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OPTIMAL TRANSPORT METHODS FOR COMBINATORIAL
OPTIMIZATION OVER TWO RANDOM POINT SETS

MICHAEL GOLDMAN AND DARIO TREVISAN

ABSTRACT. We investigate the minimum cost of a wide class of combinatorial optimiza-
tion problems over random bipartite geometric graphs in R? where the edge cost between
two points is given by a p-th power of their Euclidean distance. This includes e.g. the
travelling salesperson problem and the bounded degree minimum spanning tree. We es-
tablish in particular almost sure convergence, as n grows, of a suitable renormalization of
the random minimum cost, if the points are uniformly distributed and d > 3,1 < p < d.
Previous results were limited to the range p < d/2.

Our proofs are based on subadditivity methods and build upon new bounds for random
instances of the Euclidean bipartite matching problem, obtained through its optimal
transport relaxation and functional analytic techniques.
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1. INTRODUCTION

Combinatorial optimization problems on graphs are widespread in operation research,
with applications in planning and logistics. Their study is strongly related to algorithm
theory and computational complexity theory. The most representative example of such
discrete variational problems is the travelling salesperson problem (TSP) [45]: given a set
of cities and distances between each pair of them, one asks for the shortest route that
visits each city exactly once and returns to the origin city (i.e. a tour). Like many related
combinatorial problems and despite its straightforward formulation, the TSP belongs to
the class of NP-hard problems. In practical terms, computing an exact solution becomes
computationally intractable as known algorithms perform exponentially many steps in the
number of cities.

In real-world situations, there is quite often the need to solve many similar instances of
a given combinatorial optimization problem. In that case, additional structure, including
geometry and randomness, can be exploited. The Euclidean formulation of the TSP, i.e.,
when cities are points in R? and distances are given by the Euclidean distance, is still NP-
hard [40], but Karp [33] observed that solutions to random instances, i.e., when cities are
sampled independently and uniformly, can be efficiently approximated via a partitioning
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2 M. GOLDMAN AND D. TREVISAN

scheme. His proof relies upon the seminal work by Beardwood, Halton and Hammersley
[7], where precise asymptotics for optimal costs of a random instance of the problem were
first established: given i.i.d. points (X;)? ; distributed according to a probability density
p on R% denoting the length Ctsp((X;)™ ) of the (random) solution to the TSP cycling
through such points satisfies the P-a.s. limit

lim n# ' Crsp (X)) = Bpm /Rd e (L.1)

n—oo

where fSpun = Opun(d) € (0,00) is a constant depending on the dimension d only. The
scaling n'~1/? is intuitively explained by the fact that the n cities are connected through
paths of typical length n~/¢ (as if they were on a regular grid).

Building upon these ideas, several authors [39, 47, 46, 53] contributed towards establish-
ing a general theory to obtain limit results of BHH-type, i.e., as in (1.1), for a wide class
of random Euclidean combinatorial optimization problems. The theory allows also for
more general weights than the Euclidean length, including p-th powers of the Euclidean
distance, a variant often motivated by modelling needs. If 0 < p < d, with a minimal
modification of the techniques one obtains BHH-type results as in (1.1), with the scaling
replaced by nl=P/d the constant Spuy now depending on p, d and the specific combina-
torial optimization problem, and the integrand ,01_1/ d replaced by pl_p/ 4. For p > d, the
situation becomes subtler and (1.1) is known for the TSP only if p = d, see [52] and [53,
Section 4.3].

Despite the wide applicability of this theory, several classical problems such as those
formulated over two random sets of points, are not covered and require different mathemat-
ical tools. The Euclidean assignment problem, also called bipartite matching, is certainly
the most representative among these: given two sets of n points (z;)7;, (yj)’j“:1 C R%, one
defines the matching cost functional as

n
n n :
MP ((:Ei)izla (yj)jzl) - molnizl |:El - ya(i)|p,
where the minimum is taken among all the permutations o over n elements. This is often
interpreted in terms of optimal planning for the execution of a set of jobs at positions y;’s
to be assigned to a set of workers at the positions z;’s. Although the assignment problem
belongs to the P complexity class, i.e., an optimal ¢ can be found in a polynomial number
of steps with respect to n [38], the analysis of random instances still shows some interesting
behavior in low dimensions. Indeed, if (X;)i;, (Y;)}_; are i.i.d. and uniformly distributed

on the cube (0,1)%, it is known [22, 1, 48, 21] that !

vn ford=1
E [MY((X), (Y;)i=1)] ~ { v/nlogn  for d =2
nlfé for d > 3.

In particular, for d € {1,2} the cost is asymptotically larger than the heuristically mo-
tivated n'~/4. This exceptional scaling is intuitively due to local fluctuations of the
distributions of the two families of points.

Inspired by the combinatorial approach in [12] for the random Euclidean bipartite
matching problem in dimension d > 3, Barthe and Bordenave [6] first proposed a gen-
eral theory to establish results of BHH-type (1.1) for a wide class of random Euclidean
combinatorial optimization problems over two sets of n points. Let us point out that the
equality in (1.1) is actually only proven for uniform measures while in general only upper

IThe notation A < B means that there exists a constant C' > 0, such that A < CB, where C depends
on the dimension d, p and possibly other quantities tacitly considered as fixed, e.g. a domain Q C R? or a

probability density p. We use the notation <, to indicate the dependence on the parameter q. We write
A~ Bifboth A< Band B S A
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and lower bounds (which are conjectured to coincide) are known. In case of p-th power
weighted distances, the theory developed in [6] applies in the range 0 < p < d/2, which
appears quite naturally in their arguments. The threshold p = d/2 is not merely techni-
cal, since in fact (1.1) cannot hold without additional hypothesis on the density p. For
example, because of fluctuations a necessary condition is connectedness of the support of
p. Nevertheless, in the case of the Euclidean bipartite matching problem, it was recently
proved [25] that if p is the uniform measure on the unit cube with d > 3 and p > 1, then

p

Tim 0B MP(X0) 1. (V)))] = B (12)
Here fv € (0,00) depends on d and p only. The proof is a combination of classical
subadditivity arguments — that originate from [7] — and tools from the theory of optimal
transport. In particular, the defect in subadditivity is estimated using the connection
between Wasserstein distances and negative Sobolev norms. In this context, the use of
this type of estimates can be traced back to a recent PDE ansatz proposed in statistical
physics [14]. Since then, it has been successfully used in the mathematical literature [3,
35, 26, 24, 10, 37, 23, 27, 16], even beyond the case of i.i.d. points [51, 30, 28, 11]. We
refer to [15, 8, 9] for further statistical physics literature. In fact, the technique in [25]
is quite robust and coarser estimates can be used, avoiding the use of PDEs. Still, the
results apply only for the Euclidean bipartite matching problem thanks to its connection
with optimal transport. The main purpose of this paper is to show that for a quite general
class of bipartite combinatorial problems it is actually possible to rely on the good bounds
for the matching problem to obtain the analog of (1.1) provided p < d. This is inspired
by [13] where a similar idea is used for the TSP and the 2-factor problem when p = d = 2.
As alluded to, an important open question left from the theory developed in [6] (see
also [20]) is the existence of a limit in (1.1) for general densities. The only result in
this direction is [4], which established for p = d = 2 that the limit of the expected
cost (suitably renormalized) exists if €2 is a bounded connected open set, with Lipschitz
boundary and p is Hélder continuous and uniformly strictly positive and bounded from
above on . This settled a conjecture from [9] and, more importantly for our purposes,
combined subadditivity and PDE arguments with a Whitney-type decomposition to take
into account the structure of {2 and its boundary. While we do not address this question

here, some of the ideas from [4] are further developed in this work.

1.1. Main result. Our aim is to establish limit results for the cost of a wide class of
Euclidean combinatorial optimization problems of two random point sets, in the range
d/2 < p < d for any dimension d > 3. This overcomes the limitations of [6], showing that
in higher dimensions bipartite problems behave much more similarly to non-bipartite ones.
Our general theorem can be stated as follows (a precise description of all the assumptions
and notation is given in Section 2).

Theorem 1.1. Letd > 3, p € [1,d) and let P = (F,, n)nen be a combinatorial optimization
problem over complete bipartite graphs such that assumptions A1, A2, A3, A/ and A5 hold
and write C5((x:)i=y, (y;)=1) for the optimal cost of the problem over the two sets of n
points (x;)_, (yj);?zl C R?, with respect to the Euclidean distance raised to the power p.
Then, there exists Bp € (0,00) depending on p, d and P only such that the following hold.

Let Q C R? be a bounded open set and assume that it is either convex or has C?
boundary. Let p be a Holder continuous probability density on Q, uniformly strictly positive
and bounded from above. Given i.i.d. random variables (X;)$2,, (Y;)52, with common law
p we have P-a.s. that

n—oo

mmwﬁlﬁ«&mﬂn&ns&éﬁﬁ. (1.3)
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Moreover, if p is the uniform density and  is either a cube or has C? boundary, then
the above is a P-a.s. limit and equality holds.

Our assumptions Al, A2, A3, A4 and in particular A5 are slightly stronger than those
introduced in [6, Section 5.3], but it is not difficult to show that all the specific examples
discussed in [6] satisfy them. In particular, our result apply to the TSP, the minimum
weight connected k-factor problem and the k-bounded degree minimum spanning tree. It
is thus fair to say that for compactly supported densities, Theorem 1.1 extends the main
results in [6] in the range d/2 < p < d for any d > 3 and for this reason we do not consider
the case p < 1.

Remark 1.2. Let us point out that (1.3) also holds in expectation (see Proposition 5.1).

Remark 1.3. Arguing as in [6] (see also [4]) and considering a “boundary” variant of P
it should be possible to adapt the proof of Theorem 1.1 to show that there exists Bf; >0
such that

b 1-2 . p_1q
B [ o < mint 1 (X)L (V)a).
However since we are currently not able to prove that BIF’, = Bp we decided to leave it aside.

Remark 1.4. In fact our result applies, at least in expectation, to any p—homogeneous
bi-partite functional C satisfying the subadditivity inequality (5.2) (which is similar to the
condition (S,) from [6]) and the growth condition (5.3) (somewhat reminiscent of condition
(Rp) from [6]). See Remark 5.2.

Of course, our result applies in particular for the Euclidean assignment problem.

Corollary 1.5. Ford >3, p € [1,d), let Q C R? be a cube or a bounded connected open
set with C? boundary and let p be a Hélder continuous probability density on Q, uniformly
strictly positive and bounded from above. Then, given i.i.d. (X;)2,, (Y;)52, with common
law p, we have P-a.s. that

sy =M (5011 (5)71) < [ '

with Bum as in (1.2). Moreover, if p is the uniform density and Q has C? boundary, then
the above is a P-a.s. limit and equality holds.

Remark 1.6. In the case of the matching problem, combining ideas from this paper
and [25] the conclusion of Corollary 1.5 could be extended to every p > 1 (at least in
expectation).

1.2. Comments on the proof technique. Our proof leverages on the techniques de-
veloped for the bipartite matching problem, in particular [25, 4] to carefully estimate the
defects in a geometric subadditivity argument. Comparing the approach in [6], which
works if p < d/2, with that in [25], which holds instead for any p, a crucial difference is
that the errors due to local oscillations in the two distributions of points are mitigated
in the latter by spreading them evenly across all the points. This is possible since the
optimal transport relaxation allows for general couplings as well as continuous densities,
rather than discrete matchings only.

The overall strategy is thus to find a suitable replacement for such operation in the
purely combinatorial setting. The starting point is Proposition 3.7 where we prove a
subadditivity inequality. The problem is then to estimate the defect in subadditivity.
This is achieved by combining the following three key observations.

The first one is to bound from above the cost of the problem over any two point sets
(zi)i=1, (y;)7—; by the sum of a term of order n!=P/4 plus the bipartite matching cost
between the two point sets. This is stated as an assumption (A5), but can be easily
checked on many specific problems (Lemma 3.10): being an upper bound, it usually
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suffices to combine an optimal matching with the solution to an additional non-bipartite
combinatorial optimization problem, such as the TSP, to build a feasible solution. This
approach was first successfully used in [13] (see also [4]) for the random bipartite TSP in
the case p = d = 2, where one can simply argue that the main contribution comes from
the logarithmic corrections in the matching cost.

The second key observation is that for point sets mostly made of i.i.d. points (while much
less is assumed on the remaining ones), it is still possible to obtain good bounds for the
matching cost. We refer to Section 6 for the precise statements, but the underlying idea is
strongly related to bounds for the optimal transport cost in terms of the negative Sobolev
norms — thus relying again on the PDE ansatz originally introduced in the statistical
physics literature.

The third observation is that, in order to ensure that a small fraction of i.i.d. uniformly
distributed points can indeed be found in the subadditivity defect terms, it is enough to
keep them out of the optimization procedure on the smaller scales. As usual with those
arguments, the proof of existence of the limit is performed first on the Poisson version of
the random problem, so to retain a fraction of points we perform a thinning procedure.

Besides these main ideas, plenty of technical modifications with respect to the arguments
in [6] and [25, 4] are required, e.g. in order to establish improved subadditivity inequalities
(Proposition 3.7) and to extend the Whitney-type decomposition argument from [4] to

p#2.

1.3. Further questions and conjectures. Our results raise several questions about
costs and properties of solutions to Euclidean random combinatorial optimization problems
over two point sets. We list here a few which we believe are worth exploring.

1. Existence of a limit in (1.3) for non-uniform densities is rather easy to conjecture,
but so far our techniques do not improve upon [6], hence the problem remains
largely open.

2. Our techniques break down if p > d for many reasons. In particular, the idea of
leaving out a small fraction of i.i.d. points to improve the estimate of the defect
terms seems to fail. It is however natural to conjecture that Theorem 1.1 should
hold also in that range.

3. In this work we considered only the case of compactly supported densities p. It
would be interesting to investigate the case where the support is R?. To the best
of our knowledge, the only results available so far in this direction are [35, 37]
where the correct rates are established for the Gaussian density in the case of the
matching problem.

4. The assumptions in [6] are slightly different than ours, although the specific prob-
lems considered therein satisfy both. It would be interesting to find examples which
satisfy only one set of these, or possibly simplify even more our assumptions.

5. Many problems, such as the bounded degree minimum spanning tree, but also the
bipartite matching problem itself, can be naturally formulated also for two families
of points with different number of elements: it could be of interest to investigate
limit results also in those cases.

6. The cases d € {1,2} are necessarily excluded by our analysis, since subadditivity
arguments do not apply already for the random bipartite matching problem. It is
however already an open question, whether the additional logarithmic correction
indeed appears in the asymptotic rates for many other problems. As an example,
we mention that for the Euclidean minimum spanning tree over two random point
sets (without any uniform bound on the degree) no logarithmic corrections appear
[19], but the maximum degree is unbounded, hence it is not covered by our results.

7. In the deterministic literature, for the TSP and other NP-hard Euclidean combina-
torial optimization problems, polynomial time approximation schemes are known
[5] for any (fixed) dimension d, as the number of points grows. Can our approach
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lead to similar schemes for problems on two families of points, possibly under some
mild regularity assumption on their spatial distributions?

1.4. Structure of the paper. In Section 2 we first introduce some general notation. We
then discuss Whitney-type decompositions, Sobolev spaces as well as recall useful known
facts on the Optimal Transport problem, and possibly some novel ones (Proposition 2.9).
We close the section with a variant of the standard subadditivity (Fekete-type) arguments,
suited for our purposes together with some simple concentration inequalities. Section 3 is
devoted to the combinatorial optimization problems we consider, discussing in particular
the main assumptions that we require and some useful consequences. In Section 4 we
establish a variant our main result in the case of Poisson point processes and in Section 5
we use it to deduce Theorem 1.1. These two sections in fact rely upon the novel bounds
for the Euclidean assignment problem that we finally establish in Section 6.

2. NOTATION AND PRELIMINARY RESULTS

2.1. General notation. Given n € N, we write [n] = {1,...,n} and [n|; = {(1,9)};_,,
[n]a = {(2,1)},, which easily allows to define two disjoint copies of [n]. Given a finite
set A, we write |A| for the number of its elements, while, if A C R? is infinite, | A| denotes
its Lebesgue measure.

Given a metric space (€2,d), z € Q, A C Q, we write d(x, A) = minyea {d(z,y)} and
diam(A) = sup, ,c4d(z,y). We endow every set Q C RY with the Euclidean distance.
A partition {Qk}le of a set () is always intended up to a set of Lebesgue measure zero.
A rectangle R C R% is a subset of the form R = [[%, (x4, z; + L;), and is said to be of
moderate aspect ratio if for every 4,4, L;/L; < 2. If L; = L for every i, then R = Q is a
cube of side length L. We write Q7 = (0, L)¢. We write I for the indicator function of a
set .

2.2. Families of points. Given a set (), we consider finite ordered families of points
x = (z;);, € Q, with n € N, letting x = () if n = 0. For many purposes the order will
not be relevant, but we thus may allow e.g. for repetitions (which will be probabilistically
negligible anyway). Given a family x C R%, we write u* = Yoy 0y, for the associated
empirical measure and, for every (Borel) Q C RY, we let x(Q2) = p*(2). In the special
case Q = R, we simply write |x| = x(R?) = p*(R?) for the total number of points
(counted with multiplicity). We also write xq for its restriction to €, i.e., the family
of all points z; € Q, so that x = xq if x C Q (conventionally, we naturally re-index
it over ¢ = 1,...,x(Q) with the order inherited from that in x). Given x = (z;);,
y = (yj);”:l C RY, their union is x Uy = (21,...,%n, Y1, .., Ym). Strictly speaking, the
union should be called concatenation, since the operation is not commutative, in general.

2.3. Whitney partitions. We recall the following partitioning result [4, Lemma 5.1].

Lemma 2.1. Let Q C R be a bounded domain with Lipschitz boundary and let @ = {Q;};
be a Whitney partition of Q). Then, for every 6 > 0 sufficiently small, letting Qs = {Q; :
diam(Q;) > 0}, there exists a finite family Rs = {;}; of disjoint open sets such that:
(i) (U)K, = Qs UR; is a partition of 2,
(ii) |Q| ~ diam(Q)¢ for every k=1,..., K,
(iii) if Qi € Qys, then diam(Qy) ~ d(x, Q°) for every x € Q,
(i) if Q. € Ry, then diam(Qx) ~ § and d(x, Q) < 0, for every x € Q.

Here all the implicit constants depend only on the initial partition Q (and not on d).

For later use, we collect some useful bounds related to these partitions.
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Lemma 2.2. Let Q C R? be a bounded domain with Lipschitz boundary and let Q = {Q;};
be a Whitney partition of Q. Then, for every § > 0 sufficiently small, letting (Qx)K_| =
Qs UR;s as in Lemma 2.1, one has that |Rs| < 61~ and the following holds:

(1) For every a € R,
1 ifa>d—1,
Zdlam Q) Sa S Jlogd|  ifa=d-1, (2.1)
slmdte fa <d—1.
(2) If « <0, thenfor everyk=1,...,K, and x € Qy,

diam(€2;)\ 4!
Zdlam “ min {1 <;?§j(9]j))) } < 0% 1og(9)]. (2.2)
In all the inequahtzes the implicit constants depend upon « and Q in (2.1) only.

By property (ii), inequality (2.1) also holds for the sum Zle |Q|*, with ad instead of
a.
Proof. Since 00 is Lipschitz, it follows from the properties of the partition that, for every
r€Qandr>s>4,

{k : Qi C B(z,r),diam(Q) € [s,25)}] < (r/s)47 L, (2.3)
with the implicit constant depending on Q only. It follows that |R;s| < 6~ and, for every
¢ < |log, 4|, the number of cubes Q € Qs with diam(£,) € [27¢, 27¢1) is estimated by
2Ud=1) " Therefore, for o € R,

Zdlam Q) < Z diam () Z diam(€2)*

Qr€Qs QLERs
< 3 [{one g diam(@y) e 22 4 Ry 5
¢<|log, 4|
Z 2€(d71) . 27604 + 5170! . 5Q.
(<] log, 9|

Since ¢ is also bounded from below in the summation (e.g. by —|log, diam(2)|), we obtain
(2.1).

We next prove (2.2). We claim that it follows from the following inequalities, valid for
any v € N:

> diam(Q;)® < 277D diam(Qy ) Loo—4, (2.4)
j:d(z,92;)<2~7 diam(§y)
and, for 8 <d—1,
diam(§2; B
Z d(l‘Q()d)l ~ ")’ + lOg (dlam(Qk)) |56+1 d (25)
j:d(z,Q25)>277 diam(Qy,) ’

Indeed, we can split the summation and use (2.4) and (2.5) to get
() 4
Z diam(€2;)* min < 1, M
d(l‘, Qj)

< > diam(Q;)® +
J:d(2,925) <277 diam(Qy,) j:d(x,2;)>277 diam(Qy,)

< 277D diam ()2 1614 4 |y + log (diam(€)) [6°.

diam(Q;)? 1+ (2.6)
Z d(ZL‘,Qj)dfl



8 M. GOLDMAN AND D. TREVISAN

Recalling that diam(€;,) > & and choosing v so that 277 < § < 277F! yields (2.2).
In order to prove (2.4) and (2.5) we first notice that, given Q, Q; and x € Q4, we have
that, for some constant C = C(Q),
Q; C B(xz,Cmax {d(z, Q;),diam(Q)}). (2.7)
Indeed, if Q; € Ry, then diam(£2;) < ¢ < diam(Qy), hence (2.7) holds. If instead Q; € Qy,
then we can find y € Q; with |z — y| < 2d(z,2;), so that, by the triangle inequality,
d(y,2°) < [ — yl + d(z, ) < max {d(z, ©), diam($)} (2.5)

and by property ((iii)) in Lemma 2.1 we obtain that diam(€2;) < max {d(z, ), diam(€)},
yielding again the desired inclusion.

Hence, we prove (2.4) and (2.5). Let £, < |log, 6| be such that diam(€2,) € [27%, 27%F1),
Combining (2.7) and (2.3), we see that, for every ¢ < |log, 8|, there are at most 2(—¢+=1(d=1)
sets Q; such that d(z, ;) <27 leam(ﬂk) and diam(Q;) € [27¢,27%+1). Therefore,

> diam(Q,)* < Y 27feltdh
j:d(2,Q,)<2-7 diam () < logy 4|
52 (v+42x)(d—1) Z 9~ L(a+1—d) (2_9)
£<|log, 4|

g 277(d71) diam(Qk)d715a+17d_
This proves (2.4). To prove (2.5), we split dyadically,
diam(9;)” 1 ) 3
' Z . d(z, Q)41 N Z 2-Ha1 Z diam(£;)
Jd(x,Q5)>277 diam(Qy) <Ll +y jod(z,Q;)€[2-¢,2-0+1)
(2.7)

< Z otd=1) Z diam(Qj)ﬁ.

L<Lly+y Q;CB(z,C27¢)
Let us also notice that, if Q; C B(z,C27%), then necessarily § < diam(Q;) < 27¢ (since
diam(92;)? ~ |Q;). Thus for ¢/ with 2=¢ ~ 27,

Y dem@)’< Y 2—uﬁﬁ{9jg3(x,cz—€);diam(Qj)e[TU,Q—uH)}
Q;CB(z,027Y) £ <u<]|log, 4|

2.3
(2:3) Z o—uf  9(u—b)(d-1) _ 9—(d-1) Z 9—u(f+1-d)
o <u<|log, 6| ' <u<]|logy 4|

5 27€(d71)5,3+17d,

(2.10)

N

(2.11)

using again that ¢ is bounded from below by a constant depending on Q only. Plugging
this bound in (2.10), we conclude that

Z jian;z(gé)ﬁl < Z 2e(d—1) . 2—£(d—1)56+1—d
j:d(2,9;)>2-7 diam(€2,) (2, €2) <l 4y (2.12)
S (v + | log (diam(Q2%)) |) s+,
This concludes the proof of (2.5). O

2.4. Sobolev norms. Given a bounded domain  C R with Lipschitz boundary and
p € (1,00), with Holder conjugate ¢ = p/(p— 1), we write || f||zr(q) for the Lebesgue norm
of f, and

1 lw—sgey = /f¢—1ﬁ €1l

|V¢|Lq(sz)<1
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for the negative Sobolev norm. We notice in particular that if ||f|[yy-1»q) < oo then
fQ f = 0. In this case we may also restrict the supremum to functions ¢ having also
average zero. When it is clear from the context, we will drop the explicit dependence on
Q) in the norms.

Let us recall that we can bound the W~1? norm by the L? norm. We give here a proof
based on the embedding LP¥®+4) < W-LP (for p > d/(d — 1)) which is an elementary
alternative to the PDE arguments used in [25, Lemma 3.4].

Lemma 2.3. Let Q be a bounded domain with Lipschitz boundary and let f :  — R such
that [o f =0. Then, for every p > d/(d—1),

1
1fllw=rr@) S 1211 f ]| 2r ()- (2.13)

Moreover, the implicit constant depends on Q0 only through the corresponding constant for
the Sobolev embedding.

Proof. Let g be the Holder conjugate of p, ¢* the Sobolev conjugate of ¢ and p* = pd/(p+d)
the Holder conjugate of ¢*. We then have for every ¢ with |[V¢|[1qaq) <1,

1 1
*

[ o< (/Q|f|P*>;*(/Q\¢|q*)q S (/Qrfp*)”l’“(/ﬂ|v¢\q)q - (/Qmp*)’j*.

Using that p* < p and Hoélder inequality concludes the proof of (2.13). O

As in [4], (2.13) will however not be precise enough when estimating the error in sub-
additivity in the case of general densities and domains. We will instead rely on gradient
bounds for the Green kernel (G(x,y))s yeq of the Laplacian with Neumann boundary con-
ditions to obtain sharper estimates. See [3, 2, 35, 23] for related results. Let us however
point out that in our case we will not rely on any stochastic cancellation in the form of
Rosenthal inequality [43] but will instead use a purely deterministic estimate. We will
assume that

V.G (z,y)| < |z —y[t=4,  for every z, y € Q, (2.14)

where the implicit constant depends uniquely on Q.

Remark 2.4. This condition is satisfied for instance if Q is C? or convex, see e.g. [50].
Notice that since it is a local condition it also holds for Q\Q where @ is a cube and Q a
C? open set with d(0Q, 9Q) > 0.

Remark 2.5. Let us point out that as in [35], instead of (2.14) it would have been
enough to have L? bounds (for the same p as for the cost Cp) on the Riesz transform for
the Neumann Laplacian. From the available results for the Dirichlet Laplacian [31, 44],
we expect that for every Lipschitz domain there is p > 3 (depending on the domain) for
which these bounds hold. In particular, this would allow to extend the validity of Theorem
1.1 to every Lipschitz domain when d = 3. However, since we were not able to find in the
literature the corresponding results for the case of Neumann boundary conditions we kept
the stronger hypothesis (2.14).

We then have

Lemma 2.6. Let Q C R? be a bounded domain with Lipschitz boundary, such that (2.14)
holds and let p be a density bounded above and below on . For § > 0 sufficiently small,
let ()5 | = Qs URs as in Lemma 2.1. If there exists h > 0 such that |by| < h%\Qkﬁ
fork=1,... K, then for every p > 1,
K

S (I, — p(Qu))p

< 6172 [log(8)|h2. 2.15
Wy 105(0)| (215)

W-1p(Q)
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Proof. Set

Let then ¢ denotes the solution to the equation A¢r = fi, with null Neumann boundary
conditions on ) and use as competitor £ = Zle BV, in the definition of the WP
norm. We get,

K p
Zkak > BV
k=1

To bound the last term, we use the integral representation in terms of the Green’s function,

b = /Q Gz, y) fuly)dy,

K

< ht /Q (Zmu% |v¢>kr> . (2.16)

k=1

W-1p(Q)

to obtain that, for every x € Q,

|Vop(x)| < min {diam(ﬂk), d(a;’gz’)d_l} . (2.17)

Indeed, by (2.14),

dy dy dy
Vo) s [ Vil [ o< | | (%)
|z =yt o lz =yl = Jy<diam(@p)y 1914

< diam().

Moreover, for x ¢ Qy, we get directly from (2.14),

|2
[Vor(z)| S W-

For any £ =1,..., K and x € (), we then estimate
(2 17) diam(€;)\ %"
_1 YL=d/2 J
Z\Q |72 |V¢J Zd1am mln{l, < iz, ) >
SOt d/2|10g( )|

having used inequality (2.2) from Lemma 2.2 with a =1 — d/2.
Therefore, we can split the integration

K ) Pk K . P
/ S Vel | = Z/ S 2 [Vl | < 61 Y2P log(6) P
@\ j=1 k=17 \ j=1
In combination with (2.16) this concludes the proof of (2.15). O

2.5. Optimal Transport. Given two positive Borel measures u, A on R? with M(Rd) =
A(R?) € (0, 00) and finite p-th moments, the optimal transport cost of order p > 1 between
u and A is defined as the quantity

W) = min [ o= ylPdn(e.),
A) JRI xR

where T'(u, A) is the set of couplings between p and A, i.e., finite Borel measures 7 on
the product R? x R? such that their marginals are respectively p and \. Notice that if
w(RY) = A(RY) = 0 then WP(u,\) = 0, while if u(Q) # M), we conveniently extend
the definition setting WP(u, \) = co. Let us recall that the triangle inequality for the
Wasserstein distance of order p (which is defined as the the p-th root of WP(u, A)) yields

WP(11, ) < WP (1, ) + WP (1, \), (2.18)
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A straightforward, but useful subadditivity inequality is

we (Z!%Z%) < WP (g, ). (2.19)
p ! 2

valid for any (countable) family of measures (g, Vg )k-
To keep notation simple, we write

W (11, A) = WP (L Q, AL Q).

and, if a measure is absolutely continuous with respect to Lebesgue measure, we only write
its density. For example, W%, (11, 11(€2)/|€]) denotes the transportation cost between L Q
to the uniform measure on Q with total mass ().

For ¢ > p, Jensen inequality gives

W (11, v) < ()10 (W (41, ) 7 (2.20)

Our arguments make substantial use of two crucial properties of the optimal transport
cost. The first one [25, Lemma 3.1] is a simple consequence of (2.18) and (2.19).

Lemma 2.7. For every p > 1, there exists a constant C' > 0 depending only on p such
that the following holds. Let Q C R? be Borel and (Q)ren be a countable Borel partition
of Q. Then, for finite measures p, X, and € € (0,1), we have the inequality

W (1, 0N) < (1+4¢€ ZW (p, g \) + in <Z OékIQk)\,Oé)\> ) (2.21)
k

where o = p(Q)/AN(Q) and ag, = () /AN Q).

The second one is [4, Lemma 2.2] which gives an upper bound for the Wasserstein
distance in terms of a negative Sobolev norm. It follows from the Benamou-Brenier for-
mulation of the optimal transport problem (see also [41, Corollary 3]).

Lemma 2.8. Assume that Q C R? is a bounded connected open set with Lipschitz bound-
ary. If p and \ are measures on Q@ with p(2) = A(Q2), absolutely continuous with respect
to the Lebesgue measure and info A > 0, then, for every p > 1,

W2 (1, \) < (2.22)

1
~ WHN )\HW Lp(Q) "
As in many recent works on the matching problem, we will use this inequality to improve
on the trivial bound

WP (11, A) < diam(Q)Pu(Q), (2.23)

which holds as soon as () = A(€2). Much of our effort in the proofs will be ultimately to
deal with an intermediate situation, where the measures can be decomposed as the sum
of a “good” part, i.e., absolutely continuous with smooth density and a “bad” remainder
about which not much can be assumed. We prove here a general inequality which could
also be of independent interest.

Proposition 2.9. Let Q C R? be a bounded Lipschitz domain, p be a density bounded above
and below on Q, p be any finite measure on Q and h > 0. Then, for every p > d/(d — 1),

b

WE (1 + hp,ap) S —p(€)' (2.24)

m-s =

h
where o = % + h. Moreover, this inequality is invariant by rescaling of §2.

Proof. By scaling we may assume that |2| = 1. Notice that, by the trivial bound
WP(p + hp, ap) S p(92),
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we can assume that p(Q) < h. Let P; be the heat semi-group with null Neumann boundary
conditions on € and set p; = P;u. By triangle inequality (2.18) and (2.22), we have

WP (1 + hp, ap) S WP(u + hp, pe + hp) +WP (g + hp, ap)

1 pE) |7
W (o) + s [ = 500
p 1 p(e) |17
,St?,u(Q)-i-hp_l Mt—mp I

We now estimate the last term. For this let ¢ be the Holder conjugate exponent of p, i.e.,
g=p/(p—1) € (1,d) and ¢* = qd/(d — q) be the Sobolev conjugate of q. We first use the
triangle inequality and the fact that p is bounded from above and below to estimate
() H
Pt — 5P < e = p() [l 1.0 + p(€2
7| S e @)y + @)

S it = (@)l -1 + 1(92)
Using that the Sobolev embedding is equivalent to ultra-contractivity i.e. if fQ ¢ =0,

el o) St 2 |16 o @St o Vel Lo
where ¢; = P;¢, we finally estimate for every ¢ with V| 1) <1 and [, ¢ =0,
_d
| ot = @) = [ i < @) nle o) < w3
Therefore, by taking the supremum over ¢ we find

__d
e = Q-1 S p(Q)E 2ax.
Taking the p-th power we find for ¢ < 1,
1(82)
t5 ¢ (P8
e ()]

1
1— ——
p(ﬂ)pHWm

WP (i + hp, ap) S p(S2)

= u(Q) |2+t 5(i- )< e )> ]
N (p=1)q
Optimizing in ¢t we find t2 = (@) * which satisfies ¢ < 1 if u(Q) < h. Since
(p — 1)g = p, this concludes the proof of (2.24). O

Remark 2.10. Since by Holder inequality it will be enough for us to apply Proposition 2.9
for p arbitrarily close to d, the condition p > d/(d — 1) will not be a limitation for us. Let
us however mention that, in the critical case p = d/(d — 1) one can argue similarly, relying
instead on the Moser-Trudinger inequality [18, Remark 1.4], to obtain (in the case p = 1
and = @ a cube for simplicity)

o 5 ) <o o (5 (42)

If instead 1 < p < d/(d — 1), using the same proof as above but with the inclusion
Whi(Q) C L*°(Q) and letting t — 0 gives the estimate

<u + é’ M\(QQ!) + K};O < QP (@) (;ﬁ@))p‘l :

We close this section with the following result easily adapted from [4, Proposition 2.4]
which helps in particular to reduce the transport problem from Hélder to constant densi-
ties.
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Proposition 2.11. Ford > 1, a € (0,1) and py > 0, there exists C = C(pg,d,a) > 0
such that the following holds: for any p € C*((0,1)%) with

/ p=1 and poSpSPEl,
(0,1)4

there exists T : (0,1)¢ — (0,1)¢ such that Typ = 1, with
LipT,LipT ' <1+ C|p—1||ga

2.6. A subadditivity lemma. We will need a slight variant of the usual convergence
results for subadditive functions, see e.g. [46, 12].

Lemma 2.12. Let a,f,¢c > 0, f : [1,00) — [0,00) be continuous and such that the
following holds: for every n € (0,1/2], there exists C(n) > 0 such that, for every m €
N\ {0} and L > C(n),

f(mL) < f(L(1—n)) + en® + C(n)L™7. (2.25)
Then limy oo f(L) € [0,00) exists.

Proof. We use the following fact: for any open interval (a,b) C [0, 00), the union

U (ma,mb) 2 (4, +00)

m=1
contains a half-line, for some A > 0. Indeed, one has (ma, mb) N ((m + 1)a, (m + 1)b) # 0
if mb > (m + 1)a, which holds for every m > a/(b — a).

First, we show that f is uniformly bounded. Let n = 1/2 and use the fact that both

f(L) and L=7 are continuous for L € [1/2,2], hence bounded, so that by (2.25), for every
m>1,Lell2],

f(mL) < sup ( F/2) + 27 + 0(1/2)5*5) < .
Le1,2]

since | J,o_;[m,2m] = [1,00), it follows that f is uniformly bounded on [1,00). To show
that the limit exists (and is finite) we argue that

limsup f(L) < liminf f(L).
L—oo

L—oo

Given e < 1, let 5 = n(e) € (0,1/2] such that cn® = & and L. > 0 such that C(n)L:” =,
so that, for every L > L.,

CnL P <e.
Let then L* > max {L.,C(n)} be such that

f(L*) < liminf f(L) +e.
L—o0
By continuity of f, there exists a < L* < b with a > max{L.,C(n)} such that the same

inequality holds for L € (a,b). For every m > 1, and L € (a/(1 —n),b/(1 — 7)), we have
L > max{L;,C(n)} and L(1 —n) € (a,b), hence using (2.25) we obtain

F(mL) < f(L( =n)) +en® + C(n L™ < liminf f(L) + 3e.
—00
Using that US°_, (ma/(1 —n), mb/(1 —n)) contains a half-line (A, +00), it follows that
limsup f(L) < liLm inf f(L) + 3¢,
—00

L—oo

and the thesis follows letting ¢ — 0. H
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2.7. Concentration inequalities. We close this section by recalling some standard con-
centration inequalities. Let us start with a general definition.

Definition 2.13. We say that a random variable X with E[X] = h satisfies (algebraic)
concentration if for every ¢ > 1 there exists C'(¢q) € (0,00) such that

E[IX — 7] < C(q)lhl?.
We then have

Lemma 2.14. Poisson, binomial and hypergeometric random variables satisfy concentra-
tion. More precisely, if :

i) N is a Poisson random variable with parameter n > 1 then, for every q > 1,
E[|N —n|9) <, nt. (2.26)
Hence, for every v € (0,1),
P(N<vyn or N>(1+7y)n)Ses (1—7)" 201 (2.27)

ii) B is a binomial random variable with parameters n and p € (0,1) (so that E[B] =
np) then, for every q > 1,

E[|B —np|*] $qn?. (2.28)

i11) H is a hypergeometric random variables counting the number of red marbles ex-
tracted in z draws without replacement from an urn containing u marbles, v of
which are red (so that E[H] = zr/u) then, for every q > 1,

E[|H — zr/ul?] S, rt. (2.29)

Proof. We only prove concentration in the hypergeometric case, since it is classical for
both Poisson and binomial random variables. We may assume that » > 1, otherwise there
is nothing to prove since H = E [H] = 0. From [29, Theorem 1], we have, for A > 2,

P(|H —E[H]| > \) < 2exp (—ar?),

where

. 1 n 1 1 L 1 S u+ 2 1
o = 11n .
z+1 w—z+1'r4+1 wu—r+1)] = (r+1)(u—r+1) ~ r+1

As usual, writing
B(H - B = [ B(H - E[H]|>X)p¥ )
0

yields the bound
E[H-E[H] <1402 S 1+ (r+1)2,

which is bounded from above by 7%/2, since r > 1. O

3. COMBINATORIAL OPTIMIZATION PROBLEMS OVER BIPARTITE GRAPHS

3.1. Graphs. Although we are interested in random combinatorial optimization over Eu-
clidean bipartite graphs, it is useful to recall some general terminology. A (finite, undi-
rected) graph G = (V, E) is defined by a finite set V = Viz of vertices (or nodes) and a
set of edges F = E¢, which is a collection of unordered pairs e = {x,y} C V with x # y.
A graph G’ is a subgraph of G and we write G’ C G, if Vir C Vg and Egr € Eg. The
induced subgraph over a subset of vertices V' C Vi is defined as the subgraph G’ with
Vi = V' and all the edges from E¢g connecting vertices in V', It will be useful to denote
by () the empty graph, i.e., V = (), E = (), which is a subgraph of any graph G.
Given a vertex x € V, its neighborhood in G is the set

Ne(z)={yeV :{z,y} € E}.
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The degree of z in G, degy (), is the number of elements in Ng(x). Given k € N, a graph
G is k-regular if deg,(z) = k for every x € Vz. We say that a subgraph G’ C G spans
Ve if Voo = Vg and Ngr(x) # 0 for ever x € V. We say that two subgraphs G, Gy of
G are disjoint if Vg, N Vg, = 0. A graph G is connected if it cannot be decomposed as
the union of two disjoint subgraphs G = G U Gy, ie., Vg = Vg, U Vg, with both Vg,
Vo, 70, Vo, N Vg, =0 and Eq = Eg, U Eg,. Given k € N, k > 1, we say that a graph
G is k-connected if any subgraph G’ C G obtained by removing from G (k — 1)-edges is
still connected. A cycle is a connected 2-regular graph, a tree is a connected graph which
contains no cycles as subgraphs.

Given two graphs G, G2 and an injective function o : Vg, — Vi, we let o(E;) =
{{o(z),0(y)} : {z,y} € Eq,}. If 6(E1) C E3, then we say that G embeds into G2 via o.
If o is bijective and o(F;) = Eo, then we say that G is isomorphic to G via o.

A graph G is complete if Fg consists of all the pairs {z,y} C V with  # y. The
complete graph over V' = [n] is commonly denoted by K,. Any complete graph G with
n vertices is isomorphic to IC,. We say that the graph G is bipartite over a partition
V=XUY (e, XNY = 0), if every e € E can be written as e = {x,y} with z € X,
y € Y. A graph is complete bipartite if it is bipartite over a partition V' = X UY and
every pair {z,y} with z € X, y € Y is an edge. For any n,m € N, any two complete
bipartite graphs with X having n elements and Y having m elements are isomorphic. To
fix a representative, we define Ky, ,, as the complete bipartite graph over the vertex set
V= [n]l U [m]g

We introduce a weight function on edges w : E — [0,00), w(e) = w(x,y). The total
weight of G is then

w(@) = wle).

ecE

A subgraph G’ C G of a weighted graph is always intended with the restriction of w on
E’. Notice that for the empty graph () C G we have w(()) = 0.

We are interested in geometric realizations of graphs, where vertices are in correspon-
dence with points in a metric space (£2,d), and the weight function is a power of the
distance between the corresponding points, with a fixed exponent p > 0. Since we
consider only complete and complete bipartite graphs, we introduce the following no-
tation. Given x = ()]~ C Q, we let (x) be the complete graph K,, endowed with the
weight function w(i, j) = d(z;, x;)P. Similarly, given x = (2;)j_,, y = (y;)72; € Q, we
let C(x,y) denote the complete bipartite graph kC,, ,,, endowed with the weight function
w((1,4),(2,4)) = d(xs, y;)P. Notice that the points in x and y may not be all distinct, but
this will in fact occur with probability zero. If all the points are distinct, then we can and
will identify the vertex set directly with the set of points x for C(x), and with the set of
points in x Uy for K(x,y). With this convention, if x = x° Ux!, y = y Uy!, then both
K(x%,y%) and K(x!,y!) are naturally seen as subgraphs of K(x,y).

3.2. Combinatorial problems. A combinatorial optimization problem P on weighted
graphs is informally defined by prescribing, for every graph G, a set of subgraphs G’ C G,
also called feasible solutions F¢, and, after introducing a weight w, by minimizing w(G")
over all G’ € Fg.

Our aim is to study problems on random geometric realizations of complete bipartite
graphs K, ,, thus it is sufficient to define a combinatorial optimization problem over
complete bipartite graphs as a collection of feasible solutions P = (F, n)nen, with F,
being the feasible solutions on K, ,. We will mostly consider problems P that satisfy the
following assumptions:

Al (isomorphism) if ¢ is any isomorphism of I, into itself and G € F,,, then
0(G) = (0(Vi),0(Eg)) € Fan;
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A2 (spanning) for every n € N, F,, ,, is not empty and there exists caa > 0 such that,
for n < cag, Fnn = {0} while for n > cag, every G € F,, ,, spans K, n;

A3 (bounded degree) there exists casz > 0 such that, for every n € N and every feasible
solution G € F,, p,, one has degg(z) < cag for every z € G.

Given P = (Fyn)nen, we canonically extend it to graphs KCp, p,, with n # m, defining
Fn.m as the collection of all graphs o(G) where G € F, ., z = min{n,m} and o is an
isomorphism of Ky, ., into itself.

In the geometric setting, i.e., when K, ,, is mapped into K(x,y) with x = (z;)},
y = (yj)jL; € Q, with (Q,d) metric space, we introduce the following notation for the
cost of a problem P:

Ch(x,y) = min Z d(wi, y;)P.
{(lvi)7(27j)}€EG
Recalling the definition of F,, ,, if n # m, we also have the identity
Ch(x,y) = min CB(x',y"). (3.1)
I/ |=ly’|=min{x|.[y[}
Remark 3.1. Assumption A2 ensures that, if min {|x|,|y|} < ca2, then C5(x,y) = 0.
Remark 3.2. If (2,d) is a metric space and S : Q — ' is Lipschitz, i.e., for some

constant Lip S one has d'(S(z), S(y)) < (Lip S)d(z,y) for every z, y € €, then writing
S(x) = (S())i2q, S(y) = (S(y5))72,, we clearly have the inequality

C(S(x), S(y)) < (Lip $)"Cp(x,y). (3.2)

Remark 3.3. Similar definitions and assumptions may be given in the non-bipartite case,
thus defining combinatorial optimization problems P = (F},)nen over complete graphs, as
a collection of feasible solutions F,, over the complete graph /C,.

3.3. Examples. Let us introduce some fundamental examples of these problems.

Assignment problem. The minimum weight bipartite matching problem, also called assign-
ment problem, is defined letting F,, , be the set of perfect matchings in Ky, ., i.e., spanning
subgraphs induced by a collection of edges which have no vertex in common (if n = 0 we
simply let F,, ,, = {0}). Feasible solutions are in correspondence with permutations o over
[n], letting

Ey = {{(1,4),(2,0())} : i € [n]}.

When n # m, e.g. n < m, the same correspondence holds with the set of injective maps
o : [n] = [m]. Therefore, given a weight w on K,, ,,, the cost of the assignment problem is

min ) _w ((1,4), (2,0(1))) -
=1

In the geometric case, i.e., on the weighted graph K(x,y) with x = (z;);_;, y = (y;)7; C
Q and w((1,9),(2,4)) = d(x;, y;)?, this expression becomes

Mp(X, Y) = IH;H Z d(xla yU(i))p'
=1

If n > m, then one simply exchanges the roles of n and m.

Remark 3.4. If n = m, Birkhoff’s theorem ensures equivalence between the bipartite
matching problem and the optimal transport between the associated empirical measures

W= 300 Oy 1 =300 By, e
MP(x,y) = WP(*, vY). (3.3)
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Therefore, using the triangle inequality (2.18), we can bound from above as follows:
MP(x,y) < WP (1*,nA) + WP (u¥,nA), (3.4)
for every probability measure A on R

Travelling salesperson problem. The travelling salesperson problem (TSP) is usually de-
fined on a general graph by prescribing as feasible solutions the cycles visiting each vertex
exactly once (also called Hamiltonian cycles). In the complete bipartite case K, such
cycles exist for every n > 2, and assumptions Al, A2 and A3 are also clearly satisfied
(letting F, , = {0} if n € {0,1}). Similarly as in the case of the assignment problem,
feasible solutions are in this case in correspondence with pairs of permutations o, 7 over
[n], letting

B = {{(L,0(0), 2 7@} AL 0(0), @7+ 1)} i€ {Lieon}y,  (35)
where we conventionally let 7(n+1) = 7(1) (we will always use summation modn in such
cases). In words, o and 7 prescribe the order at which the vertices are visited by the cycle.
When n # m, e.g. n < m, the same correspondence holds with injective maps o, 7 from
[n] into [m].

Therefore, given a weight w on Iy, 1, the cost of the TSP reads

min >~ w (1, 0(0)), (2,7(0))) + w (1,(0)), (2,7 + 1))
=1

In the geometric case, i.e., on the weighted graph IC(x,y) with x = (2;)!" {, y = (yj)g-”zl -
), this becomes

n
Clsp(x,y) = min > d(@o (i), r)P + A @o (i), Yr(irn))-
i=1
If n > m, then one simply exchanges the roles of n and m.
The non-bipartite version of the TSP , i.e., on IC,, feasible solutions to the TSP are in
correspondence with permutations o over [n], letting

B, ={{o(i),0(i+1)} : i € [n]}.

In the geometric case x = (z;)/; C ©, it becomes
n
Crsp(x) = min > d(@ (i) Tair1))-
i=1

Connected k-factor problem. The TSP can be generalized in many directions. For example,
since a cycle is a connected graph such that every vertex has degree 2, i.e., it is 2-regular,
we may instead define as feasible solutions k-regular spanning connected subgraphs, for a
fixed k € N, K > 2. This defines a non-empty set of feasible solutions F, , over K, ,, if
n > k (otherwise we let 7, , = {0}) and assumptions A1, A2 and A3 are easily seen to be
satisfied. We refer to such problem as the (minimum weight) connected x-factor problem.
A simpler variant is to require that feasible solutions are k-regular but not necessarily
connected: this is simply known as (minimum weight) x-factor problem. Let us notice
that, for k = 1, this reduces to the assignment problem.

Back to the connected k-factor problem, a simple fact worth noticing, that we will use
below, is that any connected x-regular bipartite graph G is 2-connected, i.e., it remains
connected even after removing a single edge. Assume that Vg = X UY, with X NY =1
and by contradiction let x € X, y € Y be such that {z,y} € E¢ and the subgraph G’ C G
with edge set Eqr = Eg \ {z,y} is not connected: there are two disjoint subgraphs G/, G,
with 2 € Vigr, y € Vi, with G" = G| UG5. All the vertices in G} have degree r, except for
z, whose degree is k — 1. However, if we let nx = [V N X[, ny = [Vg NY], then using
the fact that the graph G is bipartite we can count the number of edges as the sum of
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the degrees of the vertices in VG/1 N X or equivalently of those in VG’l MY, which leads to
the identity kny — 1 = kny, from which k(nx — ny) = 1, which gives a contradiction.

k-bounded degree minimum spanning tree. The minimum weight spanning trees (MST)
problem is defined by letting feasible solutions be all spanning subgraphs that are trees,
i.e., connect and acyclic, whose existence on any given connected graph is guaranteed by
standard algorithms. This problem however may not have uniformly bounded degree, thus
assumption A3 may not be satisfied. Therefore, we restrict the set of feasible solutions to
spanning trees over K, , such that that each vertex degree is less than or equal to some
fixed k > 2 (letting Fop o = {0}). This problem, known as the x-bounded degree minimum
spanning tree (k-MST), satisfies assumptions Al, A2 and A3: notice in particular that
removing any edge from a Hamiltonian cycle, i.e., a feasible solution for the TSP, gives a
2-bounded degree minimum spanning tree.

We remark here that the xk-MST problem may be also directly defined over graphs ICy, ,,,
with n # m, with a non trivial set of feasible solutions (provided that |n — m| is not too
large). However, also in this case we follow our general convention, so that if n # m, the
set F,,m does not contain spanning trees of Xy, ,,, but only spanning trees over subgraphs
isomorphic to K, , with z = min {n, m}.

A simple fact that we will use below is that any G € F,, contains at least one leaf
(i.e., a vertex with degree 1) in [n]; and one in [n]e. This is because more generally any
spanning tree over K, , contains at least one leaf in [n]; and one in [n]2. Indeed, assume
by contradiction that there are no leaves in [n];. Then, since the tree spans, all the vertices
in [n]; must have degree at least 2 (the graph is connected, hence every vertex has at least
degree 1) and since no edges connect pairs of vertices in [n];, these are all distinct, hence
the tree contains at least 2n edges, which contradicts the well-known fact that any tree
(not necessarily bipartite) over 2n vertices must have 2n — 1 edges.

In order to perform our analysis, we introduce two further assumptions that we discuss
in the following subsections.

3.4. Local merging. Our analysis relies on a key subadditivity inequality, that ulti-
mately follows by a stability assumption with respect to local merging operations, besides
assumptions Al and A3. Let us give the following general definition.

Definition 3.5 (gluing). Given a graph G and two disjoint subgraphs G1, G2 C G, we
say that G’ C G is obtained by gluing at x1 € Vig,, 2 € Vi, if Vi = Vg, U Vg,

(EG1 U EGZ) \ Eq C NGI ($1) UNG2(x2)

and
Ee \ (Eg, UEg,) € {{z1,y} 1 y € Na,(22)} U {{z2,y} 1 y € N, (1)}

In words, gluing at x1, xo means that the two subgraphs are joined by (possibly)
removing and adding edges connecting xs to vertices from the neighborhood of z; in Gy,
and similarly 1 to vertices from the the neighborhood of x2 in G». In particular, we
have that Ng(z) = Ng, (z) for every x € Vg, \ (Ng, (1) U{z1}), and similarly Ng/ (z) =
Neg, () for every x € Vg, \ (Ng,(x2) U {z2}).

Back to combinatorial optimization problems over bipartite graphs, our assumption is,
loosely speaking, that any two (non empty) feasible solutions G € Fy, , G' € Fp v, can
be glued together yielding a feasible solution G € Fy, 1/ p4ps- In fact, we also allow adding
up to ¢ edges, but only connecting vertices of GG, where ¢ € N is a constant (depending
only on the problem P). Before giving a precise formulation of the assumption, we notice
that G and G’ are in general not disjoint: what we mean is that G’ must be suitably
“translated”. Precisely, given n € N, we introduce the map

T Vor = [n+n'liUn+n]y
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defined as
T((l’i)):(lvn"’_i)v T<(2’j)):(27n+j)7
so that G, 7(G") € Kp4n/ i are disjoint.
We consider therefore combinatorial optimization problems P over bipartite graphs
which satisfy the following assumption:

A4 (local merging) there exists cas > 0 such that, for every n, n’ € N, and G € F,, ,
G' € Fp v with both G # 0 and G’ # 0, one can find G” € F,, 1/ ptn Obtained
by gluing G and 7(G’) at the vertices (1,1), (1,n 4 1) and possibly adding up to
ca4 edges from those of Ky, 1.

The reason why we also allow up to cas additional edges is to include some problems
where connectedness may be destroyed by gluing, such as the x-MST. This should be
compared with the merging assumption [6, (A4)], where a bounded number of edges from
the whole K, 4,/ 4y instead is allowed to be added to the union G U 7(G’) (with our
notation). Notice however that, in our case, since the extra edges are from /C,, 5, it remains
true that

Nen () = Ny (), for every & € Vogry \ (Npen((L,n+1)) U{(L,n+1)}), (3.6)

which is a key condition that we use below.
All the problems described in the previous section satisfy A4.

Lemma 3.6. The TSP, the connected k-factor problem (as well as the non connected one)
and the k-MST over complete bipartite graphs satisfy assumption AJ4.

Proof. Let G € Fpn, G' € Fpp be both non empty. Then (e.g. by assumption A2)
deg(1,1) > 1 but also deg, ) (1,n + 1) > 1. The basic idea is to pick y € Ng(1,1),
y' € Ngr(1,n+1), remove the edges {(1,1),y}, {(1,n + 1),y'} and add instead {(1,1),y'},
{(1,n+1),y'}. This operation does not change the vertex degrees, in particular at (1, 1)
and (1,n+1).

For the TSP and more generally the connected k-factor problem, the resulting graph
G" is connected, because after removing a single edge, both graphs G and 7(G’) are still
connected, and adding the new edges has the effect of connecting the two graphs (hence
in this case caq = 0).

For the k-bounded degree MST, we use the fact that the tree G € F), ,, must have at
least one leaf in the set of [n]; and one in the set [n]2. Therefore, we obtain a connected
tree (with degree bounded by r) if we add also one edge connecting two such leaves (hence
is this case caq = 1). O

3.5. Subadditivity inequality. Using all the assumptions introduced so far, in particu-
lar A4, we establish a fundamental subadditivity inequality.

Proposition 3.7 (Approximate subadditivity). Let P be a combinatorial optimization
problem over bipartite graphs satisfying assumptions A1, A2, A3 and A/.
For a metric space (0,d) and a finite partition Q = UE_ Q, K € N,
i) let x°, y° C Q be such that min{|x0|, \y0|} > max {ca9, K},
ii) for everyk =1,..., K, let x*, y* C Qp with |x*| = |y*| = ng, with either n, > cao
orng =0 (i.e., both families are empty) ,

iii) let z = (21) 5., with 2, € Q, for every k=1,..., K.

Then, the following inequality holds:

K K K K
ch (xo ulJx5y'u yk) =) B y") SCB(X",y°) + MP(2,x7) + ) diam ().
k=1 k=1 k=1 k=1
(3.7)
The implicit constant depends only upon p, cas, cas and caq (in particular not on K ).
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Remark 3.8. The role played by the points z is quite marginal, and indeed if x°(€2;) > 0
for every k, then by choosing zj, € X%k, the term MP(z,x") vanishes.

Proof. Recalling (3.1), up to replacing x°, y® with subsets x/, y’ with |x/| = |y/| =
min {|x°[, [y"|}, we may also assume that [x°| = |y"|. For every k =1,...,K let G}, C
K(x*,y*) be a minimizer for P. If n; = 0, then G} = (. Otherwise, ny > cpo, and by
assumption A2 it is in particular non-empty and using Markov inequality, we can choose
zF € x* such that

4CP k k
Y dt )y < CP(|xk"Y) < diam(€)P.
e
yENG, (zF)

For the last estimate we used that deg,»(Gx) < caz. Similarly, let Gy C K(x°,y°) be a
(also non-empty) minimizer for C5(x% y") and let o : {1,..., K} — {1,...,|x°|} be an
optimal matching between z and x°.

We iteratively use assumptions Al and A4 to define feasible solutions

k k
ékQK<XOUUXi,yOUin>.

i=1 =1

We begin by letting Gy = Go. For k = 1,..., K, having already defined Gy_1, if ny = 0,
then we simply let G, = Gi_1. Otherwise, we obtain a feasible solution G, by gluing G,
with Gj_1 at the vertices zF, xg and adding up to cay4 edges from K(x*,y*). The fact
that we can glue at any such pair of vertices is due to assumption Al: up to isomorphisms
we can assume that 2 corresponds to the abstract graph vertex (1,1) and that x% to
(I,ng + 1).

This construction gives the following inequality between the graph weights, if n; # 0:

w(Gr) — w(ék—l) — w(Gg) <caqdiam(Qy)P
+ Y d@uP+ Y, dEbyp, (38)

yeNG,, (z¥) yeNe, (20 4)

while if ng = 0, we simply have w(Gy) = w(Gj_1). We bound from above the last two
terms in (3.8) as follows: first,

> d@duu) S D d@duy2k)” +d(z, )+ d(@, )P
yeNG, (z*) yeNG, (zF)

<A@y Al Hden P Y dEt )
yeNG, (zF)

< d(xg(k), z)P + diam ()P,

where we used that deg,x(Gj) < caz. To bound the last term, we notice that each step
in the construction we are locally merging at different points in x%: since no such points
are adjacent because the graph is bipartite, using (3.6) by induction yields

N (@my) = Nao (20,
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which in particular contains at most cas elements, since Gy is feasible. Therefore,

Yoo dE@Ryr= ) dE@hy)y

(Ig(k)) yeNGO (xg(k))

S d( a)P 4z 20y + d(2l g, v)”
yENG, (x2<k))

yENGO (Ig(k))

yeN@k—l

Summing (3.8) upon k =1,..., K, we obtain (3.7) because
K

Z d(zka ‘Tg(k:))p = Mp(za XO)
k=1

and, being all the points azg(k) different,

K
> d@u <> Y d@y)” =CRx’,y?). m

k=1yeNg, (mg(k)) zex0 yeNg, ()

3.6. Growth/regularity. The last assumption that we introduce for a combinatorial
optimization problem P over bipartite graphs is a general upper bound for the cost when
specialized to a geometric graph in the Euclidean cube (0, 1)d:

A5 (growth/regularity) There exists ca5 > 0 such that, for every x,y C (0,1)¢, we
have

Ch(ox,y) < eas (min {[x|" H. [y #} + MP(xy)) (3.9)

Remark 3.9. Notice that if Q C (0,1)% then (3.9) applies in particular for x,y C Q. By
scaling we obtain that for every bounded set 2 and every x,y C €,

CR(x,y) < cas (diam(©)? min {x|' 74, [y~ } + M"(x,y)) .

Using (3.1), we obtain at once that in order to establish that a given problem P satisfies
(3.9) it is enough to consider the case where x, y C (0,1)¢ have the same number of
elements.

Notice that this assumption seems slightly different with respect to the previous ones,
as it explicitly refers to the cost for Euclidean realizations of the graph, instead of feasible
solutions, and relies as well on the assignment problem. In fact, the constant cas depends
upon the problem P but also on the dimension d and the exponent p, which however will
be fixed in our derivations so we avoid to explicitly state it.

It is well known that quite general arguments, such as the space-filling curve heuristics
[46, Chapter 2], lead to an upper bound in terms of n!=P/d for non-bipartite combinatorial
optimization problems over n points in a cube, under very mild assumptions, including
those introduced above. Simple examples (e.g. let x consist of points close to a given vertex
of the cube and y instead be all close to another vertex) show that similar bounds cannot
hold for their bipartite counterparts, which explains the second term in the right-hand
side of (3.9).

To establish it in our examples we follow the strategy from [13], where limit results for
the random Euclidean bipartite TSP for p = d = 2 were first obtained.

Lemma 3.10. The TSP, the connected k-factor problem (as well as the non-connected
one) and the k-MST problems over complete bipartite graphs satisfy assumption A5 (with
a constant cas depending on k, p, d only).
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Proof. Let us first observe that the cost of the x-MST problem is always bounded from
above by the cost of the minimum weight connected k-factor problem, since given any
connected x-factor, one can extract from it a MST whose degree at every vertex is then
bounded by x. Therefore it is sufficient to check that assumption A5 holds with P being
the connected k-factor problem, for any x > 2 (the case k = 2 being the TSP).

For (€2,d) a general metric space and x,y C € we establish first the bound

Cp(x,y) < Crsp(x) + MP(x,y). (3.10)

Combining this with the fact that when (Q,d) is the unit cube (0,1)¢ with the Euclidean
distance, Ctsp(x) < |x|'7P/? (a well-known fact, proved e.g. via space-filling curves) this
would conclude the proof of (3.9).

Assume without loss of generality that |x| = |y| = n > « and let p be a permutation over
[n] that induces an optimal assignment between x and y. Consider then an optimizer for
the TSP over KC(x), which we also identify with a permutation o over [n]. We then define
the feasible solution G' € F, , for the connected x-factor problem whose edge set is

Eq ={{(1,0(2)),(2,p(c(i+¥¢))} : i €n],l €{0,1,...,k —1}},
which generalizes E, ; from (3.5) with 7 = po o in the k = 2 case, and as in (3.5) we use
the summation modn, i.e., i+ ¢ =4+ £¢—n if i + £ > n. Clearly, any vertex has degree x
and the graph is connected, since Eg D E, -.
In follows that

n a—1

Chx,y) D> d@o(e)s Yp(otirey)-

i=1 ¢=0
Using the triangle inequality for every ¢ and ¢, we bound from above

d(Z4 (i), Yp(o(i+e)) <Zd o(i+7) Ta(i+i—1))" T d(Za(ite) Yo(o(i+0))"-

Summation upon i (keeping ¢ ﬁxed) gives

l—1 n n
Z Z d Lo(i+j)s U(i+j—1))p + Z d(xa(i+€)? yp(a(i+€)))p S ETSPP(X) + MP(X’ Y)a
7=0 =1 =1
hence, after summing upon ¢ =0, ...,k — 1, we obtain (3.10). O

4. CONVERGENCE RESULTS FOR POISSON POINT PROCESSES

4.1. Point processes. The aim of this section is to prove the analogue of Theorem 1.1
for Poisson point processes (instead of i.i.d. points).

We define a point process on R? as a random finite family of points N = (Xi)fvzl C R4,
i.e. a N-uple of random variables with values in R%, where the total number of points
N is also random and a.s. finite (if N = 0, then N' = ()). We extend the notation for
families of points to point processes (naturally defined for each realization of the random
variables): for a process N' = (X;)N |, write iV := S°N | dx, and, given a Borel Q C R?, let
N(Q) = 1V (Q) be the (random) number of variables belonging to €, while N denotes its
restriction to €2, i.e., the collection of the variables such that X; € Q (naturally re-indexed
over i =1,...,N(Q), with the order inherited from the original process). Given two point
processes N = (X;)N,, M = (Y)] 1, their union is NUM = (X,..., XN, Y1,...,Yu).

Given a finite Borel measure A on R%, a Poisson point process N with intensity A can be
constructed from a random collection of i.i.d. variables (X;)2°; with common law A/A(R?)
and, after introducing a further independent Poisson variable N* with mean \(R?), by
considering only the first N* variables, i.e.,

N = (X)) M.
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A key property of a Poisson point process (with intensity \) is that, given any countable
Borel partition R? = UiQy, the variables (N*(Q4))x are independent Poisson variables,
each with mean \(€)) and, conditionally upon their value, the points in each Qj are i.i.d.
variables with common probability law AL Qx/A(Q). This property can be summarized
by stating that the restrictions (./\/?2‘16);€ are independent Poisson point processes, with each

NS)Z‘k having intensity given by the restriction AL Q.

We will use the well-known thinning operation, which apparently dates back to Rényi
[42], to split a Poisson point process N A with intensity A into two independent Poisson
point processes, each containing approximatively a given fraction of points: for n € [0, 1],

the n-thinning of a Poisson point process N* = (Xz)f\gl defines the two processes
_ (1—m)A A_n(1—m)A
NUE=DA = (Xi)£i1 ! and N7 = (XN(lfn))\—‘ri)i]il N )

where NU-mA = Zf\i 1 Z; is defined using a further sequence of i.i.d. Bernoulli random
variables (Z;)$2, with P(Z; = 1) = 1 — 5 (independent from the variables (X;); and N*).
Clearly, N* = NA=D YA and it is straightforward to prove that both are independent
and Poisson point processes with intensities respectively (1 —n)A and nA.

4.2. Statement. We are in a position to state the main result to be proved in this section.

Theorem 4.1. Letd > 3, p € [1,d) and let P = (Fy, n)nen be a combinatorial optimization
problem over complete bipartite graphs such that assumptions A1, A2, A3, A} and A5 hold.
Then, there exists fp € (0,00) (depending on p and d) such that the following holds.

Let Q C R? be a bounded domain with Lipschitz boundary and such that (2.14) holds. Let
p be a Holder continuous probability density on 2, uniformly strictly positive and bounded
from above. For every n € (0,00), let N™, M™ be independent Poisson point processes
with intensity np on . Then,

limsupnd 'E [CE (NP, M™)]| < /BP/ plma. (4.1)
n—o00 (9]

Moreover, if p is the uniform density and Q2 is a cube or its boundary is C?, then the limit

exists and equals the right-hand side.

After having introduced some general notation and proved some basic facts, we split
the proof into four main cases. We deal first with the case of a uniform density on a cube
and establish existence of the limit via subadditivity. Then, we consider Holder densities
on a cube and move next to general domains. Finally, we establish existence of the limit
for uniform densities on domains with C? boundary.

4.3. General facts. Although each case has its distinctive features, the underlying strat-
egy is common and relies on Proposition 3.7 in combination with a preliminary application
of the thinning operation. To avoid repetitions and introduce a general notation, we give
a description of the construction and show a first lemma which uses the fundamental ideas
upon which we elaborate in the next sections.

Let N, M be two independent Poisson point processes on €2 with common intensity
given by a finite measure A. In our applications, A is Lebesgue measure or A = np, but
for simplicity here we omit to specify it. We apply the n-thinning to N = N1=7 U N7,
obtaining independent Poisson point processes with respective intensities (1 — 7))\, nA,
and similarly to M = M!=7U M". Given a finite Borel partition 2 = Uszl Qy, for each

k=1,..., K, we pick a minimizer G C K (/\/'(12;”’ Mé;”) for the problem
1— 1—
Cg('/\/’ﬂkn7Man>
Writing
7. — min {Wé,?"\a |Mg;"\} ,
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we notice that G = () if and only if Z; < cao (by Remark 5.5 for p > 1, G is a.s. unique.
For p = 1 we can consider a measurable selection).

We define point processes U, V on ) by setting Un, C /\/’ék_n, Vo, C ./\/151);77, given by all
the points, respectively in ./\/}12;77 and M%z;n, which do not belong to the set of vertices of

Gy In particular, if Gy, = 0, then Ug, = /\/'é;", Vo, = M%l;n Notice that by construction

the K pairs of processes ((Uo,, VQk))’[::l are independent, but for any k the two processes

U, , Vq, are not in general independent. For later use, we prove:
Lemma 4.2. For every k =1,...,K such that
A(Qk) > 4cpo, (4.2)
we have, for every q > 1,
E [[Uo, |7 + Vo ] Sq MQ%)2. (4.3)
Proof. In the event

A ={Zk > (1 =)\ (%)/2},

since n € (0,1/2) we have that Z; > cas hence by assumption A2, every feasible solution
(in particular the optimal solution G} ) spans a subgraph of X N1=1(Qp),M1—1(Qy) 1s0morphic
to Kz,,z,, so that

o) < B = Zi < |lME = NG,
Using (2.26), we have
_ T q
E [[Uo, 171a,] < B [|IME] = NG| S0 M@Q)E
By the union bound and (2.27) with n = (1 — n)A\(Q), v = 1/2, we have
P(Af) < P(Ng, "l < (1= mA)/2) + B(Mg,"| < (1= mA(S%)/2))

Sq A(C) 7
Therefore,
1
_ _ 2 1
E [[Uo, |"Tag] < B [ING"1"ag | < B [ING,721]* Pag)?
So A%)2.
Arguing similarly for [V, |, we obtain (4.3). O

For k=1,..., K, we define
Xk :Né;n \Z/{ka yk = M;;;n\VQk»

| = |y*| = ng, with

{Zk if Z), > cao,
ng =

so that by construction |x

0  otherwise.
Moreover, since the optimizer G, is a feasible solution in IC(x*,y*), we have
CE(WNG. " Mg ") = CB(xF, y").
We then let x° = N"UU, y* = M7U V. In the event
{min (N, M7} > min {K, ca2}}, (4.4)
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Proposition 3.7 applies for any choice of points z = (Zk)§:1 with zp € g, yielding the
inequality

K K
CE (N, M) =" CBNG " MG ) S CBNTUU, MTUY) +MP(NTUU, Z) + > diam (€ )P
k=1 k=1
(4.5)
By Remark 3.8, if also
{ anin i {10 1 113, 1} > 1 (46)

then the term MP(N UU,z) can be removed in (4.5).

Once (4.5) is established, the next step is to take expectation and carefully estimate the
“error terms” in the right-hand side. To convey the main ideas, we start with the simplest
case when K is kept fixed as we let n — oo in the intensity of the process A = np.

Lemma 4.3. With the notation and assumptions of Theorem 4.1, fir K € N and consider
a Borel partition Q = Ule Q. Then,

limsupnd 'E [CE (N, M")] thsupnd g [Cp< Qk7M )} . (4.7)

n—o0 n—oo

Proof. We can assume that each Qj is not negligible. Then, condition (4.2) with A = np
holds if n is sufficiently large. Letting

A= ﬂ {min { NG MG = canf = ﬁ Ay, (4.8)
k=1

we have that both (4.4) and (4.6) hold on A.
By the union bound in combination with (2.27), we estimate, for every g > 1,

K
P(AC) < D P(AR) Sqa 0% (4.9)
k=1

Combined with the trivial inequality C§ (N, M) < |[N"| we obtain that

]

1
E [CB (™, M™) [ac] <E [IN"2]? P(A)2 Sqrem 2,
which is infinitesimal if ¢ > 1 (even without dividing by n'=?/4). Therefore,

limsupni 'E [CE (N, M) 14] = limsup ni 'E [CE (N, M™)]

n—o0 n—o0

and we only need to prove the following inequality, for fixed 7,

limsupna'E [C5 (N7, M™) L] — thsupnd E |ch (NG M) | sieon' 4

n—o0 n—oo

and finally let n — 0 to obtain the thesis. To this aim, we multiply (4.5) by I4 and take
expectation, obtaining the inequality

E [CB (N7, M) I] ZE[CP (N(l nanl nnp)}

SE[CBNTUU,M™ UV)| + K. (4.10)
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Since, for each k =1,..., K,
limSupn%_lE |:C|€ (ngk nnp M(l n)np)}

n—oo

:(1_77)1*%Iimsup((1—77) ) [Cp (Nl mnp Ml nnﬂ)}

n—o0
< limsupni 'E [Cg (Ngf,MgZ)] ,
n—oo
we need to focus only on the terms in the right-hand side of (4.10). Since the last term is
constant, we are left with the proof of

limsupnd 'E [CE NP UU,M™ UV)] S n'd. (4.11)

n—oo

We first notice that by (4.3) and Holder inequality we have for every ¢ > 1,
E[jU|? + V|9 <, Kins. (4.12)
We now use assumption A5 so that
E [Cg (NP YU, MTP U V)] <E [|./\/'7’”” UU|1_§ + E[MP (NP UU, M™P UV .

(4.13)
To estimate the first term in the right-hand side, we use Holder inequality and (4.12) with
q=1
E IV uu|'=8] SE NP+ (]
(4.14)
S (5 F + Coon B0,

For the second term, thanks to (4.12) we may use Proposition 6.3 with H = n'/2 and
h = min {E [J[N|] | E [|M"P]|]} ~ nn so that for some v < 2 and 8 > 0

E[MP(N""pUU,M”"pUV)]SJnl_%< d+C'K,7n 30— O‘)>.
Plugging this and (4.14) in (4.13) concludes the proof of (4.11). O
Remark 4.4. We notice that the proof above yields also the inequality
liminf nd 'E [CE (NP, M™)] < hmlnfnd 'E [CP (Ngf M )}

n—oo
+thsupnd B [Cp< Qf,/\/lg’;)] .

n—oo

(4.15)

This follows by repeating the argument only along a subsequence ny — oo such that

nep nep _ -1 P ] np
5[ (3 M) it [ (ot )
4.4. Uniform density on a cube. In this section we consider the case of a uniform
measure on a cube. Up to rescaling (see (4.18)), the thesis originally stated for a cube
of e.g. of unit side length is then equivalent to consider two independent Poisson point
processes Ng, and Mg, with intensity one on @, and prove that

f(L) = IQlL!E [CE Ng,, Mq,)]

has a limit as L — oo.

Proposition 4.5. Let d > 3, p € [1,d) and let P = (Fp, n)nen be a combinatorial opti-
mization problem over complete bipartite graphs such that assumptions A1, A2, A3, A
and A5 hold. Then, there ezists fp € (0,00) (depending on p and d) such that

Jlim (L) = fp. (4.16)
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Proof. We split the proof into several steps. In the first two steps we establish basic prop-
erties of f, before moving to the main argument. This follows the strategy of the previous
section and ultimately relies upon an application of Lemma 2.12.

Step 1. Continuity and upper bound. Writing z = min {n,m}, we first notice that by
Assumption A5 and (6.2) of Proposition 6.1,

B [C8 (X0, (%)) S =1 4 B WP (X020, (07)20)] < 78,

where (X;)i;, (Y;)j, are iid. points on Q1. This proves on the one hand that f is

bounded from above as
F(L) S DK min {|Ng, |, M, [} 4] S B [NG, I E 1 (47)

On the other hand, combining it with dominated convergence it also gives continuity of f
thanks to the representation formula

0= Y 2E [ Wau May)

n,m=0

=177 " B (OB ((Xa)ir, (V)j)] e

n,m=0

Nayl = n.|Mq, | =m]e

—2L4 (Ld)ner

n!m!

We also notice that by a simple scaling argument, if N, M* are independent Poisson
processes of intensity A > 0 on @)1, then

1 A4 . 1
——E|[CB(N),, M}, )| = =—E [cp (/\/1 , M ﬂ = MTaf(\dL). (418
Q1] 8 (3 Ma ) @l [P\ 90 90, fARD). (418)
Combined with (4.17), it yields that for any cube @ and X\ > 0,

E [cg (N@,Mg)} < |QIAE. (4.19)

Step 2. Lower bound. The spanning assumption A2 yields that, if e.g. cao < n < m, then

Ly

n
CL (X, (V) = Y min |X; — Yl
=1
The following classical lower bound, e.g. proved in [46, Chapter 2],
E [ min | X; — Yj|p} >md
Jj=1,....m
entails that .,
Ch ((Xa)imy, (Y))jiy) 2 m™d - .
Writing Z = min {|Ng,|,|M¢q,|}, we deduce that
_ iy
f(L)z L' E [maX{WQL\, (Mq, [} ZI{ZZCAz}} :
Let

A={lQcl/2 £ Z < max{|Ng,|,|Mq,[} < 3[Qr|/2}.
By (2.27) with n = 1/2, we have P(A) — 1 as L — oo. Therefore if L is large enough,

J(L) 2 LR [max {|No, |, | Mo, [} # Z1a] 2 LP7'E [L9714] 2 1.

In the remaining steps we prove the following claim. There exists 5 = 3(p,d) > 0 such
that for every n € (0,1/2), there exists C(n) > 0 such that, for every m € N, m > 1 and
L= C(n),

F(mL) = f(1=n)L) Sn'~a +CmL 7. (4.20)
This would conclude the proof of (4.16) by Lemma 2.12.



28 M. GOLDMAN AND D. TREVISAN

Step 3. Partitioning and exclusion of the event in which few points are sampled. Using the

notation from Section 4.3, we partition Q = Q,,,1, into K = m? cubes Q; = Qr,+Lz C Qunr,

with z; € Z% and two independent Poisson processes A/, M of unit intensity on Qr..
We first reduce to the event

A= {win{ING 1 1MG 1> 0lQuel/2}

which contains (4.4) provided L is sufficiently large (depending on 7 only, not on m). We
first argue that A° is of small probability. Indeed, using a union bound we find that for
every q > 1,
(2.27)
P(A) <P (ING | <1Quel/2) +P (1M, | < |Qmel/2) Sna [Qmel ™
If A€ holds, we use the trivial bound that follows from Assumption A3:

D
Cg (NQmL ) MQmL) S.J ’NQmL | ‘QmL‘ d 9
so that for any given 8 > 0 and provided we choose ¢ sufficiently large.
1 P 1 1
——F [CE(Ng,, ., M Iicl $1Qmrla'E [[Ng., [2]2 P(A%)2
‘QmL‘ [ P( QmL QmL) ] | m | U QmL’ ] ( ) (4'21)
p_ _ _
Sﬂ?v‘] ’QmL’d 1‘QmL‘ ’ ’QmL‘ 1 Sﬂ? L ﬁ'
If A holds, letting z be the set of centres of the m? cubes, inequality (4.5) reads

ma

CBNGus Ma,) = Y ChNG, " Mg,") S CBN UL, M7 UY)

ot (4.22)

+ MP(NTUU, z) + m?LP.
Notice that by the properties of the Poisson point process, the law of Cg(./\/'éi_n, Man)
equals that of Cp (Né;", ./\/lclg;") In particular

1 1— 1— 1 1- 1-
o [CBNG, " MG | < 0.1F RN, " Mg,

1 1— 1—
R NG, " Mg,
UL )RR =)L) < F((1—n)EL).
We thus obtain from (4.22),

1

10 B (G NG M@y ) a] = (1 =)

1

‘QmL‘
1

|QmL|

-

L)

E [CR(NT VU, MT U V)]

+ E[MP(NTUU,z)I4] + LP~

In the final two steps we prove that
1

‘QmL‘

E[MPNTUU,z)1 4] < LP~4 (4.23)
and
1

‘QmL|
In combination with (4.21) this would conclude the proof of (4.20).

E [CENTUU,MTUV)] < n'~d + C(n) L7, (4.24)

Step 4. Proof of (4.23). On A, we have ]/\/gmL| > m9, thus (randomly) choosing m?

points from N we find after relabelling a family (Xi)g’;dl of points i.i.d. and uniformly
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distributed on @Q,,r. Recalling that z denotes the set of centres of the m¢ cubes Q; we
can bound

E[MP(N UU, z)14] < E [Mp((xi);fl,z)] .

We then use (3.4) with n = m? and X the uniform density on the cube @, 1, so that
m? d d
E [MP Xl-?id,z]gE W2 by, +IE[WP < Z,m>]§mde,
(( ) =1 ) QmL ; X ‘QmL‘ QmrL 2 ‘QmL|

having used (6.1) to bound the first term (the second term is trivially estimated by trans-
porting the mass on each cube Q; to its center). This proves (4.23).

Step 5. Proof of (4.24). We use Assumption A5 (on @,z instead of @)1, see Remark 3.9),
so that
E [CBNTUU,MTUV)] < (mL)PE [(wgmLy + |z4\)1—§] FE[MP(NT UU, MUY
We further bound the first contribution using Hélder inequality
| 1-2 | 1_5 1-2
E (NG, |+ )8 <E[NG I+ E Q)
S0t A mL) P E U]

(4.25)

To proceed further, let us recall that in Section 4.3 we argued that ((UQHVQZ‘))?idl are
independent (and also independent from N, M"). Moreover, since the law of each

<./\/'612:", Mgn> coincides with that of <N612277, ./\/lé)_Ln> (up to a translation by —Lz;, since
Qi = Q1+ Lz;) it follows that the same property holds for the processes (Ug,, Vq,): their

law coincides with that of (Ug,, Vo, ) (also up to translating by —Lz;).
Using (4.3) with ¢ = 1, we obtain

E ] = mE [Uq, | S mL?,
thus (4.25) yields
)P _
O [0y, 1+ ) =E] < =t 410
‘QmL‘ m
Combining this with Proposition 6.5, concludes the proof of (4.24). O

4.5. Hoélder density on a cube. In this section, we still assume that Q = @ is a cube,
but consider the case of a general Holder continuous density p, uniformly bounded from
above and below. Up to rescaling and translation, it is sufficient to consider the case
Q=(0,1)"

The proof of (4.1) in this case is obtained by combining the case of constant density
treated above together with Lemma 4.3 and the following claim: there exists a constant
C = C(p) > 0 such that, for r < C and for every cube Q C (0,1)? with side length r the
following inequality holds:

E[ch (Mg ME)] < 1+ c7 o [ (M@ aqrel@1r) ] (4.26)

where NP(Q)/ ’”d, MR/ are two independent Poisson point processes with constant
intensity np(Q)/r¢ on the cube (0,7)%, and o denotes the Holder exponent of p.

Indeed, assume that the claim holds and let us prove (4.1). Given any r < C(p, p) of the
form r = 1/K'/? we consider a partition of (0,1)¢ = Ui{zl Q. into K disjoint sub-cubes
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of side length r, so that
limsupnd 'E [CE (N, M™)]

n—oo
D S st B 02 (A
3 timsupniE |0 (G M)
(4.26) e NS 1 np(Qu) /18 pqno(@i)/rd
< (14+C'r )kglllrgsogpnd E[Cg <Np RIS MR )}

K
= Bp(1+C1r ™) Y p(Qu)'dr?,
k=1

where the last line follows from (4.1) in the case of a cube and constant intensity. Letting
K — 0o, we have that r — 0 and the easily seen convergence
b

K o
Z . >y p(Qr)\ -
AW 2P (Qu)'~ir” = P far < rd > . /(0 1)d pre

(071)d k=1

s

This would conclude the proof of (4.1) also in this case.

We now prove (4.26) for which we closely follow [4, Lemma 2.5]. Up to translating, we
may assume that @ = (0,7)%. We write pg = min 1y« p and define p"(z) = p(rz)rd/p(Q)
for x € (0,1)%, so that f(071)d p" =1, and for every z, y € (0,1)%,

Pll o
p(x) —p"(y) < lellga ))'OC e —y|%,

thus [|p" — 1||ga < r® if r is sufficiently small. We define S : Q — Q as S(z) = rT~ ! (x/r),
where T is the map provided by Proposition 2.11. It holds Lip S = Lip T, and Sﬁl/rd =

n Td
p/p(Q). Therefore, S (/\/'””(Q)/Td) = (S(Xi))i]ilp@)/ (@ Which is a Poisson point process
on @) with intensity np, i.e., it has the same law as N,”, and similarly S (M"p(Q)/Td> has

the same law as Mgp . Therefore,

E [Cf; (an7Mgp)} —F {CII; (S(an(Q)/?“d),S(an(Q)/Td))}

(3.2

S) (Lip S)’E {C’S <an(Q)/rd’an(Q)/rd>} .
This proves the claim since (Lip S)? = (Lip T~ 1)? < 1+ Cr® if r is sufficiently small.

Remark 4.6. Let us notice that the fact that  is a cube is not used in the proof of
(4.26), which therefore holds true for every bounded domain €2 and Holder continuous
density p uniformly bounded from above and below. In particular, combining (4.26) with
(4.19) we obtain that there exists C' = C(p) > 0 such that, for every cube @@ C Q with
side length r < C,

E [C,’; (/\gijgp)] <|Qn' 1, (4.27)
where the implicit constant depends on p, d and p only.

4.6. General density on a domain. We prove (4.1) for a domain Q and a Holder
density p. The main difficulty here is that since we rely on the result established in the
previous section we need to partition {2 into cubes. This is accomplished relying on the
Whitney-type decomposition provided by Lemma 2.1. We begin by fixing a Whitney
decomposition Q = (Q;); such that every cube Q; has side length r < C, where C = C(p)
is as in Remark 4.6. Then, by Lemma 2.1, for every sufficiently small § > 0 we have a
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finite Borel partition of 2 = Ule Qr, whose elements are collected into the two disjoint
sets Qs, Rs.

We fix n € (0,1/2) and use the construction from Section 4.3. We set § =n~" for v > 0
to be fixed below. The first constraint is that (4.2) holds with A = np so that we need
né? > 1, ie.

vd < 1. (4.28)
We first reduce to the case when there are many points in each €. Defining the event A
as in (4.8) and arguing as in (4.9) gives here, for every g > 0, the inequality

c 1-d—dq _ . —q(1—dv)+(d—1
P(A°) Nqn § :n|Qk| Nqn” —a5 q — p—q(1=dy)+( )77

where we used (2.1) with & = —qd in the second inequality. Under the assumption (4.28)
this is infinitesimal provided ¢ is chosen sufficiently large. Arguing exactly as before we
can thus reduce ourselves to the case where A holds. In that case, both (4.4) and (4.6)
hold and thus by (4.5)

E [C8 (N7, M™) 1] ZE{CP (N'(l nnp M(l n)npﬂ

k=1
p (4.29)

SE[CEWN™? UUM™ UV)] + ) diam ().
k=1
We start by considering the left-hand side of (4.29). For Q) € Rs we use the simple bound
ch (Ng(i*n)np,/\/l&:n)"ﬂ < diam(QQﬂN&fﬁ)m)[, to estimate
p_ 1-n)n 1-n)n p_ 1-n)n
n3-1 Z [CP(N( np’Mgkn)p)}Snd lépZE“NK(an)pq
QrERs QrERs
< pglgp . s51=d . 5t = o+ E—dv)

This tends to zero provided vd > p/(p+ 1) which is in particular true if (recall that p < d)

vd > d/(d+1). (4.30)
Notice that this condition is compatible with (4.28). Under condition (4.30) we thus have

. (1—n)n L
hTILn_>s01C1>pn ZE [Cp< nnp /\/l( n) p)]
= lim sup Z iR [CP (N‘(l n)np M(l n)np)] ‘
n—oo QkEQ{S
Since every Q, € Qj is a cube, we may combine (4.1) in € together with the precise limit

procedure, justified by the domination given in (4.27) (this is why each cube @Q; in the
Whitney partition has side length r < C'), to obtain

K
limsupn!~ 4 Z]E {Cg (N&fn)np,/\/l&:n)np)} <(1—n)ta / pl=a.
k=1 @

n—oo

]
ars

We now turn to the right-hand side of (4.29). The last term is easily estimated using
directly (2.1) with @ = p. In particular, if p < d — 1 we notice that

K
nd= 1 " diam(Qp)P < na 160 = (ng?)~0-D5
k=1
which goes to zero if (4.28) holds.
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We finally estimate the first term in the right-hand side of (4.29). We argue as in (4.13)
and (4.14) which we combine with Proposition 6.4 to obtain that for every € > 0,

n!' 4R [CB (N UU, M U V)] SE[U|/n)' 8 + 7'
+C(n,e,v)n° ((max {n%&”*l,n%é:g})a + <n5d> _ﬁ> . (4.31)

Using (2.1) with @ = d/2 < d — 1 we have

K 1-4
1-P
E (jul/n]' "% 5 (Z(!ﬂk/m%) SnatE = (ot )T
k=1
Under condition (4.28) this term goes to zero. Regarding the term inside brackets in (4.31)
we notice that if ¢ = max {p, 2}, then under condition (4.28),

max {n§5p+17 n%53} = pvHad-dn),

In particular, as above this term goes to zero under condition (4.30).
We can thus choose first v satisfying both (4.28) and (4.30) and then ¢ = e(«, 8,y,p) > 0

such that
; Poptl 2631\ AN
nhﬁngone <(max{nd5p ,ndd }) + (n5 ) ) =0.
With this choice we find
limsupn' 4E [CE NP UUM™ UV)] S n'~4,

n—oo

from which we conclude the proof of (4.1) after sending 7 — 0.

4.7. Uniform density on a domain. In this last case, we assume that {2 is a bounded
domain with C? boundary and p = Io/|?| is uniform. After a simple rescaling, it is more
convenient to argue with Poisson point processes N2, Mg with constant intensity n (on
Q) so that the thesis reduces to

lim nd'E [C} (NG, MB)] = Bp|Q.

n—oo
Since the boundary of € is C?, we can apply the result from the previous section and
obtain the upper bound

limsupnd 'E [CE (NG, MB)] < BrlQ.
n—oo
To prove the corresponding lower bound, we follow closely the argument of [6, Theorem

24]: we fix a cube @ sufficiently large so that Q C @ and introduce a Poisson point process
Ng with intensity n on Q. For k = 2,..., K, let Q; be the connected components of Q\2

so that Q\Q = UkKZQQk. Notice that for every k either 9§, is C? or is the union of Q and
a C? surface. In particular each €2 satisfies (2.14). Using (4.15) with the decomposition
Q = QU Ui, Qk, we obtain

Bp|Q| = liminf n~'E [Ch (N5, Mp)] < liminfni'E [CF (A, M3)]

K
+ Zlimsupng_lE [Cg ( 0y ?Zk:)] )
Now for every k, using (4.1) we have
limsupnd 'E [CE ( O ?lk)] < Bp|Qul.

n—oo
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Therefore,

K
liminfnd 'E [Cg( g,M}%)] > Bp|Q] — Bp Z Q%] = Bp|Q),

n—oo
k=2
which is the desired conclusion.

5. PROOF OF MAIN RESULT

From Theorem 4.1, we deduce our main result Theorem 1.1. We follow a relatively
standard strategy, using de-Poissonization and concentration of measure arguments with
the necessary adjustments to deal with our setting. First, we argue that Theorem 4.1
yields similar convergence in the case of a deterministic number of independent points. It
is worth mentioning that from the stochastic geometry point of view, this case can be also
seen as a random point process, often called Binomial point process, see e.g. [17, section
2.2], [32, chapter 3] or [34, example 2.3].

Proposition 5.1. Let d > 3, p € [1,d) and let P = (Fp, n)nen be a combinatorial opti-
mization problem over complete bipartite graphs such that assumptions A1, A2, A3, A/
and A5 hold. Then, with Bp € (0,00) given by Theorem /.1 the following hold.

Let Q C R? be a bounded domain with Lipschitz boundary and such that (2.14) holds
and let p be a Holder continuous probability density on §2, uniformly strictly positive and
bounded from above.

Given i.i.d. random variables (X;)2,, (Y;)72, with common law p, we have

fimsup 1B [0§ (X1, (V))j0)] < e [ 175, (5.1)

n—oo

Moreover, if p is the uniform density and € is either a cube or has C? boundary, the
limit exists and is equal to the right-hand side.

Remark 5.2. The only properties we used to established Proposition 5.1 are the subad-
ditivity property (3.7), the growth condition (3.9) as well as the p—homogeneity of the
problem. In particular it holds for every bipartite p—homogeneous functional C satisfying
e For every Q C R? and every partition Q = Uleflk., K e N, if x% y° C Q are
such that min {|x°],[y°|} > max{cas, K}, for every k = 1,..., K, xF yF C Q
are such that [x*| = |y*| = ny, with either ny > ca2 or ny = 0 and z = ()X |
with z, € Qp, for every k =1,..., K then
K K K K
C (XO U U x" yOouU U yk> - ZC(xk,yk) SC(x°,y?) + MP(z,x°) + Zdiam((lk)p.
k=1 k=1 k=1 k=1
(5.2)
e There exists ca5 > 0 such that, for every x,y C (0,1)¢, we have

C(x,y) < cas (min {|x\1*%, \y\lfﬁ} + Mp(x,y)) . (5.3)

Proof. The proof is similar to the proof of Lemma 4.3. Weset x = (X;)I"; andy = (Y])?:1

Let 1 € (0,1/2) and consider two independent copies N~ and M1=1" of Poisson
point processes with intensity (1 — n)np on Q. We claim that

limsupnd 'E [CE (x,y)] — limsup ni'E [Cg (N(l_")"p, M(l_")"p)} <nptd.  (5.4)

n—oo n—oo

By Theorem 4.1, this would conclude the proof of (5.1) since 7 is arbitrary. We introduce
the random variables N = max {n — [N~ 0} and M = max {n — [M1I=1"¢| 0}
and notice that by the concentration properties of Poisson random variables, also N and
M have the concentration property. Moreover, the event

A={|N —nn| <nn/2} 0 {|M —nn| < nn/2}
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is of overwhelming large probability and thus arguing exactly as in the proof of Lemma 4.3
we have

limsupnd 'E [CE (x,y)] = limsup n'"4E [Cp(x,y) 1] .
n—o00 n—00
We let N = (Xi)?:n—N—&-l and M = (Yj)?:n_MH so that in A, x = NI y N
y = M=%y M and min {|N],|M|} = nn.
In A we let x! ¢ NU=07 and y' ¢ MU=1" be such that |x'| = |y'| and

Co(NU=Dme, MU= = Cp (!, yh).

We then set Y = NO=Dne\x!1 Y = MUI=mm\yl %0 — 1/ U N and y© = VU M. Using
Lemma 2.12 on 2 with K = 1, i.e. a trivial partition, we find that in A,

Cp(x,y) — Co(NDme p=mmey < cp(x°,y0) + 1

(3.9)
< min {0 [yO 1 4 MR, y0) 1

Multiplying by 4, taking expectation and arguing exactly as in (4.11) (using in particular
Proposition 6.3) we conclude the proof of (5.4).

With a similar argument one can prove that

liminfnd 'E [CE (N7, M™)] < lim infnd 'R CE (x,y)]

n—oo n—oo

which concludes the proof of Proposition 5.1. O

To conclude the proof of Theorem 1.1, we prove a concentration bound, which im-
proves (5.1) to complete convergence. The argument requires minimal assumptions on
the combinatorial optimization problem and relies essentially on the validity of a Poincaré
inequality.

Proposition 5.3. Let d > 3, p € [1,d) and let P = (F,n)nen be a combinatorial opti-
mization problem over complete bipartite graphs such that assumptions A3 and A5 hold.
Let Q C R? be a bounded domain with Lipschitz boundary and let p be a probability density
on , uniformly strictly positive and bounded from above. Let (X;)32,, (Y;)52, be i.i.d.
random variables with common law p.

For every q > 2 and € > 0,

P (108 (X, (Y)3) — B [0 (0L, ()] > 2) <4 e (59)

with
Cf1=2/d ifpe12),
C\1-p/d ifp=2.

In particular, complete (hence P-a.s.) convergence holds:

lim na~! \Cﬁ ((Xi)?:h (Yj)?:l) —E [Cﬁ ((Xi)?:b (Yj)?:l)]l =0.

n—o0

Remark 5.4 (Poincaré inequality). We first recall that for every Lipschitz function F :
Q%" — R we have the following L9-Poincaré inequality,

E[|F (Xa)izr, (V)j=r) — B [F((X)izn, (%)j=) '] e E[[VF (X, (%)5=0) 7] -
(5.6)
Here |V F| denotes the usual Euclidean norm of the gradient. We stress the fact that the
implicit constant in (5.6) does not depend upon n.
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Inequality (5.6) is a consequence of well-known facts: first, the assumptions on 2 yield
the L2-Poincaré inequality with respect to the uniform measure,

2
/ s [ 1vuP
Q Q

Using that the constant ¢ = [, up minimizes [, |u — ¢[*p and that p is bounded from
above and below, we obtain the weighted version

2 1
u— [ up pg/u/u
/Q /Q 0 €2 Jao

for some C' = C(p,2) € (0,00). Then, a standard tensorization argument [36, Corollary
5.7] entails that the inequality holds also on the product space 22", endowed with the
product measure p®?", with the same constant C. This yields (5.6) with ¢ = 2.

The general case ¢ > 2 follows finally from the chain rule. Preliminarily, we notice that
if 1 is a probability measure on RP, then the validity of the inequality

o= | wa

for every Lipschitz function u : RP — R is equivalent to

/ o — | dp < / Vul? dp, (5.8)

1
u—1— [ u

9] Jo

2
p<C [ [Vafp
Q

q
dn < / Vul? dy (5.7)

where m,, denotes a median of (the law) of u, i.e. any m € R such that pu(u < m) > 1/2
and p(u >m) > 1/2. Indeed,

’mu - /ud,u‘ < ’/(mu —u)d,u’ < /|mu — ul dp.

Since m,, can be characterized as a minimizer for ¢ — [ |u — ¢|du, we also have

/|muu|d,u§/ u/ud,u‘d,u.

Using Jensen’s inequality, we obtain
U — / udp

q q
‘mu—/udu §min{/|mu—u|qdu,/ du.}

Then, assuming that (5.7) or (5.8) holds, using the triangle inequality and the bound
above, we obtain the validity of the other inequality.

To conclude, we assume that (5.8) holds for ¢ = 2 and argue that it also holds for any
g > 2. Up to adding a suitable constant, we can assume that u is Lipschitz with m, = 0.
We then consider the Lipschitz function v = |u|q/ 2sign(u) (recall that in our case the
support of y = p®?" is bounded, hence we can assume that also u is bounded), so that
m, = 0 and apply the ¢ = 2 case of (5.8):

/ ful du = / of? du < / Vol2du < / 2 [Vl du
1-2/q 2/q
< ( / |urqdu) ( / rwqdu) |

Dividing both sides by ([ |u|? du)lfz/ ? yields the desired conclusion.
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Proof of Proposition 5.3. The second statement follows choosing ¢ sufficiently large in
(5.5) so that the right-hand side in (5.5) is summable. We thus focus on the proof of
(5.5). Given a feasible G C Ky, p, i.e., G € Fppp, and x = (z3)]1, ¥y = (yj)?zl C Q, write

we(x,y) = > -yl

{(LU:(Zj)}GEG

Since p > 1, wg is Lipschitz with a.e. derivative given by

Vewa(xy) = > pla -yl (@ - y),
(2,7)eNG((1,9))
and
Vywexy)=— > plai—yP (@ - yp).
(1) eNG((1,9))
Notice also that wg is differentiable at every (x,y) such that z; # y; for every ¢, j. Since

G € Fyn, assumption A3 yields that the sums above contain at most c3 terms, hence we
bound, using Cauchy-Schwarz inequality,

‘inwc(x,y)’2 < Z |z — yj’2(p—1)’
(2,5)eNG((1,4))
and similarly
2 S
‘vijG(X7Y)‘ ,S Z ’a:z _yj‘Q(P 1)'
(2,5)eNG((1,9))
Summing upon ¢ and j € {1,...,n}, we obtain, for the Euclidean norm of the gradient,
the inequality
Vwey)P S Y. Jm—yPPY.
{(1,3),(2,9)}€Lq

If p > 2, we simply bound each term |z; — y;|?®~Y < diam(Q)P~2|x; — y;|?, obtaining

Vwa(x,y)]* < > 2 — y|P = wa(x,y).
{(lvi)v(ij)}eEG

If p € [1,2), we use Holder inequality and the fact that |Eg| < n (again by assumption
A3), to obtain

1 1
s T

1
Vwa(x,y)[* < o lmi—ylP ] 2t =welxy)iettr,

{(17i)’(2»j)}€EG
with r =p/(2(p — 1)).
Using the trivial bound wg(x,y) < n, it follows in particular that each wg(x,y) has a

Lipschitz constant bounded independently of G (although the bound depends upon n).
Therefore, also

Cg (Xa Y) = GEHJI-'f wG(Xa y)a

is Lipschitz, hence differentiable at Lebesgue a.e. (x,y), by Rademacher theorem. Let

(x,y) be a point of differentiability for both wg and Ch (which holds for Lebesgue a.e.

point). Let G = G(x,y) € Fpm be any minimizer for the problem on the graph K(x,y)

(which is a.e. unique if p > 1 by Remark 5.5). For every (x’,y’), we have the inequality
Co(xy') Swe(x,y'),

with equality at (x,y), hence we obtain the identities,

Vxlcg (X7 Y) = vxin(Xv y)v Vyjclg(xa Y) = vijG(Xv Y) (59)
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Therefore,

ERT T
o [ T )
P G (x,y) if p> 2.

If now x = (X;)jL; and y = (¥;)7_,, combining this with (5.6) and (3.9) yields
E[|CE (x,y) —E[CE (x,¥)]|"] S¢ E[|VCp (x,¥)]]
4
K [(nlié WP (x,)) ] D% ifpe[1,2),
S
p 3
E [(nl_d +MP (x,y)> ] if p > 2.

By the equivalence between MP and WP (recall (3.3)), the triangle inequality (2.18) and
(2.20) and finally using (6.2) with gp instead of p, we bound from above

9
E |:(|\/|p ((X’i)?:17 (Y});L:l)) 2] g n(lfg) .
If p > 2, we conclude at once that
B (1C2 () ~ E G2 ()] gm0,

hence (5.5) by Markov inequality. If p € [1,2), we bound similarly and obtain, after simple
computations,

NS

Py lyyl_1
E[IC (x.y) ~E[cg (x,y)]|] £ n{07P079 551
which leads to the corresponding case of (5.5) by Markov inequality. H

Remark 5.5 (uniqueness of minimizers). If p > 1, for Lebesgue a.e. (x,y), the minimizer
G € F,m for the problem on K(x,y) is unique. This in particular yields that it is unique
a.s., when x = (X;)iL;, y = (Y¥;)jL; are random i.i.d. with a common density p. For
simplicity, we argue in the case of |x| = |y| only, but the same result holds in general.
Let (x,y) be a differentiability point for Ch(x,y) with X; # Y; for every i,j. Notice
that by the previous proof this holds a.s. . Let G,G’ € F,, ,, be minimizers for the problem
on K(x,y), so that by (5.9) we obtain that, for every i € [n], V,,wa(x,y) = Va,wer (X,y),

ie.,
R e G 7 D S R V1 el TR )
(2,0)ENG((14)) (2,0)ENG ((1,1)
Assuming that Eg # E¢, we can find 4, j € [n] such that (2,7) € N ((1,7)) \ Na((1,1))
(up to exchanging the roles of G and G’). Then,

i =yl @i—y) = > il (- k)
(2,k)ENG((1,1)

- > i — yr P~ (i — yn).
(2,k) NG ((Li)\{(2.)}

We notice that the right-hand side above is a function U(x,y) which however does not
depend on the variable y;. The map

zeRY— |zP 2z e RY

(5.10)

is invertible, with a Borel inverse which we denote by f, hence we can rewrite (5.10)
equivalently as the identity

yj =z — f(UXY)),
where right-hand side is a Borel function of (x,y) which does not depend on y;. This
identity however cannot hold on a set of positive Lebesgue measure.
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6. BOUNDS FOR THE EUCLIDEAN ASSIGNMENT PROBLEM

In this section we establish some novel upper bounds for the random Euclidean assign-
ment problem, in the case of not necessarily i.i.d. uniformly distributed points.

6.1. Matching ofi.i.d. points. We begin with a general upper bound for the Wasserstein
distance between the empirical measure of i.i.d. points and the corresponding common law
when d > 3 and p > 1. As a consequence, we also obtain a similar bound for the Euclidean
assignment problem. We derive the general case of a Hélder continuous law bounded
above and below on an open connected set with Lipschitz boundary 2 from the case of
the uniform law on a cube @ C R 1In that case, it is a well-known result, marginally
discussed in [1], where the focus is on the d = 2 case. However, we point out that the case
d > 3, p > d/2 was, to our knowledge, not explicitly covered in the literature until the
proof provided by [35], which clearly extends to any p # 2 (see also [25]).

Proposition 6.1. Let d > 3, p > 1 and Q be a bounded connected open set with Lipschitz
boundary. For every Hélder continuous density p : Q@ — R bounded above and below and
independent sequences (X;)i2y, (Y;)72, of i.1.d. random variables with common law p,

P (Z 5Xi,np>] SlQlin'~1, (6.1)
=1

and therefore
E M (X0, (V3)70)] S 190 min {n, m}!~ (6.2)

Proof. Inequality (6.2) follows from (6.1) assuming e.g. n < m and (3.4) with A = p.
Hence, we focus on the proof of (6.1). By Jensen inequality (2.20), it is enough to prove
this bound for large p so that we may assume without loss of generality that p > d/(d—1).
We then set p= 13" | dx,.

We first prove the statement in the case 2 = @ is a cube. By scaling we may assume that
Q = (0,1)% is the unit cube. By Proposition 2.11, there is a bi-Lipschitz map T : Q + Q
with Lipschitz constant depending only on p such that T#p = 1. Then, X! = T(X;) are
i.i.d. uniformly distributed on Q Letting p/ = Ty = % Sy 6X1( we have

WP (1, p) S WP(i', 1)

and the statement follows from [35].

Consider now €2 a general bounded connected open set with Lipschitz boundary. We
say that € is well-partitioned if there exists convex polytopes (Qk) ', covering €2, with
| N Qx| = 0 for k # k' and such that each Q is bi-Lipschitz homeomorphic to a cube.
By [49], every connected and Lipschitz domain is bi-Lipschitz homeomorphic to a well-
partitioned and smooth domain so that arguing exactly as above we may assume that €2
itself is smooth and well-partitioned. Let T} : Qi +— @ be Lipschitz homeomorphisms

between € and some cubes Q. We then define pp = Tifip, np = pu(Q) and py = AT
Notice in particular that we may write pu, = 771,9 ik 8y, where (Y;)2, are ii.d. with
common law pg/pr(Qf) and that ny is a Binomial random variable with parameters n and

pk(Qr) = p(Q). Using (2.21) with € = 1 we thus find

K K
Z ng Z N

k=1
(222) K P
S Z;W 0, (1, PK) Z( >Iﬂkp
k=1 k= W-1p(Q)

K

) K
S Z%W 0, (1155 Pk) Z

k=1 k=

P
e
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Taking the expectation and using the concentration properties of binomial random vari-
ables (2.28) we find

1
P
n2

E [WP(u, p)] iE{ Mlc,/)k)} +
k=1

By the first part of the proof and the concentration properties of Binomial random variables
we get

ng 1
E [;ng (Mk:ﬂk)] S T
which concludes the proof of (6.2) since p/2 > p/d. O

Remark 6.2. By translation and scaling invariance, when Q = @ and p = ‘ﬁllfQ is the

uniform measure of a cube @ C R?, the implicit constant in (6.2) does not depend on Q.

6.2. Matching with a fraction of i.i.d. points. In this section we extend the bound
(6.2) for the matching to the case where most of the points are still i.i.d. but essentially
no assumption is made on the remaining points. This is used in Theorem 4.1 and in the
de-Poissonization procedure (see Proposition 5.1). Just like in Theorem 4.1 we will have
to consider three different situations. Let us however set some common notation. Letting
N, M, U and V be point processes on (N and M will contain the i.i.d. points), we
want to estimate
E[MP(UUN,VUM).

Setting

Z = min {[U] + [N, [V| + [M[},
we want to construct two (random) subsets S CU UN, T C V U M, both containing Z
points, so that

(2.18)

MP (UUN, YV UM) <WP (,LLS, I/T) < WP (,us,Zp) + WP (I/T, Zp), (6.3)
where 1%, 7 are the associated empirical measures. We then separately estimate the two
terms on the right-hand side of (6.3). Since the construction is completely symmetric, we
detail it only for S C U/ UN. It is given as the union of two sets, a “good” set G C N and
a “bad” set B C U. We first define the set G by sampling without replacement

|G| = min {|NV], Z}
points from A. Similarly, the set B is constructed by sampling without replacement
1B| = max {Z — |\'],0}
points from U. Notice that
= |91+ |B| (6.4)
and that when conditioned on |G|, the points in G are still i.i.d. with common law p.

We then write u® = p9 + uP for the associated empirical measure. Using the triangle
inequality (2.18) and (2.19), we then split the estimate in two:

WP (S, Zp) S WP (19 + 1P, 1Glp + uP) + WP (IGlp + 1®, Zp)
SWP (u9,1G1p) + WP (IGlp + 1, Zp) -
Taking expectation we find
E [WP(i%, Zp)] SE[WP (u9,[Glp)] +E (WP (IGlp+ 1P, Zp)] . (6.5)

To estimate the first term in the right-hand side, we will rely on (6.1). It is in the estimate
of the last term that we need to argue differently depending on the cases. In the first one
(see Proposition 6.3), since we have a good control on the moments of [U/| we can directly
appeal to Proposition 2.9. In the two other cases (see Propositions 6.4 and 6.5) we need
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to combine it with a localization argument.

We start with the first case.

Proposition 6.3. Let d > 3, p > 1 and Q) be a bounded domain with Lipschitz boundary,
p: QR be a Holder continuous density bounded above and below and (X;)72, (Y;)52,
be independent sequences of i.i.d. random variables with common law p.

Then, there exists « = a(p,d) < 2 and 8 = B(p) > 0 such that the following holds. Let
M,N € N be random variables satisfying concentration (recall Definition 2.13) and set
N=(X)N,, M= (Y])J]\i1 and h = min{E [M],E[N]}. Then, for every point processes
U, V, for which there exists 1 < H < h such that for every g > 1

E [l +[V[] < C(g)HT (6.6)
for some C(q) > 0, we have

EWWUUNUALMﬂ§h15<1+<€Tyj.

Here the implicit constant depends only on p, d, the constants involved in the concentration
properties of M, N and (C(q))g>1 from (6.6).
Proof. Starting from (6.3) and (6.5) we first estimate by (6.2) and Holder inequality,

2

E WP (u,161)] S E[I61 ] <E[g)'#.

Since |G| < min{M,N} + |V|, by (6.6) with ¢ = 1 and H < h, we have E[|G|] < h and
thus
E WP (19, |G]p)] S h'a.

We are then left with the proof of
HO( ﬁ
(' o)

ars

E (WP (IGlp+ P, Zp)] < 1™

We first single out the event
A={g] = h/2}
and claim that for ¢ > 1
P[AS] <q b9 (6.8)
Indeed, since A° C {N <E[N]/2}U{M <E[M]/2}, (6.8) follows by combining a union
bound together with the concentration properties of M and N. Since
WP (IGlp + 1P, Zp) < WP (15, |Blp) < 1B| < U],

we then find

1 | (6.6)&(6.8)
E WP (IGlp+u®, Zp) Iac] SEUPPPIAE S, hT7H.

By taking ¢ large enough, in order to prove (6.7) it is therefore sufficient to show

Y

p HOC :8
E WP (IGlp+pP, Zp) 1] S h'a <h> . (6.9)

We start with the case p > d/(d — 1). By Proposition 2.9,

4 (6.6)
E (WP (IGlp+ 15, Zp) 14] < E[’%pdu] < VR[] S
d
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This proves (6.9) in this case with « = 1+ p/d and 5 = 1.
If now p < d/(d — 1) < 2, we use Jensen’s inequality (2.20) to obtain

E WP (IGlp + 15, Zp) Ia] SE |27 (W2 (IGlo + 1, Zp) L) g}
<E[Z]"EE W2 (Glp + 15, Zp) 1]
Recalling (6.4) we find E [Z] < h+H < h. Using finally (6.9) with p = 2 we conclude that

P
Ho B\ 2 Ho BE
E WP (1Glp+ 15, Zp) Ia] S h'~2 (hli (h> ) _h15< 2 ) ,

This proves (6.9) also in this case. O

We now consider the case when the moment bounds for &/ and V are only valid after
restricting on a Whitney-type decomposition from Lemma 2.1.

Proposition 6.4. Let d > 3, p > 1 and Q C R be a bounded connected open set with
Lipschitz boundary and such that (2.14) holds. Fix a Whitney partition Q = (Q;)i, and for
0 >0 let (Qk)l{_{:l = Qs URs be given by Lemma 2.1. Let finally p be a Holder continuous
probability density on €2, bounded above and below.

Then, there ezist o = a(p,d) > 0 and 8 = B(p,d) > 0 such that the following holds. For
everyn € (0,1), e >0 and vy € (0,1/d), there exists C(n,e,v) such that for every Poisson
point processes NP M with intensity nmp and every point processes U and V on §
such that

E (U, |? + Vo, S (nQ%])2 Vg >0, (6.10)
if 6 =n~" then

nd E[MPU UNT VUMM <l
o -8
+ C(n,e,v)n° ((max {ngépﬂ,n%&:s}) + <n5d> > .

Proof. Using the notation from the beginning of this section, we start as above from (6.3)
and (6.5) and estimate by (6.2),

E (WP (1u9,1G]p)] SE[IGN 4.
Since |G| < |N™?| we get

p

E [WP (1,1Glp)] S (nm)* 2.
In order to conclude the proof it is thus enough to show

ni B [WP (1% +Glp, Zp)] < Cln,e,7)n" ((max {niortt nds*})" + (n&d)_6> .

(6.11)
Step 1. Reduction to a “good” event. We let
K L
A=1{1g] € Inn/2,3m]} 1 () {max (o], Vo } < (alQ4])% - 07}
k=1
and claim that
-8
ni lE (WP (,uB +1Glp, Zp) 1ac] < C(n,e,7) (néd) . (6.12)

We first prove that for every ¢ > 0,
P[A] <, C(n)n~ 7 + 51 4n—=d. (6.13)
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To prove this we use a union bound and split

PLAT < PG| & [nm/2, 3nnl]

K K
+ 3P U, | = (nIQ4)E 0| + DR [[Vo,| = (nl6l)E 0|
k=1 k=1

Regarding the first term we notice that
{IG] ¢ [m/2,3nn]} C {INT?| < qn/2} U{INT?| > 3ngn} U {IMTP] < nn/2}.
Using once more a union bound and (2.27), we find
PG| ¢ [nn/2,3nn]] Sq C(m)n™.
Regarding the two sums, by (6.10), we have for every k € [1, K]
P ([t | = (nI6%) -] g~

and similarly for V. Since K < §'=¢ by (2.1) this concludes the proof of (6.13).
We now turn to (6.12). As above by the bound WP (15 + |G|p, Zp) < |U| and Cauchy-
Schwarz, we have

E (WP (1P +(G|p, Zp) 1ac] SE[[U?] S IVCES
Using once more Cauchy-Schwarz together with (6.10) with ¢ = 2 we have
E[[U2]? < Kind
so that by (6.13) and K < §'~¢
ni 'k [we (,uB +1Glp. Zp) Iac] Zq C(n)ﬁ(l*d)(n*q + 517dn*8q)%n§7%.

Since § = n~7, this concludes the proof of (6.12) provided we choose ¢ large enough
depending on € and 7.

In the remaining two steps we prove that in A,
B_q B e 2opr1 23\ a\ 7’
nd WP (1P + |Glp, Zp) Sy (max{ndép ,ndd }) + <n5 ) . (6.14)

After taking expectation and in combination with (6.12) this would conclude the proof of
(6.11). From this point all the estimates are deterministic.

Step 2. Estimate for p > d/(d —1). We first use (2.21), e.g. with € = 1, to obtain

K K
WE (1P +1Glp, Zp) <Y Wh (1P +(Glp, arp) + W5 (Z arIq,p, Zp) , (6.15)

k=1 k=1

with
B
1 ()

_ +1g]. 6.16
o) 19! (010

We bound the terms in the right-hand side separately. For the sum of “local” terms, we
estimate differently according to Q2 € Rs or ;. € Os. In the first case we use the naive
bound

(2.19) B (2.23)
Wh (4 4 10lpvanp) = i (182 C0 ) U (e,

1 d
5tesp+3
Sn2TEHPT 2,
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Since K < 6~ we find

i 3T W (18 +1Gle,anp) S nnds P (na =) 7E <nfnfst(67)
QrERs

If Q) € Qs is a cube, we use instead Proposition 2.9 with x5 instead of y and |G| instead
of h, so that

B 1+2
B (%) p »
ng ('u T |g]p, akp) 577 n% 577 n d’u9k|1+d
<, n(+Den30-8)0, 30+,
Summing this inequality yields

K 1
= _ b 1 P
- Z W (1 +’g|/)706kp) N n(+9e,-301 d)ka’Q(ler)

1€ k=1
(2.1)

<, n¥n 20" p)max{ljdé(d72fp)}.
Notice that since nd? > 1,
n 2(1 )max{l 52(d 2— p)} < (néd)—é(l—g)

so that
_1l¢_p
ST WE (WP +1G1p, akp) Sy n*F(no?)m27a), (6.18)
N €Qs

We then consider the last term in (6.15). Using Lemma 2.8 with Zp 2 nn in place of A
(recall that we assume here that A holds), we get

K
W2, (Z arlo,p, Zp) Spn'?

k=1

p

K
> aplop— Zp
k=1

(6.19)

W—Lp(Q)

Recalling (6.16) and that Z = p®(Q) + |G|, we can rewrite
K K B
()
aglo,p— Zp = Lo, — p(Sk)) p.
> anlo, ;pmw” (%))

By (2.15) of Lemma 2.6 with h = n'*%¢ we thus have in A

K

k=1

-

< n°8' 7% | log(0) .

W-1p(Q)
Combining this with (6.19) we get that in A,

K
ni =W (Z arloy . zp) < W (na") 5 |log(6)

k=1

Inserting this estimate, (6.17) and (6.18) in (6.15) we finally obtain (notice that p(d—2) >
d—p for p>d/(d—1)) that in A,

EIWP (4B 4 [Glp, Zp) Sy P (wa”wmsd) T log(0)1)

) this concludes the proof of (6.14)

Up to replacing £ by max {p,
ifp>d/(d—1).
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Step 3. Estimate for p < d/(d —1). Since 2 > d/(d — 1) > p, we may use Jensen’s
inequality (2.20) to infer that in A,

P
2

nd"WP (1B +(Glp, Zp) < i 2" (W? (1B +Glp, Zp))

S (2 (8 +1610.29))

Y4
2

b

< (n%*lw2 (1 +1Glp, Zp))5 .
Using (6.14) for p = 2 concludes the proof of (6.14) also in this case. O

Finally, we consider the case of a cube ),,,;, decomposed into cubes of sidelength L. The
difficulty compared to the previous two cases is to obtain bounds which are independent
of m. This is achieved using the additional independence for the point processes U, V.
While we believe that a direct proof combining Green kernel bounds in the spirit of the
proof of Lemma 2.6 together with a Rosenthal type inequality for the (non independent)
random variables ;8 (Q;) should be possible we give a more elementary proof based on
subadditivity and concentration.

Proposition 6.5. Let d > 3, n € (0,1/2), L > 1 and m € N\ {0}. Let U, V be point
processes on Qmr such that the restrictions (Z/{in VQi)i on all sub-cubes Q; = Qr + Lz; C
Qmr, with z; € 74, are independent copies (translated by the vector Lz;) of the pair of
processes (Ug, , Vg, ) and such that for every g > 1, there exists C(q) > 0 such that

E [[Ug,|? + [Va.|"] < C(q)L%. (6.20)

Let N, M" independent Poisson processes on Q1 with constant intensity n, also inde-
pendent from (U, V). Then, for every p € [1,d), there exists C(n) = C(n,p,d, (C(q))g>1) >
0 and a = a(p,d) > 0, such that, if L > C(n),

C(n)
Lo

E[ ! Mp(L{UN",VUM")}Snl_Z+
’QmL’

Remark 6.6. Let us preliminarily notice that, for any R C @Q,, s, that is the disjoint union
of k cubes among the cubes Q; = Qr, + Lz;, z; € Z%, we have the upper bound, if ¢ > 1,
q

1 1
EUnl) = KE | | 1 3 ol | | <HE |2 Y ol
QiCR Q:CR (6.21)
S KL% < (kLY = |R|1.
In particular, we have
E (U] S mY L% < |Qme|”. (6.22)

Moreover, by Rosenthal inequalities [43], if ¢ > 2,
q

E(|[Ur| —E[Url| =E || Y (Uq| —E[U, 1)
QiCR

[5S]

q
SKE[|[Ug, | — E (U, NN + k2E | |Ug, | — E Ug, [1I%|
< kL' 4+ k3L < |R|3.
We will use all these bounds in the proof below.

Proof of Proposition 6.5. For simplicity, we write throughout the proof @) instead of Q..
As in the previous two proofs, we start from (6.3) and (6.5) (with p = Io/|Q)|) and estimate
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by (6.2), see also Remark 6.2,

= e (#.i7)| < Bt et

Since |G| < |N| we get
E W2 .
LQ\ ( Tal) ="

In order to conclude the proof it is thus enough to show

[IQ\ <||g‘\+ |Q]>]§CL(Z)' (6.23)

We split the proof into several steps. We first consider the case p > 2 > d/(d — 1).

ars

Step 1. Concentration bounds for pB. In this intermediate step, we collect some facts
about pB(R), where R C Q is a disjoint union of k cubes Q; = Qr + Lz;, z; € Z%. First
of all, the construction of B ensures that E [,uB (Ql)] does not depend on @; (one could in
fact prove that (u2(Q;)); is an exchangeable sequence). We deduce that

E [15(Q)] E[1P(R)] _E[pP(Q)]
E [15(Q;)] = ———-, hence = : (6.24)
@) == B @
Indeed, when conditioned on Z = z, |N"| = n, |U| = ug, and the number of points

lUR| = ur < ug, #B(R) is the number of “successes” in the random sampling procedure,
without replacement which we used to define B, with b = max {z —n,0} draws from an
urn containing ug marbles, up of which have the desired feature (their extraction defines
a success). This is explicitly given by a hypergeometric distribution with parameters
(ug,ur,b): given sp < up,

P (1P (R) = sg|B) = (ifﬁ) (uz? —_SZR>/ <ul? >

where for brevity we write
B ={Z =z, |IN" =ng, U] = ug, Ur| = ur}.

Specializing to R = @;, we see that this quantity does not depend on @Q;, since [Ug,| are
i.i.d. variables, hence the joint laws of the variables (Z, |N"|, [U|,|Ug,|) involved in the
definition of the law of 5(Q;) do not depend on i.

Using the concentration inequality (2.29) for hypergeometric random variables, we have

E|[u5(R) —E [15(R)|B][ B S (ur)? |

from which we find, thanks to (6.21) (recall that p > 2),

E|[uf(R) ~E[WB(R)]["] < IRIE. (6.25)

Step 2. Subadditivity bound. Using (6.24) and (6.25) above, we are in a position to follow
closely the main argument of [25, Proposition 5.4]. We define, for a rectangle R C @ that
is a union of cubes @;’s,

f(R) = E[‘;,vv (u +E’, \éy)+g>]'

We say that R is an admissible partition of R if it is made of rectangles satisfying the
following conditions. Each R, € R is a union of cubes @;, it is of moderate aspect ratio

D
2
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and 374 R| < |R;| < |R|. We claim that there exists C;, = C(d,p,n) > 0 such that for
every admissible partition R of R and every ¢ € (0, 1), we have

IR;| c, 1

f(R) < (1+¢ = f(R) + — ———. 6.26
(1) < (1) 3 R0 + (6.26)
Setting
B
po(R) 9| pE(R;) | |9l
= +an = + 1
Rl Q| [Ri| QI
and using (2.21), this reduces to
1 C
E|—W? § ailg,a | < 1 (6.27)
|R| R( - ) |R|"57

First, we single out the event
A = {min {|N7], I M"[} = n|Q[/2} .

Notice that on A, we have a 2 7. By the concentration bound (2.27), for every ¢ > 1,
P(A°) S (nQ])™9 < (n|R|)~%. Therefore, if A holds, we can use the trivial bound

= WP s o IR Yy :“B(Ri) NB(R)
" (Z I ) e (Z &l IR )

< |R|a"'WB(R) < |R|i Ug.

Using Cauchy-Schwarz inequality and (6.21) with ¢ = 2, we get for any ¢ > 1,

1 D_
WW]’; (Z O‘iIRwa> IAC] Sna |R|d9,
)

which is estimated by the right-hand side of (6.27) provided we choose ¢ large enough.

E

If A holds, we use (2.22) in combination with (2.13) (recall that for rectangles of moderate
aspect ratio the Sobolev constant is uniformly bounded) to get

D_q
Lowe . | R[4 . P
‘R’W <;azIRi7a> S b1 ;|RZ||OQ—O&|
Sn'PIR|EY i —al?
7

We thus have

E

|R\W” (Z azfm,a> IA] S0 TR Y Ellai —af L)

i

<" ?IR|7Y Elai - af].

Using that o; —a = £ T}%ﬁi) - £ T}gf) , (6.24) and triangle inequality we have

G | S
) |R|"%.
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This proves

E

1
concluding the proof of (6.27).
Step 3. Dyadic approximation. Starting from the cube Q = @Q,,1, we build a sequence of
finer and finer partitions of @,,,;, by rectangles of moderate aspect ratios that are unions
of sub-cubes Q;’s. We let Rg = {Q,1} and define Ry inductively as follows. Let R € Ry.
Up to translation we may assume that R = [[%_,(0,m;L) for some m; € N. We then split
each interval (0,m;L) into (0, | 5¢] L)U(| 5 | L, m;L). It is readily seen that this induces an
admissible partition of R. Let us point out that when m; = 1 for some 4, the corresponding
interval (0, |%5%|L) is empty. This procedure stops after a finite number of steps K once
Ri = {Qr + 2z, 2z € [0,m — 1]9 N Z}. Tt is also readily seen that 2K—1 < m < 2K and
that for every k € [0, K] and every R € Ry, we have |R| ~ (2K-FL)4.
We prove via a downward induction the existence of A, > 0 such that for every k € [0, K]
and every R € Ry,

f(R) < f(Qr) + Aq(1 + f(QL)) L Z 279%° (6.28)

j=K—-k

The statement is clearly true for £ = K, since the law of the point process on each cube
Q; = Qr + z; is the same, hence f(Q;) = f(Qr). Assume that it holds true for k + 1. Let
R € Ry,. Applying (6.26) with e = (2K-FL)~(4-2)/2 « 1, we get

R; C 1
f(R) < (1+¢) > ‘R’f(Rz')Jrlp(dm

Ri€Rg41,RiCR ‘ ’ ep |R‘
(6.28) B K N
< (4o [ fQ+AA+ FQLL™E Y 27F
j=K—k+1
+Cy (2K R~
d—2
< f(Qr) + A1+ f(Qr)L™ 2 -
K K
D3 271" 4 o (K-W5 C’X:IJFL—‘%?' S 2%
j=K—k+1 =K —kt1

If L is large enough (depending on 1) then

K

_;d—2 1-3 _(d=2)
S ) s,

j=K—k+1 =0

Finally, choosing A, > 2(C + 1) yields (6.28). Applying (6.28) to R = Q1 and using
that >~ 213" < 00, we get

<

N

1
f(@mr) < f(Qr) + Ay(1+ f(QL))L@ (6.29)
2
Step 4. Conclusion in the case p > 2. We finally claim that
C
< L .

Arguing verbatim as in the proof of (6.27) of Step 5, we see that it is enough to assume
that we are in the event A = {min {|N"|, |M"|} > n|Q|/2}. Since in this case |G|/|Q| = 7,
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Proposition 2.9 yields

| 6l 15@Qu) w» ] I 5y 14D
E 7\/\/17 1~ =17 < I
[@u %QL+WIKhI+@\ o B (@) 1
1 1+2
< ——=E |(JU L d
el
(620) L= - 1

~

Ldng ~ n%L%
This proves (6.30). Inserting this into (6.29) finally gives (recall that p > 2)
C
Q) < —

L%(d p)’
This concludes the proof of (6.23) with o = (d — p)/2 when p > 2.

Step 5. The case p < 2. If p < 2, we argue as in the previous two proofs and use (2.20) to
obtain (recall that Z = |G| + |B| < |[U| + |N"|)

L@Wp03+ @0]< (éOPSQmW G3+ @)>7

S(R?>FL@W5 p
Y

(g2
s(ten) () 5 (2 )?

where in the last step we used (6.22) and (6.23) with p = 2. This concludes the proof of
(6.23) for any p < d. O
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