘i)(S z,ieQ; |z — w|®
< Ce?,

where in the inequality we used that

p(2) = p(w)l _

p(Q5) > inf p|Q5| = inf pe?,  and sup
( k) I kl 2 wEQs |Z_w|a

since p is bounded from below by a positive constant and a-Hdélder.
Therefore by Lemma 2.2.6 (and the remarks later) there exists another map Sy, : (0,1)% — (0,1)¢ such that

Lo; Si(x) = S
kg (p Q; ) = Skg(L(0,1)¢), and  sup 15k(@) = Sk(y)l _ 1‘ < Ce“,
p(Qk) z,y€(0,1)d |17 - y|

and, if conditioned to N(Q%), {Sk_l(Tk(Xi))}i:XieQi have distribution (S; ' o Ty)s (p(Q5)> = 1(g,1)2- Hence, if
Y; = Sk_l(T;C (X)), applying first Lemma 2.2.2 and Corollary 2.2.1, and then deleting the conditioned expecta-
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tion, we have

E [ng (i 5X1,E[N]p>

.

> Z E [E [ng ( . OSk ( Z 5Y> ) )](Tl;l Osk)u(l(o,l)d)>
kE€Te X, €EQ7,

> Qi1 - Ce)E E[Wb;i( > oy, EIN(Q: ]11<01>d> N(Qi)”
keJe : X EQE
N(QR)
Z \Qk (1—Ce™)E |Wbh ( Z 82, E[N(Qp)]1 o, 1)d>]
keTe

with {Z;}22, iid uniformly distributed on (0,1)? and independent of {X;}32;.

Step 2: conclusion. Now if we apply first Lemma 6.4.2 and then (6.4.0.2) of Lemma 6.4.1, since E[N(Q%)] =
E[N]p(Q), we get

N
E leg (Z Sx,, E[N] p)]

> (1 - Ce)ath 3 |Q71 (1~ w(EIN@DD)ENQDD'# (xuss + [ os(BIN Q1)) xums

keJe
= (1= Ce)(1 — w(BIN] nf pe)EIN]) 5 3 |Qk< ’f) (vazs + 10w (EIVI(QE) Fxam2)
keTJe
2 (1= Ce)(1 (BNt pe) (1 — o DHENDF 3 [ 5 (s + 1om(EINIAQE Exoc2).

keJe
where o(e) is a function vanishing as ¢ — 0. Finally, dividing by (E[N])'~% (x4>3 + | log(E[N])| x4=2), taking
the liminf as E[N] — oo and then sending € — 0, we get the thesis. O
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6.5 Proof of the upper bound.

Here we prove Theorem 1.2.1.
The strategy of the proof is the same as |7, 2|, which we have explained in the Introduction, but we first
have to constrain the points { X}, inside the ball of radius R,,. Then, since

Br.=B,0J U U &l

k>1y€dB1 UeO(d—1)

we have to rearrange the masses inside B,, and rkUék’ which means that we have to estimate the global term
in Theorem 6.2.1, and then we estimate the cost of the matching inside each one of these subsets and compare
it with the cost of the uniform matching inside an hypercube, as in Lemma 6.3.1.

Proof. As we mentioned before, we start as follows.

Step 1: substitute {X;}?, — {X;}7,. These new random variables are iid with common probability
density p, = pg, by Proposition 6.1.1. In other words, by triangle inequality we have

Wy (Z 5Xm”p> =W (Z 5X1725Xi> + Wy <Z 6)@7”9%) + Wy (npn, np) ,
i=1 i=1 i=1

i=1

and therefore, taking the power p and then the expectation of the above expression, there exists a constant
C > 0 depending only on p such that for n > 0 we have

E lw;; (Zaxi,npﬂ < ﬁE W, (Z(SX”Z(S&) +(1L+n)E |WP (Za&,np» + np_lwg (npn,np)
i=1 i=1 i=1 i=1
2
< 2C W2 (pus ) (6.5.0.1)
+ (1 +n)E (WP (Z 6gi,npn>1 , (6.5.0.2)
=1

where, in the second inequality, we have used first Proposition 6.1.1 and then the fact that the p** power of the
p-Wasserstein distance is homogeneous. By Proposition 6.1.2, we have

—-1- p(l——)-i—a

(6.5.0.3)

logn) i g>0
6.5.0.1) < k(n):=C ( ’
G = { ni-i(logn)’ "5 g =0,

hence to prove the thesis we focus on (6.5.0.2).

Step 2: the global estimate - rearrange the masses according to the decomposition. In this proof
we use Notation 6.2.2 meaning for n(-) the number of variables X; in a domain.

To prove the thesis, we split the ball Br, , where the new {X 17, are constrained and the new density p,
is concentrated. Using the radial-angular decomposition ((6.2.2.9) of Definition 6.2.3) in the case

q>0,d=2,1<p<2,
and the angular-radial one ((6.2.2.10) of Definition 6.2.3) in all the other cases, by triangle inequality we have
W, (Eny np ) =W 25 puls, +/ de‘l(y)/ vy @y, plguo
P X MPn | = Wp X; 77 n — T Pnlgy
i=1 (Br,) 8B, 0(d—1) =1 M&;cpn(ng%) Qs

n(B;, (kaU)

) / d—1 /
TR A LSV P R YO U )y |
P\ pn(Br,) aB, ) O(d—1) ,;M(;kpn(Q?kUé) Qs

and we make the same step as before: we take the p'" power and then we take the expectation, so that, if g(n)
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is the quantity defined in Theorem 6.2.1 we get

oo (S

§(1+77 [Wp (Z(SX»

n(QLY)
wlp, + dH! / S )y 6.5.0.4
b g, ) O(d-1) 2 oyt ( :

’ﬂ Tl) k>1 Mékpn(Q,,.k F)
C n(By,) a1 n(QLY)
+ w?r Yo onlp, + dH (y)/ avy ——T2 51 vsnpn || (6.5.0.5)
np=1 P (pn(Bn) ! o8B, O(d—1) ;21 Makpn(kaU(;) L

This way, by Theorem 6.2.1, we have

< Tﬁ,d p < < pcrzt
(6.5.0.5) = g(n) { S ora S reni (6.5.0.6)

hence we focus only on (6.5.0.4): by (6.2.2.13) with u = Z?:l 0%, and f =1 one has

dHI! / 65 = 55,
/531 HT W o(d-1) Z X Z X

k>1 i:XiGQy’U{sk | X |>m1
hence
n
Sox= X oaxt X o= X st [ e | > b
i=1 i:)?iGBrl i:\f(i\Z'rl zXGBT1 O(d-1) k>1 z':X%EQ:ka{;’C
and therefore, by subadditivity (see (2.1.0.2))
(65.04) <E|WP [ > 6, ))pn]an (6.5.0.7)
i:Xi€By, P (B,
+ defl(y)/ vy L > bk (ng’Uk)pany,U . (6.5.0.8)
B @1 i1 Mo ixieqre,  Pel@s) T
K Tk Ok

and now we consider the two different cases d > 3 and d = 2, and we begin with the first one.

Step 3A: conclusion in the case d > 3. Thanks to (1.1.2.1) one can estimate (6.5.0.7): indeed, if we

nlp .
condition to n(B,,), {Xi},, .%,ep,, are iid with common distribution 5 0 B”) (which does not depend on n), and
T1

therefore
p

(6.5.0.7) < (1 +w(n))ém! 4 / dxpn(z)'~2 by (6.4.0.8) of Proposition 6.4.1,

B,

and using Lemma 6.3.1 one can estimate (6.5.0.8), so that, if {Z;}5°, are iid uniformly distributed on [0, 1]¢,
one has

Q)
Tk, 6k| B WZ? Z 62&’ rk 6k) [0,1]4 )

6.5.0.8) < (1 + Ce) d%d_l(y)/ dU
( ( 9B O(d—1) ; M
and since

Q%Y )

E{WZ [ 3 62.n(@ ) Lo | | < EER@QLGIDTEQ +wERQY)]) by (6.4.0.1) of Lemma 6.4.1

i=1
one has

(6.5.0.8) < (1 + cg>/

OB

) [ A0S I+ Bl QD) B @ )

k>1
1—

=& 1+ Ce)(1 +w(ly,)) . dH¥ 1 (y) /d 1)dUZM vU inl=% (/QW dxpn(x)> ,

k>1 L0

als
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with

o d (log‘n)a_g_d(l_%) q>0, _ d < E[n(Q"",
b= et (omn) 0200 = B8 pu(Re) < Eln(Q2, )

Now, looking at the last term, since, by (6.1.0.3) for any =,y € QTk 5, one has

pn()

<14+ Ce¢,

>

if Z is any point in Qr 5,» and it holds

-4
(/Q dﬂ%(%)) < (14 Ce)pn(@)'H1Q1 5,17 = (14 CoQYS, Ipn (@) 91Q1, 17

[

<1+ C’s)/ dzp,(2)' 7 2|Q
Qg,;b,rsk

and therefore

1 >
6.5.0.8) < @&n'~a (14 Ce)(1 +w(¥, / dH‘Hy/ dU / drpn(x)t=d
( ) < &n' i )1+ w(ln)) - () . > M, Jas. (z)
=T i1+ Ce)(1 + w(fn))/ dzpn(2)'~4 by (6.2.2.13) with dp = dz and f = pi_%
BRn\Brl
— @i (14 o)1 +w(£n))/B y dpn(z)1-5.

Thus, combining the previous estimates on (6.5.0.7) and (6.5.0.8) with (6.5.0.3) and (6.5.0.6), we have

als

Wy <Z 55(,-7np">‘| <ée(l+Cn+Ce+ w(lp))n'™ /B dxpn(x)lig + np—1 (k(n) + g(n)),
=1 Rn

with k£ and g both depending on .
Now since if p > p°®, by definition of 72°¢ in (1.2.0.3) we have k(n) = O(r2%), g(n) = O(r2%) and
£, = O(e), hence we can only conclude that

E lW;’ (Z 6)~(i,npn>
i=1

while if p < p we have k(n) = o(t2%), g(n) = o(72?) and ¢,, —— o0, hence if we divide both the left-hand
n— oo
side and the right-hand side by 72, we get

< Crﬁ’d,

W Sg,.m n' = [ dap,(x)' T
lim sup [ (El ld X Pn)] < (14 Ce+ Cn)éy lim Brn ! ,
n—o00 7‘71;’ n—o0 T,ZZ’

and the thesis follows observing that

1—2 1—P 1—2 1—2
- nl-a fBRn dxpp(z)i~a . nl—a fBRn drp(x)l—a
n—oo Tg’d n—oo Tgvd

and then sending ¢ and 7 to 0.

Step 3B: conclusion in the case d = 2. In this case the conclusion follows by the same steps as before if
one estimates (6.5.0.7) and (6.5.0.8), since k(n) by (6.5.0.3) and g(n) by (6.5.0.6) give a contribution which is
negligible for p < p"¢ and has the same order as 72+ if p > p® exactly as in the case d > 3.

Hence, let us focus on (6.5.0.7) and (6.5.0.8).

In this case we have the logarithmic term, that is, as for (6.5.0.7), by (6.4.0.8) of Proposition 6.4.1 one has

iy

(6:5.0.) < (1 +w(Eln(B, ))Ein(B, )]~ (log Eln(Br, D [ dx(pi?g))) ’

= &1 +wn))n'~"%(logn)? /B dzpn(z)'=2  since E[n(B,,)] = O(n), (6.5.0.9)

71

1
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while for (6.5.0.8), if {Z;}2°; are iid uniformly distributed on [0, 1]%, with the same passages as before we have

n(@Q% Y )
6.5.0.8) < 1+C’5/ dHIY( / du 7Q |5E |w? 5z QU YL 1o
(6508) <(1+02) | o) k§>1 QY] ; ?:1: oM@ s ) oy

P
2

LR

(6.5.0.10)

< n 17%(1+Cs)(1+w(€n))/83 Cmd_l(y)/o v 1

dzpn (2)'~ % log(1 + E[n(QYY,
(1) E>1 M, v/Qy v

Tk Ok

TkyOk

with /£,, defined as before.
Now we study the integral in (6.5.0.10) in some different cases.

Case p < p“ and d = 2. Here one can use the trivial estimate

log(1 +E[n(Q%,)]) < (1+w(n))logn,
and therefore, putting this estimate into (6.5.0.10), the same steps as before in this case prove that
(6.5.0.7) + (6.5.0.8) < (1 + w(n))n'~5 (log n)? / dapn(2)'~%

By,

p
2

+5§(1+Cs+w(en))n1—%(1ogn)%/ dapn(z)'~

BR"\Brl

:5%;(1+cs+w(4n))n1*%(logn)%/ dzpn(z)'~ 2,
BRn

and this concludes the proof in this case.
Then, if p = p““ we argue in the two different cases ¢ > 0 and ¢ = 0.

Case ¢ > 0 and p = p® = d = 2. In this case we can write

log(1 +E[n(Q,"5,)) ¥ = (1 +w(E(Q},)]) log(En(Q}5,)))

= (1 +w(n)) (log (Qm 7 /Z,fisk dmpn(m)> +log |Q;) 5k|>
< (1 +w(n)) (log(npn(rk)) + e+ Cllog(ery)|) by (6.1.0.3),

and therefore the integral in (6.5.0.10) writes as

1

aH () / 'y dpn(2)~ log(Eln(QVY, ) ¥
9B, o(1) k> 7 ok QU

1
< dH L (y / au / dzllog(npn(ry)) + € + C|log(er
/831 (v) o) ZM% v, log(npn(rt)) |log(er)]

1
k>1 M,

<+co [ an(y) / du / daflog(npn(x)) + & + C|log(e|z])|]  using (6.1.0.3) again
0B, o) Qs

=(1+ Cs)/ dzlog(npn(z)) + |Br,|(e + Clog(eR,)) by (6.2.2.13),
Br,, \Br

and since only the first one of these contributions has the same order as 724 = (log n)1+%, we get

(6.5.0.8) < B72(1 4 Ce + w(fy)) / dzlog(np,(x))(1 +w(n))

BRn \B"‘l

—2(14Ce+ w@n))/ dzlog(npn(x))(1 + w(n)),

BRn
which proves the thesis noticing that in this case (6.5.0.9) proves that
(6.5.0.7) < 72,

Therefore the conclusion follows by the same steps as before.
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Case ¢ =0, d = 2 and p = porit = d(i{ 4 = ('YW 2). We have to estimate (6.5.0.10): to do that, we can

notice that for any = € QvY

Tk,0k

log(1 + E[n(QY,%,)) = (1 + w(Bn(Q}5,)]) log(E[n(QY5,)])

< (14 w(n))log (n/Qy,U dyp(z;))

< (1+w(n)) log(np, (2)|Q%"5, (1 + Ce))
< log(np(x)(0krx)*(1 + Ce)) < log(np(w)|z[*e(1 + Ce)) < C + log(np(x)|x]?),

and putting this estimate into (6.5.0.10), since % < 1 one gets

*

(6.5.0.8) < & n'~ T (14 Ce)(1 + w(ln)) dHl(y)/ vy
2B, o(1) k>1

1
M,

/ Ly dwpn(@)' T [(log(np(a)|=*) T +C7)
Qry 5y

/y v dzpa(2)'~F (C + log(np(z)|z|?) =
Qry 6y

*

<& NTET (14 Ce+w(ty)) d?-[l(y)/ av’y
8By o(1) k>1

:ag*nl—%(1+cg+w(zn))/ d?-[l(y)/ v ! / dzpn(2)'™ 7 (log(np(z)|z|?)) =
o8B, o(1) M, Qv

E>1

1
Mg,

= cg*nk% (14 Ce+w(tn)) / dzp(z)" %(log(np( )|:c|2))% +w(m®?) by (6.2.2.13),
and also in this case one has
(6.5.0.7) = o(rP%),

hence the thesis is proved.

Case d =2 and p > p“"*. Here we do not care about the constants, since one already has k(n) by (6.5.0.3)
and g(n) by (6.5.0.6) which gives two contributions with order 72¢. Moreover, by (6.5.0.9) it is straightforward

to see that
(6.5.0.7) = o(rP%),

and therefore only (6.5.0.8) is to be bounded, starting with the estimate in (6.5.0.10). Since for any x € Qrk Si
one has

E[n(Q}"s,)] = /Q . depa(@) < OnlQRY, p(re) < Otnri ™ pu(r) < Ol p, (a),
Th 0

by (6.1.0.3), the integral in that inequality satisfies

dHIL( / d / dap,(2) "% log(1 + E Uk
/o U;;M‘Sk o, o)l 4 BQ2, )
KOk

<C dH L (y / dU / dzp,(x)'~2
< ZM&C - pn()

9By E>1

Y
2

(Cnlz*=9 py (x))

(Cn|z[*=D p,, (z)) by (6.2.2.13)

=C dzpy(z)'~2
BRn\Bm

2(1-q) H 1
8 (Cmp(())> | since — = R} p, (R,,)
Rn - Pn Rn n

Rn
7{1(531)/ drrpn(r)t=3%

T1
P
2

R —rd
q

(6.5.0.11)

Ry
= C”Hl(aB1)/ drrpa(r)' =% ‘|log C'| - (2(1 —q) —~)log <]in> +

71

and now in (6.5.0.11) we have three terms: we claim that they have all order 72¢ and this concludes.
The first one has order 72:¢ by denfinition, and the second one too since

Bn P % n R h =9 p P g
/ drrp,(r)' =2 [log (R ﬂ =ee )/ drre T (D51 {10%“ (Rn)] ’
r - r

T1
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_ 2(v—2)
Y

and if ¢ = 0 the exponential term disappears and recalling that p* , one gets

/Tan drrp, (r)' =% [log( ﬂ / gl (D) {log (}in)]g

_ =S p—p* D R,
= RZJW( 1)/ dss~' 7?27 (logs)?  with s = —=
1 T

2 21
g CR”"F'Y(Q ) S CTﬁ,d’

since the logarithmic term does not affect the integral, while if ¢ > 0, changing variables s = # one gets

Rn p R % R?l P_q Ry, R%,NI P R g
drrpa(r)' =2 [log( " )] <Cea 27V drr(e 7 r 7)'72 [Iog <7n>}

T1 1

R} —ri
q
:CeRT" %—1)/ ! dsefs(gfl)(R%fsq)%_l"'%(g_l) log _ B T ,
0 (R% —sq)a

where one can use the trivial estimates

[SS]

(RY —sq) (5D < (Rq)f—1+ (5- ):Ri—ﬁv(%—l)

and

T1

. g q
R, > (r{ +sq)a = log <Rn)1> < log <(7’1—|—sq)> < C+C|logs|,

to obtain

R} —r]

R 2 R % R} (p 1) p2—q+v(2—1) q P
/ drrp ()i {bg( )] < CeS 31 et / dse=*BD(1 1 |log s|)¥ < Crd,
r 0

T1

The third term in (6.5.0.11) appears only in the case ¢ > 0 and can be estimated as before, indeed changing

. . RI —pd
again variables s = 2 one gets

R £ R

" RI —pd]2 2 (p " 3 —r P Rq —rd
/ drrpn(r)lf [”r] < CeRT 5_1)/ drr(eR 7 T*W)l 5 {r]
T1 T1

(SIS

q

:Ce%%(%il)/ Y dse 7_1)(Rq—8q) “HIEDgE
0

R} —ri

< Ce q"(’_l)R2 oty 7_1)/ " dse—s (3D g%
0

Ri (2 _1) 52— 21
< CetB-VR? a+v(5 )SCTﬁ,d7

and therefore also the third term eventually appearing in (6.5.0.11) has order 72:¢. O

6.6 Proof of the lower bound.

Here we prove Theorem 1.2.2.

Proof. As a disclaimer, we specify that this proof we mean by n(-) the number of variables {X;}?_; in a domain
(and not {X;}?_, as in Notation 6.2.2).

The lower bound is much easier than the upper bound, indeed we do not have to constrain the points inside
Bpg, and we do not have to care about the global term because in the boundary Wasserstein distance the
measures are allowed to have different masses. In fact, if we recall the geometric decomposition we defined for
the lower bound, thanks to the superadditivity of the boundary Wasserstein distance (see Lemma 2.1.1), we
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can infer that

Wb (Zéxl,np =W Z §Xi,an]le ZZng Z dx;,nplg,
i=1

JjENi:X,€Q, jEN jEN X, €Q;

>y wer [ > dx,.mplg, with J by Definition 6.2.6

jeg X, €Q,
rlo;

=> Wer | > ox. En(Q)] (5) : (6.6.0.1)
jeT X, €Q; Pi]

where in the last passage we have used that

E[n(Q;)] = np(Q;)-

Taking the expectation in (6.6.0.1), if {Z;}5°, is a sequence of iid random variables uniformly distributed on
[0,1]4, one gets

E Wb, <i5anP>] > ZE Wb Z 6X“E[n(Q3)]pp(]t§;)

=1 jeg i X,€Q;

JjET

(@)
2(175)Z|Qj|%1E Wy 252, n(Q;)]1 0.1 ] by Lemma 6.3.2
(1+

P
2

+ Xa=2log(1 + E[n(Q;)]))?,

(6.6.0.2)

> atfy (1= 5) D0 (1 = w(En(Q)))IQ, 1 (Bln(@))'~

jeT

where in the last passage we used (6.4.0.9) of Proposition 6.4.1.
First we notice that, if the hypercube in the partition by Definition 6.2.6 is Q; C QF*F1\ QF, one has

I - c _RL__ _ c
En(Q;)] =n A dzp(z) > enp(zrer)|Q;] = 7" @ x,ﬂmiu ) > ngge R;y+d(-a) —, ngfm
i

where, using definition (6.1.0.6) of the critical radius R,,, one has

crit

and <fo<C ifp>pit (6.6.0.3)

Ql -

fnmoo ifp<p

(oW

Then, we can use (6.1.0.3) as in the proof of the upper bound (where ¢ is substituted by %) to get

En(Q,)]' = <n A dwp(aw)

so that, if d > 3, combining the previous estimate in (6.6.0.4) with (6.6.0.2), one gets

IEng(i(;X“np)]zébsn (1777 (fn) Z/ dap(z)'~ 4

i=1

P

d
b

(1—7) n=1Q,|~ /dep(m)l_d, (6.6.0.4)

J

>t =5 (1= —w(r) [ dopta)'H,

where w is a function strictly smaller that 1 and vanishing as the argument increases and where the second
inequality follows from the fact that
BR,,L g U Qj?
JjeET
and this concludes passing to the limit as n — oo.
In the case d = 2 one has to divide the proof in the three cases p < p#, p = p°"® and p > p

crit
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Case d = 2 and p < p°i. This case is the simplest one since one can restrict the sum in (6.6.0.2) to the

hypercubes @; with

seq=lieqmm@z b,

~ logn
and notice that

UUae-r
n>2jeJ’

Before proving (6.6.0.5) we see how to conclude: by (6.6.0.3) and (6.6.0.4) one has

i=1 ]EJ

and therefore, restricting the sum to the special @; with j € J’ we mentioned before, we get

E (Wbh (Z‘;Xi’"/))] > ébhn'~ 7(1777 (fn) Z/ dxp(x lognfloglogn)%

i=1 jeJ’
= &bbn'~%(logn)*® (1 — % —w(fn) — Z / dep(x)'—%
JjeT'!
_ P, 1— z c 1—2
= &bn'~%(logn)*? (1 — - —w(fn) — w(n)) / dxp(z) 2
¢ Ujes' Qi

E |Wbh (Zéxi,npﬂ ZEbgnlf%( w(fy) Z/ dap(x %10g( Eln (QJ)])%

(6.6.0.5)

= &bbn'~ % (logn)* (1 — % —w(fn) — w(n)) /]R2 dzp(z)'~% by (6.6.0.5).

Hence, we only have to prove (6.6.0.5), and this is quite immediate since

c  _=k d n
E[n(Q;)] =n dzp(z) > enp(zrer)|Q,] = 7ane " T ’Yxk(l ) > o’
Q; ogn

for any xj such that

/qlo _ logn >0,
xp < hy = \/q & ((loglogn)q+d<1 1) 1 = hp —— 00,

1 n—oo
(logn)7=2 q=0,

and therefore

Ue2 U @ =zl /R,

JjeT’ k:xp<hg,
which proves (6.6.0.5).

Case d =2 and p = p°*.  We claim that for any j € J and for any z € Q,
log(np(z)) — cloglogn ¢ >0,
; >
log(Bln(@,)) > { oErleD sloslosn a2

for a constant ¢ depending on /.
Let us postpone the proof of that. Exploiting this estimate for p = p°" one has

crit

Eln(Q,)]' ¥ [1+log(1 + En(Q)))} > El(@Q,)]' "7 [log(E[n(Q,)))
_ o) perit { fQ dzx[log(np(z)) — cloglogn] *
! -5 Jo, dzp(2)! 7 (log(np(x)|z?) — )7

and combining this estimate with (6.6.0.2) and (6.6.0.3) we get

=1

(6.6.0.6)

q >0,
q=0,

n erit epit dzllog(np(z)) — cloglog n] q >0,
E leg <Z 6Xi,np>] > nlprEbg Z { fQJ , . .
JET

n

Jo, dzp(x)' == [(log(np(x)[2]?)) = —c=] ¢=0,

p(x)' == [(log(np(x)|z]*)) = —c=] q=0,

. nlipc;.it Ebga»u, / e { [log(n,o(;”v)) — cloglogn] ) o q> 0,
Br
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and this concludes since the terms multiplied by cloglogn and ¢ have order o(72:9).
Hence we only have to prove (6.6.0.6), which is quite immediate since if ¢ > 0 and z € Q; one has

log(E[n(Q;)]) = log (n/ | dyp(zx)) = log (lelj o dyp(y)> +log |Q;]

Qj

> log (n (1 — %) p(I)) +log |Q;]

L da-
7 log (de| ( ‘1))‘

> log(np(z)) — cloglogn,

> log(np(x)) —

while if g =0 and z € Q; C Qk+1\Qk

and this proves (6.6.0.6).

Case d =2 and p > p. In this case one can conclude as in the case d > 3 noticing that

log(1 +E[n(Q;)]) = ¢,

and combining this estimate with (6.6.0.2), (6.6.0.3) and (6.6.0.4) one gets the same conclusion as the case
d > 3, that is

E

Wby <i 5anp>] > crabhntt (1 - g - w(fn)> Z / | drp(x)'—%
i1 jeg Qi

> cEabhn' % (1 — % — w(fn)) / dep(z)'~*%,
Bry,

and this concludes passing to the limit as n — oo. O
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