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Abstract

We show that for p > 1 there is no p-cyclically monotone stationary matching of
two independent Poisson processes in dimension d = 2. The proof combines the
p-harmonic approximation result from [15, Theorem 1.1] with local asymptotics for
the two-dimensional matching problem. Moreover, we prove a.s. local upper bounds
of the correct order in the case p > 1, which, to the best of our knowledge, are not
readily available in the current literature.
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1 Introduction

Let {X},{Y} C R? be two locally finite! random point sets. We consider their
matching, that is a (random) bijection from {X} to {Y'}. More precisely we will focus on
dimension d = 2 and we are primarily interested in the case where the two random point
sets are given by two independent Poisson point process of unit intensity and the map T’
is p-locally optimal for p > 1, meaning that for any other bijection T that differs from 7'
only on a finite number of points

> (T(X) = X[P = |T(X) = X|P) 0. (1.1)
X
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There is no stationary p-c. m. Poisson matching in 2d

Since the sum in (1.1) is finite, the latter provides a natural connection to the optimal
transport problem between the measures

pi=> 6x and v:i=>)» Jy (1.2)
X Y

related via T = v. However, note that the map 7" cannot be viewed as a usual minimizer
in the optimal transport problem due to the (typically) infinite number of points.

Let us now be more specific on the random setting we consider. We assume that the
o-algebra generated by ({X},{Y},T) is rich enough so that the numbers of matched
pairs (X,Y) € U x V of any two Lebesgue-measurable sets U,V C R (with U or V
having finite Lebesgue measure?)

Nyy =#{(X,Y)eUxV|Y =T(X)} € {0,1,...}

are measurable. Moreover, we assume that the law of the triple ({X},{Y}, T is station-
ary, that means it is invariant under the action of the additive group Z¢

X} YLD~ {2+ X}, {2+ Y}, T(-—2)+z) forz e 74, (1.3)

Note that stationarity is a structural assumption which will allow us to say that for
any shift vector z, the random natural numbers Nz y z+v and Ny have the same
distribution. Furthermore, we make the assumption that the action (1.3) is ergodic.

The aim of this paper is to explore the geometric properties of the matching T
between two independent Poisson point processes in dimension 2. A matching in R? is
called planar if for any choice of points X, X’, the line segments connecting X to T(X)
and X’ to T(X’) do not intersect. In 2002 the following question was proposed by Peres
in[11].

Question 1.1. For two independent Poisson processes of intensity one does there exist
a stationary planar matching?

It has been shown by Holroyd in [9], that there is no translation-invariant planar
matching on the strip R x [0,1). Yet, Question 1.1 is still unsolved in R? and it is far from
clear what its answer should be. Again in [9], it was observed by Holroyd, that by the
triangle inequality the 1-local optimality condition (1.1) implies planarity. Hence, it is
natural to consider the following modification of Question 1.1, which has been proposed
in [10].

Question 1.2. For two independent Poisson processes of intensity one does there exist
a stationary and p-locally optimal matching?

Question 1.2 is well understood for dimension d = 1 and d > 3, e.g. see [10, Theorem
2 and Theorem 7] or [12]. Nevertheless, the two dimensional setting is partially unsolved.
In [10, Theorem 7] it has been shown that stationary p-locally optimal matchings exist
for p < 1. Our result, together with the one obtained in [13], complements the one of
[10] in the regime p > 1 and d = 2, leaving unsolved the case p = 1 and of course the
question on planarity.

Theorem 1.3. For d = 2 and p > 1, there exists no stationary and ergodic ensemble
of ({X},{Y},T), where {X},{Y} are independent Poisson point processes and T is a
p-cyclically monotone bijection of {X} and {Y'}.

Before commenting on the proof of Theorem 1.3 let us add some remarks on exten-
sions and variants of Theorem 1.3.

2S0 that the following number is finite.
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Remark 1.4. Theorem 1.3 remains true if we replace the bijection 7' by the a priori
more general object of a stationary coupling ). This can be seen for instance by
directly writing the proof in terms of couplings which essentially only requires notational
changes.

Remark 1.5. Natural variants of stationary matchings are given by stationary allocations
of a point process {X}, i.e. a stationary map 7 : R? — {X} such that Leb(7~!(X)) equals
E[#{X € (0,1)4}]7!, e.g. see [8, 4, 16, 14].

Mimickicking the proof of Theorem 1.3, one can show that in d = 2 there is no locally
p-optimal stationary allocation to a Poisson process. The only place which will require
minor changes is the L*>° estimate Lemma 2.4.

Remark 1.6. Since by ergodicity and stationarity we can argue on a pathwise level via
the p-harmonic approximation Theorem (cf. Section 2.3), we do not use many particular
features of the Poisson point processes i and v in the proof of Theorem 1.3.

We mainly use two properties: The first property is concentration around the mean.
The second property is more involved. Denote by W), the L” Wasserstein distance. We

use that® 72z W, (1L Bg, ’ijﬁ) Leb) diverges at the same rate for R — oo as sz Wp—(nL

Bg, “‘(lifl) Leb) for some € > 0.

The proof of Theorem 1.3 goes along the same lines as in [13, Theorem 1.1], see
also [13, Section 1.1]. We already remark here that there are two new ingredients: The
p-harmonic approximation theorem and almost sure upper asymptotics for the matching
cost. The former, already shown in [15, Theorem 1.1], states that the displacement
T(X) — X is close (in the p-norm distance) to a p’-harmonic* gradient field |[V®[?' -2V &
provided that we are in a perturbative regime, which is quantified in terms of smallnes
of the local energy

1
Ep(R) = > IT(X)— X|P (1.4)
X€EBR or T(X)GBR

and of the data term, that is the distance of ul_ By and v By to the Lebesgue measure
on the ball By of radius R®

Dy(R) == ! wr R 1P ! wP R 1)P 1
p(R) T Rd p,BR(N,nu)JFE(”u* ) Jrﬁ pyBR(Vanu)Jrniu(nv* )" (1.5)
_ #{XeBr}

o and n, = %, and W, p(u,v) = W,(uLLT,vLT) for a Borel

set I' ¢ RY. The latter, which we state here, is our second main result and concerns
concentration properties of the matching cost.

where n, =

Theorem 1.7. Let ;1, v denote two independent Poisson point processes in R¢ of unit
intensity. There exists a constant C, and a random radius r, < co a. S. such that for a
(random) sequence of approximately dyadic radii® R > r,

In? R ifd=2
D,(R) < C ’ 1.6
p(R) < {1 ifd > 3. (1.6)

We remark here that by the annealed (i. e. in expectation, see for instance [1], [2])

results for the matching problem in dimension d = 2 and by the concentration properties
p

of the Poisson process we may expect that D,(R) < O(In? R). However, the standard

3Given a measure p on a R and a subset I' C R? we denote its restriction to T by L T'(- ) := u( - NT).
4We denote by p’ the conjugate exponent of p, i. e. * + 4, = 1.
p P

5We tacitly identify the (random) number density n,, with the uniform measure n,dz.
6We say that a radius R is approximately dyadic if there exists a dyadic radius R’ and a constant C' € (%, 2)
such that R = CR’.
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arguments based on concentration of measures to improve the annealed result already
available in the literature to an almost sure one fail whenever p > d, see also [6, Remark
6.5] for a discussion of the problem in the setting of strong convergence of asymptotic
costs. In order to prove Theorem 1.7 we make use of the dynamical formulation of
optimal transport, which allows us to combine PDE arguments together with the already
existing concentration arguments for the Poisson point process, see Section 2.1.

1.1 Main steps in the proof of Theorem 1.3

We describe here the main steps in the proof of Theorem 1.3. For the detailed proofs
we refer the reader to Section 2.

Following the arguments of the proof of [13, Theorem 1.1], we argue by contradiction.
We show that for a locally p-optimal stationary matching 7" between {X} and {Y'} we
have the upper bound

1

= > T(X) - X| < o(ln* R), (1.7)

XeBrorT(X)eEBr

and the lower bound (see [13, Lemma 2.4])

% 3 T(X) - X| > Q(In? R),

X€EBR or T(X)EBR
implying the desired contradiction.

We now describe the main steps and the main differences between the proof of the
upper bound (1.7) in the general case p > 1 and in the quadratic case. The first common
step is the observation that by stationarity and ergodicity the number of Poisson points
which are transported by a far distance is small in volume fraction, i. e. the following
LY%-estimate on the displacement holds

#{X € (-R,R)? : |T(X)— X|> 1} < o(R%), (1.8)

see [13, Lemma 2.1] for a precise statement. As in the quadratic case this will be the
only place where stationarity and ergodicity enter. The next step consists on improving
the ergodic estimate (1.8) to a uniform bound. As opposed to [13, Lemma 2.2] we cannot
rely on the monotonicity of the map 7. However, the local p-optimality of the matching T’
allows us to exploit the geometry of its support to improve (1.8) to

IT(X) — X| < o(R) provided that X € (—R, R)?, (1.9)

see Lemma 2.4. By concentration properties of the Poisson process we may assume that

#{leiifR} € [3,2] for R > 1. Summing (1.9) over By we obtain
1 "
Re Z IT(X)— X[P < o(RP). (1.10)
X€E€BRr

The bound (1.10) will let us run the harmonic approximation argument already employed
in [13, Lemma 2.3]. Nevertheless, in the current setting we need a p-cost version of the
latter. By the p-harmonic approximation theorem [15, Theorem 1.1] we know that if the
energy term (1.4) and the data term (1.5) are small then the displacement T'(X) — X
is close to a p’-harmonic gradient field. By (1.10) and by exchanging the roles of { X}
and {Y'} in (1.10) we have E,(R) < o(RP). On the other hand Theorem 1.7 ensures that
D,(R) < O(lng R). Hence, we are in a position to iteratively exploit the p-harmonic
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approximation result on an increasing sequence of scales to obtain that the local energy
inherits the asymptotic of the data term D,;:

1 p
T > IT(X) - X|P < O(In? R), (1.11)
XeBrorT(X)EBR

see Lemma 2.6. Combining this with the L°-estimate as in [13, Lemma 2.4] yields

1 1
=Y T - X <omR)
XeBrorT(X)eBr

see Lemma 2.7.

2 Proofs
2.1 Upper bound

In this section we establish the upper bound asymptotics for the data term (1.5).
The proof of Theorem 1.7 will follow from the upper bound asymptotics of the distance
between the Poisson point process on a torus [0, R)d and the Lebesgue measure. Given
two measures y, v on R¢, we consider their projection on the torus [0, R)? and we denote
by W[O, Rrya.p(1t; V) the p-Wasserstein distance on the torus [0, R)? between them. Given a
Borel set I C [0, R)?, we denote by W[07R)d;p7r‘(ﬂ, V)= W[07R)d;p(uLF, vL T) its restriction
toT.

Lemma 2.1. Let ;1 be a Poisson point process on the torus [0, R)? of unit intensity. There
exists a constant C, a random radius r, < oo a. S. such that for any dyadic radii R > r,
and anyp > 1

In® R ifd=2,

P d
Wio.rya,p (1) < CR {1 ifd>3, (2.1)

wheren = “([%7?(1) is the (random) number density.

We shall derive Theorem 1.7 combining Lemma 2.1 with a restriction result for the
data term, which will allow us to exchange the periodic Wasserstein distance with the
Euclidean one.

Lemma 2.2. For any positive measure y on the torus [-2R,2R)? there exists a constant
C > 0 such that

R+% TP (nR — 1)1) — ~
/ (W[4R74R)d;p,BR<M7 ng) + n) dR < CD,

R-1 R
provided
- - n—1)P
D= W[‘l)—4R,4R)d;p(M7 n) + % <1,
wherenp = ’Jl(;;“) andn = %ﬁ)d) are the (random) number densities.

The latter can be derived combining the proof of [5, Lemma 2.10] and [15, Lemma
6.1].

Proof of Theorem 1.7. Step 1. Let R > 1 be an increasing sequence of approximately
dyadic radii. We claim that there exists a constant C and a random radius r, < oc a. s.
such that for the fixed sequence of dyadic radii R > r,

P .
my 1P < C %R ifd=2, 2.2)
1 ifd >3,

RP

o
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and

RP nZR ifd="2
Lp, —1P<C ’ 2.3
ny‘n = {1 ifd > 3. (2.3)

W.l.o.g. we focus on (2.2). Indeed, (2.3) will follow from (2.4) exchanging the role of y

and v and taking the maximum of this radius and the one pertaining v. Since for large
ya
2

R > 1 we have lanR < 1(2.2) is equivalent to 7
n* R ifd=2
RPIn, — 1P S ! 1 ,
1 ifd > 3.

Since n,|Bpg| is Poisson distributed with parameter |Bg| by Cramér-Chernoff’s bounds
[3, Theorem 1] we get for d = 2

P(RP|n, — 1|” > In? R) = P(|n,|Bg| — |Bg|| > CRIn? R) < exp(~CIn R
© H

and
P(RP|n,, — 1| > C) = P(|n,|Br| — |Br|| > CR*™') < exp(—~CR*™?),

for d > 3. Finally, by a Borel-Cantelli argument (2.2) holds for the fixed sequence of
approximately dyadic radii R > r,. Step 2. We claim that there exist a constant C' and a

random radius r. < oo a. s. such that for a (random) sequence of approximately dyadic
radii R > r,

1 1 m® R ifd=2,
ﬁWIiBR (1) + @W;),BR(V? n,) < C {1 ifd> 3. (2.4)

By Lemma 2.1 we may assume that (2.1) holds with [0, R)“ replaced by [0, 8R)?. Moreover,
by stationarity of the Poisson point process we may assume that there exists a random
radius r, < oo a. s. such that for any dyadic R > r, (2.1) holds in the form

< In: R ifd=2
1, {H2R1d , 2.5)

R Caranytp ) SO e o

d
where 1, = % is the (random) number density. Arguing in the same manner

for v we can deduce (possibly enlarging r,) that

R In2 R ifd=2
T 4 ~ 9
Rd W[—4R74R)d;p(y7 nV) <C {1 ifd >3, (2.6)
where n, = %gfﬁﬁ is the (random) number density. By the restriction property of

Lemma 2.2 we may deduce that there exists a radius R’ ~ R such that

Wy B () + W (vym0) = W[I:4R,4R)d;p,BR/ (ks 1) + W[Z:4R,4R)d;p,BR/ (v, ny)

< TP ~ RP p L TP - RP » (2.7)

~ W[74R,4R)d;p(p’7nl‘) + ﬁfu("u -1+ W[74R,4R)d;p(y7 ) + a(nv - 1P,
Moreover, by the same argument as in Step 1 we may assume that (2.2) holds with n,,
and n, replaced by 7, and 7,,. Combining the latter with (2.7) and (2.5) and relabeling
R’ yields (2.4).

Step 3. Conclusion. Combining (2.2), (2.3) and (2.4) yields (1.6). O

7We use the notation A < B if there exists a global constant C' > 0, which may only depend on d, such that
A < CB. We write A ~ Bifboth A < Band B < A hold.
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Let us now turn to Lemma 2.1. In view of the dynamical formulation of optimal
transport we investigate the Moser coupling [20, Appendix p. 16] between p and n,. Let
()1 denote a mollification on scale 1, say the convolution® with the standard Gaussian.
Let ¢ denote the solution of the Poisson problem on [0, R)?

—A¢ =1 — ][ U1 = p1 — n. (2.8)
[0,R)?
We are interested in the spatially averaged p-moment of its gradient
1
F .= ][ —|Vo¢|P forany p < . (2.9)
[0,R)d P

We shall establish that thanks to the spatial averaging, F' has good concentration
properties around its expectation EF'. As we establish, the latter is O(ln% R) ford =2
and O(1) for d > 3. What matters to us is that the probability that F > In? R if d = 2 and
F > 1ifd > 3 is very small.

Lemma 2.3. There exists a constant C' < oo such that for R > C and any p > 1,

P(F >Cln® R) < f ifd=2. (2.10)
In“ R
and
P(F>0) < zp ifd>3. (2.11)

An inspection of the proof reveals that the exponent 2 if d = 2, 2d — 4 if d > 3, on the
r. h. s. could be replaced by any exponent < co (on which C will depend). However, it is
sufficient for our purposes that the r. h. s. of (2.10) and (2.11) is summable over dyadic
R, which holds for any exponent > 1.

The proof of Lemma 2.1 is a direct consequence of Lemma 2.3.

Proof of Lemma 2.1. Step 1. Definition of r,. By Lemma 2.3 and a Borel-Cantelli argu-
ment we can deduce that there exists a constant C' and a random radius r, < oo a. s.
such that for any dyadic radii R > r,

%R ifd=2
/ Vo <crty T O (2.12)
[0,R)4 1 ifd > 3,

where ¢ solves (2.8). Moreover, arguing as for (2.2) we may assume that r, is large

enough so that
p(o,R)?) _T1
R € 5,2 for R > r.. (2.13)

Step 2. Proof of (2.1). By the triangle inequality and the semigroup contraction

property of the Wasserstein distance we may write

W ryap(181) S Wio pa, (s 1) + W o (p1m) S T4+WE g (). (2.14)

We now turn to estimate the second item of the r. h. s. of (2.14). By (2.13) we have the
lower bound n > % which together with (2.14) implies (2.1) by the inequalities

} 2.12) In? R ifd=2
wr ,n) < 2P 1 VoélP < CR? ’ 2.15
[O,R)dyp('ul ) - pp [0,R)d ‘ (b‘ - 1 if d Z 3. ( )
81n the torus [0, R)%.
EJP 29 (2024), paper 106. https://www.imstat.org/ejp
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The first inequality in (2.15) can be derived from the dynamical description of the
transport distance, namely the Benamou-Brenier formulation of the transport distance

Wio m2p(11,m) = mi {/1/ P
0,R)2:p(H1,n) = min —
0.F%p o Jio,rys PP1

where p, j have to be understood as distributions on [0, 1] x [0, R)? (see for instance
[17, Theorem 5.28]). Indeed, the couple (p, j), with p = (1 — t)Pu; + (1 — (1 — ¢)?)n and
j = —p(1—1)P~"1V¢ is an admissible candidate for (2.16) and by (2.13) we have the lower
bound p > (1 —t)Pn > $(1 —t)P. O

: 8tp—|—V-j=O,p0:,ul,p1=n}, (2.16)

Proof of Lemma 2.3. By Jensen’s inequality we can restrict ourselves to the case p > 2.
By Chebyshev’s inequality, it is enough to establish

E(F -~ Cln R <?P VR ifd=2, (2.17)

and
E(F -C)L SR ifd >3, (2.18)

for some constant C. We start by ignoring the spatial averaging in (2.9) by considering
G =G(u) :=Vep(X) for some fixed point X

and establish its concentration. In fact, we shall derive a mixture of exponential and
Gaussian concentration:

M?
= ford=2and M < InR
—InP(|G-EG|>M) =< InR 2.19
n (| |2 M) 2 { M  otherwise }’ ( )
which by the layer cake representation implies the LP estimate in probability
1
1 In2 R ifd=2
EF|G-EGP <! ! (2.20)
1 ifd > 3.

By invariance of the ensemble and covariance of ¢ under reflection w. r. t. to the d
Cartesian hyper-planes crossing X, we have EG = 0, so that (2.20) sharpens to

In® R ifd=2
Elgp <y ! (2.21)
1 ifd > 3.

We now turn to the argument for (2.19). The concentration principle in [21, Proposi-
tion 3.1] already applied in [13, Lemma 2.5] monitors the change Dx,G := G(u + dx,) —
G(u) of G arising from adding a point at position X, to the point cluster. In view of (2.8),
the effect is given by

Dx,G =VDx,6(X) where —ADx,¢=(6x,)1 —R™% (2.22)

We learn that Dy, ¢ is the mollified potential function for a periodic charge distribution
at X+ (RZ)? with a constant background charge making the distribution overall neutral.
This object is well-defined on the level of its gradient and satisfies®

IDx,G| = [VDx,6(X)| < (dist(X, Xo + (RZ)%) + 1), (2.23)

9We denote by dist(z,y + (RZ)4) := ming ¢ gzya [ — y — k| the periodic distance on the torus [0, R).
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from which we learn, in the notation of [21, Proposition 3.1],

InR ifd=2,

:=sup|Dx, G| <1 and a2::/ dXo|Dx. G|? <
b xf' %Gl S 0.R)4 oD%, GI° S 1 ifd>3.

This implies
M BM

which is easily seen to imply (2.19).

It is convenient to use a different concentration principle for (2.17). While for (2.20),
we used the concentration principle for the “grand canonical ensemble” of the Poisson
point process on [0, R)?, for (2.17) is convenient to disintegrate this grand canonical
ensemble into the “canonical ensemble” En of N i. i. d. points uniformly distributed.
Note that (2.8) assumes the form

N
~A¢p =y —N on[0,R)? where u= Z 0x, s (2.24)

n=1

where also the convolution refers to the torus [0, R)?. The advantage is that we have an
easy spectral gap estimate, which is in fact just the tensorization of the standard Poincaré

inequality with mean value zero on [0, R)¢: For any suitable function F = F(Xy,---, Xy)
we have
N
Ey(F-ENF)? S REy Y |Vx, FI.
n=1

Applying this inequality with F? playing the role F, and appealing to the Cauchy-Schwarz
inequality in probability, we may upgrade this standard version to the exponent 4, which
will be sufficient for our purposes:

N 2
Ex(F-ExF)* < REyN (Z |VX7LF|2> .

n=1
By the Cauchy-Schwarz inequality in N, and for our F' that is invariant under permuting

its argument, this yields

En(F - ExF)* < R*N?Ey |V, FI*. (2.25)

We now derive a suitable representation for Vx F. From (2.9) we obtain for the
partial derivative Vx I for our F

Vx,F=R1 /
[0,R

where — AVy, ¢ =Vdx, on|0,R)%

IVo[P~2V¢ - (VVx, d)1, (2.26)
)d

From the latter, we learn that —VVx, ¢() is the translation-invariant kernel, evaluated
at x — X,,, of the Helmholtz projection, i. e. the L?([0, R)¢)-orthogonal projection onto
gradient fields (see [18, Theorem 2.4.9] and the discussion below). Since the latter
operator is symmetric, and commutes with mollification, (2.26) can be reformulated as

Vx,F =R Wu (X,), (2.27)
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where —Vu is the Helmholtz projection of |[V¢|P~2V¢, that is
~Au=V-|V¢[P2Vé. (2.28)

Inserting (2.27) into (2.25), we obtain

N 2
En(F -EyF)* < (Rd> RY72E N | Vuy (X ) [* (2.29)

In view of the Calderén-Zygmund estimate (see [19, Chapter I, II and III] for a
reference on classical Calderén-Zygmund'’s theory) for (2.28)

][ |Vu|4§][ |V |21, (2.30)
[0,R)d [0,R)4

the plan now is to pass from Ey|Vu;(Xy)[* to Ey f[o Ry |Vuy|®. To this purpose, we will
consider ¢’ defined in (2.24) with N replaced by N — 1, and «’ defined like « in (2.28)
with ¢ replaced by ¢’. Hence provided we can

estimate Ex|Vui(Xy)|* by BEx_1|Vu)(Xn)|* (2.31)

we may proceed to capitalize on the (stochastically) independence of v’ of the uniformly
distributed Xy to the effect of

EN|VU/1(XN)|4=EN_1][ |Vu’1|4
[0,R)4

Using that (-); contracts the norm and (2.30) we obtain by shift-covariance of V¢’
En| Vi, (X3)|* S En_q |V [2P~D, (2.32)
Hence provided we may
estimate Ey_;|V¢'|*P~) by Ey|Ve*P—D (2.33)

we hope to obtain from (2.29) that

2
Ex(F-ExF)* < (2;) RAT2(EN|Vo*P—Y 4 1), (2.34)

Applying E to (2.34), which just means applying the Poisson distribution with mean R
to N, and using the Cauchy-Schwarz inequality on the latter, and its good concentration
property (on the level of the fourth moment), we obtain

B(F — ExFY* < R&2(B[Ve[F—D 11)2,
Inserting (2.21) (with p replaced by 8(p — 1)) we obtain

2P YR ifd=2
E(F —ExF)* < ’ 2.35
( NS {34—201 ifd >3, (2.33)

the major step towards (2.17).

We now turn to (2.31) and (2.33). Momentarily introducing j(z) := |2|P~2z we note
that

5(2) = JEN S P22 = 2/ + |2 = 2P

EJP 29 (2024), paper 106. https://www.imstat.org/ejp
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From (2.28) we deduce a representation of V(u — ') as the Helmholtz projection of
(V) — j(Ve') on [0, R)%. In view of the mollification we obtain

IV(u—u)1(Xn)] S /[O o (dist(-, X + (RZ)%) +1) " |j(Vo) — (V).

From (2.24) we obtain, cf. (2.23),

V(6 — )| < (dist(-, X + (RZ)!) +1)' " < 1.
The combination of these yields (using p —1 > 1)
[V (u—u')1(Xn)|
< / (dist(, Xy + (RZ)Y) + 1) 72 (0g/ =2 4 1).
(0,R)4
Since by 1 — 2d < —d we have
/ (dist(-, Xn + (RZ)") +1)' 2 < 1, (2.36)

this implies
IV (u— )1 (Xn)[*

5/ (dist(, Xy + (RZ)Y) + 1) 72w/ [*0-2) 1 1),
[0,R)d

Applying IEy, using the shift covariance on the level Eny_;, and once more (2.36) gives

Ex|V(u—u) 1 (X3)[* S Ex_q |V [HP~2 4 1. (2.37)

By the triangle inequality, (2.37) deals with (2.31); by (2.21) the additional error
term is of higher order of the one already present on the r. h. s. of (2.32), and the +1 is
of higher order. The argument for (2.33) is easier. In fact, for later purpose, we shall
establish the monotonicity

FIN) = IEN%|V¢|” —EyF satisfies f(N —1) < f(N). (2.38)

Appealing to the monotonicity with p replaced by 4(p—1) we obtain (2.33). Here comes the
argument for (2.38). By convexity of z — %\z|p we have %|z\” > %|z’|p +|Z P22 (2 = 21),
which we use in form of

1 1
];IVW’ > 5|V¢'|p +[V' PV V(o ¢).

Since V¢' is independent of V(¢ — ¢'), and since the expectation of the latter vanishes
as we discussed above based on reflection symmetry, this implies (2.38). Hence we have
completed the argument for (2.34) and thus (2.35).

It remains to post-process (2.35) to (2.17). To this purpose, we prove a partial reverse
of (2.38), namely

f(N) < f(N') provided N < 2N'. (2.39)

Indeed, now we start from _[z[? < 2 |2'[P +|2[P"%2 - (2 — 2'), in form of

}%IWI’” < %wv’ VPV — &)
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We now apply Hoélder’s inequality in probability to the effect of

p—1

F(V) < F(V') + (pf (V)55 (pf (N — N'))
P2 FNY) + (pf (V)5 (pf (N'))F provided N < 2N,

=

so that (2.39) follows from Young’s inequality.

Equipped with (2.38) and (2.39) we now may pass from (2.35) to (2.17), where we
use that by (2.21) and shift-covariance of [V¢|? we have

%R ifd=2
EF<Eips <! 1 ’ (2.40)
1 if d > 3.
We fix an Ny € IN with
Ny ~ 2R,

so that by the concentration properties of the Poisson distribution we have thanks to the
factor of 2

N
P(N > Ny) is sub-algebraic in R while ]P<N < 20) ~ 1. (2.41)

By (2.40), the first item in (2.41) transmits to
EI(N > No)(F — f(No))} (2.42)
1
< (P(N > No)EF®)® is sub-algebraic in R.

Once more by (2.40), the second item in (2.41) implies by Chebyshev

(2.39) /N, %R ifd=2
No) < f[Z2) SEF(N)=EF < 2.43
sy 5 £( ) S B N{l e (2.43)

Now for the complementary portion to (2.42), we may appeal to (2.38) in order to connect
to (2.35):

2P~V R ifd=2
EI(N < No)(F — f(No)% <E(F — f(N))* < ’ 2.44
(V< No)( f(No)): < E( f(V)) N{R4_2d i£d> 3, ( )

The desired (2.17) now follows from combining (2.42) with (2.44) and inserting (2.43). O

2.2 A [*°-estimate

In this section we improve the L° estimate [13, Lemma 2.1] into a L™ estimate for
the displacement |T'(X) — X|. The proof of Lemma 2.4 is in the spirit of [15, Lemma 3.1],
see also [7] for an L*° estimate in the regime p > 2 using different techniques.

Lemma 2.4. For every ¢ > 0 there exists a random radius r, < o a. s. such that for
every R > r,
|T (X) — X| < eR provided that X € (—R, R)“. (2.45)

The proof is very similar to [13, Lemma 2.2]. As opposed to the quadratic case the
support of T' is not monotonic for general p > 1. To overcome this additional difficulty
we need to argue by p-cyclically monotonicity to exploit the geometry of the support of
the matching. To be more precise we consider a toy case. Let 0 denote the origin in R¢
and let e; = (1,0,...,0). We now think of the origin playing the role of a Poisson point,

EJP 29 (2024), paper 106. https://www.imstat.org/ejp
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and e; being a Poisson point, close to 0, which is transported by a moderate distance, in
particular we may suppose T'(e;) = e;. By p-cyclically monotonicity we may write

[T(0)|P < |T(0) — ey P + 1.

The latter defines a constraint for 7°(0) in which the origin is transported. Our aim is to
understand the not admissible set in which 0 is transported. In particular, we show in
the next lemma that the region in which the origin is not transported contains a convex
set, i. e. a cone.

Lemma 2.5. Let 1 < p < ¢ and « € (0, 7). Define the domain U C R?
U:={z=(z1,2) e Rx R ||z]" > ((m1 — 1)> +|2'|>)% +2}.

Then there exists a cone with vertex v = (Z(p,«),0), aperture « and axis (1,0,...,0)
which lies in D.

Proof. We denote y = |’| and introduce the function F(x,y) := (#2+y?)% —((x—1)2+y?)%.

Case p > 2. We claim that there exists a constant ¢y > 0 such that for ¢ > ¢y the
half-space

Cp,={x: z1 >c} iscontainedinU. (2.46)

We start by noticing that by a direct calculation since p > 2, forz € Cp, and ¢ > % we have

0y F(x,y) > 0. Thus for ¢ > % in order to ensure (2.46) it is enough to show F(z1,0) > 2.
We note that for x € C), and ¢ > 1, the inequality F'(x1,0) > 2 is satisfied if the following

holds true
1+ ! ’ 1> 2
c—1 “ (e—1)p°

By Bernoulli’s inequality, (i. e. (1 +u)™ > 14 nu for n > 0,u > —1) the latter is satisfied

ife>1+ (%) "1 Thus, choosing ¢y =1 + (%)

"' yields (2.46).

Case 1 < p < 2. We claim that there exists a constant ¢y > 0 such that for ¢ > ¢y the
cone

Cp={z: y<a(z1—c)} iscontainedinU. (2.47)

We start by noticing that by a direct calculation since 1 < p < 2, forx € C}, and ¢ > % we
have 0, F(z,y) < 0. Thus it suffices to show that for z; > ¢ it holds F(z1, a(z1 — ¢)) > 2.
Let us denote by g(z) the function g(z) := (22 +a?(z; —¢)?)%. By the mean value theorem,
there is £ € [x1 — 1, 21] such that, for 1 < p <2

F(ry, oz — ) = g(er) —g(z1 = 1)

_ £
e - o)
>p S
@7+ a2 (ar — )
> - = h(a).

(14 a2-P)zi P 4 q2-p2-p

Note that since 1 < p < 2 we have that h(z;) — oo for 1 — oo and is increasing for z;
sufficiently large, hence we can choose ¢y < oo such that h(cg) > 2. Finally, noting that
for x € C), we have x1 > £ 4 ¢ > ¢ yields (2.47). O
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Proof of Lemma 2.4. Step 1. Definition of r. = r.(¢) given 0 < € < 1 as the maximum of
three r,’s. First, by [13, Lemma 2.1], there exists a (deterministic) length L < co and the
(random) length r, < oo such that for 4R > r,, the number density of the Poisson points
in (—2R,2R)? transported further than the “moderate distance” L is small in the sense of

#{X € (=2R,2R)*||T(X) — X| > L} < (e4R)™. (2.48)

Second, by Lemma 1.7 we may also assume that r, is so large that for R > r,, the
non-dimensionalized transportation distance of y to its number density n is small, and
that by the concentration properties of the Poisson point process n ~ 1, in the sense of

(4R) d+p

W;(_2R72R)d(u7n) + (TL — 1);0 S (€4R)d+p. (249)

Third, w. 1. 0. g. we may assume that r, is so large that
L <er,. (2.50)

We now fix a realization and R > r..

Step 2.
There are enough Poisson points on mesoscopic scales. We claim that for any cube
Q C (—2R,2R)? of “mesoscopic” side length

r>eR (2.51)
we have
#HXeQ}zr (2.52)

Indeed, it follows from the definition of W), (_or 2rya (K, n) that for any Lipschitz function
1 with support in ) we have

’/ndu—/nndy‘ < (Lipn) (/Q du+NIQ> Wy (—2r,2r)a (11, 10).

where % + ; = 1. Indeed, by Hélder’s inequality

’/ndu—/nndy‘ = ‘/(n(x)—n(y))dﬂ(%y)’

< (Lipn) / & — yldr

1
o7

< (Lipn) </Q dp + n|Q> W (—2r,2r)e (11, ).

We now specify to an 7 < 1 supported in @, to the effect of [ndu < [du=#{X € Q}, so
1

that by Young’s inequality and the trivial inequality (z + y)? < xv + y% forz,y >0,p>1

we have

[y S #UX € @Y+ LionPW oy i)

+ (Lipn) (n|Q|) " W (—2r.2r)a (11, 10). (2.53)

At the same time, we may ensure f(—zR 2rya 1l > 4 and Lipn < r—1, so that by (2.49),
which in particular ensures n ~ 1, (2.53) turns into

H S (X € QY+ (R 4 rF T (R)FH,
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Thanks to assumption (2.51) we obtain (2.52).

Step 3. Iteration. At mesoscopic distance around a given point X € (—R, R)?, there
are sufficiently many Poisson points that are transported only over a moderate distance in
any direction. More precisely, we claim that for any cube Q C (2R, 2R)? of side-length
satisfying (2.51) we have

there exists X € Q with |T(X) — X| < L. (2.54)

We suppose that (2.54) were violated for some cube Q. By (2.52), there are > r? of such
points. By assumption (2.51), there are thus >> (eR)¢ Poisson points in (—2R,2R)¢ that
get transported by a distance > L, which contradicts (2.48).

Step 4. Building barriers. We show that for any Poisson point X and any unitary
vector e, if we are given a cube Q¥ with barycenter X of side-length satisfying (2.51)
and X’ € Q + 2re such that

T(X') - X’I <L
there exists a cone C’X X/ with vertex X +7rp |X, for some finite constant p = p(p,d) > 0,

aperture 1 and axis XX X, | such that T'(X) ¢ OX, x. Indeed, by p-cyclically monotonicity
of T'we get

T(X) = X" <[T(X) = X" +|T(X) = X'|P < |T(X) = X|" +|T(X) — X"|".

By a change of coordinates we may assume that X = 0 and X’ = (7,0) with 7 € (%r, @r).
In particular, writing 7(X) = (yo,v1) with 39 € R and 3; € R~ we get

p
2

TP < (L+7)P + (Jyo — 7 + [ *) 2.

Introduce (§o,§1) = L(yo,41). Then we have

_ _ _ oy 2 L b
i < (o =1 + ) + (£ 1)

(2.50), (2.51)
(50 — 11> + |7} % + 2.

In particular by Lemma 2. 5 there exists (going back to the original coordinates) a cone

Cx, x+ with vertex X + rplX, XI’ aperture 1 and axis ‘f(/ X such that T(X) ¢ Cx x.

Step 5. All Poisson points are transported over distances < R. We claim that for all
Poisson points X
|T(X) — X| < eR provided X € (—R, R)“. (2.55)

Choosing c¢(d, p) directions e;, we get points {X; }Cfl1 With X; € Q% + 2re; for some finite
constants p; > 0, cones Cx x, with vertexes X + rp; I X ))g‘ , aperture 1 and axes ﬁ
and a finite constant p; < p < oo for every ¢ such that

c(d) c(d)
X) ¢ |JCOxx, and R\ B, (X)cC ] Cxx,.
=1 =

In particular,
T(X) - X|<prsr

Since (2.51) was the only constraint on r, we obtain (2.55). O
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2.3 Application of the p-harmonic approximation theorem

Lemma 2.6. Let p > 1. There exist a constant C and a random radius r, < oo a. S. such
that for every R > r, we have

id > IT (X)— X|” <Chnf R. (2.56)

X€BRr orT(X)eEBr

Proof. The proof relies on the p-harmonic approximation result [15, Theorem 1.1]. This
result establishes that for any 0 < 7 < 1, there exists an € > 0, a constant C' > 0 (which
does not depend on 7) and a constant C; < co such that provided for some R

1 1
25 Ep(4R) + 2D, (4R) < ¢ (2.57)

there exists a p-harmonic gradient field V& such that

1 /
— S ’T(X) _X - [vo(X)["2ve(X)| < rE,(4R) + C,D,(4R), (2.58)
XeBrorT(X)eEBr
and!®
sup |[V®|7T < C (E,(4R) + D,(4R)), (2.59)
Bar

where p’ is the conjugate exponent of p. The fraction 7 will be chosen at the end of the
proof.

Step 1. Definition of r, depending on 7. For 0 < 7 < 1 let ¢ = ¢ (7) be as above. By
Theorem 1.7 we may assume that r, is large enough so that for a (random) sequence of
approximately dyadic radii R > r,

D,(R) < Cln® R. (2.60)

Moreover, by Theorem 1.7 possibly enlarging r, and we may assume that for a (random)
sequence of approximately dyadic radii'!

D,(4R) ¢

T < 5 (2.61)
Note that only the bound (2.60) is specific to d = 2. Moreover, the estimate (2.61) is
not sharp, but it is enough for our purpose. From now on, we restrict ourselves to the
sequence of approximately dyadic radii R coming from (2.60) and (2.61), which we may
do w. 1. 0. g. for (2.56). Note that by the bound on D, (4R) in (2.61) and the second and
fourth term in the definition of D, (R) in (1.5)

#({X € BR}U{T(X) € Bg}) < CR" (2.62)

Moreover, we may assume that r, is large enough so that (2.45) holds. Since Bsr C
(—4R, 4R)d we may sum (2.45) over By to obtain for R > r,

ST (X) - XP < iR”.

d
(4R) X€E€Bur

10Note that in [13, (2.21)] the constants on the right hand side were both labeled C.. However, the constant
which controls Supp, |V~1>|2 in [13, (2.21)] does not depend on 7. This is important in the proof of (2.68). To
avoid confusion we labeled the constants in (2.58) and (2.59) differently.

1By the footnote of [15, Theorem 1.1] it suffices that (2.57) is satisfied for a sequence of radii 4R’ ~ 4R,
thus we do not rename the sequence in (2.61).
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By symmetry, potentially enlarging r., we may also assume that (2.45) holds with X
replaced by T (X) so that for R > r. both

T(X)e Br = X € Bar (2.63)
and 1
€
T(X)— X|P < -RP
ARy > IT(X) P < B
T(X)€B4R
thus 1
€
- _ - _XIP < ZRP .
E, (4R) () > T (X) = X[ < SR, (2.64)

X€Byr or T(X)EBar
and in particular (2.57) holds. Finally by [13, Lemma 2.1] we may assume, possibly
enlarging ., that there exists a deterministic constant L, and for R > r, we both have

#({XeQr| |T(X)=X|>LYU{T(X)€Qr| |T(X)—X|>L,}) <7R% (2.65)

and
L’ <In*R. (2.66)

Step 2. Application of harmonic approximation. For all R > r,
E,(R) < 7E, (32R) + C,In* R. (2.67)

We start by showing that for the (random) sequence of approximately dyadic radii of
Step 1 it holds for R > 7,

E,(R) < TE, (4R) + C,In* R. (2.68)

We split the sum according to whether the transportation distance is moderate or large.
On the latter we use the harmonic approximation:

» > 7 (X) - XPP

(XeBrorT(X)€BR) and |T(X)—X|>L,

P ",
< qa > T(X) = X = [Ve(X)[” "V (X) [P
XeBrorT(X)eBr
2p P
T > V() |7

(XeBrorT(X)eBg) and |T(X)—X|>L,

(2.65)
< 2P (TE,(4R) + C.D,(4R)) + 2P sup |[VO|?
Br

(2.58), (2.59), (2.63)
< 27E,(4R) + 2°C, D(4R) + 2°7C(E,(4R) + D,(4R))

= 2P7 (1 + C) Ey(4R) + 2° (C, 4+ 7C) D, (4R).

The last estimate combines to

1
= > Te-xp
X€EBR or T(X)EBR
1
= 2 > IT(X)— X|P
(XE€BR or T(X)EBR) and |T(X)—X|<L,
1
+ = > T (X) - x|?

(XeBrorT(X)eBg)and |T(X)—X|>L,

(2.62)
<" CLP + 277 (14 C) E,(4R) + 2° (C, + 7C) D,(4R)

(2.60), (2.66) P
< 21 (1+C)E, (4R) + (2°(Cr +7C) + C)In2 R.
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Relabeling 7 and C., this implies (2.68). Let R be any radius R > r,. There exists a
dyadic radius R’ > R satisfying (2.68) so that!?

E,(R) < CE,(R) < CTE,(4R') + CC,In% R' < CTE,(32R) + CC,In* R,
for some constant C' > 0. Relabeling 7 and C'; yields (2.67).

Step 3. Iteration. Iterating (2.67), we obtain for any k£ > 1

E,(R) < 7E,(32R) + C,In% R

<72E,(32°R) +7C,n®* R+ C,In* R
k—1
<7*E,(32°R)+C;. > 7'In* R
=0

(2.57) . k-1 .
< 6(32”7')’RP+C’TZT In? R.
1=0

We now fix 7 such that 32P7 < 1 to the effect of

E,(R)<CY r'm* R<Chn® R m
=0

2.4 Trading integrability against asymptotics

Lemma 2.7. Let p > 1. For every ¢ > 0 there exists a random radius r, < oo a. s. such
that
1 1
2 > T (X) - X| <eln? R.
X€eBRr orT(X)eEBr

Proof. By Lemma 2.6, we know that there exists a random radius r, such that for R > r,
we have

E,(R) = — > IT (X)— X[P<Cln®R. (2.69)
XeBrorT(X)EBRr

Let 0 < € < 1. Possibly enlarging r., we may also assume by Lemma [13, Lemma 2.1]
that there exists a deterministic constant L such that for R > r,

#({X eBr||T(X)-X|>L}U{T(X)eBr | IT(X)—X|>L}) <eR’:.  (2.70)

Furthermore, note that by Lemma 1.7 and the second and fourth term in the definition
of D, (R) in (1.5) we may also assume possibly enlarging r, again that for R > r, (2.62)
holds. Finally, we may also assume possibly enlarging r, that for R > r,

1
Y

L <e? In

[N

R. (2.71)

We split again the sum into moderate and large transportation distance and apply

12Note that if R1 < R are two consecutive approximately dyadic radii, by definition there exists a dyadic
radius R such that Ry ~ R and Ry ~ 2R. In particular, % < 8.
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Holder’s inequality:

1 1

= Y T -X[<o > IT(X) - X|
XeBrorT(X)EBRr (X€eBRrorT(X)€BRg) and |T(X)—-X|<L
1
+ 5a > T (X) - X]|
(XeBpg or T(X)€BR) and |T(X)—X|>L
(2.62), (2.69), (2.70) n 1
< CL+e? Ey(R)?
(2.71) 11
< Ce’ In2 R.
Relabeling € proves the claim. O
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