FINER ESTIMATES ON THE 2-DIMENSIONAL MATCHING PROBLEM

L. AMBROSIO AND F. GLAUDO

ABSTRACT. We study the asymptotic behaviour of the expected cost of the random match-
ing problem on a 2-dimensional compact manifold, improving in several aspects the results of
[AST18]. In particular, we simplify the original proof (by treating at the same time upper and
lower bounds) and we obtain the coefficient of the leading term of the asymptotic expansion of
the expected cost for the random bipartite matching on a general 2-dimensional closed manifold.
We also sharpen the estimate of the error term given in [Led18] for the semi-discrete matching.

As a technical tool, we develop a refined contractivity estimate for the heat flow on random
data that might be of independent interest.
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1. INTRODUCTION

The bipartite matching problem is a very classical problem in computer science. It asks to
find, among all possible matching in a bipartite weighted graph, the one that minimizes the sum
of the costs of the chosen edges. The most typical instance of the matching problem arises when
trying to match two families (X;)1<i<n and (Yi)i<i<n of n points in a metric space (M, d) and
the cost of matching two points X; and Y; depends only on the distance d(X;,Y;).

We will investigate a random version of the problem, that is, in its most general form, the
following one.

Problem (Random Bipartite Matching). Let (M,d,m) be a metric measure space such that m
is a probability measure and let p > 1 be a fived exponent. Given two families (X;)1<i<n and
(Yi)i<i<n of independent random points m-uniformly distributed on M, study the value of the
expected matching cost
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For brevity we will denote with E,, the mentioned expected value, dropping the dependence on
(M,d,m) and p > 0.

The coefficient % before the summation is inserted both for historical reasons and because it
will make things easier when we will move to the context of probability measures.

Let us remark that, without any further assumption on M and m, the statement of the problem
is too general to be interesting.

In the special case M = [0, 1]d, m = $d| oy the problem has been studied deeply in the
literature. As a general reference, we suggest the reading of the book [Tall4|, which devotes
multiple chapters to the treatment of the random matching problem. Let us summarize the
main known results in this setting.

Dimension = 1. When d = 1, so M = [0, 1], the problem is much easier compared to other
dimensions. Indeed on the interval a monotone matching is always optimal. Thus the study of
E,, reduces to the study of the probability distribution of the k-th point in the increasing order
(that is X}, if the sequence (X;) is assumed to be increasing). In particular it is not hard to show

E, ~ nos .
In the special case d =1 and p = 2 we can even compute E,, explicitly
1
3(n+1)"
A monograph on the 1-dimensional case where the mentioned results, and much more, can be
found is [BL14].

n —

Dimension > 3. When d > 3, for any 1 < p < oo it holds
_p
E,~n 4.

For p = 1, the result is proven in [DY95; Tal92|, whereas the paper [Led17] addresses all cases
1 < p < oo with methods, inspired by [AST18|, similar to the ones we are going to use.
In [BB13| the authors manage to prove the existence of the limit of the renormalized cost

. P
lim E,, - nd
n—oo

under the constraint 1 < p < d/2.

Dimension = 2. When d = 2, the study of E,, becomes suddenly more delicate. As shown in the
fundamental paper [AKT84], for any 1 < p < oo, the growth is

n

Their proof is essentially combinatorial and following such a strategy there is little hope to be
able to compute the limit of the renormalized quantity

p/2
lim B, [ —— ] .
n—o0 log(n)

Much more recently, in 2014, in [Car-+14] the authors claimed that, if p = 2, the limit value is %
with an ansatz supporting their claim (see also [CS14] for a deeper analysis of the 1-dimensional
case). Then in [AST18] it was finally proven that the claim is indeed true. The techniques used
in this latter work are completely different from the combinatorial approaches seen in previous
works on the matching problem, indeed the tools used come mainly from the theory of partial
differential equations and optimal transport. Let us also mention the paper [HPZ18| where the
case M = S? is handled via gravitational allocation.
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Semi-discrete matching problem, large scale behaviour. In the semi-discrete matching problem,
a single family of independent and identically distributed points (X;)i<i<, has to be matched
to the reference measure m. By rescaling, and possibly replacing the empirical measures with
a Poisson point process, the semi-discrete matching problem can be connected to the Lebesgue-
to-Poisson transport problem of [HS+13], see [GHO18] where the large scale behaviour of the
optimal maps is deeply analyzed.

As in [AST18|, we will focus on the case where (M, d) is a 2-dimensional compact Riemannian
manifold, m is the volume measure and the cost is given by the square of the distance. From
now on we are going to switch from the language of combinatorics and computer science to the
language of probability and optimal transport. Thus, instead of matching two family of points
we will minimize the Wasserstein distance between the corresponding empirical measures.

We will prove the following generalization of [AST18, Eq. (1.2)] to manifold different from the
torus and the square.

Theorem 1.1 (Main Theorem for bipartite matching). Let (M, g) be a 2-dimensional compact
closed manifold (or the square [0, 1]*) whose volume measure m is a probability. Let (X;)ien and
(Y)ien be two families of independent random points m-uniformly distributed on M. Then

n
li -E J 0 —
i w2 (130 L) [ < L
In the context of the semi-matching problem we sunphfy the proof contained in [AST18| and
strengthen the estimate of the error term provided in [Led18|.

Theorem 1.2 (Main Theorem for semi-discrete matching). Let (M, g) be a 2-dimensional com-
pact closed manifold (or the square [0, 1)*) whose volume measure m is a probability. Let (X;)ien

be a family of independent random points m-uniformly distributed on M. There exists a constant
C =C(M), such that

1 & log
2 J—

In order to describe our approach let us focus on the semi-discrete matching problem. Very
roughly, we compute a first-order approximation of the optimal transport from m to % > 0x, and
we show, overcoming multiple technical difficulties, that very often the said transport is almost
optimal. In some sense, this strategy is even closer to the heuristics behind the ansatz proposed
in [Car+14], compared to the strategy pursued in [AST18] (even though many technical points
will be in common).

More in detail, here is a schematic description of the proof.

\/ log(n) log log( )
n
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FIGURE 1. Sketch of the proof strategy.

(1) Let us denote p" = %Z dx, the empirical measure. We construct a regularized version
of u™, that we call u™!, that is extremely near to u" in the Wasserstein distance.

(2) We consider a probabilistic event A?’t similar to {||u™" — m||s < &} and show that such
an event is extremely likely. The event considered is rather technical, but should be
understood as the intuitive event: “the X; are well-spread on M”.
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(3) With a known trick in optimal transport (Dacorogna-Moser coupling), we construct a
transport map 7! from m to p"*t.
(4) In the event Ag’t, we derive from 7™ an optimal map 7™ from m into a measure ™

that is extremely near in the Wasserstein distance to u™?.
(5) We conclude computing the average cost of T™*.

The regularized measure pu™! is obtained from p through the heat flow, namely p™* = Pj(u")
where t > 0 is a suitably chosen time ¢ > 0. In Section 5 we develop an improved contractivity
estimate for the heat flow on random data and we use it to show that " and ™! are sufficiently
near in the Wasserstein distance. The probabilistic event Ag’t is defined and studied in Section 3.
Let us remark that this is the only section where probability theory plays a central role. The
map T™! is constructed in Section 4 as the flow of a vector field. The map Tt is simply the
exponential map applied on (a slightly modified version of) the same vector field. Optimality
of T™! follows from the fact that it has small C2-norm (see [Glal9, Theorem 1.1] or [Vil08,
Theorem 13.5]). We will devote Appendix A to showing that u™! and ™! are sufficiently near
in the Wasserstein distance.

In Sections 6 and 7 we will prove our main theorems for the semi-discrete matching problem
and the bipartite matching problem. The proofs are almost equal.

Differently from the proof contained in [AST18], we do not need the duality theory of optimal
transport as it is completely encoded in the mentioned theorem stating that a small map is
optimal. In this way, we do not need to manage the upper-bound and the lower-bound of the
expected cost separately. Last but not least, as will be clear by the comments scattered through
the paper, our proof is just one little step away from generalizing the results also to weighted
manifolds and manifolds with boundary.

Acknowledgement. We thank F.Stra and D.Trevisan for useful comments, during the devel-
opment of the paper.

2. GENERAL SETTING AND NOTATION

The setting and definitions we are going to describe in this section will be used in the whole
paper. Only in the section devoted to the bipartite matching we are going to change slightly
some definitions.

Whenever we say A < B we mean that there exists a positive constant C' = C(M) that
depends only on the manifold M such that A < CB. If we add a subscript like <, it means
that the implicit constant is allowed to depend also on p. Even though this notation might be
a little confusing initially, it is extremely handy to avoid the introduction of a huge number of
meaningless constant factors.

With P(M) we will denote the set of Borel probability measures on the manifold M.

2.1. Ambient Manifold. Let M be a closed compact 2-dimensional Riemannian manifold and
let m be its volume measure. We will always work, under no real loss of generality, under the
assumption that m is a probability measure. Unless stated otherwise, this will be the ambient
space for all our results.

It is very tempting to work in the more general setting of weighted /with boundary manifolds.
Indeed it might seem that most of what we obtain could be easily achieved also for weighted /with
boundary manifolds. Nonetheless, there is an issue that we could not solve. The estimate on the
derivatives of the heat kernel we use, specifically Theorem 3.9, seems to be known in literature
only for a closed and nonweighted manifold. Apart from that single result (that most likely
holds also in the weighted setting if the weight is sufficiently smooth) everything else can be
easily adapted to the weighted and nonclosed setting. In an appendix to this work, we manage
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to extend the mentioned estimate to the case of the square (and thus all our results apply also
when M = [0, 1]?).

By weighted manifold we mean a Riemannian manifold where the measure is perturbed as
my = e m where V : M — R is a smooth function (i.e. the weight). The matching problem
is very susceptible to the change of the reference measure (as the case of Gaussian measures,
recently considered in [Led17; Led18; Tall8], illustrates) and therefore gaining the possibility to
add a weight would broaden the scope of our results.

Even though we are not able to generalize Theorem 3.9, during the paper we will outline what
are the changes necessary to make everything else work in the weighted /with boundary case.

Let us say now the fundamental observation that is needed to handle the weighted/with
boundary case: we have to adopt the right definition of Laplacian.

In the weighted (or even with boundary) setting, the correct operator Awu is the so called
drift-Laplacian, also named Witten Laplacian, characterized by the identity

/—Au'godmvz/ Vu - Vedmy (2.1)
M M

for any ¢ € C°(M). This operator is related to the standard Laplace-Beltrami operator A by
A =A—-VV-V (see |Gri06]) and, in the case of manifolds with boundary, (2.1) encodes also in
the weak sense the null Neumann boundary condition.

2.2. Random Matching Problem Notation.

2.2.1. Empirical measures. Let (X;)1<i<n be a family of independent random points m-uniformly
distributed on M. Let us define the empirical measure associated to the family of random points

n 1 .
=1

When two independent families (X;) and (Y;) of random points m-uniformly distributed on M
will be considered, we will denote with pg and pf the empirical measures associated respectively
to (X;) and (Y;).

The main topic of this paper is the study the two quantities

E [W3(u", m)] and E [W3 (s, p1)] -

2.2.2. Wasserstein distance. The quadratic Wasserstein distance, denoted by Wa( -, -), is the
distance induced on probability measures by the quadratic optimal transport cost

W3(p,v) == min / d(z,y)?* dr(z,y),
€l (w,v) J s M

where T'(u, v) is the set of Borel probability measures on the product M x M whose first and

second marginals are p and v respectively. See the monographs [Vil08] or [Sanl5| for further

details. Let us recall that when both measures are given by a sum of Dirac masses the Wasserstein

distance becomes the more elementary bipartite matching cost

n

1 . .
W3 (o, o) = ~ min d(X;, Yy (i)? .
=1

2.2.3. Heat flow reqularization. For any positive time ¢t > 0, let u™! be the evolution through
the heat flow of p”, that is

*k 1 "
:un’t =P/ (p") = (TL Zpt(Xiv ’ )) m = umtmv
1=1
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where u™! is implicitly defined as the density of u™! with respect to m. Let us recall that P}
denotes the heat semigroup on the space of measures and p;( -, - ) is the heat kernel at time ¢. For
some background on the heat flow on a compact Riemannian manifold, see for instance [Cha84,
Chapter 6].

Why are we regularizing p™ through the heat flow? First of all let us address a simpler
question: why are we regularizing at all? The intuition is that regularization allows us to
ignore completely the small-scale bad behaviour that is naturally associated with the empirical
measure. For example, the regularization is necessary to gain the uniform estimate we will show
in Theorem 3.3.

But why the heat flow? A priori any kind of good enough convolution kernel that depends
on a parameter ¢ > 0 would fit our needs. Once again the intuition is pretty clear: the heat
flow is the best way to go from the empirical measure to the standard measure. Indeed it is
well known from [JKO98| that the heat flow can be seen as the gradient flow in the Wasserstein
space induced by the relative entropy functional (see [Erb+10] for the extension of [JKO98| to
Riemannian manifolds). More practically, the semigroup property of the heat kernel provides a
lot of identities and estimates and plays a crucial role also in the proof of the refined contractivity
property of Section 5.

2.2.4. The potential f™*. It is now time to give the most important definition. Let f™!: M — R
be the unique function with null mean such that
—Aft =yt -1, (2.2)

The hidden idea behind this definition, underlying the ansatz of [Car+14], is a linearization of
the Monge-Ampere equation under the assumption that u™* is already extremely near to 1. We
suggest the reading of the introduction of [AST18| for a deeper explanation. The mentioned
linearization hints us that V ™! should be an approximate optimal map from the measure y to
the measure p™!. We will see in Proposition 4.3 and later in Theorem 1.2 that this is indeed
true.

Let us remark that, as much as possible, we try to be consistent with the notation used in
[AST18].

3. FLATNESS OF THE REGULARIZED DENSITY

Definition 3.1 (Norm of a tensor). Given a 2-tensor field 7 € T9 (M), let the operator norm at
a point € M be defined as

7(z)|u,v
@)= sup |7 (2)[u, ]|
wveTM\{oy  |ul[v]

The infinity norm of the tensor 7 is then defined as the supremum of the pointwise norm
Illoo = 5;\1)4\7(9:)\ :
Remark 3.2. With this norm, it holds
[ X(v(1)) = Xyl <L) - VXl

whenever v : [0, 1] — M is a smooth curve, X is a smooth vector field and X|| € T,y M is the
parallel transport of X (v(0)) onto T )M along 7.

For a fixed £ > 0, we want to investigate how unlikely is the event
AP = {IVP e < €}

Let us recall that (2.2) implies

0 = oo = I=A7" o0 S 192 o
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thus the event Ag’t is very similar to (and is contained in) the event considered in [ASTIS,
Proposition 3.10]. Let us remark that taking a larger ¢ > 0 will of course assure us that A?’t is
extremely likely, but, as we will see, taking a ¢ > 0 that is too large is unfeasible.

Our goal is showing the following estimate on the probability of A?’t.

Theorem 3.3. There exists a constant a = a(M) > 1 such that, for any n € N, £ > 0 and

0<t<1itholds )

P((4°) < e ™

The proof of Theorem 3.3 will follow rather easily via a standard concentration inequality once
we have established some nontrivial inequalities concerning the heat kernel.

In fact, a vast part of this section will be devoted to a fine study of ¢, that is a time-averaged
heat kernel.

Definition 3.4. Let us denote with ¢; : M x M — R the unique function with null mean value
such that —Aq(x,y) = pi(x,y) — 1, where the Laplacian is computed with respect to the second
variable.

Remark 3.5. All the derivatives of g, will be performed on the second variable. In the weighted
and with boundary setting the definition of ¢; stays the same, whereas the Laplace operator
changes meaning (as explained in Section 2.1).

Remark 3.6. The kernel ¢; arises naturally in our investigation because, as we will see later, it
holds

1 n
fMMy) = - Z qt(Xi,y) -
=1
First of all, it is crucial to notice the following expression for the function ¢;:

qi(z,y) = /too (ps(z,y) — 1) ds. (3.1)

The proof of the mentioned identity is straightforward thanks to the decay of the heat kernel
when ¢ goes to infinity.

Let us also remark that ¢; is symmetric ¢;(z,y) = ¢(y,z). Furthermore, for all y € M the
average value of Vyq.(-,y) is null, indeed it holds

[ Satpan) = [ 9, ([ e - 1) as) ama)

:/toovy </Mps(:c,y)dm(sc)) ds:/toovy(l)ds:o.

Similarly we can prove that the average value is null also for higher derivatives.

Now we want to deduce some estimates for the time-averaged kernel ¢; from the related
estimates for the standard heat kernel. Therefore let us start stating some well-known estimates
related to the heat kernel. The interested reader can find more about heat kernel estimates on
the monographs [Sall0; Gri99].

Theorem 3.7 (Trace Formula). It holds

/M () — 1) dm(e) = =+ 0 (;5) |

Proof. 1t is proved in [MS+67| for smooth manifolds, possibly with smooth boundary. To handle
the case of the square, we need the formula for Lipschitz domains that is proved in [Bro93|. For
weighted manifolds it is proven in [CR17, Theorem 1.5]. O
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Theorem 3.8 (Heat Kernel Estimate). There exists a suitable a = a(M) > 1 such that, for any
0<t<1landz,ye M, it holds

2
pe(, y)S% -~

Proof. This is a straightforward consequence of [ZLJ16, Theorem 1.2]. The mentioned reference
works also in the weighted and with boundary setting, as far as the boundary and the weight
are smooth. 0

Theorem 3.9 (Heat Kernel Derivatives Estimate). For any N > 1,0<t <1 and z,y € M, it
holds

1 dY(x,y)

S e e L

Proof. For closed compact manifolds it can be found in [ST98| or in [Hsu99, Corollary 1.2]. We
prove the special case M = [0, 1]2 in Appendix B. O

Remark 3.10. The estimate on the derivatives of the heat kernel provided by the previous theorem
is fundamental for the approach presented here. Furthermore, as anticipated in Section 2.1, the
need for such an estimate is exactly the obstruction to the generalization of our result to the
weighted or with boundary setting.

Let us also remark that we will use the estimate only for N < 3.

We are now ready to state and prove some estimates on the kernel ¢;. The first one has an
algebraic flavor, whereas Proposition 3.12 and Corollary 3.13 are hard-analysis estimates deduced
from Theorems 3.8 and 3.9.

Proposition 3.11. For any t > 0 4t holds

[ [ 9t dmiy) dun(e) - Lel 4 o (v

Proof. Let us ignore the integral in dm(x). Recalling the formula stated in (3.1) and the defini-
tion of ¢, integrating by parts we obtain

/M|qut<x,y>12dm<y> - /M<pt<x,y> ) / " (paly) — 1) dsdm(y)

thence, applying Fubini’s theorem and the semigroup property of p;, we can continue this chain
of identities

— [ [ ety = ) ds = [ pusetin) <1 ds = [ putaora) - 1)ds.

t

After integration with respect to x, the thesis follows thanks to Theorem 3.7. O

The following proposition plays a central role in all forthcoming results. Indeed, the kind of
estimate we obtain on the derivatives of ¢; is exactly the one we need to deduce strong integral
inequalities.

Proposition 3.12. Forany N > 1, 0<t <1 and x,y € M it holds
1

AN (z,y) +t2

Proof. For the sake of brevity, let us denote d = d(z,y).

IV ae(2,y)| Sn
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Applying (3.1) together with Theorems 3.8 and 3.9, through some careful estimates of the
involved quantities and the change of variables d?/s = w, we obtain

o0 1/ dA\V\1 &
IV a2, y)| S/ IV ps(z,y)| ds SN1+/ <N+ <> 5 ©ds
t t

S 2

< (1 AR
§1+/ <N+<> )a_dsds
t 57 S S

O

Corollary 3.13. Let us fix a natural number N > 1 and a real number p > % Forany0 <t <1
and T, € M the following two inequalities hold*

_ _Np
/M|V§7 g (Z,y)|P dm(y) Snp 1777,
N NP d < 1-2Np
|vy Qt(‘r7y)| Hl(ZII) NN,pt z .
M

When p = %, the same inequalities hold if 1= s replaced with |log(t)].

Proof. We are going to prove only the case Np > 2 when the integral is in dm(y), the proof of
the other case being very similar.

To prove the desired result we just have to insert the inequality stated in Proposition 3.12
inside the coarea formula (in the very last inequality below we use the change of variables 2 = st):

» 1
[ Ve ant) S [y dn)

1
S [ dm(y)
P B(z,inj(M)/2) (dN(x,y) + tN/Q)p

inj(M)/2 1 1
:/o v vyt (9B@,r)dr

B
~ 0 (’I"N+tN/2)p ~N,p .

T,y

Let us recall that 7! is the Hausdorff measure induced by the Riemannian distance. In our
inequalities we have implicitly applied the known estimate (see [Pet98]) on the measure of the
spheres on a smooth Riemannian manifold. It would be possible to obtain the same result
applying only the estimate on the measure of the balls (that is a somewhat more elementary
inequality) and Cavalieri’s principle instead of the coarea formula. O

et us remark that the two inequalities are not equivalent. Indeed in the first one we are integrating with
respect to the variable y, that is the differentiation variable, whereas in the second one we are integrating with
respect to the variable x, that is not the differentiation variable.
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We are going to transform the results we have proven about ¢; into inequalities concerning

fn,t_
As anticipated, it holds

) =S alXi). (32)
=1

Such an identity can be proven showing that both sides have null mean and the same Laplacian:

—AfMy) = ut(y) - 1= Py (i > ox, - 1) (y) = %me -1
i=1 i=1

=-a (jl > alXs ->> ).
=1

Lemma 3.14. The following approximation holds

Proof. Using the linearity of the expected value and the independence of the variables X;, we

obtain
B| [ 1vrant)]| =1 [ [ 19,0 dng)an)

and therefore, applying Proposition 3.11, we have proven the thesis. ([
Remark 3.15. The previous lemma is contained in [AST18, Lemma 3.16].

Our next goal is proving Theorem 3.3. In order to do so we will need Bernstein inequality
for the sum of independent and identically distributed random variables. We are going to state
it here exactly in the form we will use. One of the first reference containing the inequality is
|Ber46|, whereas one of the first in English is [Hoe63]. A more recent exposition can be found
at [Tall4, Lemma 4.3.4].

Theorem 3.16 (Bernstein Inequality). Let X be a centered random variable such that, for a
certain constant L > 0, it holds | X| < L almost surely. If (X;)1<i<n are independent random
variables with the same distribution as X, for any & > 0 it holds

Yoy X ng?
P[5 > o) <200 (- vare)

Proof of Theorem 8.3. Our strategy is to gain, for any y € M, a pointwise bound on the proba-
bility P (|V2f™!(y)| > &) through a concentration inequality and then to achieve the full result
using a sufficiently fine net of points on M.

Let us fix y € M and £ > 0. Recalling (3.2), we can apply Theorem 3.16 in conjunction with
Proposition 3.12 and Corollary 3.13 and obtain

2 it — 7162
P (IV2 ™ (y)| > €) 56Xp< 4HV2qt(~,y)H3+2Hv2%(wy)Hoof>

< exp (—nCtﬁg) ,

where C' = C(M) is a suitable constant.

Let us now fix ¢ > 0 such that ¢- L = %, where L is the Lipschitz constant of [V2f]. Let

(zi)1<i<n(e) € M be an f-net on the manifold. Through a fairly standard approach, we can find
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such a net with N (¢) < ¢~2. Furthermore, it is easy to see, considering the bound imposed on /,
that if |[V2f|(z;) < £/2 for any 1 < i < N(£), then ||[V?f|ls < &. Therefore we have

N(£)
P (V2" oo > €) < > P (IV2F™|(2:) > £/2)
=1

<le 7nC’t§2 _47L2e 77107552
SeEtP\TTy ) T e P\ T )

The thesis follows noticing that, thanks to (3.2), L can be bounded from above by?

_3
gé%\if(uv?)%(x? )HOO SJ iz,

where we used Proposition 3.12 in the last inequality. U

Remark 3.17. Let us stress that if ¢t = fylofl”, where v > 0 is a sufficiently large constant,
Theorem 3.3 shows that quite often the hessian of f™! is very small.

More precisely, if &, > % and t, = log(a)_lfyn% with v, > 1, then

1
n,tn\c <
P((A8")) S —rs
This observation will play a major role in the last sections as it will allow us to ignore completely
the complementary event A?’t as it is sufficiently small.

4. TRANSPORT COST INEQUALITY

Given two density functions ug,u; : M — R, the Dacorogna-Moser coupling ([Vil08, pp. 28—
29]) gives us a “first-order” approximation of the optimal matching between them. With this
technique in mind, following the ideas developed in [AST18; Led17|, we are presenting a proposi-
tion that generalizes some of the results mentioned in those two papers. Its proof is simpler than
those presented in [AST18; Led17| but relies on the Benamou-Brenier formula (see [BB00)).
Let us remark that our application of the Benamou-Brenier formula is somewhat an overkill,
nonetheless we believe that using it makes the result much more natural.

For the ease of the reader let us recall the said formula before stating the proposition and its
proof.

Definition 4.1 (Flow plan). Given two measures pg, 41 € P(M), a flow plan is the joint infor-
mation of a weakly continuous curve of measures j; € C°([0, 1],P(M)) and a time-dependent
Borel vector field (v¢)¢c(o,1) on M such that, in (0, 1) x M, the continuity equation holds in the
distributional sense

d .
a,ut + div(vge) = 0.

Theorem 4.2 (Benamou-Brenier formula). Given two measures po, p1 € P(M), it holds

1
W2 (o, 1) = inf {/ / log|? dpe dt = (pg, ve) is a flow plan between pg and ,ul} .
0 Jm

In addition, if (g, ve) is a flow plan with ||vi]|co + [|Vi|leo € L°(0,1), the flow at time 1 induced
by the vector field vy is a transport map between pg and py and its cost can be estimated by

1
/ / \vt]2d,u,tdt.
0 JM

2The definition of the infinity norm for a 3-tensor is analogous to the definition given for 2-tensors in Defini-
tion 3.1.
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Proposition 4.3. Given two positive, smooth density functions ug,uy in M, let f € C°(M) be
the unique solution of —Af = uy —ug with null mean. For any increasing function 6 € C1([0, 1])
such that 6(0) =0 and 0(1) = 1, it holds

1 0/@)2
W2 (upm, u;m) S/way? (/O w000 T 600 dt) dm .

Furthermore a map that realizes the cost at the right hand side is the flow at time 1 induced by
the time-dependent vector field

ve(x) = V() )
uo(1 —60(t)) + u10(t)

Proof. Let us define the convex combination u; = (1 — 6(¢))ug + 0(t)u;. It is straightforward to

check
%ut(x) + div (ut(m) - <i8 v f(x))) ~0,

hence, thanks to the Benamou-Brenier formula, we have

1 /(+)\2 1 pre4\2
Wg(uom,ulm)g/ / 9(t2)|Vf]2utdmdt—/ \Vf]Q/ T ram.
0 JM U M 0

Ut

0

Corollary 4.4. Given two smooth, positive density functions ug,u1 in M, let f € C°(M) be
the unique solution of —Af = u1 — ug with null mean. It holds

2
W3 (uom, uym) < 4/ mdm (4.1)
M U0

and also
(u1) — log(uo)
ulp — U

1
W3 (uom, uym) < / IV f|? o8 dm, (4.2)
M
where the ratio is understood to be equal to 1 if u1 = ug.

Proof. The inequality (4.1) would follow from Proposition 4.3 if we were able to find a function
0 such that for any x € M it holds

1 el(t)Q 4
dt < . 4.3
/0 ug(z)(1 —0(t)) + ur(x)0(t)  — up(x) (4.3)
Let us start with the observation
uo(l —0(t)) + u10(t) > up(1 — 0(t))
and therefore, in order to get (4.3), it suffices to have
1 g2
/ 0 (t) dt <4
o 1—10(1)

that is satisfied with equality by 0(t) = 1 — (1 —t)2.
The inequality (4.2) follows from Proposition 4.3 choosing 6(¢) = t and computing the definite
integral. O

Remark 4.5. The inequality (4.1) will be used when we can control only one of the two densities
involved, whereas the sharper (4.2) will be used when we can show that both densities are already
very near to 1.
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5. REFINED CONTRACTIVITY OF THE HEAT FLOW

The following proposition is the well-known Hoélder continuity of the heat flow with respect to
the Wasserstein’s distance.

Proposition 5.1. Given a measure p € P(M) and a positive t > 0, it holds

W3 (. P () St

In this section we are going to prove a more refined (asymptotic) contractivity result, when g
is an empirical measure built from an i.i.d. family with law m.

The following theorem proves that the estimate described in Proposition 5.1 is far from being
sharp when the measure p is the empirical measure generated by n random points. Indeed
it shows that the average growth of the Wasserstein distance squared is not linear after the
threshold t = loglog(n)/n.

Such a trend would be expected if the matching cost had magnitude O(loglog(n)/n), but
its magnitude is O(log(n)/n). This quirk shall be seen as a manifestation of the fact that, in
dimension 2, the obstructions to the matching are both the global and local discrepancies in
distribution between the empirical measure and the reference measure (see |Tall4, Section 4.2]
for further details on this intuition). Regularizing with the heat kernel we take into account
only the short-scale discrepancies and thus we stop observing linear growth way before the real
matching cost is achieved.

Given that in higher dimension the main obstruction to the matching is concentrated in the
microscopic scale, we don’t think that a similar statement can hold in dimension d > 2. With
the wording “similar statement” we mean the fact that E [W3 (™!, m)] < t when t = O(n~4?)

(let us recall that, if d > 2, the expected matching cost has order O(n=%2)).

Theorem 5.2. Given a positive integer n € N, let (X;)1<i<n be n independent random points
m-uniformly distributed on M. Let u" = %Z?:l 0x, be the empirical measure associated to the
points (X;)1<i<n. There exists a constant C = C(M) > 0 such that, for any time t = y/n with
v > Clog(n), denoting ™t = Pj(u"), it holds

B W) s ) (<20,
n n
Proof. Our approach consists of using Proposition 5.1 to estimate the distance between u™ and
p"1/™ and then adopting Proposition 4.3 to estimate the distance from p™'/™ to u™t.
Let u™* = 1 31 p.(X;, -) be the density of P;(u") and let us fix the time ¢y = 1.
Recalling Proposition 5.1, it holds

E [W3 (™, u™h)] < 2E [Wg(u", p™o)] + 2E [Wg (™", u™h)]

1
5;+Emﬁﬂmwmﬂ

In order to bound E [W;(u”’to, ,u"’t)}, let us restrict our study to the event AT. As stated in

Theorem 3.3, such an event is so likely (as a consequence of the assumption ’yQ > log(n)) that
its complement can be completely ignored because all quantities that we are estimating have
polynomial growth in n (recall Remark 3.17).

Let us denote f : M — R the null mean solution to the Poisson equation —Af = u™f — ™!,

representable as ftto u™®ds. Recalling that we are in the event AZ’t, we can apply (4.1) and
2

to

obtain

Wﬂﬂ“MWUS4/ VS|

M un,t

dm§;/|Vdem.
M
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Using the independence of p,(X;,y) and py(Xj,y) for a,b > 0, y € M and i # j, we are now
able to compute the expected value

20, mto MmN\ < 2dm/| = ~Af- - fdm
E[Wz(ﬂ y M )]NE[/MNf’ ] E[/M ff ]

o[ e[ ]

:1/%4%Jm&Kw—mwﬂmm4XwNm@ﬁds

:iﬁéywmw—wwmwmmm

t+to 1

1 t+to 1 1
= / / (ps(z,2) — 1) dm(z)ds < / L g < 1o80)
" M 2 n

to n to §

that is exactly the desired result. Let us remark that in one of the inequalities we have exploited
the bound p,(z,z) > 1 with r = t + s, a simple consequence of the Chapman-Kolmogorov
property. ([l

Remark 5.3. Before going on, let us take a minute to isolate and describe the approach we have
employed to restrict our study to the event AT.

Let X,Y be random variables such that X E Y in an event A. It holds
E[X]-E[Y]] < ([ Xlloo + [[Ylloo) P (A) .

Therefore, exactly as we did in the previous proof, if the event A is much smaller than the inverse
of the magnitude of X and Y, we can safely exchange X and Y when computing expected values.

6. SEMI-DISCRETE MATCHING

This section is devoted to the computation, with an asymptotic estimate of the error term,
of the average matching cost between the empirical measure generated by n random points and
the reference measure.

An estimate of the error term was recently provided by Ledoux in [Led18, Egs. (16) and (17)].
Our estimate is slightly better than the one proposed by Ledoux; indeed he estimates the error
as O(loglog(n)log(n)3/*/n) whereas our estimate is O(+/loglog(n)log(n)/n)

Let us briefly sketch the strategy of the proof.

Step 1: The inequality developed in the previous section allows us to choose t of magnitude
O(log®(n)/n) while keeping W (u™, ™) under strict control. With such a choice of the
regularization time, we can apply Theorem 3.3 and get that Ag’t is a very likely event.
Without Theorem 5.2 we would have been able only to choose ¢t = o(log(n)/n) and that
would have invalidated the proof.

Step 2: Using (4.2) we estimate the matching cost between p™! and m. It comes out that, in
the event A?’t, this matching cost is almost equal to

and we are able to evaluate it thanks to Lemma 3.14.

2dm

The statement we are giving here is slightly stronger than the statement given in the intro-
duction (as we can now use the function f™!).
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Theorem 1.2. Let (M, g) be a 2-dimensional compact closed manifold whose volume measure m
is a probability. Let (X;)ien be a family of independent random points m-uniformly distributed

on M. For a suitable choice of the constant v > 0, setting t(n) = 'y%, it holds

Wo (125)(“111) _ \//’an,t(n)‘de] < log log(n)
i

n
Furthermore it also holds

1 n
E [ W (nZ(in,m) - /|Vf”’t(")\2dm|
=1

from which follows

E

< /log(n) log log(n)

7

n
lim —— - E
ng%o ]og(n)

1 & 1
2
=N 5y =
vt (3 )| =

L and the time variable ¢t = log(a)_lfy@, so that

logn

Proof. Let us fix a parameter £ =
Remark 3.17 gives

1
Nytn\c <
P((4p")) S =
Hence, by choosing v > 0 sufficiently large, we can obtain any power-like decay we need.
Recalling Theorem 5.2, we obtain

n] < loglog(n) + log v ' 6.1)

E W2 n’ n,
[ 5 (W" 1 o

Thanks to Proposition 4.3 we know that pu™! is the push-forward of m through the flow at
time 1 of the time-dependent vector field

an,t
1+ t(umt —1)
Thus, if we assume to be in the event A?’t with n sufficiently large, we can apply Proposition A.1
with X = V™! and Y, = % to obtain
W exp(V ) m) £ 6 [ 1977 dm, (62)

Still working in the event A2, thanks to [Glal9, Theorem 1.1], we can say (for a sufficiently
large n) that

W2 (exp(V ™) 4m, m) = /MIVf"’t\Q dm. (6.3)

Once again, as we have done in the proof of Theorem 5.2, let us notice that the restriction of
our analysis to the event A™" is not an issue. Indeed its complement is so small that, because all
the quantities involved have no more than polynomial growth in n, using the approach described
in Remark 5.3, we can restrict our study to the event A?’t thanks to Theorem 3.3.

Hence, joining (6.1), (6.2) and (6.3) with the triangle inequality, we can get

W2 (:LZ(SX“IH> - “/’an,t|2]
i=1

1
S\/loglog(T;)—i-lOg')’_i_gE[/ |vfn,t’2dm:|2 _
M

E
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Thus the first part of the thesis follows from the choice & = ——, that gives, recalling Lemma 3.14,

logn?

that the leading term in the right hand side is the first summand.
The second part of the statement follows once again from (6.1), (6.2) and (6.3). But instead
of using the triangular inequality we use the elementary inequality

E[|(D+C)? - c?] <E[D?"* (E[D?]"* +2E [¢?]'?)

that holds for any choice of square integrable random variables C, D. More in detail we apply
the said inequality with D = A 4+ B and

A= WQ(IU'nam) - WQ(Mmt:m) )

B = Wa(um) | [ (9042 dm,
M
cz,// V2 dm
M

Remark 6.1. In the work [Car+14], the authors claim that the higher order error term should be
O(%) Unfortunately with our approach it is impossible to improve the estimate on the error term

O

from y/log(n)loglog(n)/n to 1/n. Indeed, even ignoring all the complex approximations and

estimates, our expansion involves the term %. Thence we would be obliged to set t = O (%)

The issue is that this growth of ¢ does not allow us to exploit Theorem 3.3. Indeed, if t = O (l),

n
we are not able anymore to prove that A?’t is a very likely event (even when ¢ is fixed) and our

strategy fails.

7. BIPARTITE MATCHING

Exactly as we have computed the expected cost for the semi-discrete matching problem, we
are going to do the same for the bipartite (or purely discrete) matching problem (i.e. we have
to match two families of n random points trying to minimize the sum of the distances squared).

The approach is almost identical to the one described at the beginning of Section 6. Let us
remark that this result is new for a general 2-dimensional closed manifold M. Indeed in the work
[AST18| the authors manage to handle the bipartite matching only when M is the 2-dimensional
torus (or the square). Their approach is custom-tailored for the torus and thence very hard to
generalize to other manifolds.

Theorem 1.1 (Main Theorem for bipartite matching). Let (M, g) be a 2-dimensional compact
closed manifold whose volume measure m is a probability. Let (X;);en and (Y;)ien be two families
of independent random points m-uniformly distributed on M. It holds the asymptotic behaviour

W2 (iZ%,;Z&@)] = %
=1 =1

Proof. Let us warn the reader that in this proof the definitions of ™ and of A™! change. The
change is a natural consequence of the presence of two families of points. We decided to keep
the same notation as the role and meaning of the objects do not change at all. We will skip the

parts of the proof identical to the proof of Theorem 1.2.

_ 1
— logn

-E

i
oo log(n)

Let us fix a parameter & and the time variable ¢t = log(a)_l'y@ where v > 0 is a

sufficiently large constant.
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Analogously to what we have done in the semi-discrete case, let us define

n

1 1 «
M()L::EZ(SX«” N?::ﬁz(syi
i=1

i=1
and the associated regularized measures and densities

nt .  px,.n _ Nt n,t
po = Pl pg = ug m, "= Pt =" 'm.

Let us denote with ™ : M — R the unique function with null mean value such that —A f! =
upt — ult. Of course it holds f”t = f”t 2" where the functions fi"* and f{"* are defined
exactly as in (2.2) but using )’ “and p" in place of p.

Hence, we can apply Theorem 3.3 on fg " and ik " to obtain the estimate

1 2
n,t —nté
((A ))Ng2t3a B
Here A?’t is defined as the intersection of the events Ag ’Lt for « = 0,1, where Ag’f is
it
AL =V oo < €}

From now on the proof goes along the exact same lines of the proof of Theorem 1.2 (just
replacing p" with g} and m with pg) apart from the computation of

E [ / IVf”’tIQdug’t] :
M

Indeed in the semi-discrete case we could blindly apply Lemma 3.14, whereas now we have to
compute it.

Thanks to Theorem 3.3 and Remark 5.3, we can assume to be in the event {||u"™! — 1||oc < £}
as it is so likely that its complement can be safely ignored. Thus, if we replace ug’t with m, we

obtain
B| [ Ivrant| = ar oz [ 9] (71)
M M

As already done in the proof of Lemma 3.14, using the linearity of the expected value and the
independence of the random points we can easily compute

B[ 9] =2 [ ] 19,02 dn() dne)

and therefore, applying Proposition 3.11, we have shown

. [/M]Vf"’t\2dm] B “‘;i(r?' +0O (\7/5)

that, together with (7.1), is exactly the result we needed to complete the proof. O

Remark 7.1 (Interpolation between semi-discrete and bipartite). The proof given for the bipartite
case is flexible enough to handle also families of random points with different cardinalities. Given
a positive rational number ¢ € Q and a natural number n € N such that gn € N, let (X;)1<i<n
and (Y;)i<i<gn be two families of independent random points m-uniformly distributed on M.
Then, exactly as we have proven Theorem 1.1, we can show

2 (5 S 00 )| (141)
=1

Let us remark that when ¢ > 1 we recover the result of the semi-discrete case.
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APPENDIX A. STABILITY OF VECTOR FIELDS FLOWS

In this appendix we are going to obtain a stability result for flows of vector fields on a compact
Riemannian manifold. This kind of results are well known, but we could not find a statement in
literature that could fit exactly our needs. The proof has a very classical flavor, borrowing the
majority of the ideas from the uniqueness theory for ordinary differential equations. Nonetheless
it might seem a little technical as we are working on a Riemannian manifold and we are using
both flows of vector fields and the exponential map.

Given a compact closed Riemannian manifold M, we assume in this section that X € x(M)
is a vector field such that |[VX|[|« < % (see Definition 3.1) and such that || X |« is sufficiently
small with respect to inj(M).

Proposition A.1. Under the previous assumptions on X, if (Y¢)o<t<1 s a time dependent vector
field such that, for a suitable 0 < £ < 1, it holds pointwise
Ve — X| < ¢]X],
then
d(exp,(X), F*(p)) S (IVXloo + €)X ()
for any p € M. In particular, for any p € P(M), it holds

WH(exp(X) g ()00 S (19X 1w+ 62 [ X i
Proof. Let us begin with a technical lemma that proves the result for a single pathline of the
flow (denoted by ~) if, instead of the exponential map, the flow of X is considered.

Lemma A.2. Under the previous assumptions on X, if v : [0, 1] = M is a C' curve such that
|7 — X oy| < €| X|on, then it holds

d (F{*(4(0)),7(1)) < 4¢/X](7(0)),
where FX : M — M is the flow induced by X at time t.

Proof. The approach we are going to carry on is standard and it involves finding a suitable
differential inequality for the left hand side that automatically implies the desired inequality.

Let us call 4(0) = p. As X is sufficiently small, we can be sure that, at any time 0 < ¢ < 1,
FX(p) and ~v(t) are very near. Therefore the function 2 : [0, 1] — R defined as 2(t) =
d(F7X(p),~(t)) is Lipschitz and differentiable where it does not vanish.

X(p)
F tX ()

F1GURE 2. Curves involved in the proof of Lemma A.2.
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Let us fix a time 0 < ¢ < 1 such that Z(t) > 0 and let us denote with « : [0, Z(t)] — M
a minimizing unit speed geodesic from F{X(p) to ~(t). Hence, considering the expression of the
differential of the Riemannian distance, we have

%g(t) = ((2(1),7 (1)) — (& (0), X (F7* (p)))

Calling X| : & — T the parallel transportation of X from «(0) = F;*(p) to a(2(t)) = ~(t), we
can carry on our computations

= (' (2(1),7'(t) = X (v(1)) = Y1) = Xy (v < [V (1) = X(v(0)| + [X (v(1)) — X (v (1))
< EIX[(y(1) + Z2O)IVXloo < & (IXIE () + 2OV X loc) + 2DV X

= EIX|(F (0) + 1+ €21 VXl

< & (IXIp) + dlp, FX ) IVX |e) + 1+ OZ)VX [

Our goal is now to estimate d(p, F{* (p)) with |X|(p). That is a fairly easy task and can be
achieved differentiating the said quantity. Indeed it holds

%d(p, S (0) < IX(F(0)] < 1X(0)] + d(p, F* (0))IVX]|oo

and hence we can obtain the bound
d(p, F¥ (p)) < |X|(p)(e'lV¥lee — 1) (A1)

Replacing (A.1) into our chain of inequalities we can finally get

<2t <gX|) (14 (VX1 ~ DITX ) + (1 + D0 X oo
< 26| X|(p) + 2(1) -
The thesis follows easily integrating this last inequality. U

As anticipated, the main issue with the previous lemma is that instead of the exponential
map, it uses the flow of X. We will use a trick that involves applying the lemma again to replace
the flow with the exponential map. In order for our trick to work we need the following simple
estimate.

Lemma A.3. Under the previous assumptions on X, for any 0 <t <1 and for any p € M, it
holds

(ft expy(£X) = X (expy(t))| < 2|V X s - [ X (exp, (X))

Proof. Let y(t) = exp,(tX) be the unique geodesic with initial data v(0) = p and 7'(0) = X (p).
Whenever X (y(t ) v'(t), it holds
(Vy X, X(v(t) —7'(1)

[y'(t) = X (v (1))l

S0 - X60)] =
and thus
(0 - X(0)]| < VXl X0)
that, recalling the assumption ||VX||o < 3, implies the thesis. O

We can now prove the first part of the proposition. Let us fix a point p € M. Thanks to
Lemma A.2 we know

d(F (p), F* (p)) < 4¢|X|(p) -
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Furthermore, what we have shown in Lemma A.3 is exactly what we need to apply again
Lemma A.2 to the geodesic expp(tX ), obtaining

d(F{* (p), exp, (X)) < 8[| VX0 X|(p) -

Joining this two inequalities we obtain the thesis.
The part of the statement about the Wasserstein distance between the push-forward measures
follows trivially from what we have already proven, thanks to the following well-known lemma.

Lemma A.4. Let (X, m) be a probability space and let (Y, d) be a metric space. Given two maps
f,9: X =Y it holds

Wp(fym, ggm) < [[d(f, 9)||Lr(m) -

Proof. Let us consider the map 7' : X — Y x Y defined as T'(z) = (f(x),g(x)). The key
observation is that T m is a transport plan from fym to gxm, therefore

Wy (fpm, ggm) < /nyd(yhyz)pdT#m(yhyz) Z/Xd(f(w%g(ﬂf))pdm(%)-

O
]

Remark A.5. If the manifold M has a smooth boundary, the previous proposition can be easily
adapted as far as the vector fields X and Y; are both tangent to the boundary. Indeed, under
this assumption, if we extend arbitrarily the manifold M to a closed compact manifold® M, the
result keeps holding exactly as it is stated.

APPENDIX B. HEAT KERNEL ON THE SQUARE

We will explicitly construct the Neumann heat kernel on the domain [0, 1% in order to show
the validity of Theorem 3.9 in this setting. The expression of the Neumann heat kernel on the
square is folklore, but for the ease of the reader we report it here.

Let G < Isom(RR?) be the subgroup of isometries generated by the four transformations
(z1,72) = (1,72 + 2),

(:L‘l, :Eg) — (1’1 + 2, :UQ),

(:El, ZL'Q) — (—:El, 1’2),

(ZEl, 1'2) — (1’1, —1'2).

The group G is generated by the reflections with respect to any horizontal or vertical line with
integer coordinates. The square [0, 1]2 is a fundamental cell for the action of the group G. For
any = € R?, we will denote G the orbit of the point = under the action of G.

Let p; : R?2 x R? — (0, 00) be the heat kernel on the plane, that is
L *\wgtylz
47Tte

Let us define the associated kernel ; : R? x R? — (0, o) as

Bi(z,y) = Y pil,y).

' eGr

pi(z,y) =

Our goal is showing that p; is exactly the (Neumann) heat kernel for the domain [0, 1]2. All
the needed verifications are readily done, apart from the fact that p; satisfies the Neumann
boundary conditions. This property follows from the following simple symmetries of p;:

Vo,y eER* Vg € G 1 Py(z,y) = pi(9(2), y) = Bz, 9(y)) -

It is now time to prove Theorem 3.9 for p;.

3The extension is necessary to give a sense to the exponential map.
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| {od} = GJ«"‘

FIGURE 3. Chosen z € [0, 1]2, the points in Gz are generated by reflections.

Proof of Theorem 3.9 for M = [0, 1]2. First, we are going to prove explicitly Theorem 3.9 for
the heat kernel on the plane.
With some explicit computations it is easy to obtain

IVVpi(z, )| Snpe(a,y) D |r -yt
2—a=N
0<a,8<N

|z — y|? /2 le—y|?
vty <4t> e

0<a<N
For any 0 < u < w and 0 < o < N it holds
u2e™ <y (1+w™/?)e™v (B.2)
If we apply the latter inequality (for the special case u = w) in (B.1), we get

12 N "
O (1 () ) e (B.3)

Let us move our attention to py. If we take x,y € [0, 1]2 and ¢t < 1, applying (B.3) we are able
to show

I 2 N 2 — )2
V() < 30 (Ve ) St N2 S <1+<‘””y’) )e—' W

4t
z’'eGx ' eGr

Using that |z — y| < |2/ — y| for any 2’ € Gz, recalling (B.2) and noticing the exponential decay
of the quantities when 2’ grows, from the latter inequality we can deduce

Nz —1-N/2 |z — gy M\ a2
IV pe(w,y)| SN t e e e a

R EE il NG |z —y| N N/2 |z — | N
Sntteman (Y +<t) S pe(,y) (Y +<t>

that is the desired result. O
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