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Abstract

For d > 3, we construct a non-randomized, fair, and translation-equivariant
allocation of Lebesgue measure to the points of a standard Poisson point process in
R, defined by allocating to each of the Poisson points its basin of attraction with
respect to the flow induced by a gravitational force field exerted by the points of
the Poisson process. We prove that this allocation rule is economical in the sense
that the allocation diameter, defined as the diameter X of the basin of attraction
containing the origin, is a random variable with a rapidly decaying tail. Specifically,
we have the tail bound

P(X > R) < Cexp[ —cR(log R)*?]

for all R > 2, where: oy = % for d > 4; a3 can be taken as any number less
than —4/3; and C and c are positive constants that depend on d and «y. This is
the first construction of an allocation rule of Lebesgue measure to a Poisson point
process with subpolynomial decay of the tail P(X > R).
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1. Introduction

Let d € N. Let E be a discrete subset of R?. We call the elements of E
centers. An allocation (of Lebesgue measure to E) is a measurable function ¥ :
R4 — & U {oo} that satisfies

Vol(y 1 (c0)) = 0,
Vol(y " 1(z)) =1, z€E,

where Vol(-) is Lebesgue measure in R4, For z € E, we call Vv ~1(z) the cell
allocated to z. In other words, an allocation is a way of partitioning R? into
cells of Lebesgue measure 1 that together cover R4 up to a set of measure 0, and
assigning them to the points of E.

Let Z be a translation-invariant simple point process in R? with unit intensity
defined on some probability space (€2, %, P). That is, Z is a random discrete subset
of R¥ such that for any open set A C R¥, the random variable |4 N Z| (where |E|
denotes the cardinality of a set £) has mean Vol(A), and for any x € R4 and open
sets A1, Aa,..., A C [R{d, the random vector

(A1 +x)NZ|, [(A2+x)NZ|, ..., [(Ax +x) N Z])

has distribution that does not depend on x. An allocation rule (of Lebesgue mea-
sure to Z) is a mapping Z — ¥z that is defined [P-a.s., measurable (with respect
to the relevant o-algebras), and such that: (i) almost surely ¥z is an allocation of
Lebesgue measure to Z, and (ii) the mapping Z — ¥z is translation-equivariant,
in the sense that P-a.s., for any x, y € R? we have

Vz+x(y +x) =Vz(y) +x.
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Figure 1. The Nazarov-Sodin-Tsirelson-Volberg gradient flow al-
location, equivalent to 2-dimensional gravitational allocation. It
can be defined for a finite point set or for the process of zeros
of the Gaussian Entire Function. For the Poisson point process
we construct the analogous allocation in dimensions 3 and higher.
(Picture due to Manjunath Krishnapur).

Figure 1 shows a particularly important example of an allocation rule that
gave much of the inspiration for the current paper; see below.

An allocation rule Z — ¥z may satisfy several additional desirable properties:
each cell wgl (z) may be open, may contain its “owner” z; each cell 1//21 (z) may
be connected; each cell may be bounded. In the event that a.s. all the cells are
bounded, one may consider the allocation diameter, which is the random variable

X = diam(yz' (¥2(0))),

where diam( - ) denotes the diameter of a set. The rate of decay of the tail P(X > R)
of the distribution of X as R — oo can be used as a quantitative measure for how
economical the allocation rule is; roughly, a fast rate of decay means that it is
rarer for points to be allocated to a far-away location. Note that by translation-
equivariance one may take the diameter of the cell w;l (¥ z(x)) containing any
given point x € R and get a random variable equal in distribution to X.

Holroyd and Peres [10] showed that if d = 1,2 and Z is a standard Poisson
point process of unit intensity in R4, then for every allocation rule the allocation
diameter X satisfies EX4/2 = co. In particular, in this case the decay of P(X > R)
to O cannot be faster than polynomial in R. Hoffman, Holroyd, and Peres [7]
constructed an allocation rule for every translation-invariant point process in R4
with unit intensity, the stable marriage allocation, in every dimension d > 1. In
the stable marriage allocation, almost surely all the cells are open, bounded, and
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contain their owners, but not all are connected, and when Z is a Poisson point pro-
cess the allocation diameter X satisfies EX¢ = oo. The stable marriage allocation
rule is the unique one which has the “stability” property that almost surely, for any
z,z/€Zandx,yeR?,if yz(x)=zand Yz (y) =2 then |x—z'| > |x—z|A|y—2|;
see [8].

Nazarov, Sodin, and Volberg [14] recently constructed an allocation rule based
on an idea suggested by Tsirelson in [15]. Their allocation rule is defined for the
two-dimensional point process ¥ of zeros of the Gaussian Entire Function (GEF),
which is the random analytic function

f(z>=;)snﬁ, zeC,

where (§,),2, are i.i.d. standard complex gaussian random variables. In their
construction, the cell of each z € ¥ is defined as the basin of attraction of z with
respect to the flow induced by the random planar vector field z — (V log| f |) (z)—z.
The cells are connected by definition, and in [14] it was proved that they are a.s.
bounded, each have area = (which is the reciprocal of the mean density of points
in the process of zeros of the GEF), and that there exist absolute constants C, ¢ > 0
such that the allocation diameter X satisfies

ce~CRU0g B2 P(X > R) < CecRUoz R)Y2 R>1.

Figure 1 shows a simulation of the Nazarov-Sodin-Tsirelson-Volberg gradient
flow allocation. Figure 2 shows the graph of the potential function log | f'| associ-
ated with the allocation (where f is an approximation to the GEF). Figure 3 shows
a simulation of the stable marriage allocation in two dimensions.

In this paper, we construct a new allocation rule of Lebesgue measure to the
points of the standard Poisson point process in R4, for any d > 3. Our construction
was inspired by the gradient flow allocation, and we call it gravitational allocation.
To define it, denote by % the standard Poisson process in R?. Consider the random
vector field F : R — R? defined by

(1) Fo= Y

_yld’
z€%, |z—x|t lZ x|

where the summands are arranged in order of increasing distance from x. The term
(z—x)/|z —x|? represents a gravitational force felt by a unit mass at a point x due
to the influence of a unit mass placed at point z. When d = 3, this is the ordinary
Newtonian gravitational force. An elementary observation that can be traced back
to Chandrasekhar [3] (see also [6]), based on the Kolmogorov three-series theorem,
is that for any fixed x € R4, the infinite series for F(x) converges almost surely
(this is true for d > 3). The random vector F(x) has a symmetric stable distribution
of index %. This can be seen using a simple scaling argument (see Remark (iv)
below), or by an exact computation; see [6].
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Figure 2. The potential function associated with planar gravita-
tional allocation (picture due to Manjunath Krishnapur).

-

) o ()

Figure 3. The two-dimensional stable marriage allocation for a
Poisson process (picture due to Alexander E. Holroyd).
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We prove the following result concerning the process of gravitational forces
acting simultaneously on all points of Re:

PROPOSITION 1 (Simultaneous convergence and differentiability). Assume
d > 3. Almost surely, the series in (1) converges simultaneously for all x for
which it is defined (namely, all x € R4 \ #) and defines a translation-invariant
(in distribution) vector-valued random function. The random function F is almost
surely continuously differentiable where it is defined.

Note that since the sum in (1) does not converge absolutely, the choice of the
order of summation is essential for Proposition 1 and the results below to hold.

Consider now the integral curves Y (¢) of the vector field F, that is, solutions
of the equation

Y () = F(Y(t)).

We call these curves the gravitational flow curves (in a simplified inertia-less New-
tonian gravitational world). For x € R? \ %, denote by Y the integral curve with
initial condition Yx(0) = x. By Proposition 1 and standard ODE existence and
uniqueness theorems, Yy is defined up to some maximal positive time t,, (where
possibly 7, = 00). For each center z € %, say that the curve Yy ends at z if
lim; 4, Yx(t) = z, and define the basin of attraction of z by

B(z) ={x € R¥\ % | Yy(¢) ends at z} U {z}.

Define
z x € B(z)forze%,
Y (x) = 2

o0 X ¢ Uzef}f B (Z )
Our main result is the following theorem.

THEOREM 2 (Fairness and efficiency of the allocation). The mapping % — Vs
is an allocation rule of Lebesgue measure to the Poisson point process %. Al-
most surely all the cells Y5 Y(z) are bounded. The allocation diameter X =
diam(Yr;, L(yr%(0))) satisfies the following tail bounds: In dimensions 4 and higher,
we have

) P(X > R) < Cy exp [_CZR(log R)%]

for some constants C1 = C1(d),cy = ca2(d) > 0 and all R > 2. In dimension 3,
for any a > 0 there exist constants C1 = C1(a), ¢3 = ca(a) > 0 (depending on a)
such that for all R > 2 we have

R
3) P(X >R)<(C exp[—cz—“]
(log R)3
Note that the cells in gravitational allocation are open, connected, and contain
their owners. They are also contractible; see Remark (v) below. Figure 4 shows a
simulation of a cell in 3-dimensional gravitational allocation.
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Figure 4. Simulation of a cell in 3-dimensional gravitational allocation

For L > 0 and x € R denote by Q(x, L) the box x + [-L, L]4. A main
ingredient in the proof of Theorem 2 is the following result.

THEOREM 3 (Bounds for the probability of an R-crossing). Let E g denote the
event that there exists an integral curve Y (t) connecting dQ (0, R) and 00 (0,2R)
(in either order). Then, if d > 4 then we have

P(ER) = C1exp [ —caR(log R)%]

for some constants C1 = C1(d),c2 = c2(d) > 0, and all R > 2. In dimension 3,
for any o > 0 there exist constants C1 = C1(a), ca = ca2(a) > 0 (depending on o)
such that for all R > 2 we have

R
P(ER) < Crexp |:—C2—4]-
(log R)3+
In a forthcoming paper [4], we will prove lower bounds for the tail of the
distribution of the allocation diameter X, and additional bounds on the distance
|1/ (0)| of the origin from its star.

Further remarks. (i) Allocation rules have an equivalent description as non-
randomized extra head rules. If Z is a translation-invariant simple point process
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of unit intensity in R¥, an extra head rule for Z is a random variable 7" coupled
with Z so that a.s. T € Z and the random set Z — T has the same distribution as Z
conditioned to have a point at 0. The extra head rule is said to be non-randomized if
T is measurable with respect to Z. In [10] it was shown that if ¥z is an allocation
rule then 7' = Tz = ¥z (0) is a non-randomized extra head rule, and conversely,
given a non-randomized extra head rule Tz, the mapping ¥ z(x) = Tz_y is an
allocation rule.

(ii) For any u € R? one may replace the vector field F(x) by F(x) + u and
obtain a modified allocation rule. Thus, there is more than one possible construc-
tion of an allocation rule involving the gravitational field, and one might speculate
that a suitable modification of the construction might lead to better tail bounds for
the allocation diameter.

(iii) For some results on the related topic of translation-invariant perfect match-
ings for point processes, see [9]. For related results on matchings between random
point configurations in a finite setting, see the papers [1], [12], [16].

(iv) Here is a simple argument proving that for fixed x the force vector F(x)
has a stable distribution with scaling exponent d/(d — 1) (we believe this argument
is known but could not locate a reference; the proof of this fact in [6] uses explicit
computations and is more complicated). If Fy, F»,..., Fy are i.i.d. copies of F(x),
then their sum is the force exerted on x by the union of n independent copies of
the Poisson process, which is a Poisson process with intensity #n (or equivalently
a Poisson process of unit intensity scaled by n~1/4). Thus, because the individual
force terms scale as the (d — 1)th power of the distance, by rescaling it follows that
Fi + F5 + ---+ F,, has the same law as n(d_l)/dF(x), which proves our claim.

(v) Another interesting property of gravitational allocation is that the cells
are contractible. This is immediate from their definition as the basins of attraction
with respect to the flow of the vector field F'. Formally, denote by (®;);>0 the
flow semigroup of the vector field F', and for each x € R4 denote by 7 the time
for x to flow to its star Y (x) (that is, the maximal time for which the curve Yy
is defined, or O for the star). Then if z € % and B(z) is its basin of attraction, the
mapping ¢ : B(z) x [0, 1] = B(z) defined by ¢(x,?) = P, (x) is a homotopy
between the identity map idp(;) and the constant mapping B(z) — z. (Note that
almost surely, for all x € B(z) \ {z} we have 7, < 00, since by definition we have
that lims4, Yx(t) =z, and F(u) = (z —u)/|z — u|? + O(1) when u — z, so that
once the flow curve Y, (¢) approaches z, it must reach z in a finite time.)

A reading guide. Here is a guide to reading the rest of the paper. Section 2
introduces some notation and recalls some standard estimates for Poisson random
variables. In Section 3 we give outlines of the proofs of the main claims, which
we hope will give the reader a higher-level picture of the ideas in the paper and
will simplify reading the more technical later sections. In Section 4 we show how
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the main result, Theorem 2, can be deduced fairly easily from Theorem 3 (bounds
for the probability of an R-crossing). These sections are easy to read and we
recommend starting with them.

The remaining sections constitute the main technical parts of the paper. Sec-
tions 5, 6, 7, and 8 are the “preparation” part: in Section 5 we prove Proposition 1
(simultaneous convergence and differentiability of the force) and Proposition 5 (a
useful alternative formula for the force; see Section 3 below). Section 7 contains a
similar but slightly more difficult analysis for the gravitational potential function,
an auxiliary function that is defined only in dimensions 5 and higher. In Section 6
we prove an important auxiliary theorem bounding the joint density of a vector of
forces. In Section 8 we prove large deviations results that will be used repeatedly
as the main “engine” in the proof of Theorem 3.

Finally, Sections 9 and 10 contain the proof of Theorem 3. The proof is split
into two parts. The first and slightly simpler case is the proof in dimensions 5 and
higher. The last section, Section 10, treats the more delicate case of dimensions 3
and 4. We recommend to the reader who is mainly interested in our main result to
only skim through the results in Sections 5, 6, 7, and 8 and to proceed to Section 9.
However, we believe the results in these auxiliary sections to be of significant
independent interest.

2. Preliminaries

Here is some notation that we will use throughout the paper: d € Z denotes
the dimension, and will always be at least 3 (in some theorems it will be assumed
explicitly that d > 5 or that d = 4 or that d = 3). We denote by |x| the Eu-
clidean norm of a vector. We denote Lebesgue measure in R4 by Vol(-) . If
V =(V1,..., V) is arandom vector, we denote by Var(}') the sum of the variances
of its coordinates. Let k; = 7%/2/'(d /2 + 1) be the volume of the unit ball in R¢.
Denote by % the Poisson process of unit intensity on R?, and by P the probability
measure on the probability space on which it is defined. For concreteness we denote
¥ = (z;)72, for the specific ordering of the points of % by increasing distance
from 0. For obvious reasons we refer to the z; as stars. The letters C, ¢ (possibly
with subscripts) will be used to denote various positive constants that may depend
on the dimension d, where C will typically be a large positive constant and ¢ will
typically be a small positive constant, and the same symbols (such as ¢y, etc.) may
be used in different places with different numerical values. Big-O notation will be
used, and it is understood that all constants implicit therein may depend on d (and
occasionally on other parameters that are kept constant throughout the discussion).
We denote by B(x, L) the ball of radius L around x € R4, and by Q(x, L) the
box x + [—L, L]d . This notation and other notations that are used frequently in
the paper are summarized in Table 1, which may be used for reference.

Lastly, the following lemma gathers some standard deviations estimates on
Poisson random variables; see [11] for more details.
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LEMMA 4. Let X be a Poisson random variable with mean A. Then:
() Ift > 2A then P(X > 1) < e~ st loe(%),
(ii) There exists a § > 0 such that for all t € [0, §] we have

P(|X —A| > tA) < 2e~*7/3,

Proof. For t > A set s = /A in the inequality s'P(X > 1) < E(sX) = A~
to get

(4) P(X >1) < ot log({)+t—4 _ e—k(%log(%)—%-‘rl).

Since if u := % > 2, the inequality %u logu > u — 1 can be seen to hold, we get in
that case that P(X > 1) < e_%”og(i), proving (i).

To prove (ii), note that by the same method, if 0 <¢ < A one can set s =¢/A
in the inequality P(X <) < s E(s¥X) to obtain

5) P(X <t) < e Mzloe(3)-%+1),
Now, from (4) we get using a second order Taylor approximation that

P(X — A > 1) < e~ MU0 Iog(140)~1) o ,~A1%/3

for ¢t € [0,6]. A similar bound for P(X — A < ¢A) follows similarly from (5). O

3. Proof outlines

We give a sketch of the proofs of the main results in the paper. This section is
only included as an outline in order to give the reader a general feeling for the ideas
used and to facilitate understanding of the detailed proofs in the later sections.

Equal volume of the basins of attraction. Of all the results mentioned above,
one of the most interesting and surprising is that a.s. all the basins of attraction have
volume 1. This claim is relatively easy to prove, given the fact that the basins of
attraction are a.s. bounded, and if we also assume that they have piecewise smooth
boundaries (in Section 4 we give a detailed proof of the equal volumes property
which does not use any information on the smoothness of the boundaries). Here
is the proof, which is an adaptation of an argument due to Boris Tsirelson [15].
First, we need an alternative expression for the force F(x) that does not involve a
different order of summation at every point x. In Section 5 we prove the following
formula.

PROPOSITION 5. Almost surely, for any x € R? \ % we have

oo

©) Fy= Y — o tgx.

_ +ld
seizp 12X

where kg = w%/2/T(d/2+ 1) is the volume of the unit ball in R? and the summa-
tion is in order of increasing distance from Q.
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Symbol Sections Meaning

d all The dimension, an integer > 3. In Section 5, d > 5.

B(x,t) all Ball of radius ¢ around x € R%.

Q(x,1) all The cube x + [—t,1]%.

Kd all % =volume of the unit ball in R¥.

=(z;)2, |al The “stars™: a standard Poisson point process in R¢.

F (x) all The random gravitational force field induced by %.

ERr 1,3,9 The event of a gravitational flow curve crossing be-
tween dQ (0, R) and dQ(0, 2R).

g(x) 5,6,8 glx) = ﬁ.

D[] 5,6,7,8,9 | The k-th derivative tensor of a function.

R all The main parameter.

B 9,10 R8/% (In Section 10.4: =) —R .

A 9,10 A large constant.

r 9,10 A - (log R)*/? (In Section 10.4: (log R)'/?loglog R).

o 9,10 R-1/10 (In Section 10.4: oo R)y)

s 9,10 R 10(d2+1) (In Section 10.4: (10g—R)5)'

€ 9,10 log R (In Section 10.4: )

A 9,10 2 (%)1 (log R)Y/? (In Section 10.4: \/loglog R).

U(x) 7,8,9 The stationary centered gravitational potential.

Ux | A) 7,8,9,10 | Centered contribution to the potential from stars in the
set A.

F(x]A) 8,9,10 Contribution to the force from stars in A.

S 9,10 The grid S =rZN (Q(0,2R)\ Q(0, R)).

Sw 9,10 For w € §, the subgrid sZ N (Q(w,2r) \ Q(w,r)).

Ty 9,10 For w € §, the subgrid pZ N (Q(w,2r) \ Q(w,r)).

Q1,922,235 9,10 Global atypical events with negligible probability.

Q4w 9 Local atypical event.

Qs w 9 The event €24 ,, will hold for more than half of W.

Qe,w 9 The event that more than half of W is percolating.

Q7w 9 The event that for all w € W there are many black and
not 4-crowded points in 73, and Q3§ N € ,, occurred.

Uit (x, y) 10 The centered potential difference function.

Udif(x, y|A) | 10 Contribution to potential difference from stars in A.

Table 1. Summary of the main notation used in the paper

Now, for a given basin of attraction B(zg), consider the oriented surface inte-

/ F(x)-ndS,
3B(z0)

where n is the outward-pointing normal vector. We evaluate this integral in two
ways. First, it is equal to 0, since by the definition of the basin of attraction, on

gral
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0B(z¢) we actually have F(x)-n = 0; this is because if F(x) had a component in the
direction of n, there would be a flow curve crossing from one side of dB(zg) to the
other. Second, the integral may be evaluated using the divergence theorem. Note
that the function g : R¢ — R? defined by g(x) = x/|x|? satisfies div(g) = dk ;8¢
in the distribution sense, where §, denotes a Dirac delta function at y. Therefore,
using (6), we have
div(F) = —dxy Z(‘iz +dkg
ZEF
in the distribution sense, and therefore, since B(zo) contains only the star zg,

0= / F(x)-ndS = / div(F)dx = dkg(—1+ Vol(B(zy))),
0B(zp) B(z0)
whence Vol(B(zp)) = 1.

The proof of Theorem 3. Our proof of Theorem 3 was inspired by — and
follows the rough outline of — the proof of the main result of [14, version 1],
though several new conceptual and technical features are added. The basic idea is
as follows. The event Eg is defined in terms of the continuous-space force field
F(x) and is therefore hard to control. We bound it in terms of discrete events,
by dividing space into a grid of cubes of side length r ~ (log R)?/?_ Introduce a
gravitational potential energy function U(x) whose differences U(x)—U(y) are the
line integral of the gravitational force. Let B = R3/° If there is a gravitational flow
curve I' crossing between dQ (0, R) and dQ (0, 2R), then either U(x) > B for some
x € Q(0,2R) (an event which can be shown to be of negligible probability), or if
not, then “many” (a positive fraction) of the r-grid cubes intersected by the curve
I" have the property that either U(x) < — B for x in that part of " that intersects the
cube or the change in potential energy along that part of the curve that intersects
the cube is smaller than a constant times Br/R. Call such an r-cube “bad”.

Now, if we could prove that the probability for each cube to be bad is bounded
from above by R~% for some small § > 0, and that the events of different cubes
being bad are approximately independent on an appropriate scale, then Theorem 3
would follow using standard subcritical percolation techniques. To bound the prob-
ability of a cube to be bad, we divide each cube into a grid of smaller cubes of size
p= R~1/10_and show that if the r-cube is bad, it contains many “black” p-sub-
cubes, where, roughly, a subcube is called black if it contains a point x where the
norm of the force F(x) is smaller than a constant times B/ R. The probability of a
cube to have many black subcubes is bounded using a first moment bound, which
in this scale seems like the best one can do because of the extreme dependence of
these events (since p < 1).

As for the approximate independence of the events of different cubes being
bad, this is not strictly true in the scales under consideration. It is shown that the
independence requirement can be replaced by a theorem bounding the joint density
of the force field F(x) evaluated at some set of points.
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To make this skeleton of a proof work, several novel features are required.
Detailed large deviations estimates are obtained for the gravitational potential, the
force, and its derivative. The joint distribution of the vector of values of forces at
a given set of points is analyzed in detail. In the analysis of the bad cubes, it is
necessary to bound the contributions to the potential energy from two asymptotic
regimes: first, from the effects of nearby stars causing the potential function to
be close to —oo; this is dealt with using a separate percolation argument. Second,
from the “intermediate” range consisting of the scales between r and RY4: these
contributions are dealt with by diluting the set of potentially bad cubes by at most
a factor 1/2 and using a geometric covering lemma. Third, from the far range
of stars at distance > R'/?; this is dealt with using the large-deviation estimates.
In dimensions 3 and 4, a more delicate argument is required involving a poten-
tial energy function that is not translation-invariant and has worse large-deviation
behavior than in high dimensions.

4. Derivation of Theorem 2

We now show how Theorem 2 follows from Theorem 3 and Proposition 5.

First, the fact that P(Eg) — 0 as R — oo clearly implies that a.s. all the
basins of attraction are bounded.

Next, let zg = ¥« (0) be the star whose basin of attraction contains 0, and
let Bo = vy L(yr%(0)) be the basin of attraction of zo. Let X be the allocation
diameter X = diam(By). If X > R then there exists an x € By with |x| > %, and
therefore ||x||co > ﬁR. Now, if ||zg||co > #d—R then, since 0 is in the basin

Nz

of attraction of zo, the event E /8v/d happened. Otherwise, since x is in the basin

of attraction of zo and we have ||zg||oo < —=R < — =R < [|x||co, the event

4/d 24/d
Ep Javd happened. So we have shown that

P(X > R) <P(Eg g 2) + P(Eg s a)

This implies that the estimates (2) and (3) follow from the corresponding estimates
in Theorem 3.

Next, we show that a.s. all basins of attraction have volume 1. We use a variant
of the argument sketched in Section 3 which does not require any knowledge about
the smoothness of the boundary of B;. A similar argument in a slightly different
context was briefly mentioned in [14, §12.2].

Let B; be the basin of attraction of the star z;. As in the introduction, for
X € B; denote by 7, the time that it takes x to flow into z;, or equivalently the
maximum time up to which the integral curve Y5 (-) is defined; for continuity we
set 7;;, = 0. For 0 <a < b < oo denote

Ea,bz{xeBi ca <1ty <bh},
Va,b = VOl(Ea’b).
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Note that on B; \ {z;} the force field F satisfies div(F) = —dk , by taking the
divergence of each term in (6) (see Lemma 7 below, which justifies interchanging
the divergence and summation operations). Therefore, by a version of Liouville’s
theorem [2, Lemma 1, p. 69], it follows that %Vt,oo = —dKg V00, SO

Vt,oo = VO,ooe_det-

In particular, for ¢ N\ 0 we get that
(M) Vor = Voo Vioo = Vo,oo(l =€) = dicg Vo et + O(t?).

Estimate Vp , for small ¢ in a different way, as follows. In a neighborhood of z;
the field F satisfies F(x) = l;f_; a 4+ O(1). Without the error term it would be
easy to solve the differential equation explicitly, so this implies by approximation

that

B(Z,', (dt)l/d —0(f1/d)) C EO,t C B(Zl‘, (dt)l/d +0(t1/d)).

(This relies on the following easily-verified claim regarding a one-dimensional
differential inequality: if g is a real-valued function on [0, co) that satisfies g(0)=0,
|g'(1) — g (1) %] < C, then g(¢) = (d1)"/? 4+ 0(¢'/?) when 1 \, 0.) Therefore

8) Vo, =dkgt +o(t).

Equating (7) and (8) gives that Vol(B;) = Vp,00 = 1, as claimed.

We have shown that the basins of attraction are a.s. all bounded, have volume 1,
and they are clearly disjoint. The last claim that needs to be proven is that a.s. they
cover all of R? except a set of measure 0. We use the following mass transport
lemma.

LEMMA 6. Let f : 7% x 7% — [0, 00) satisfy f(m,n) = f(m +u,n + u) for
anym,n,u € 74. Then for all n € 7% we have that

Y. fmm)y= )" f(r,m).

mez4 mez4

Proof. f(m,n) = f(m —n,0) =: g(m —n), and both sums become just

20 8(n). O
Define f : 7% x 7% — R by

f(m,n) = E[Vol(Q(m, yan U Bl-)],

i:z;,€Q(n,1/2)

or in words the expected volume of the part of Q(m, 1/2) that gets allocated to
some z; € Q(n,1/2). Note that ) ., .« f(m, n) represents the expected volume
of points in R4 being allocated to some z; € Q(n,1/2). Since we showed that
Vol(B;) = 1 for all i, this is equal to the expected number of z; € Q(n, 1/2),
which is Vol(Q(n, 1/2)) = 1. So, if we denote D = U2, B;, the union of all the

i=1



GRAVITATIONAL ALLOCATION TO POISSON POINTS 631

basins of attraction, then by Lemma 6 we get that for all n € Z¢ we have

1= Y fum) = [E[VOI(D nom, 1/2))].
mez4
The random variable Vol(D N Q(n, 1/2)) is bounded from above by 1. If its ex-
pected value is 1 then it is 1 almost surely. Therefore almost surely

Vol(R?\ D) = > Vol(Q(n.1/2)\ D)= > 0=0.
nezd nezZd

as claimed. O

5. Existence and differentiability of I

In this section we prove Propositions 1 and 5.

5.1. Proof of a.s. convergence of F(x). First, let us prove that F(x) is well-
defined, that is, that the sum in (1) converges a.s. for fixed x € R4 . Since the sum
is defined in a translation-invariant manner, it is clearly enough to prove that the
sum for F(0) converges a.s. Let po = 0, and for i > 1 let p; = |z;| be the distance
of z; from the origin. Since ¥ = (z;); is a Poisson process, we then have that
the random variables (g (0f — pf_)) -, are i.i.d. with Exp(1) distribution (recall
kg = Vol(B(0, 1))), and therefore by the law of large numbers, almost surely
Pi >i=1(pf =) ~1/d

[ ] ] i—00 * '

(LLN) iyd F d

Now, if we condition on the values of (p;);, thinking of them as a determin-
istic sequence such that p; /i 1/d _, K;l/ 4 asi— 00, then each z; is distributed
uniformly on the sphere of radius p; around the origin. For any i > 1, each term
(zi)/|zi |d in the sum in (1) (where x is taken as 0) has (conditional) mean O and
variance bounded by O (p; 2(d_l)) = 0(i~2(=1/4)_ Since in the event (LLN)
the sum of the variances converges (note that this fails in dimension 2), by the
Kolmogorov three-series theorem the sum in (1) converges a.s. This is true a.s.
conditionally on (p;);, therefore it is true a.s. and F(0) is defined.

5.2. Simultaneous convergence with a fixed order of summands. Denote as
before p; = |z;|. Let ip = min{i : p; > 2}. Let g : R? — R? be defined by
g(x) = x/|x|?. Define

9) He =3 g = 28—,

i=ig i=ig

a function that, as we will see shortly, is closely related to F(x).

LEMMA 7. Almost surely, the sum defining H(x) converges simultaneously
and uniformly for all x € B(0, 1) and defines a continuously differentiable function.
The series can be differentiated termwise.
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Proof. For a function f : RY — R/, denote by Dy f the tensor of k-th deriva-
tives of f (which can be thought of as a (j - i¥)-dimensional vector). Note that for
|x| > 1 we have that

(10) D1g(x)] = O(Ix[7).
(1) |D2g ()] = O(]x|7*71),
and in general for any k > 0 we have

(12) |Drg(n)] = O(lx|77F+),

where the constant implicit in the big-O depends on d and on k. The best way
to see (10) is to represent D;g(x), the matrix of the first differential of g at x,
in an orthonormal coordinate system containing the radial direction x/|x|; this
gives a diagonal matrix whose entries are d — 1 copies of |x|~¢ and one copy
of —(d — )|x|7? = 4 r~@=1D 5o in fact |[D1g(x)| = Ci|x|™¢, where

— drlr=|x|
C,= (d (d— 1))1/ 2, Equations (11) and (12) can be proved similarly.
Now, similarly to (9), define for x € B(0, 1)

(13) Hi(x) =) Dilg(zi =),

i=ig

o0

(14) Hy(x) =) Da[g(zi —x)).
i=iop

Condition on the p;, and condition on the event (LLN). In the previous subsection
we showed that the sum defining H (0) converges a.s., so assume that this holds. A
similar argument shows that the sum defining H; (0) converges a.s., so condition
on that as well. We shall show that under these conditions the sum in (9) converges
uniformly on B(0, 1) to a C! function.

First, (11) together with the assumption that (LLN) holds immediately imply
that the sum (14) converges absolutely uniformly on B(0, 1), and similarly from
(12) the same is true for the sums of differentials of all orders k > 2. In particular
it follows that (under the above conditioning) H»(x) is a C*° function on B(0, 1).

Next, H1(x) — H1(0) can be represented as a sum of line integrals from 0
to x of the terms in the sum for H,(x). Therefore the sum for H;(x) — H1(0)
converges uniformly on B(0, 1) to a function whose differential is H,(x), and
since we assumed that the sum for H{(0) converges, it follows that the sum (13)
converges uniformly on B(0, 1) to a differentiable function. Similarly H(x)— H(0)
can be represented as a sum of line integrals of the terms in (13), so repeating the
above argument, using the fact that we assumed that the sum for H(0) converges,
gives that the sum in (9) converges uniformly on B(0,1) to a C 1 (in fact, C®)
function. This was true under the conditioning on an almost sure event, so the
lemma is proved. O
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5.3. The rearrangement identity. If u, x € R% we denote

G{“}(x): Z Zj — X

Z X
|zi—u|T | ! |

(the terms are summed in order of increasing distance from u, and this sum is
defined a.s. as with F(x)).

LEMMA 8. Forany x,u,v € R we have that a.s.
(15) G (x)— G (x) =k u—v).

Proof. First, compute expectations. Let N, » be the (random) number of stars
in the ball B(u, |u — x|). Recall the well-known physics principle that says that the
total gravitational pull on a point x from a uniformly distributed spherical shell of
mass with center u, radius r, and total mass M is equal to O if » > |u — x| and to
M@ —x)/|u—x|? if r < |u — x| (this last fact follows from the harmonicity of
the function x — (1 — x)/|u — x|¢). Therefore, by conditioning on the distances
of the stars from u (as was done in Section 5.1 above with u = 0), we get that

[E[G{”}(x)‘Nu,x] = Nyx- H=r
Ju —x|4
Therefore
E[G00) | = ElNul 7 = kalu =2l = gt = ),
u—x u—x

v [E[G{”}(x)] — E[G{”}(x)] — kg (u—1).

Now, let R > 0 be large, and consider the truncated series

G%u}(x) — Z Zi —X

L _yld”
|zi—u|<R |Zl xl
Then sy -
ooy _ afvdoy it i~
Gr'() =GR =) g )
Z;€AR ! z;€BR !

where Ag = B(u, R)\ B(v, R) and Bgr = B(v, R)\ B(u, R). We show that the vari-
ance of this expression tends to 0 when R — oo: partition the set B(u, R)A B(v, R)
into O(R?™1) disjoint sets (E£;); of Lebesgue measure O(1) such that each E; is
contained in either Ag or B (see Figure 5; the constant in the big-O depends on
u and v), and for each j let
Zi—X
Y = Z Sl

—
Z,‘EE j |Zl X|
be the contribution to the force from stars in £;. Then we can write

Gl -G ) =D+,
J
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T [ T~

iff_‘_‘\‘\l\l\
A
/ v%:ance >R/2

/ \

T
| —

N~—

Figure 5. The balls B(u, R) and B(v, R) and the sets E;.

The Y;’s are independent, and each has variance bounded from above by

E|Y;|? = [E[[E[|Yj|2|card(Ej N {Zi}i)]]

< %[E[card(Ej N {Zi}i)] = 0(#)

(Note that this is true since B(u, R)AB(v, R) C R? \ B(x, R/2) for sufficiently
large R, see Figure 5.) Therefore

Var (Ggg}(x) — ng’}(x)) = O(R™+H) — 0.

which finishes the proof, since a.s. G%u}(x) — G} (x) and G%v}(x) — G(x)
as R — oo O

5.4. Proof of Propositions 1 and 5. Both Propositions 1 and 5 follow imme-
diately from the following theorem.

THEOREM 9. With probability 1, the following four statements hold:
(1) The sum defining G{”}(x) converges simultaneously for all u € R? and x €
RY\ 2.
(i1) The convergence is uniform on compact sets in RY x ([R{d \%).
(iii) The rearrangement identity (15) holds for all u, v, and x.
(iv) For all u the function G{”}(x) is continuously differentiable in x.

Proof. By Lemma 7 we know that, off of a null event €21, for all rational
u € R? the sum defining G} (x) converges simultaneously for all x € R \ %, and
the convergence is uniform for x ranging in a compact set.

By Lemma 8, off of a null event €25, the identity (15) holds provided u, v,
and x are rational. (By the continuity in x, the assumption that x is rational can
be dropped outside 21 U €25.)
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Let N(u, R, ) be the number of stars in the e-neighborhood of the sphere of
radius R around u. The mean of N(u, R, ¢) is at most C; R ~¢. Let A(u, R, €)
be the event that N(u, R, ¢€) is less than twice its mean. Then by Lemma 4,

(16) P(A(u, R, &)°) < exp(—aR? 1¢)

for some a > 0. It follows by Borel-Cantelli that off of a null event €23, for each
rational ¢ and & > 0, there is a (random) Ry« = R« (g, €) such that A(q, R, ) holds
for all R > R«(q, &) that are multiples of .

Now fix a configuration of stars w ¢ 21 U2, U3, and choose ¢ > 0. For each
u € R? find a rational ¢ = ¢(u, £) within distance & of u. Then for R > R«(q, €)
and x € B(u, R/3), we have

G x) - Gfg}(x)‘ <2N(u, R,&)(2/R)4! < 24+1C e
where G%u}(x) is defined as in the proof of Lemma 8 above. Thus
lim sup ‘G%"}(x) — G}zq}(x) < 2d+1Cd8
R

for all ¢ > 0. This verifies (i) for w, and (ii), (iii), and (iv) follow similarly by
approximation. O

6. The joint density of a vector of forces

In this section we prove an estimate that will be required in the proof of
Theorem 3. Suppose we have N points x1,...,xy € R¢ with |x; —xj| > S for
every i # j. Fix a positive A, and define the event

E = {There is at least one star in B(x;,A) forevery 1 <i < N}.

N
J Ui=1
B(x;, )L)) . Denote by X the random vector of forces (F(x;))1<i<n. Then we
have the following bound on the joint density of X.

Denote by Jl the o-algebra generated by the locations of the stars in (

THEOREM 10. There exist constants cg, C1 > 0 (depending on the dimen-
sion d) such that if

(17) A <co———r,
(log N)4

then conditioned on the event E and on the o-algebra M, almost surely the joint
density of X exists and is bounded from above by (C l)kdz_d)N .

We will use the following two simple lemmas.

LEMMA 11. There exists a constant C7 > 0 (depending on d) such that if
X1,X2,...,xn € R? satisfy |x; —xj|> S foralli # j, then forall1 <i < N we
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have that

i 1 _CylogN
= |Xj—x1|d - s§d
Proof. Fork = 1,2,..., let Vg = {x;}}_, N (B(x1,2%8) \ B(x1,2F719)).

Clearly |V ]| < VOI(VB;I((X& Egzgjzl)))s)) <44 .2kd and also trivially |Vi| < N. Therefore

we have

Z min(N, 442kd)

St E

—X1|d = —X1|d 2kdsd/2d
ezl 00 .
_Qd d
=3 Z S_d+2 N Z okd gd
= _ 1 log N
k=1 k_Ld]og2-]

log N 1 log N
—o(“5r ) +0(5q) =05 ) 0

LEMMA 12. If A = (ai,j)f.‘j=1 is a matrix such that |a; ;| > 2 Zj# la;, ;| for

all1 <i <k, then
|det A] = — l_[ lai,il.
i=1

Proof. This is a variant of Hadamard s theorem in linear algebra. First, by
multiplying each row of A by a; l , we may assume without loss of generality that
ajj =1forall 1 <i <k, so A=1 + B, where [ is the identity matrix and
B = (b;,;) is a matrix such that Zj |bi,j| <1/2forall 1 <i <k.Forall x € Rk,

1
[1B:x]lo0 = [l¥lloo max 3 7 bi,7] = 51¥lloo:
Therefore !
1
[14x[loo = [11x + Bx[loo = |[¥]loo = [|Bxloo = 511x]loc-

We have shown that all the eigenvalues of A are greater in absolute value than 1/2,
therefore | det A| > 27K as claimed. O

Proof of Theorem 10. Let us condition everything on the event £ and more-
over on the number of stars v; in B(x;, A) for each 1 <i < N. With this condi-
tioning, the set of stars in B(x;, ) is simply a vector (¥; 1,Yi2,...,Yi ;) of v;
i.i.d. points chosen uniformly in B(x;, A). Now condition further on the o-algebra
M and on the o-algebra & generated by the locations of the stars

{Yij|1<i<N2<j<v}

This leaves only the stars (¥ 1)1<;<n as a source of randomness. The vector X
of forces can therefore be written as

X = G(Yl,la Yz’l,...,YN’1)+Z,
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where Z represents the contribution that is measurable with respect to Jil vV &£, and
where G : B(x1,A) X B(x2,A) x---x B(xy,A) —> RN s the function defined by

N N N
yj—x1 yj— X2 Yj —XN )

Syl Sy =l Ay -l

G(yl,--.,yzv)=(

Denote B = B(x1,A) X B(x2,A) X -+ X B(xn,A). The volume of B is KéV)LNd.
Therefore, to prove that the joint density of G(Y1,1,Y2,1, ..., Yn,1) (and therefore
also the joint density of X conditioned on the event £ and on the o-algebra JL Vv &)
is bounded from above by (C 1)Ld2_d)N , it will be enough to prove two things:
first, that the function G : B — RN ig one-to-one; and second, that the Jacobian of
the function G : B — RN is bounded from below by (sz\dz)_N, where C > 0 is
some large constant. Interestingly, both of these claims require that the assumption
(17) hold for some constant ¢y > 0.

We prove the first claim. Assume (17), where cg > 0 is some small con-
stant whose value will be specified soon. Denote as before g(x) = x/|x|¢. Fix

ai,...,ay € R%. Our goal is to prove that if the system of equations
N
(18) Y gyj-xi)=a;. 1<i<N
j=1
has a solution (yy, ..., yn) € B, then this solution is unique. The following proof

of this fact was suggested by the referee, and simplified an earlier proof. Assume
the contrary: y = (y1.....yn) €B, " = (y].....,yy) €B, and

N N
(19) Y glyj—x)=) g(yj—xi) fori=1.....N,
j=1 j=1

and the number ¢ = max; |y; — yJ/-l does not vanish. Without loss of generality
assume that |y; — y|| = e. Introducing u = g(y1 —x1),u’ = g(y] —x1),v =
Z}vzz g(yj—x1),and v’ = Z‘f-vzzg(yj/. —x1), we have u +v = u’ + v’ (by (19)
for i = 1; other i will not be used), therefore

(20) lu—u'| =|v-"2"].

We note that |y; —x1| > |x; —x1| —|y; —x;| > |x; —x1| —A for j > 1. Taking
into account that |x; — x| > S > 24 by (17), we get |y; —x1| > %|xj —x1|. By
(10), for j > 1,
yj = il

min(ly; — 117, [y, —x11)
|y _y]/'| €

< .
=l = Ty =il

lg(yj —x1)—g(y; —x1)| =C
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By Lemma 11,

N N
1 Cooelog N
p—v' <D gy —x1)—g(yj—x1)| <Ce ) < ,

. d — d
j=2 j=2 |xj x1| S
Here Cgg does not depend on cg in (17) as long as W <0.5.

Using (20) and (17), we get that |u—u'| = |[v—v'| < C99§—1;gN < Cooe(co/M)%;
that is,

1)

lg(y1 —x1) —g(y] —x1)| < Coo (C_O)d '
[y1— ] A

The function g : R? \ {0} — R¥ \ {0} is invertible; g1 (z) = Z/|Z|ﬁ Similarly to
(10), |D1g7(2)| = O(|z|_ﬁ). Thus if we restrict g to B(0, A) and accordingly
g Lto R\ B(0, M—l_l), then g~ ! satisfies the Lipschitz condition with the constant
CogA? (even though R \ B(0, Ad%l) is not convex). We consider z = g(y1 — x1),
z' = g(y] —x1) and get by (21) and the Lipschitz condition

< Cogh?,

2= cond gl @) —g' )
o o = () 22

A
which is a contradiction if cg is small enough, namely if ngngcg < 1. This
finishes the proof that G is one-to-one.

It remains to be proved that the Jacobian of G is bounded from below by
(Cz)tdz)_N , for some large constant C, > 0, again assuming (17). The Jaco-
bian matrix J of G can be written as a block matrix (J;,j)1<i,j<n, Where each
Ji,j is the d x d Jacobian matrix of the function y; — Iy); j—_xfll —. Again by the
computation of the matrix D1g(x), each J; ; is a diagonalizable matrix with one
eigenvalue equal to —(d —1)|y; —x; |~ and d — 1 eigenvalues equal to |y —xi |—4.
Furthermore, by choosing for each y; the appropriate radial coordinate system (as
a function of y;), we may assume that the blocks J; ;, 1 <i < N, are in diagonal
form. Any other block J; ; = (a; jk1)1<k,i<a for i # j is not necessarily in
diagonal form, but its entries satisfy

ai jjes < Csly; —xi| ™ < Ce|x; —xi| 7.

Recall that our assumptions are that |y; —x;| <A and |y; —x;| > S —A > §/2
for i # j. We wish to apply Lemma 12 to the matrix J. By Lemma 11, the
assumptions of Lemma 12 will hold if we have

log N
sd -

2% > 2dCeCy

This holds if A < CSW’ where Cg = (2dC6C7)_1/d. The conclusion of

Lemma 12 is exactly our claim. O
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7. The gravitational potential function

We define a new function, the gravitational potential function. It will be
defined in dimensions 5 and higher only, and is designed to be a stationary centered
random function that has as minus its gradient the force function F. If d > 5, the
gravitational potential function U : R? — R is defined by

22) U(x) = —— lim [ 3 -l dka Tz].

|zi —x|972 2

i:|zi—x|<T

As with the case of the force, we need to check that the potential function is
a.s. defined and is well-behaved (in fact, in the case of the potential this is only
true in dimensions 5 and higher). For any p > ¢ > 0, denote by N, 4 the random
number of stars in B(0, p) \ B(0, g), and denote

1
Up.g = Z |Zl.|d—2'
i:q<lzil<p

Let W), 4 be a random vector distributed uniformly on B(0, p) \ B(0,q). An easy
computation gives the following.

d pd+a_qd+a

23 E{|W, 1% = , —d),
(23) [Wp.ql"] dta pd_qd (¢ #—d)
E[Np.q]l = Var[Np 4] = kq (Pd —(]d),
d 2_ 2
— 2—d | _ ¢ p 9
dkg
[E[Up,q] = T(Pz_qz),

(24) Var[Up4 | Np 4l = Np,q - Var [|Wp,q|2_d]

— — 2
VRN B! .q4d—1’4d_d_2.(ﬂ)
g\ g_4 pd —qd 4 pd —qd ’

Var[Up. 4] = [E[Var[U,,,q | Np,q]] +Var[[E[Up,q | NM]]

_ de 1 1
T d—4 qd—4_pd—4 :

Now, from (23) and (24) it immediately follows that when d > 5, for any fixed
x € R? the limit in (22) exists a.s. and defines a centered random variable.
For any u, x € RY denote

1 —1 d
W= Y oot

7 —
i:|zi—u|<R | !
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An easy computation (similar to the one in the proof of Lemma 8) gives that
[E(Hé"}(x)) = % |u — x|? if |u — x| < R. We have shown above that U(0) =
limgpsoo H éO}(O) converges a.s. Next, by Theorem 9 it follows that for any x € R4
the limit limg_, oo HI{QO}(x) exists a.s., uniformly for x in compact sets, since the
difference HI{QO}(x) — HI{QO}(O) can be represented as minus the line integral of
G%O} () (defined in Section 5.3) from O to x. By translation, it follows that the
limit
HY (x) = lim HY(x)

converges a.s. for any fixed u € R4 uniformly as x ranges over compact sets. As
before, H ¥} (x) satisfies a rearrangement identity similar to (15):

LEMMA 13. For any x,u,v € R? we have that a.s.
HY ()= B () = S (lu = ~Jo—x]?).

We omit the proof, which is similar to the proof of Lemma 8, and is also
superseded by the following stronger lemma.

LEMMA 14. Almost surely, we have that

{u} Ka, 12 {0} ‘
ma H,”’(0)— —|ul“—H; '(0)] —— 0.
ueB(())(,l)‘ R ( ) 2 | | R ( ) R—00

Proof. For any m € N and ¢ > 0, consider the event

o= s [HEO) = Sl = HP )] > .
We shall show that for any & > 0 we have Y >, P(J}5) < co. By Borel-Cantelli,
that implies the claim of the lemma.

To that end, fix a large m € N. Let E,, be a #-net of numbers in [m, m + 1],
and let N, be a #-net in B(0, 1), choosing nets such that | E,, X Ny, | = 0(m?4+2)
and such that, for all v € N,, and r € E,,, we have (r —m) > m~2/2 and |v| >
m~2/2. For v € Ny, and r € E,,, denote Amp,r=BO0,m)AB(v,r)and vy p,r =
card(%( N Aj,p,r) (the number of stars in A, , ). For v € Ny, r € E,, define
events

Km,v,r = { ‘Um,v,r _VOI(Am,v,r)

> m91 (Vol(Am,v,r))l/2 § ;

2 2 ,
Ly = {B(U, r+ —2) \B(v, r— —2) contains
m m

> ZOKdmd_3 stars }
Kd &
Sm o = { PO =Sl - BP0 > 5}.
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Because the number of stars in a region has the Poisson distribution, by Lemma 4
we get that for some constants C, ¢ > 0, for all m we have
—cm02 —cemd—3
(25) |]:D(I<m,v,r) <Ce s [I:D(Lm,v,r) <Ce
(note that our choice of the nets E,; and Ny, forces Vol(A, ) to go to infinity

when m grows large). Next, we derive a bound for P(Sy, ,, . N Ky, ,, ). Denote

Kd
mu,r = Hr{v}(o) - 7|”|2 - H,%O}(O),

and observe that Wy, ,  is a centered random variable that, conditioned on the event
Um.v.r = k, can be written as a constant e, , , := ﬁ(d%(rz —m?) —d|v|?)
plus a sum of & i.i.d. random variables with values in [—(m — 1)2~¢, (m — 1)279].
Therefore we have that

[E(Wm,v,r _em,v,r)
E(Vm,v,r)

[E(Wm,v,r|vm,v,r = k) =em,,r t+ k

k
= 1— —)
emnr Vol(Amv.r)
(since E(Wj, v,r) = 0). Now, take k such that
1/2
|k _VOI(Am,U’r)l S mO.l (Vol(Am,v’r)) / .
Noting that for some constant ¢, > 0 we have that

d—1

Vol(Ap,v,r) > com max(r —m, |v|),

it follows that

— 2
EWm,v,rlvm,v,r =k) = m®im~@-0/2¢g m(r —m) + v -0 (m—0.9)
” o max(r —m, |v])

(since d > 5). In particular, for such k, for any ¢ > 0 we have, for sufficiently
large m, that E(Wi, v, |Vm,v,r = k) < /4, and it follows by Hoeffding’s inequality
applied to the representation of W, , , conditioned on the event {v,, ,, = k}
described above that for some constants c3, c4 > 0 we have that

2(d—2)
_ 2_m 2,,d—3

[FD(S,E" v,r | vinur =k) <e 38 Nol@m.v.r) Se e .
It follows that

(26) I]:D(Ss N Krcn,v,r) < e—c452md—3,

m,v,r

which was our desired estimate.
We now claim that for any fixed ¢ > 0, for m sufficiently large, we have that

s U (KmwrULmor USho,)-

veN,,,reE;,
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Together with estimates (25) and (26), this will prove that ), P(J5) < oo and
therefore the claim of the lemma. To prove this, let u € B(0,1) and R € [m,m + 1).
Let v € Ny, and r € Ep, such that [v —u| <m™2 and |R —r| < m~2. In particular,
we have that the symmetric difference B(u, R) A B(v, r) satisfies

2 2
B, RVAB(w, 1) € B(v.r+ =5 )\ B(v.r = =),
Then
Kd Kq
HY 0 =S - 1P O < |H%0) = S - 7P 0)|
Kd Kq
O = S - o) + E P,

Assuming the event | ey ek, (Kmwvr U Lmw,rUSE , ) did not occur, the

m,v,r
first term in this bound is < &/2, and the second term is at most
d—3
Kg 20k gm dky C
=P L
(m/2) d—-2 m

This is also < &/2 if m is large enough, which means that J;, did not occur. [
Combining the above results as in Section 5, we have proved:
PROPOSITION 15. If d > 5, the limit in (22) exists a.s. simultaneously for all
x € R?\ {z;}; and defines a stationary centered process that is a.s. differentiable
everywhere, it is defined, and satisfies

1 —1 dky Kq
27) U 5 [ Tz]—— 2,
en U =g dim [ ) Zi—xa2 T 2 2 1l

i:)|zi|<T

(28) VU(x) =—F(x).

We will occasionally use truncated versions of the gravitational potential, the
force, and its first differential. For a bounded set A C [R{d, define U(x|A), the
partial potential from stars in A, by

1 _
Ux|A) = —— Z —x|d — d—2/A|Z_x| d+2dV01(Z).

zzeA

Similarly, define F(x|A), the partial force from stars in A, by
F(x|A) = Z Zim Y / £ dVol(Z)
A

PO A=

For a set A C R¢ whose complement is bounded, define
U(x|A) =U(x) — U(x|A°), F(x|A) = F(x) — F(x]|A°).

Note that U(x|A) and F(x|A) are centered to have mean 0.
While these definitions are rather general, throughout the paper we only use
sets A which are annuli of the form A = B(y, p) \ B(y,q), where 0 <g < p < o0
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(this includes the degenerate cases of a ball, the complement of a ball, and the
entire space). Furthermore, in all the cases we will consider, we will have that
either [¢ > 0 and |x — y| < g] or [¢ = 0 and |x — y| < p]. In those cases, from
the computations in the proof above, it is easy to verify that we have the following
explicit expressions for U(x|A) and F(x|A): first, if ¢ > 0 and |x — y| < ¢, then

1 ~1
(29) Ux|B(y. p)\ B(y.q)) = -— > Z—xji2
a<lzi=yl=p, |zt '
dky 2 2
+m(}7 q°),
FeIBO-p\BON = Y

qg<lzi=y|<p, |zi|"

Second, if ¢ =0 and |x — y| < p, then

1 -1 dkg 5
U(x|B(y.p)) = —— :
(xB(y. p)) = 7 2|Z‘_y§ . a2 T ada)”

Zi — X
F(x|By.p)= ) m +icg (x = y).
lzi—=y|<p, |zt !

We will also use the function Dq F(x|A), the first differential of F(x|A4). By
Lemma 7 we have the following explicit expressions for D F(x|A) in the cases
described above: if ¢ > 0 and |x — y| < ¢ then

Zi — X
DIFGIBG )\ BOa) = Y Dy [m}
a<lzi—yl<p, |zi|* !
and if ¢ = 0 and |x — y| < p then
Zi — X
G0)  DiF:IBG.p)= Y Dy [W] T aLaxa:
P

lzi—y|=p, |zi |t
where 174 is the d x d identity operator.

In all the above sums, if the region of summation is infinite, then the terms
are summed in order of increasing distance from O.

8. Large deviations estimates

In this section we derive detailed large deviations estimates for the force F(x),
its derivative D1 F, and (in dimensions 5 and higher) the gravitational potential
function.

8.1. Large deviations for the value at a point. Consistently with the previ-
ously defined notation, let Dy F’ (x ‘ A) denote the k-th differential tensor of the
function x — F(x } A).
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THEOREM 16. There exist constants Cy, ¢z, ¢3 > 0 such that, forall p > q >0
andt > 0, we have

@31) P((U(O | BO. p)\ B(o,q))) >1) = e e roe(E)
6 P(|FO]B0.p\BO.g)|21) < e ),

33 B(|DiF(©] BO.p)\BO.9)| 1) = et

Equation (31) holds in dimensions d > 5, and equations (32) and (33) hold for all
dimensions d > 3.

Proof. Assume d > 5. Denote B, ; = B(0, p) \ B(0,¢q). Let Wy 4, Np 4, and
Up,4 be as in Section 7, so U(() ‘ B(0, p)\ B(0, q)) = ﬁ(UP,q —E[Upq4]). Let
V= |Wp,q|_(d_2). Then for any u > 0 we have

1 1

< Kd
= Vol(Bp,q)ud/d=2)"

Therefore, noting that 0 < V < 1/¢%~2, we have for any integer k > 2, that

1/ d—2
(34) E(|V|*) = / ku* TPV | > u)du
0

l/qd 2
< _fa / kuk=2=a%2 qy
VO](Bp’q) 0

7 k ( | )k—l—ﬁz
~ Vol(Bpg) k—1-% \g?2

(Y P]
= Vol(By.q)g @ DF-4

For any 6 > 0 we have

0 d—2\k
(V) = 1+6[E(V)+Z—[EV"<1+6[E(V)+V;C(‘gj )Z(/q )
D,q
6qu 9/ d—2
14+ 0E(V) + —d9"_,0/a
=1+ ()+V01(Bp,q)

Conditionally on Nj 4, the stars in B, 4 are a vector of Nj 4 i.i.d. points distributed
uniformly in B, 4. Hence by the last estimate we get that

6Kd6[d ee/qd—Z)Np‘q

0U,. 4
[0 | Nyy] < (1 +HOEV) + g
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Now, it is a simple exercise that if X ~ Poi(A), then for any «, we have
E((14a)X) =e*®. Since Np .4 ~Poi(Vol(By,4)), using this in the above inequality
we get

(35) [E( 6U,, q) <exp <9V01(Bp DEV) + 6rgge®la”” )
Since also E[Up 4] = Vol(B, 4)E(V), we get
E (ee(Up,,,—[E(Up,q))) <exp (6qu o014 )
Therefore for any ¢ > 0 we have
P(Up,q —EUpql = t) = exp (_Qt + 6"dqdee/qd72) '
Set 6 = g9 21og(r/(6xk792)) to get
P(Upq —ElUpgl 2 1) < exp (=g 21108t/ (6xag%) + 97 71)

— t
= exp (_qd 2[ log (6equ2))

One gets a similar bound for the negative tail P(U, 4 — E(Up,4) < —t) in the
same way, noting that (35) also holds for negative values of @ if, on the right-hand

side, e?/ a7 js replaced by elfl/a?=2, Combining the negative and positive tail
bounds gives (31). The estimates (32) and (33) follow (with the weaker assumption
d > 3) by estimating in exactly the same way the moments and exponential mo-
ments of |W), |_(d ~1 and |Wp q|_ respectively, in place of |Wp, |_(d_2) Note
that the random variables U 0 ‘ B(0, p)\ B(0, q) O } B(0, p) \ B(0, q)) and
D F (O ‘ B(0, p)\ B(0, q)) are all centered. We omit the full proofs. O

8.2. Uniform bounds in a ball.

THEOREM 17. There exist constants Cy, ca, c3 > 0 such that, forall p > q >0
and t > 0, we have
)

)

Dy F(x | B, p)\ B(0,q))| = 1) = Cree" e,

Cle—czq“'_zt log(%)

IV
IA

’

(36) IP( max
x€B(0,1n%)

U(x | B(0, p)\ B(0.q))

(37) P( max e e os(3)

x€B(0,1r%)

F(x | B(0, p)\ B(0,9))

v
A

’

(38) IP( max
xeB(O,l/\%)

where equation (36) holds in dimensions d > 5, and equations (37) and (38) hold
for all dimensions d > 3.
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Proof. Start with (38). Set r =/q. We have

(39) [P’( max  |DyF(x | B, p)\ B, q))‘ > t)

x€B(0,1A%)

<|]3><’D1F (0| B(O, p)\ B(O, 61))‘ ;)

+|P( max D2F(x ‘ B(0, p)\ B(0, q))‘ > r).

x€B(0,1r%)

The first of these two terms is bounded by Cje=¢24°¢102(e30) by (33). For the
second term, observe that by (11) we have that

[P’( max
x€B(0,1n%)

D2F (x | BO.p)\ BO.9)|=r)

(x ‘ B(O p)ﬂ(B(O 2m+1Q)\B(0 2mq)))) 2mr+1)

- > p Cvpm .
- Z 2m(d+1)qd+1 —om+1 )’

where v, is the number of stars in B(0, p) N (B(0,2" 1g)\ B(0,2™g)), which is
a Poisson random variable with mean < C24™m¢9 . Using Lemma 4 it follows that

the above sum is less than
Z C exp( ramd gd+1 log(cqr)) .

Now, if in the above inequality crqd +1

than a constant times its first term, so

D, F(x | B0, p)\ B(0, q))‘ > r) <Cexp (—crqdJrl log(cqr)) :

log(cgr) > 2 then the whole sum is less

IP( max
x€B(0,1n%)

On the other hand, if crg?*1 log(cqr) <2 then the above inequality holds trivially
if we take C slightly larger, since then the right-hand side is larger than 1. Hence
this inequality holds for all values of r and q. Plugging this into equation (39),
together with the fact mentioned after (39), gives (38).

Next, to prove (37), write

IP( max
x€B(0,1n%)

F(x | BO. p\BO.))|21) =P(|F (0] BO. p\BO.9)|2 )

+ IP( max
x€B(0,1n%)

D1 F(x | B(0, p)\B(O,q))) > r),

where again r = ¢ /q. Both of the terms are bounded by C;e—¢24“~'tlog(c31/0) py
(32) and (38).
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Finally, to prove (36), write similarly

t
P max U] BO.p\BO.0)|z0) <B(|U (0] BO.p\BO.0)|25)
+ P( max F(x ‘ B(0, p)\ B(0, q))‘ > r) < Cle—czqd—2t1og(C3t/qz)
x€B(0,1r%)
by (31) and (37). 0

By letting p — oo we get the following limiting case of Theorem 17.

COROLLARY 18. There exist constants C1, c2, c3 > 0 such that, for all ¢ > 0
and t > 0, we have
')
(41) IP( max z)
x€B(0,1n%)

DiF(x |R?\ B(O0,))| t) < Cye—c2d”tloglest)

— cat
(40) P( max Crec2a! roe( ).

Ul(x | R4\ B(O,
x€B(0,1n%) (x| \B( C]))

A%
A

Cle—czq"_1 t log(%l)

v
A

’

F(x | R?\ B(0.9))

(42) IP( max
x€B(0,1n%)

where equation (40) holds in dimensions d > 5, and equations (41) and (42) hold
for all dimensions d > 3.

8.3. Uniform bounds in a ball with a moving domain.
THEOREM 19. There exist constants Cy, c3, c3, and Cq > 0 such that, for all

p>q>0andt >0, we have that if t > C4p? or p = oo then

43) [P’( max  |U(x | B(x,p)\ B(x.q))| = t) < Cle_czqd_ztlog(%t),

x€B(0,1n%)

w0 (g [Pl B on B 26) 2T,

x€B(0,1n%)

D1F(x } B(x, p)\ B(x,q)) > 1) < Cle—czthlog(c’ﬂ)’

(45) IP( max
x€B(0,1A%)

where equation (43) holds in dimensions d > 5, and equations (44) and (45) hold
for all dimensions d > 3.

Proof. Denote B = B (O, 1A %) First, we prove (43) in the limiting case
when p = oco. Fix x € B, then

‘U(x | R?\ B(x.q)) —U(x | R? \B(O,q)))

= ‘U(x ‘ B(O,q))—U(x | B(x,q))’

1 1 1 Z !
2 _
—_ 2— |zi —x]42
kalx|?/2—-— ) |z,~—x|d_2+d_2 |zi —x|472

z;eEq z;€E>
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where E1 = B(0,q) \ B(x,q) and E> = B(x,q) \ B(0,q). Now, denoting by v,
the number of stars in B (0, + 1A %) — B (0, —1 A %), it follows that

Vg
(d—2)(q/2)%2

Since vy is a Poisson random variable with mean < C g%, by Lemma 4 we obtain
that for 1 > 3C5g? we have

U | RO\ Be,g)| = U | B9\ BO.g)| +Csg? +

46) P (meag ‘U(x | RY\ B(x. q))‘ > t)

< d > v >
<p (gleag ’U(x IR \B(O,q))’ > z/3)+ﬂ3> ((d _2)(;/2)d_2 > z/3)

t
<Cexp (—clqd_2 log (6—2)) .
q

This also holds trivially for ¢ < 3Csq? (since the right-hand side is larger than 1)
provided c is chosen small enough, hence it gives (43) in the case p = oo.

Finally, to prove (43) in the general case, note, using (46) twice and using the
assumption ¢ > Cy4 p?, that

P( max
x€B(0,1r%)

U(x | B p)\ B(x.q))| = 1)

< I]:D( max
x€B(0,1A%)

)

U(x | R? \B(x,p))( > %)

|~

U(x | R\ B(x.q)| =

+ IP’( max
x€B(0,1A%)

g d—2 car o pd—2 k13
fcle c2q tlog(q2)+cle c2p tlog(p2

d—2 c3t
—e2q9 2t 1og( )
<2Cie g 82 .

The proofs of (44) and (45) are similar and hence omitted. O

9. Proof of Theorem 3 in dimensions S and higher

In this section, we assume that d > 5. Our goal is to bound the probabil-
ity of the event Eg of having a gravitational flow curve connect dQ(0, R) with
00(0,2R), as R — oo. The case of dimensions 3 and 4 is slightly more delicate.
In Section 10 we explain what modifications to the proof are required to complete
the proof of Theorem 3 in that case.

9.1. Reduction to a problem on a discrete set of points. Fix the following
parameters:
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B = R%°,
A = alarge constant (depending on d) whose value will be specified later,
r=A-(log R)z/d,

p = R™1/10

§ = R_lo(d12+1>,
o

e = —logR.
sd 08

We emphasize that R is the only true parameter here, and the values of all the other
quantities are specified as functions of R.

To control the event E'g, we discretize space. Introduce a grid of points in the
region Q(0,2R) \ Q(0, R), defined by

S =rz?N(Q0,2R)\ 0(0, R)).

We think of S as an induced subgraph of rZ¢ with the usual lattice structure.
Thus, two points w, w’ € S are called adjacent if |[w —w'| =r. Aset W C S
is called connected if the induced subgraph of W in S is connected. Call a set
W C S connectible if W is contained in a set W’ C S which is connected and
|W'| < 104|W|. To each point w € S associate an inner box Qin(w) = O(w,r)
and an outer box Qou(w) = Q(w, 2r).

LEMMA 20. There exists a constant C15 > 0 such that, for any L > 1, the
number of connectible sets W C S of cardinality L is at most R%C 1L5

Proof. This is an immediate consequence of [5, Eq. (4.24), p. 81]. O

Definition 21. Say that w € S is bad if there exists a gravitational flow curve
y connecting dQi,(w) with dQ oy (w) such that at least one of the following con-
ditions hold:

€)) U(x | B(x,3R1/d)) < —% for all x € y, or
d
@) [, IF(x)]-|dx| < 10ZE.

We wish to show that the “bad” event E g, whose probability we are trying to
bound, implies the occurrence of many bad grid points. This will be true except
on some atypical events which will happen with probability small enough as to be
of no consequence. Define

Q= { max U(x) > B},
x€0(0,2R)

2

_ d 1/d ‘ B

2 {xegl(%)sz)‘U(x | R\ B, 3RT)| 2 2}’

Qs = ‘DF [REdB,Rl/d‘—g .
> {xegl(%éR) 1P (x| RO\ B 3RVD) | 2 8«/3,0}
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LEMMA 22. For some constants C, c > 0 we have, for all R sufficiently large,

that

(47) P(Q)) < Ce R,

(48) P(Qy) < Ce R,

(49) P(Q3) < Ce—R' T,

Proof. First, we prove (48). Cover Q(0,2R) with O(R?) balls {B; }J.le" of
radius 1. For each ball B; we have by Theorem 19 that

IP( max

xij

U(X | Rd \B(X,3R1/d))‘ > g) < Ce—CR(d—2)/dBlog(CB/R2/d)'

Therefore by a union bound we get that, for some new constant C’ > 0,
P(Q,) < C'R4 o—¢R“™?/4Blog(cB/R*')
Now substitute the values of the parameters to get (48).
Next, (49) follows from Theorem 19 in the same way as (48).

Finally, to prove (47), let a > 0 be some small positive number such that
a < ((d —2)/dkg)"? (another condition will be imposed on it shortly). Note that

U(x)=U(x | B(x,av'B)) +U(x | R*\ B(x,a/B)),

and that U (x | B(x,a+/B)) < 2(‘i,'c_"z)azB < 8 (see eq. (29)), so that on 1 we
have that . B

erQn(é(l))fZR) ‘U(x ! R \B(x,a«/E))‘ > 5
By a similar argument to that used in the proof of (48) above, the probability of
this is bounded by C Rée—ca’"?B/?log(c/a®) If 4 was chosen sufficiently small
this gives the bound (47) upon substituting the values of the parameters. O

LEMMA 23. On the event Q§ N QS, if there exists a gravitational flow curve
I" connecting 0Q(0, R) and dQ(0,2R) (that is, if ERg occurred), and if R is large
enough, then there exists a connectible family W C S of bad points, with |W| >
R/10%r.

Proof. Let T : [0,T] — R? be a flow curve that connects dQ (0, R) and
dQ(0,2R), and assume that 27 U Q25 did not occur. In particular, U(T"(0)) < B.
Observe that the potential U decreases along the curve I', since F(x) = —VU(x),
and therefore

%U(F(l)) = (1), VUL (1)) = (F(L(t)), =F(T(1))) = —| F(T () [*.

Let W’ be the set of points w € S such that I' intersects both dQj,(w) and
9Qout(w). Since I' connects dQ (0, R) and 00 (0, 2R), clearly we have that |W'| >
R/r —2 (the —2 is to account for boundary effects).
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} The grid §

4R 2R 01 (1)

Figure 6. Schematic illustration of the proof of Lemma 23.

Let T7 € [0, T'] be the least time for which U(I'(T7)) <—B, orlet Ty = T if no

such time exists (see Figure 6). Certainly, all the points w € .S for which F![Tl oS

intersects both dQ;,(w) and dQy(w) are bad (since, because Q2§ occurred, they
satisfy condition (1) in the definition). If there are R/ 1097 such points, we are
done, since the set of such w is connected and a fortiori connectible. If this
is not so, denote by W” the set of those w € W’ for which F‘[O,Tl] intersects

both 9Qi,(w) and 00y (w). The family W” is a connected set, and we have
|W”| > |W'| = R/10%r —49 > R /2r (for R large; the 4¢ is again to account for
boundary effects near I'(7T7)). For each w € W” let I'y, denote some segment of

F’[o o that connects dQi, (w) with Qo (w) (possibly in the opposite direction)

and that is contained in the interior of Qg (w) \ Qin(w) except for its endpoints.
Note that the segments (I'y)ywew~ are not necessarily disjoint. Replace W” by
a subset W C W” such that the interiors of (Qou(w))yew are disjoint (and
therefore also (I'y)wew~ are disjoint except possibly for their endpoints) and
|W"| = |W"|/7¢. This can be done using a greedy method, since each point
w € W added to W eliminates at most 7¢ — 1 others.

Let k denote the number of w € W’ which are not bad. Then

2B > U(T(0)) — U(I'(Ty))

104 B
=/ |F<x)|~|dx|z/ FOO-Jdx] = k12

UwGW/// Fw

‘[O,Tl]

This gives that k < 2R/10%r, and therefore that the number of bad w € W"” is
> |[W"|—2R/10%r > L|W"| > R/10%r.

Let W be the set of bad w € W". Then |W| > 2|W"'| > ﬁlW”L Since
W is connected, it follows that W is connectible, so it satisfies the claim of the
lemma. .
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In the next subsection we prove the following theorem.

THEOREM 24. There exist constants C, ¢ > 0 such that, for any family W C S,
(50) P(Qg N{allw e W are bad}) < Ce~¢IWllogR

Before turning to the proof of Theorem 24, here is how to prove Theorem 3
using it.

Proof of Theorem 3. Let ¥ be the set of connectible families W C S with
|W| > R/lOdr. By Lemmas 20, 22, and 23 we have that

P(ER) < P(Q1) + P(22) + P(Q3) + P(Eg N 2§ N Q5N Q5)

1+—1
< Ce~¢R 1004 Z [P’(Qg N{allw e W are bad})
WeX

1+—1
< Ce¢R 10047 4 Z Z P(Qg N{allw e W are bad})
L>R/104r WeX, |W|=L

1+—L
SCe—cR 100d + Z RdclLSe—cLlogR
L>R/10%r

-0 (e—cR(log R)l_z/‘]>‘
O

9.2. Bounding the probability for a collection of points to be bad. Fix a fam-
ily W € S. Our goal is to prove the inequality (50). First, note that we may assume
without loss of generality that the set W is 12r-separated in the infinity-norm; that
is, that for any w, w’ € W with w # w’ we have that ||w —w’||s > 12r. Otherwise,
replace W with a 12r-separated subset of it which has cardinality > |W|/239 (as
in the proof of Lemma 23 above, this can be done using a greedy method, since
each w € W that we add to the subset eliminates at most 239 — 1 others), and
prove (50) for that subset. Throughout this subsection, we assume W C S is a
12r-separated family.

The next lemma can be deduced easily from the Besicovich covering lemma
(see [13]). For completeness we include a short direct proof.

LEMMA 25. Given a set of N balls (B(x;, r,'))lN:l, where r; > 1 for all i and
|x; —xj| > 1foralli, j, there exists a subset (B(x;;, ri_/.));”:l of pairwise-disjoint
balls satisfying

m
d —d
(51) > rd=67¢N.
Jj=1

Proof. Assume that the radii r; are arranged in decreasing order. Construct
the subsequence (x;;); sequentially as follows: i; = I, and if we define x;,,
Xiy, ..., Xi,, take i;41 to be the least index i > i; such that the ball B(x;,r;)
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is disjoint from U}ZIB(x,-j ,Ti;), or, if there is no such i, set m =t and terminate.
In the last step + = m, because the radii are decreasing, the fact that there was no
index i satisfying the requirements implies that the set U;"zl B(xi;,2rj;) contains
all the points x;. Therefore, since r; > 1 for all i, we have that

U B(xi,1/2) C U B(xi;.3ri;).

i=1 j=

The balls (B(x,-, 1/ 2))5\;1 are pairwise disjoint, so comparing the volumes of both
sides we get

m
Kd2_dN <kKkq Z 3drl~”/l,,
j=1
which finishes the proof. O

For each w € S, define an event

B
Quw :{ max_|U(x|B(x,3RY9)\ B(x, 3r))| —}
x€Q(w,3r) 4
£
u{ max_|DyF(x|B(x.3RY9)\ B(x.3r)) ‘ }
x€Q(w,3r) ! ‘ ( )\ B ) 4\/3,0

Define a random set (depending on the fixed family W)
Wo = {w eW:Quu occurred}.
Define an event (again depending on W)
1
Qsw = {|°Wo| > §|W|}-

LEMMA 26. Denote § = 50d
on d, we have that P(Q2s w) < Ce—¢WIR®

For some constants C, c > 0 depending only

Proof.

P(Qsw)=P (EI subcollection W' C W

with [W/| > [W|/2and (] Qi holds)

wew’

<2/l max ( ﬂ Q4 w)
W/'CW, |W/|>|W|/2

Therefore it is enough to prove that for some constants C, ¢ > 0, for any subcollec-
tion W/ C W,

(52) [P’( N m,w) < CecIW'IR?,

wew’
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Fix a subcollection W’ C W. Denote o =
scales

1 .
0@ Define a finite sequence of

Rl/d=11>lz>l3>--->1K=r

where we do not care about the precise values of the /; and only require that for
each i we have

l.
(53) liv1= R—la
and that K is a constant depending only on d; for example, it is possible to define
such [; with K = 40d.
For each w € W and each 1 <i < K, define the event
Al = { max

B
b= om0 G| BG 300\ B 3)| 2 G|

= 4K -1)

Dy F (x| B(x, 30) \ B(x,3l,-+1))| > m}.

We have, using Theorem 19, that, for some constants c5, ¢3 > 0, the estimate

. B
PAL) < crd exp (_cll;i+—123 log (;22_)) +Crf exp (—C1lid+1%10g (%))
i+1

U{ max
x€Q(w,3r)

holds. Using (53) and substituting the values B = R®°, r = A - (log R)?/?, and
£ = Rd/(10(d*+1) log R, we obtain
0 s
(54
IP’(AL)) <Cexp (_64114—2R8/9—a(d—2)) +C exp (—C4lide/1°(d2+1)_d"‘)

<Cexp (—C4ll-d R8/9_“(d_2)_2/d) +C exp(—C4ll-dR8)
<C exp (—C4lid R5) .

Note also that Q4. C UIK:_ll A{D. Therefore
(55)

(e U0, Y, 0

weWw’ i=1 i:W'—{1,2,....K—1} weW’

< kWl max P Alw) )
- PW—{1,2,...,K—1} wg, w

Fix a function i : W — {1, 2,...,K—- 1}. We extract from the family of events
{A’,,S”’)}w cwr @ subfamily {A’uﬁ"’)}w W of independent events, by using Lemma

25. By the definition of A’ , such a subfamily will be independent if the balls

w

(B(w,7v/d ;1)) are disjoint. By Lemma 25 we can obtain such a subfam-
ily with >, cpr ll.‘{w) > (42+/d)~|W’|. This gives, continuing (55) and using
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(54), that
P Qaw | < KWl C —c 14 RS
( ) 4’w) - Wl Koy P\ T > Liw
wew’ wew”
=< Cexp (—Co L@2vd)4. |W’|R5).
This proves (52) and finishes the proof of the lemma. N

For each w € § introduce two subgrids of points

Sw =sZN(Qw.2r)\ Q(w.r)),
Ty =pZN(Q(w,2r)\ Q(w,r)).

For w € S, two subgrid points x, x” € Sy, are called adjacent if |x — x'| =s.
A chain is a sequence of points such that each two consecutive points are adjacent.
A point x € Sy, is called an inner point of Sy, if dist(x, 90 (w,r)) < s, and it is
called an outer point of Sy, if dist(x, 40 (w, 2r)) < s.

Definition 27. A point x € R4 is called a-crowded if O(x,as) contains a
star. A point w € § is called percolating if there exists a chain of distinct points
(xi)o<i<k C Sw such that xq is an inner point of Sy, X is an outer point of Sy,
and at least a 9/10-fraction of the x;’s are 8-crowded.

With W C S as above a 12r-separated family, define a random set (again
depending on W)
Wy = {w eW:wis percolating}.
Define an event

1
Qew = {|°W1| > §|W|}-

LEMMA 28. For some constants C,c,a > 0 depending only on d, we have
that

P(Qew) < CecIWIRT,
Proof. For any x € RY we have, for some constant ¢; > 0, that
P(x 8-crowded) = 1 — (169 o cis?.

Fix a w € S. For each k, the number of chains of distinct points (x;)o<j<k C Sw
such that x¢ is an inner point of Sy, and xj is an outer point of Sy, is at most
2d - (2r/s)?~1 . (2d)*. Note that such chains can only exist if kK > r/s, so in
particular, the number of such chains is < Cé‘ for some constant C, > 0. For
each such chain %, there are < 2k subsets of it of size at least 9% /10. Given
such a chain 6 and such a subset €’ of it, one may choose using a greedy method
(as in the beginning of this subsection) a further subset (x)o<;<k’ of €’ with
k' = 9k/(10-319), such that for each i # j we have that [|x] — x}||oc > 165.
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Therefore the events ({xl{ is 8—crowded})0<l. <k are independent. Therefore we
have the bound -
(57

oo 9
P(w percolating) < Z 2kC2k (clsd) i0ai <Cs (C4sd)
k=[%]
for some C3, Cy4, C5, Cg, c7,a > 0 and all R large enough. Now, because of the as-
sumptions that the points of W are 12r-separated, the events ({w percolating})w W
are independent. Therefore

_ o
f C6€ c7R

[P’(Q@W) = P(3 subcollection W' C W with |W'| > |W|/2
and all w € W' are percolating)

<2W (Cee—C7R“)IW'/2

Definition 29. If w € S, a point x € Ty, is called black if there exists a point
y € Q(x,2p) such that either |F(y)| < 1000098 U(y ‘ B(y 3R1/d)) <-Z
’ R ’ 2

LEMMA 30. Ifw € S is bad and not percolating, then the subgrid Ty, contains
at least

< Cge_m'WlRa. O

#dp points which are black and not 4-crowded.

Proof. Let w € S be bad and not percolating. Let y be a gravitational flow
curve connecting dQ (w, r) with dQ (w, 2r) such that at least one of the conditions
(1), (2) in Definition 21 holds. Let $ be the set of points x € T3, such that some
segment of y crosses from dQ(x, p) to dQ(x,2p). Let $ be the set of points
x € Sy such that some segment of y crosses from dQ(x, s) to dQ(x,2s). Note
that [§| > £ —2> 0'9SJ (with the rightmost inequality holding for R sufficiently
large), and for each x € $ we have that |$ N (Q(x,2s)\ O(x,s))| > % —2> 0._3s,
with the rightmost inequality holding for R sufficiently large.

First, we prove that the number v of x € $ which are not black is at most
m. If condition (1) in Definition 21 holds for y, then for all x € $, for some z €
0O (x,2p)\ O(x, p) which is in the range of y, we have that U(Z ! B(z, 3R1/d)) <
—B/2, s0 x is black. So we have shown that if condition (1) in Definition 21 holds,
all x € ¥ are black. The other possibility is that condition (2) in Definition 21 holds
for y. In that case, denote by y’ the union of those segments of y crossing from
dQ(x, p) to dQ(x,2p) for those x € $ which are not black. It is not difficult to see
that len(y’) > p%d (by taking, using a greedy method as in the beginning of this
subsection, a subcollection of > v/ 79 such segments which are pairwise disjoint
except for their endpoints). So, because of the definition of blackness we have that

OdBr 100004 B
/ F()|-|dx]| > / FOOI-ldx = P len(y)
. 100004B p-v
—_— R 7d b

and therefore v < as claimed.

_r
10094 p°
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Next, because of the assumption that w is not percolating, at least a 1/10-
fraction of the points x € $ are not §-crowded (minus 2 to account for boundary
effects), or in absolute terms at least 0'1%‘;’ points in $. Again using the greedy
method, we can choose a further subset $' C § of those points of $ which are not
8-crowded, which is 5s-separated and such that |$’| > 100'.99?5. By the remark in
the first paragraph of the proof, for each such x € $’, we have at least % points
y €PN (Q(x,25)\ O(x,s)), and these y are not 4-crowded. That gives a total

of at least % points y € $ which are not 4-crowded, and these points are all

distinct because §’ is 5s-separated. Since as we proved above at most 100.’—9% of
them are not black, it follows that there are at least I()S—dp points y € $ which are

black and not 4-crowded, as claimed. O

Let W C S be a 12r-separated family. Denote

Qw =250 [ Q.
wew

N ﬂ {at least 108 7 points x € Ty, are black and not 4—cr0wded}.
0
weWw

LEMMA 31. For some constants C,c > 0, we have
P(Q7w) < Ce~cIWlloek,

Proof Let N = |W| < |S| < (4R/r)%, let W = {w;, w2, ..., wn} be some
arbitrary ordering of the points of W, and define a random variable

N
Xw = #{(xl,xz, ...,XN)E 1_[ Ty, ‘ x; are all black and not 4—Crowded}.
j=1

Then, by Markov’s inequality,

N
(56) P(Q7,W)EP({XWZ(106dp) }rm%ﬂ N Qi,w)
wew

—-N N
<( L 3 p ﬂ(ngg,wn{xj black, not 4-crowded} )
1004 p i1 7

N
(X15ees XN)EHI':]ij

- (lo(r)dp)_N Z [E[ﬁlflj,xj}’

(X1 5eees XN)EHJN=1 ij Jj=1

where Aj x, = Q5N QY

4,w;

A =2(d/kg)"?(log R)"“.

N {x; is black and not 4-crowded}. Denote

This value is chosen so that, if E is a ball of radius A, then the probability that
E does not contain a star is < 1/(3R%). Fixing (x1, ..., xx) for the moment to
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simplify the notation, for 1 < j < N, denote

Ay = { xEQH(lij(,Zp) )U(x | B(x,3r)\ B(x, 3s))) > ?}

U{ xEéI(lJZCI;(,Zp) )DlF(X } B(x,3r)\ B(x, 3s))‘ > 165{1’_,0}

U{ no star in B(x;, 1)},
A}/ = {|F(xj)| < g, some stars in B(xj,/\)}.
We claim that
/ 7
(57) Ajxy C A;UA;.
Here is the proof: assume A, x; holds. If, for some y € Q(x;,2p), we have that

|F(y)| < %, which for R sufficiently large implies | F'(y)| < {%. then: either

A} occurred, or, if not, then from the definitions of 4-crowdedness and of the events
Qf, Qi,wj ,and (A;.)c, it follows that for R large enough,

max |[D1F(x)|< max |DiF(x| B(x,3s))‘

x€Q(x;,2p) x€Q(x;,2p)

+ max |DiF(x|B(x, 3r)\B(x,3s))(
x€Q(x;,2p)

4+ max |D{F(x| B(x,SRI/d)\B(x,Sr))‘
x€Q(x;,2p)

+ max |DiF(x|R? \B(x,3R1/d))‘
x€Q(x;,20)

g g € 15¢
< «/glcd + +

+ <
16V/dp  4/dp  8Vdp 32+/dp

(the term ~/dkz comes from equation (30); note that ~/d« 4 is < &/p for large R).

Therefore | F(x;)| < 1% + 2p+/d - 321—5%}0 = ¢, and since A;- did not occur, there

are stars in B(x;, ) and therefore A7 occurred.
The other possibility by blackness of x; is that for some y € Q(x;,2p) we

have that U (y | B(y,3R"/9)) < —Z. Then, because of Q5 , , we also have that

4,w;°
U(y | B(y.3r)) <—2Z, and because x; is not 4-crowded, we can write equivalently
U (y } B(y,3r)\ B(y, 3s)) < —%, SO A} occurred. This completes the proof of (57).
Note that each A} is measurable with respect to the locations of the stars in
Q(wj,5.5r). Therefore, because the w; are 12r-separated, (A} )j is an indepen-

dent family of events. By Theorem 19 we have for each j that, for sufficiently
large R,

_ c3B e c3e
P(A;) < Ce—csd 2Blog(s’—2> +Ce—c5d510g(%) +€_ded < Rld ‘
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Also, for any integers 1 < by < by <--- <b; < N, by Theorem 10 we have that
almost surely

P4y, N0 Ay

where Fp, p. is the o-algebra generated by the locations of the stars in

c
(B(xb1 ) UB(xp,. A)U--U B(xp, . A)) :

provided that the assumptions of that theorem hold; because of the values chosen
for the parameters r and A, this is true if A is chosen to be a sufficiently large
constant. This is the only place where the value of A is important. So we can
write, for sufficiently large R,

N N
8 E|[T1a, | <E[TT (1 +1a)
Jj=1 Jj=1
N (N
Z max (A;1m~-nA;N ()45 mmmAg,)
i=0 ap <- <aN —i - ! i
b1<
Vj(a];ébg
N (N
" Vi / /
Z( )Rd(N —  max P(Ablm“'”Ab,- Aalﬂ'“ﬂAaN_,-)
i=0 a) <. -<any-—j
b1< <b
Vil aj #be
N .
N d d?—d\'
<3 () s (erea)
i=0
1 + o\ A S S
<(_d+R 10 10(d2+1) 20(d2+1)) <(2R 10 " 10(d2+1) 20(d2+1))
=\ % <

(since for large R the polylogarithmic factor in e C A4 *~d can be bounded by
1
R20@2+1), Now (58) gives, using (56), that for sufficiently large R we have

-N dN a 42 N
P(QZW)f( d ) (1) (2R_10+10(d2+1)+20(d12+1))

1004 p )
_ _d d2 1 N
< [Crd—lelol (2R 10+10<d2+1>+20(d2+1))]
1
S Ce_40(d2+1)N10gR S Ce—C|W|10gR‘ D

The only step remaining to complete the proof of Theorem 3 in dimensions 5
and higher is the following.
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Proof of Theorem 24.. As noted above, we assume that W is a 12r-separated
family. For an event A, denote P'(4) = P(4 N Q). The idea of the proof is
roughly as follows. Because of Lemma 26, we may replace W by a subset W’ so
that |W’| > |W|/2 and such that Nwew’$2g ,, occurred. Because of Lemma 28,
we may replace W’ by a further subset W” C W’ so that |W”| > |W’|/2 and all
w € W’ are not percolating. Finally, by Lemmas 30 and 31, the probability that
all w e W” are bad is < Ce¢IWllogR

Formally, we have

(59) [P”( N {w bad}) <P/(Qs.p) + P/(Qg,w n M tw bad})

weWw weWw
<CeWIR L Y IP’( N ({w bad} N szg,w))
W' Ccw, wew’
W’ =1w|/2
< Ce ™ WIR 1 olWl max [FD'( ﬂ ({w bad} N Qi,w))-
W Cw, wew’
W= |Wl|/2

For any W’ we have

(60) [P”( N (tw bad}ﬂQﬁ,u)))

wew’

< I]:D/(Q6,W/) + um/(szg,w, n N ({w bad} N Qﬁ,w))

weW’

<CecIW'IRY | Z P’( ﬂ ({w bad, not percolating}ﬂQf"w))
W W, wew”
W”| = |W’|/2

<Ce—¢IWIR* L olW'I ax [FD/( m ({w bad, not percolating} N Q¢ w))
W W, " ’
woz iz VY

For any W we have, by Lemmas 30 and 31,
(61) [P"( ﬂ ({w bad, not percolating} N Qﬁ’w)) < Ce~cIW"llogR
wew”

Combining (59), (60), and (61), and remembering that |W"| > |W'|/2 > |W|/4,
we get

IP”( () {w bad}) < CecIWllogR O

wew
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10. Proof of Theorem 3 in dimensions 3 and 4

In this section, we prove Theorem 3 in dimensions 3 and 4. Much of the proof
in dimensions 5 and higher remains unchanged. However, new large deviations
estimates are required, as well as the introduction of a new function, the potential
difference function.

10.1. The potential difference function. First, it is instructive to understand
why the proof in Section 9 fails in dimensions 3 and 4. The difficulty is that
the stationary potential function U(x) cannot be defined. This can be seen from
equation (24): in dimension 3 the variance of U, 4 diverges like a constant times
p as p — oo, and in dimension 4 like a constant times log p.

However, the proof in Section 9 for the most part does not use the full sta-
tionary potential. After discarding the atypical events 21, 25, only the partial
potential U(x | A) is used for various sets A C B(x,3R'/?). So, to adapt the proof
to dimensions 3 and 4, we replace these events with suitable adaptations of them.

Assume for the rest of this section that d = 3 or 4. Define the potential
difference function U4 : R? x R¢ — R by

. 1 —1 —1 K
62) UM(x.y)=—— > ( )+ 7d (x> =1y1?)

S\ =y x|

where the sum is in order of increasing |z;|. We need to check that this sum con-
verges a.s. This is true because, defining

- -1 -1
(63) g (X:9) Z i — |42 |z — x|9-2

lzil < p,
lzi —x|>q,|zi —y|>q

it is easy to check, as in Section 7, that if |x|,|y| < p —¢ and |x — y| > 24 then

. _1 —1
E[UST (x, y)] = / ( _ ) i
P BO.p\Bx.9)\B.) \|z—y|472 |z —x|472

(d —2)kq
= -5 (|J’|2— |X|2) )
. . 1 1
Var[U;"g(x, y)— U;}’fg(x, y)] = O(F + F) p,p — oo.

Similarly, using the methods of Section 3, it is not difficult to prove the following.

LEMMA 32. The series on the right-hand side of (62) converges a.s. simulta-
neously for all x, y € R?\ {z;};, and defines a centered process that a.s. is differ-
entiable where it is defined and satisfies %, U%T(x, y) = F(x), vy Udf(x, y) =
—F(y).

Remark. The potential difference can in fact be defined for all dimensions
d > 3, and for dimensions d > 5 we have that U%(x, y) = U(y) — U(x).
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For a bounded set A C R4 , denote

‘ 1 -1 —1
Udlff X, A) = _
( Y | ) d—-2 |Zi |d—2 |Zl' —)C|d_2

1 [( i = )d
— — Z.
d=2 Ju\ =392 " 7= x4

For a set A C R¢ whose complement is bounded, denote
Udiff(x,y | A) — Udiff(x,y)— Udiff(x,y | Rd \A)

Again, it can be verified that if 4 C R? is an annulus of the form B(v, p)\ B(v, q),
where v € R? and 0 < ¢ < p < oo, then

VU y [ )= Fx | A VU™ y [ A)==F(y | A).

10.2. Large deviations estimates in dimensions 3 and 4. The large deviations
estimates which we prove in this subsection will complement the estimates in Sec-
tion 8.

THEOREM 33. In dimension d = 4, there exist constants Cy, c2,c3 > 0 such
that, for all x,y € R% and p > q > 2 satisfying p > 3q.|x|,|y| < p/2, and
|x —y| > 3q, that

64) P ([US(x. y | BO. p)\ (B(x.q)UB(.0))| > 1) < Cre 20 e(5)

for all t above a threshold that depends on q and |x — y|, as follows:
Cit —
(65) t>Cig®> and t>Cig®log (—12) log (lx yl) .
q q
Similarly, in dimension d = 3, there exist constants Cy, ¢, c3 > 0 such that, for all
x,y€R?, p>q>2andt > 0satisfying p>3q.|x|,|y| < p/2,and2 <q <t <
1
§|X =l

crt2

(66) P (‘Udiff(x,y ‘ B, p)\ (B(x,q)U B(y,q)))‘ - t) < Cle_\xz—iyl_

Proof. The proof is modeled after the proof of Theorem 16. Fix x, y, p, and q.
Denote B = B(0, p) \ B(x,q) \ B(y,q). Let W be a uniform random point in B,
let N be the number of stars in B, and let

diff _ -1 -1 oy diff

i:z;€B

as defined in (63), so that

U (x, v | BO. p)\ (B(x.q) U B(y,9))) = 75 (U~ FUT).

Let
V=|W—x|7@2 _|w —y@2),
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Then for any u > 0,

1 1
(67) |P(|V|>u)§[P’(—>u)+[P’(—>u)
W —x]4=2 W —y]4=2
2K

= Vol(Byud/@2)"

Suppose now d = 4. Noting that |V | < 2/¢2, for any integer k > 3, we have
exactly as in (34) that, for some constant C7 > 0,
2

[E(|V|k)—/2/q kuk*='P(|V| > u)du < G
—Jo Vol(B)gq2k—4

Evidently, we need a better tail bound for |V| to get anything useful for k = 2. To
that end, note that
[IW =xP =W =y _ [x=yl(W —x|+|W —y])

V| =
V= W w o = WP WP

(=i =)
= _x—y .
(W—x|-[W=y|> " [W—y|-|W—x|?

Now, if |W — x| and |W — y| are both bigger than (2|x — y|/u)'/3, then a simple
verification using the above inequality shows that |V| < u. Thus,

1/3
(68) P(|V|>u)5p(|w_x|5(@) )

1/3 4/3

2|x—y|) ) |x —y|
+P{|W —y| | —= <Cg———————.
(l y|_( u - 8Vol(B)u“/3

Combining the bounds from (67) and (68), and using the assumption that |x — y| >
3q, we get that

x=»172 Colx — y[4/3 2972 2 Co log lx—y
[E|V|2§/ 5, Cslx =yl / o 24y, o102 (55
Vol(B)u?/3 x—yl-2  Vol(B)u? Vol(B)
Thus, we have, for any 6 > 0, that

Cglog(|x_y|) C 21k
oV - 2 q 79* (9/(] )
E(e®") <1+ 0E(V)+6 VoI(E) + B ; Z

lx—y|
Cy log ( 7 ) Crq* o
2Vol(B) Vol(B) )
Now proceed as in the proof of Theorem 16. Conditionally on N, the stars in B
are a vector of N i.i.d. points distributed uniformly in B, and therefore

N C910g<|x yl) Coa? N
E QU dift 1 E 2 79 9/42
[e | N] =\IHOEM B T Ve ©

<1+ 0E(V) + 6>
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This implies as before that
E (eg(Udiff_[E(Udiﬁ))) <exp (%Cg@z log (_|x - yl) + C7q4e9/qz),
q

whence, for any ¢ > 0 and 6 > 0 we have

P (Udlff_ [E[Udlff] > t) < exp (_ Ot + ECQGZ log (lx y|) + C7q4€0/q2).
q

Take 6 = g?log(t/C7q?). Then, if we assume (65) for some sufficiently large
constant C; > 0, we get that

1 — ot
2 q 2

and that therefore

. : 0t
P (Udlff_ E[Uif] > t) < exp (_ > 4 C7q4e9/q2)

_1,2 t 2 _1,2 t
<e >4 llog(c7q2)+q t — >4 tlog(ezcwz).

In a similar way, one obtains the bound for the negative tail, and this concludes the
proof of (64) and the case d = 4.

Turn now to the case d = 3. From (67) and the fact that V' < 2/g?, we get as
above that, for some C7 > 0, we have for any integer k > 4 that

2

k AR Gy
E(|V] ):/ ku"""P(V|>u)du < ————.
0 Vol(B)gk=3
To get useful bounds for k = 2 and k = 3, observe that
” ‘ 1 1 ' ’|W—x|_|W_Y|‘ [x =yl
= — - =< .
W—x| |W -yl (W —x|- W=yl = [W—=x[-[W-y|

Therefore

_ 1/2
PW4>WEPOW—MS(EVH) )

= v\ v —yP2
+r(w—y <= <Cg——2l
(' yl_( u = 5 Nol(B)u3/2
This gives that

=70 el — p]3/2
Euvﬁ>§/" 2 S
0 Vol(B)u3/2

2¢72 _
N / 2 23 g Colog(x—yl/q)
Ix—y|~1 Vol(B)u3 = — Vol(B)

’
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and similarly,
=17 Cglx — y)3/?
Yl
E(|V|? </ gy
(VP = 0 Vol(B)u3/?
—2

2q 2 C _
N / 0y 23 du < 10/x — y|
Ix—y|-1  Vol(B)u Vol(B)

Combining these bounds and proceeding with the same technique as above, we
deduce that for any ¢ > 0 and 6 > 0 we have

P _ U] > )
Cio Co 5 |X ) 3 (9/61)k
fexp(—9t+70 |x—y|+?0 log + Cq Z .

Take 6 = | |, where A is a constant such that 0 < 4 < IO(CWCchwvl). From
the assumptions 2 < g <t < |x — y|, we get
At?
0t = —,
|x — |
C1092|x—y| C10A2 2 1 1
=Ci04
20t S 2x— y|9t 2 10
Co3log (X321)  Coariog (E)
Qt = =< C9A2 <,
6 6|x — y|? 10
and similarly
9 k
0t ~ 240t 24 t1-— G/q 12 — 10

(note that 8/g < 1/2). Therefore we get
. . 3 —7At?
P — U] > 1) < —0t+ 0t )= — .
The bound for the negative tail is obtained similarly. This completes the proof of

(66). g

COROLLARY 34. In dimension d = 4, there exist constants C1,c2,c3 > 0
such that, for all x, y € R% and p > q > 2 satisfying p > 3q. |x|.|y| < p/2, and
|x — y| > 3¢, we have that

P( max )Udiff(u,v | B(0, p)\ (B(u.q) UB(v,q)))‘ > t)
ueB(x,1),veB(y,1)

2 C3Z)
— log( =%
<Cpe 1 Og(q2
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for all t that satisfy (65). Similarly, in dimension d = 3, there exist constants
C1,c2,¢3 > 0 such that, for all x,y € R4, p >q > 2,and t > 0 satisfying
p>3q,|x|,|y|<p/2,and2 < q <t < |x —y|, we have that

P (uGB(x,ISi;XeB(y,I) )Udiff(u, v | B(0, p) \ (B(u,q) U B(v, q)))‘ > t)

) y

< Cie X1 4+ Cie

Proof. This follows from Theorem 33 in the same way that Theorem 19
follows from Theorem 16. We omit the proof. O

We also need large deviations estimates for the truncated potential function.
This differs from our estimates in dimensions 5 and higher in that the estimates are
valid only in a restricted range of the parameters, depending on the dimension.

THEOREM 35. There exist constants C1, ¢, c3 > 0 such that, for all p > q > 0,
we have that

6 (U] B0.p\BO.g)|> 1) = cremr )

for all t above a threshold that depends on d, p, and q, as follows:

70) =G in dimension d = 4
in dimension d = 4;
( t > C1q°log (%) log (5)
t > Cig?
2
(71) t > C1q? (log (—lt)) log (%) in dimension d = 3.

N—"

Proof. Let d = 4. In the notation of Theorem 16, we now have that (34) holds
only for k > 3. For k =2 we have

4 p 4
= / kat3t74dt = *a log (2)
Vol(B) Jq4 Vol(B) q

Now proceed exactly as in the proof of Theorem 33 above.
For d = 3, we have, still in the notation of Theorem 16, that (34) holds only
for k > 4. For k = 2 we have

[E|V|2 = E|Wp,q|_4

3k3 _3xk3(p—q) _ 3k3p

D
ElV]? =E|W,,| %= / 12t 2dt = ,
Vi Wl Vol(B) J, Vol(B) ~ Vol(B)

and similarly for k = 3 we have

3k3 p
E|V|} = log (Z).
V1= o1 Og(q)
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Proceeding as in the proofs above, this leads to the inequality
P(Up,g —EUpg >1) <exp (— 0t + C2902 p + C396° log (2) + C40q3e9/q)
q

valid for all # > 0 and 6 > 0. Taking 6 = ¢ log (m), this easily gives the
positive-tail half of (69) under the assumptions (71). As before the negative-tail
half is proved similarly. O

THEOREM 36. There exist constants Cy, c3, 3, Cq > 0 such that, for all p >
q > 0, we have that, if t > C4p?, and if the same assumptions (70) and (71) as in
Theorem 35 hold, then we have

(72) []3’( max
x€B(0,17%)

U(x } B(x, p)\ B(x,q))‘ > ,) < Cle—czqd—%log(%)‘

Proof. This follows from Theorem 35 in the same way that Theorem 19
follows from Theorem 16. O

10.3. Dimension 4. Let B, A, r, p, s, and ¢ be the same as in Section 9.1.
We redefine the events 21 and 25, as follows:

Q= { max U(x | B(x,BRI/d)) > g},

x€Q(0,2R)
BR
Qs = { max (# of stars in B(x, 3R1/d)) > —}

x€Q(0,2R) 10- 1004

Ql = Q* U Q**,
‘ B

Q, = { max )Udlff(x,y)Rd\(B(x,3R1/d) U B(y,3R1/d)))|>—}.

x,y € 0(0,2R), 2

|x—y| = R/100
Let €23 remain the same as in Section 9.1. The following lemma replaces Lemma 22.

LEMMA 37. In dimension 4, for some constants C,c > 0, we have for all
R > 2 that

(73) P(Q;) < Ce <R,
(74) P(Qy) < Ce R"”,
(75) P(Q3) < Ce—R' ™10,

Proof. First, note that Q24 = @ for R sufficiently large, since the only positive
contribution to U (x ‘ B(x,3RY d)) comes from its expected value (9d k4 /2) R2/¢
(see (23)).

Next, in order to estimate the probability of Q4«, cover Q(0,2R + 3R!/4)
with O(R?~1) balls of radius 6R'/? so that, for each x € Q(0,2R), the ball
B(x,3R'Y4) is contained in one of them. In each of these balls, we need to estimate
the probability that a Poisson random variable with mean C - R (for some constant
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C > 0)is > BR/(10-100%). By Lemma 4, this probability is O (e_CBR 1OgR) for
some constant ¢ > 0.

Finally, the estimate for the probability of 25 follows from Corollary 34 in
the same way that (48) follows from Theorem 19. O

With these new definitions, the only further change required in the proof of
Theorem 3 is the following revised proof of Lemma 23. All the other proofs remain
correct as written, with appeals to (43) being replaced by using (72) instead. (One
has to verify that the conditions under which (72) may be used actually hold, but
this is easy.)

Proof of Lemma 23 in dimension 4. Let I" : [0, T] — R? be a gravitational
flow curve that connects dQ (0, R) and dQ (0, 2R), and assume that 2 U Q5 did
not occur. The potential difference U % (I"(0), I'(¢)) decreases as a function of ¢.
Let Top = sup {t e [0,7] : }F(t) — F(O)} < %}. Let W’ be the set of points
w € S such that F|[TO . intersects both dQj,(w) and dQ oy (w). Since T connects
d0(0, R) and 0Q(0,2R), we have that [W’| > 99R /100r — 2 (again the —2 is to
account for boundary effects).

Let 71 =sup {t e[Ty, T]: USE(T(0), T'(¢)) > —ZB}. Now, if x =I"(¢) for some
t > Ty, then by the definition of T, we have U%T(I"(0), x) < —2B, and by Q,

‘Udiff(I‘(O),x ‘ RY\ (B(I'(0). 3RY?) U B(x,3R1/d)))| < g.

Therefore, also
‘Udiff(F(O),x ‘ B(F(O),3R1/d)uB(x,3R1/d)>‘ < —%.
But

Udiff(r(O),x ) B(I'(0),3RV4) U B(x,3R1/d))
— U(x ‘ B(x, 3R1/d)) - U(F(O) ‘ B(T'(0), 3R1/d))
+U(x ‘ B(r(0),3R"4)) ~U(T(0) ‘ B(x,3R')),

and by Q¢, we have that
B

~u(r© ( B(L(0),3R4)) = -2

and that
‘U(x ‘ B(F(O),3R1/d)) —U(I‘(O) ‘ B(x,3R1/d))’
BR 1 B
< : <—.
10-1004 (R/100)4-2 ~ 10
Therefore we get that, for x = I'(¢), ¢ > T}, we have
9B B

U(x | B(x, 3R1/d)> - <3
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By the above, it follows that all the points w € S for which I" intersects both

[T1,T]
0Qin(w) and dQ o (w) are bad, since they satisfy condition ( ‘l) in the definition. If
there are R/ 104r such points, we are done, since the set of such w is connected
and a fortiori connectible. If this is not so, denote by W” the set of those w € W'’
for which F‘[TO,TI] intersects both 0Q;,(w) and dQ oy (w). The family W’ is a

connected set, and we have |W”| > |W'|—R/4r—1>74R/100r —4 > R/2r. As
in Section 9.1, replace W by a subset W C W” such that |[W"’| > |W"|/5% and
all the interiors of (Qout(w))wew are disjoint. Repeating the same argument as
in Section 9.1, we get that the set W of bad w € W' is connectible and contains
> R/10%r points. O

10.4. Dimension 3. Let d = 3. All the foregoing discussion for dimension 4
remains valid, except the estimate (74). In dimension 3 we only get the weaker
estimate P(R2;) < C e_CR7/9 for some constants C,c > 0. Thus, while all the
elements of the proof still function, what we actually proved was an upper bound
for P(E g) which is of the form CeR"”,

To get the better bound stated in Theorem 3, we modify the value of the
parameters. Here are the new values:

R
P e Ry
r = (log R)l/3 loglog R,
1
7= og R’
P
(log R)?”

— L joglog R
&= zloglogR,

A = 4/loglog R.

Here 8, y, and § are positive constants. The proof in Section 9, together with
the adjustments of Section 10.3, will work almost verbatim with these modified
parameters, provided that several conditions are met:

e A < CW for some constant ¢ > 0 and all sufficiently large R. This is
required when using Theorem 10, and holds with our choice of parameters.

e e>C % for some constant C > 0. This is used in the proof of Lemma 31,
when we deduce from | F(y)| < CB/R that in fact | F(y)| < ¢/8. It will hold
if y < B+ 38, and in particular if y < .

. (%)d_led A9°=d « 1. This is required when using Markov’s inequality to
ensure that the probability per site w € W to have > ] Osdp points x € Ty,
which are black and not 4-crowded (Lemma 31) is < 1. This condition holds
for any y > % + 98, and in particular for any y > % if § is sufficiently small

(as a function of ).
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With this choice of parameters, following the steps of the proof in Section 9 to-
gether with the changes outlined in SubSection 10.3, we get that in Lemma 37 the
estimates (73) and (75) still hold. The estimate (74) is replaced by the following
estimate, whose proof again uses Corollary 34:

R
(76) P(Q,) < Ce R?E

Lemma 31 will be weakened to the following lemma, whose proof is a repetition
of the same steps with the new parameter values.

LEMMA 38. For some constants C,c > 0, we have
P(Q7w) < Ce—chl loglogR.
As a result, Theorem 24 will be weakened to the following theorem.

THEOREM 39. There exist constants C, ¢ > 0 such that, for any family W C S,
we have

(77) [F"( SN{all w e W are bad}) < Ce~¢IWlloglog R

Therefore, the bound that we get for P(Eg) will be weakened to

e R e R
P(ER) <P(Q1)+P(Q)+P(Q3)+e ¢ 7 oeloe R < o™ wen 4 Co i) 13|

With the constraints 8 + 3§ > y > 2/3 + 96, the best that one can do is to take
slightly bigger than 2 /3. This gives that, for all « > 4/3,

—c—R __
P(ER) < Ce™ “Wenr®

for some constants ¢, C > 0 depending on «, and all R > 2. This was the claim of
Theorem 3 in dimension 3. O
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