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Poisson approximation of random lattices

Boaz Klartag

Abstract

Fix a subset S C R™ of volume at most cn that satisfies S N (—S) = (). We consider two
point processes in S: the first is the Poisson point process of intensity one, and the second is
the restriction of a random lattice to S, where the random lattice is distributed uniformly in
the space of covolume-one lattices. We show that the total variation distance between these
two point processes is at most Ce=¢", where ¢, C, ¢ > 0 are universal constants.

1 Introduction

We revisit the connection between random lattices of covolume one and the Poisson point
process of intensity one in high dimensions. A simple point process in R" is a probability
distribution over the space of locally finite subsets of R™. We consider two simple point
processes:

1. The first is the Poisson point process of intensity one in R”. Thus P C R" is a random
countable subset, such that for any fixed subset S C R™ with 0 < Vol,(S) < oo, the
random variable

|[PNS|

is a Poisson random variable with parameter A = Vol,,(5), ie., P(|[PN S| = k) =
e~ \¥/k!. Here | X| = #(X) is the cardinality of the set X.

An important property is that the random variables |P N Ay|,...,|P N Ay| are inde-
pendent random variables for any pairwise disjoint sets A1,..., Ay C R" of finite
volume. Moreover, for m > 1, when conditioning on the event that [P N S| = m,
the random subset P N S has the same distribution as the set { X7, ..., X,,}, where
Xi,...,X,, are independent random vectors, all distributed uniformly in S. We refer
the reader e.g. to Last and Penrose [6] for information about Poisson processes.

2. A lattice of full rank in R" is a set of the form T'(Z") where 7' : R” — R" is an
invertible linear map. The covolume of the lattice is | det(7")|. Write .2Z;, for the space
of all lattices of covolume one in R™. The space Z,, is a homogeneous space under the
action of the group SL, (R), where the action of g € SL,(R) on the lattice L C R"
is the lattice

9-L={g(x); v € L}.

Minkowski and Siegel [14] discovered that there is a unique Haar probability measure
on %2, which is invariant under the action of SL,(R). Let L be a random lattice
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of covolume one, distributed uniformly in 2, i.e., its law is the Haar probability
measure. The second simple point process that we consider is the random countable
subset . C R™. For more information on random lattices we refer the reader e.g. to
Gruber and Lekkerkerker [1, Section 19.3] or to Marklof [7] and references therein.

A priori, a lattice in R™ is a structured object that has little to do with the Poisson process
whose points do not influence each other. This intuition is indeed correct in low dimensions.
However, works by Rogers! [9] and Schmidt [12] from the 1950s suggest that, quite unex-
pectedly, in high dimensions the two point processes mentioned above are similar to each
other, at least when both are restricted to a subset S C R™ with SN (—S5) = () and of volume
at most cn. Here ¢ > 0 is a universal constant. The works by Holm [2], Kim [3, 4] and
Sodergren [15, 16] described below analyze several formulations and consequences of this
effect. In this paper we propose an additional formulation of the same phenomenon.

Let S C R™ be a fixed set of finite, non-zero volume. We endow the collection of all
finite subsets of .S, denoted by F(.5), with the minimal topology with respect to which A +—
> e () is a continuous functional on F(.S) for any compactly-supported, continuous
function ¢ : R™ — R. Observe that the laws of P N S and of L N .S are Borel probability
measures supported on F(S). For a non-empty finite subset X C R"™ we write

1 the vectors in X are linearly independent
UX) = { yneep (1)

“ 1 0 otherwise

We also set () = 1 and note that ({0}) = 0. A basic relation between the Poisson
process and the lattice process is the following identity, whose straightforward proof using
Siegel-type summation formulae is given in Section 2.

Proposition 1.1. Let S C R" be a measurable set with S N (—S) = 0 and 0 < Vol,,(S) <
oo. Let f : F(S) — R be a bounded, measurable function such that f(X) = 0if | X| > n.

Then,
E Y f(X)-uX)=E > [f(X), )
XCLNS Xcsnp
where the sum runs over all subsets X of L NS on the left-hand side, and of S N P on the
right-hand side.

The total variation distance between the laws of the two random sets PN Sand LN S
is defined as

dry(PNS,LNS)= sup [P(PNSeA)—PLNSeA) 3)
ACF(S)

where the supremum runs over all events A, i.e., all Borel subsets A C F(S). In view of
Proposition 1.1, linearly dependent tuples are the main obstacle in showing that the two point
processes L NS and P N S are close to each other. By combining Proposition 1.1 with a
variant of Schmidt’s sieve [12] and results by Rogers [8, 9] we establish the following:

'In [9], Rogers thanks Mr. W. M. Gorman from the Department of Economics for remarking that Rogers’ earlier
results about random lattices suggested that the asymptotic distribution might be of the Poisson type.



Theorem 1.2. Let S C R" be a measurable set with SN (—S) = () and 0 < Vol,,(S) < cn.
Then,
dry(LNS,PNS) < Ce ™, (4)

where c,c,C > 0 are universal constants.

Thus, for any property of finite subsets of S, the probability that L N .S satisfies this
property is very close to the probability that P N S has the property; the difference between
the two probabilities is at most C'e~¢™. Theorem 1.2 is proven in Section 4, while the variant
of Schmidt’s sieve that we use is presented in Section 3.

Under the assumptions of Theorem 1.2, Schmidt [12] showed that the probability that
LN .S is empty is close to the probability that PN S is empty, with an additive approximation
error of at most C'e~¢™. This estimate implies a bound for the sphere packing density in
R™, and it is also closely related to the covering density, see Rogers [10]. More generally,
Proposition 3.3 in Kim [4] states that for all £ < ¢n,

IP(ILNS|=k) — P(|PNS|=k)| < Ce ™

Thus, up to the precise values of the universal constants, Theorem 1.2 is formally a general-
ization of these results.

We make no effort to optimize the universal constants in Theorem 1.2. Up to the precise
values of these universal constants, the results by Sodergren [15] and Kim [4] about the
lengths of the shortest cn vectors in a random lattice may be recovered from Theorem 1.2,
by using standard analysis of the Poisson process. Indeed, if we let

S={z eR"; |z] <ry,z1 > 0}, (5)

where r,, > 0 is chosen so that S is a half-ball of volume cn, then almost surely L N .S
contains one lattice vector from each pair +v € L\ {0} with |v| < r,. With probability of
at least 1 — C'e™“" there are at least ¢'n of such lattice vectors, as follows from Theorem 1.2
and standard Poisson tail estimates. Similarly, some results by Sodergren [16], Kim [4] and
Holm [2] about the angles between the cn shortest vectors, as well as the results regarding
the first cn successive minima, should also follow from Theorem 1.2.

The conclusion of Theorem 1.2 is false, in general, when Vol,,(S) > n. Indeed, if S is
a half-ball of volume at least n as in (5), then with non-negligible probability, the random
set L NS contains n vectors such that the matrix whose columns are these vectors has
an integer determinant. The corresponding event for the random set P N S occurs with
probability zero. Moreover, when K C R" is a convex set with the origin in its interior and
S = {r € K;xz; > 0}, we have?

E|LNS|" = +o0 (6)

while E|P N S|? < oo for any ¢ > 0. To prove (6), use e.g. the bound in Kleinbock
and Margulis [5, Section 7.1] together with the observation that if (¢K) N L # {0} then
|L ns | > CK / E.

ZWhile discussed as an open problem in [13], we note that (6) has been known to experts for a long time.



Our notation is fairly standard. The Euclidean norm of z = (z1,...,z,) € R" is

denoted by |z| = />, x?. We write Vol,, for n-dimensional volume, and SL,(R) is the
group of all n X n real matrices of determinant one. All measurable sets and functions are
assumed Borel measurable, and an empty sum equals zero. We write 1 4(z) for the indicator
of the set A, that equals one when = € A and vanishes when 2 ¢ A. We write (7) for the
number of k-element subsets of {1,...,n}, thus (}) = 0 when k > n. For a subset X C R"
we write rank(X') for the dimension of the linear space spanned by the vectors of X.

Unless stated otherwise, we use C, ¢, ¢, C’, C, ¢ to denote various positive universal con-
stants whose value may change from one line to the next. All of the universal constants in this
paper are effective; that is, we could provide explicit numerical values for them if desired.

Acknowledgements. 1 would like to thank Barak Weiss for his explanations on random
lattices and for directing my attention to Schmidt’s paper [12]. Thanks also to Sergey Av-
vakumov, Seungki Kim, Jens Marklof and Anders Sodergren for helpful discussions. Sup-
ported by a grant from the Israel Science Foundation (ISF).

2 Linear independence of the lattice vectors in S

Fix a measurable subset S C R" with S N (—S) = @ and with 0 < Vol,,(S) < oo. Let
L C R" be a random lattice of covolume one, distributed uniformly in 2. Let the random
set P C R"™ be the set of atoms of a Poisson point process of intensity one in R™. With
probability one, both random sets

LNnS and PNnS

are finite. Recall from (1) that ¢«(X) = 1 for X C R™ if and only if the vectors in X are
linearly independent. Otherwise +(X) = 0.

Proof of Proposition 1.1. The sums in (2) are well-defined since P N .S and L N S are finite
sets almost surely. Let = 1,...,n — 1 and assume that f : 7(S) — R is a bounded, mea-
surable function such that f(A) = 0 if | A| # ¢. We will show that under these assumptions,
both expressions in (2) equal

1

/ g(z1,...,xp)dxy ... dxy

Z‘ St

where S* = S x ... x S C (R")! and g : S* — R is defined via g(z1,...,2/) =

f{z1,...,z¢}) fordistinct xy, ..., z, € S. The function g is bounded and hence integrable
on S*. The fact that

E Z g(xl,...,:cg):/S.../Sg(xl,...,a:g)da:l...da:g 7

z1,...,xp€LNS
linearly independent

is proven in Rogers [8] and is mentioned without proof already in Siegel [14]. See also
Schmidt [11]. One way to prove this fact is to show that the Borel measure

E Y ap ®)

T1,...,LgEL
linearly independent
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on (R™)* is locally finite and SL,,(R)-invariant, and therefore a constant multiple of the
Lebesgue measure. By considering the measure of large balls, one can prove that this pro-
portionality constant equals one.

Let us now analyze the expectation on the right-hand side of (2). Conditioning on the
event that |S N P| = m we know that the set S N P is equidistributed with {X7,..., X,,}
where X1, Xo, ..., X,, are independent random vectors distributed uniformly in .S. There-
fore, when m > ¢,

m) dzy . ..dxg
Bl X sna) [1S0P = m| = o | gl S

z1,...,xgESNP
distinct

Consequently, with A = Vol,(.9),

L e Am m! dxy...dzy
E g(xlv"')xf): : / g($1a"'7x€)
1 ..‘zzeésma mz_:g m! (m =0 Jge Vol,,(S)*
’ distinct
e ef)\)\mfﬂ /
= —— | g(x1,...,xp)dxy ... dxy. 9)
mZ::Z (m — f)' S

The sum in (9) equals one. Therefore, by (7) and (9),
E Z g(x1,...,x0) =E Z g(x1,...,xp).

T1,...,kg€LNS z1,...,.e€PNS
linearly independent distinct
Dividing by ¢! we prove (2) in the particular case where f satisfies the condition that f(A) =
0 when |A| # ¢. We refer to this condition as condition (¢). For the general case, we
note that we may decompose f = Z?;[)l fe where f, is a bounded, measurable function
satisfying condition (¢). We have proved that (2) holds true when f is replaced by f, for
¢=1,...,n— 1. The equality (2) holds trivially when f is replaced by f. By linearity, we
conclude that (2) holds for the function f itself, completing the proof. O

Set A = Vol,(S). As in Schmidt [12], for a finite set A C R™ let us define ,oi(A)
to be the number of subsets X C A of cardinality k£ with rank(X) = j. It follows from
Proposition 1.1 thatif 0 < k < n — 1 then

Ak
Epf(LNS)=E > Ilypooi X)) =E > ligx)on = o (0
XCLNS XCPNS ’

where the last passage follows from the fact that #(P N S) is a Poisson random variable
with parameter A, and from the standard computation Y _o_, () - e *\™ /m! = A¥ /kL.

A non-trivial estimate proven in Schmidt [12, Theorem 3], relying also on ideas and
computations from Rogers [8, 9], states that for 1 < k < n — 1,

k—1
(k—1)!
5

Epf N (LN S) < - [3F(3/4)"/% 4 5k27™), (11)




The proof of (11) relies on analysis of Siegel-type summation formulae for specific patterns
of linear dependence, as well as on delicate counting arguments. Observe that in the case
where A < cn and k < cn, the right-hand side of (11) is much smaller than that of (10).
Thus, in this case, the expected number of linearly independent k-tuples in L N .S greatly
exceeds the number of k-tuples whose linear rank equals £ — 1. The following proposition
was proven by Kim [4, Proposition 3.1], using the methods of Rogers and Schmidkt.

Proposition 2.1 (Kim). Suppose that A\ = Vol,,(S) < n/30. Then with probability of at
least 1 — Ce™“", the set L N S consists of at most n/10 vectors, and these vectors are
linearly independent. Here, ¢, C' > 0 are universal constants.

Another proof of Proposition 2.1 using Schmidt’s results. Write d(L N S) for the number
of subsets of L N S of cardinality % that consist of linearly independent vectors, and are
contained in a strictly larger subset of L N S whose linear rank is still k. A moment of
reflection reveals that

k+1
aeos) < ("7 daens)

Indeed, if we go over all (k+1)-element subsets that are counted in the definition of pf | (LN
S), and for each of them consider all of its k-element subsets, then we cover all of the subsets
counted in the definition of di,(L N S). From (11) we thus see that for k < n — 2,

k
Ed(LNS) < (k+1)- % - (3FFY(3/4)/2 4 R, (12)

Recall that A < n/30. By using the inequalities k! > (k/e)* and (ea/z)* < €2, we see that
for k < n/10, the right-hand side of (12) is at most

10 ( en )k (315(3/4)% +5

n . —_— .
30k

Thus the right-hand side of (12) is at most Ce™“" if & < n/10. Since di(L N S) is a
non-negative integer, we conclude that the probability that the random variable dy (L N S) is
positive is at most C’ e~ Therefore,

n

1527") < 10n - 30 - (3

n .

10(3/4)2 +51027") < Ce™ ™.

[n/10]
P(@EL<k<n/10, dp(LNS)>0)< Y Cle "< Ce (13)
k=1

If dp(L NS) = 0 for all k& < n/10, then for any subspace £ C R" of dimension at most
n/10, the vectors in L NS N E are linearly independent. The probability of this event is at
least 1 — C'e™“" according to (13).

Next, from (10) and the Markov-Chebyshev inequality, the probability that there exist at
least £ = [n/10] linearly independent vectors in L N S is at most

Y 4
Eps(LNS) = % < (?) < Ce ™,

In other words, with probability of at least 1 — C'e=“", the linear span of the set L N .S is of
dimension at most n/10.



In summary, consider the event where the set L N .S spans a subspace of dimension at
most n/10, and moreover, for any subspace £ C R" of dimension at most n/10, the vectors
in L NS N E are linearly independent. By the preceding two paragraphs, the probability
of this event is at least 1 — C'e™“". Under this event, the set L N S contains at most /10
vectors, which are linearly independent. O

3 Schmidt’s sieve

The usual inclusion-exclusion principle states that for any finite set B and integers R, Ry >
0, with Ry odd and R even,

R

Z(—1)J‘<B’> < l{p_g < Z <‘B’> (14)

§=0
An analogous, more sophisticated sieve was introduced by Schmidt [12] and modified by

Kim [3, 4]. A variant of this sieve is presented in detail in this section.

The rank deficiency of a finite set X C R" is defined as
d(X) = |X| —rank(X) > 0.

Thus §(X) = 0 if and only if X consists of linearly independent vectors. For a set B, we
write (]]f ) for the collection of all subsets of B of cardinality k. For a finite set B C R™ and
integers k,r > 0, define

B
Sk,r(B) = {X € <k+r> ) 5(X) < 1{risodd}} (15)

and B
7o) ={x e (7 )5 000 < 1picoum | (16)

Thus S, (B) consists of the linearly independent subsets of B of cardinality k& +  when 7
is even, and of the subsets of cardinality k¥ + 7 and rank deficiency at most one when r is
odd. The convention for 7, ,.(B) is the opposite one. Recall that F(R") is the collection of
all finite subsets of R™.

Proposition 3.1. Let ¢ : F(R™) — [0, 00) be a function such that p(Y') = 0 whenever the
vectors in 'Y are linearly dependent. Let B C R"™ be finite, and let k > 0. Let R1, Ry > 0
be integers such that Ry is odd and Ry is even. Then,

Ry
S > N e B)1y|p|- k}<Z Z > Y
r=0 XeSkr(B) ye(Y) X€Tker(B)Ye(¥)



The remainder of this section is devoted to the proof of Proposition 3.1. Let A C B C R"
be finite sets. For » > 0, set

UT(AaB) =# {Y - B\Aa ‘Y| =T 5(AUY) < 1{risodd}} (17)
and
(A, B) = #{Y CB\A; |Y| =7, 0(AUY) < 1 iseven} | - (18)

When 7 is even, the quantity o,(A, B) counts the number of subsets of size 7 of B\ A such
that when we add them to A, we obtain a linearly independent set. When r is odd, in place
of linear independence we require rank deficiency at most one. The convention for 7,.(A, B)
is the opposite one.

Lemma 3.2. Let A C B C R” be finite sets, and assume that A consists of linearly inde-
pendent vectors. Then for every R1, Ro > 0 with Ry odd and R even,

R1 R2

> (—1)00(A,B) < 1pacpy < > (—1)"7(A, B). (19)

r=0 r=0

Proof. LetC' = B\ A and denote N = |C|. If N = 0 then A = B and for all » > 0,
or(A, B) = (A, B) = 1{,—gy-

Thus both sums in (19) are equal to 1, and the lemma follows. From now on we may
therefore assume that A # B and hence

N > 1.
For » > 0 define
Pr={ZCC;|Z=r 6(AUZ)=0}

and
Q ={ZCC;|Z=r 6(AUZ) <1}

For r > N we have P, = Q,. = (). Moreover, for all » > 0,

[ |Py| riseven [ |Qr] riseven
"’”(A’B)_{ 10, risodd (A B) = 1P ris odd (20)

Forr=20,..., N, set
by = |Pr| 0 = [
T N\ r — Ny
(v) (v)
Thus p, is the probability that a random completion of A to a subset of B of cardinality

|A| + r is still linearly independent, and ¢, is the probability that its rank deficiency is at
most one. We also put p,, = ¢, = 0 for r > N. Clearly, for all » > 0,

1)

pr < g (22)



Note that the probability p, that such a random completion would consist of linearly-independent
vectors is non-increasing with r, as well as the probability ¢, that its rank deficiency is at
most one. Therefore, for any r > 0,

Dr = Pr41 and Gr = Qry1. (23)

Another observation is that if X C B is linearly independent, then by adding any element
from B \ X to X, we obtain a set Y C B whose rank deficiency is at most one. It thus
follows that forr =0,..., N — 1,

Pr < qry1. (24)

()= (")

with c_1 = 0, where we recall that (") = 0if > N — 1. By using summation by parts
we see that for any numbers dy, . . . , dg,

R N R R—1
> (=1 < ) )dr = (er—cr1)dr = crdr + Y _ cr(dr — dpy1). (26)

r=0 r=0 r=0

For r > 0 write

The left-hand side inequality in (19). In order to prove the left-hand side inequality in
(19) we set R = R1, an odd number. For » > 0 define

| pr 7 is even
dr = { pr—1 7isodd (27)

which is a number between zero and one. Note that if r is odd, necessarily r — 1 > 0 and
d, = pr_1 is well-defined. Note that for » > 0,

{ d, —d,41 =0 riseven 28)

dr —dyy1 >0 risodd

Indeed, if r is even, then d, — d,+1 = p, — p, = 0, while if r is odd, then » > 1 and
dr — dry1 = pr—1 — pr+1 > 0 by (23). Thus (28) holds true. Next, we claim that for all
r >0,

(—1)°0,(4, B) < <—1>T(N )dr. 29)

r

Indeed, if r > N then (]X) = 0 and both the left-hand side and the right-hand side of (29)
vanish, by (20). It thus suffices to prove (29) for r = 0,..., N. If r is even, then by (20),

(21) and (27),
7o = () o= o ()

r

Hence (29) holds true when r is even. If r is odd, then » > 1 and r» — 1 is even. Thus by
(20), (21) and (24),

(~1)70,(A, B) = —(f >qr < —(f )pu — (-1 (f )dr,
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where we used (27) in the last passage. This completes the proof of (29) in all cases. We
deduce from (28), (29) and the summation by parts (26) that

R R N R-1
> (-1)70.(A,B) < (—1)"<r>dr =crdr+ Y _ cr(dr — dpi1)
r=0 r=0 r=0
R-1 R-1
< Cr(dr - dTJrl) = Cr(dr - dr+1) <0, (30)
r=0 r=0

(=N

T d

—

S O

where in the first passage in (30) we used that crdr < 0 since dg > 0 by (27) while cg < 0
by (25) as R is an odd number. In the last passage in (30) we used that ¢, < 0 by (25) as
r is odd, while d,- — d,+1 > 0. Since A # B, the left-hand side inequality in (19) follows
from (30).

The right-hand side inequality in (19). Set R = R, an even number. For r > 0 define

qr risevenand r < N
dr =< @qry1 risoddandr < N —1 (31
g T2 N

Forr > 0,

{ cr(dy —dpy1) =0 7isodd (32)

dr —dry1 20 r is even

Indeed, consider first the case where r is odd. If r < N, thend, = d,+1 = ¢r+1. If r > N,
then ¢, = 0 by (25). Thus ¢,(d, — dy+1) = 0 whenever r is odd. Let us now prove (32)
assuming that r is even. If r < N — 1, then by (23) and (31),

dr - dr—i—l ={qr — Qqr+2 > 0.
Ifr=N—-1,thend, —d,4+1 = qv-1 — qn > 0againby (23). If r > N, then d, — d, 41 =
gn — qn = 0. This proves (32). Next, let us show that for all » > 0,

(~1)' (4, B) > <—1>’"(N)dr. (33)

T

Indeed, if » > N then (]T\,[ ) = 0 and both the left-hand side and the right-hand side of (33)
vanish. It remains to prove (33) forr = 0,..., N. If r is even, then by (20), (21) and (31),

(-=1)"m(A,B) = (—1)" <]7Y> g = (—1)" <N> dy.

r

Hence (33) holds when r is even. Next, consider the case where r is odd. If r is odd and
r < N, then by (20), (21) and (24),

s = (Mo z (Vo= cor (V)

where we used (31) in the last passage. If  is odd and » = NN then
T T N
(_1) Tr(Av B) = —pN = —qN = (_1) ” dy,

10



where the inequality py < gn follows from (22) above. This completes the proof of (33) in
all cases. We deduce from (32), (33) and the summation by parts (26) that

R R R—1
Z( )'1-(A, B) ZZ < )d —CRCZR—FZCT r—drt1)
r=0 r=0 r=0
R—1 R-1
> Cr(dr - dr+1) = Cr(dr - dT‘+1) > 0. (34)
r=0 r=0

Here, in the first passage in (34) we used that crdr > 0, since dr > 0 by (31) while cp > 0
by (25) as R is an even number. In the last passage in (34) we used that ¢, > 0 by (25) as r
is even, while d, — d,+1 > 0 by (32). The right-hand side inequality in (19) follows from
(34). The proof of the lemma is complete. O

Proof of Proposition 3.1. Consider first the sum

Ry
YT DD s
r=0

XeSi(B) ve(¥)

Since ¢(Y') = 0 whenever the vectors in Y are linearly dependent, only linearly independent
sets Y € (g ) contribute to the sum L. Let us fix a linearly independent subset Y C B of
cardinality k. A term involving ¢(Y") can only arise from a set X € S, ,(B) satisfying

X=YUuZ  ZCB\Y, |Z=r

Consequently, in view of (15) and (17), the coefficient of ¢ (Y") in the sum L is

Ry

> (=1)o.(Y,B).

r=0

By Lemma 3.2, applied with A =Y, this coefficient is at most 1y _p;. Since ¢ > 0, we
obtain
L< > Ly=pyp(Y) = @(B)1{ 5=k} (35)
ve(¥
Y linearly independent

proving the left-hand side inequality in the conclusion of the proposition. Next, set

Ry
U= (=17 > > e
r=0 XETkr(B) ye(¥)

Again, only linearly independent sets Y € (¥) contribute to the sum. Fix such a linearly-
independent set Y. A term in the sum U involving ¢(Y") arises from a set X € T ,.(B) such
that

X=YUZ, Z C B\Y, |Z] = .

11



Hence the coefficient of ¢ (Y") in the sum U is

Ro

> (-1)(Y, B).

r=0

By Lemma 3.2, applied with A = Y/, this coefficient is at least 1{y: B}- Since ¢ > 0, it
follows that
U > > Liy=pyp(Y) = @(B)1{B|=1}-
ve(y
Y linearly independent

This proves the right-hand side inequality in the conclusion of the proposition, and the proof
is complete. O

4 Proof of Theorem 1.2

Let us set
co = 1/200.

Suppose that n > 2 and fix a measurable subset S C R™ with S N (—S) = () such that
A = Vol (S)

satisfies
0< A <con.

Recall that F(S) is the collection of all finite subsets of S.

Lemma 4.1. Assume that n > 20, let 0 < k < n/10, and let A, C F(S) be a Borel set
containing only subsets of cardinality exactly k. Then

P(LNS € A,) —P(PNS e A) <Ce ™,
where ¢, C > 0 are universal constants.
Proof. Let m be an integer such that
R=m—-ke2Z

and
‘m—ﬁ‘<1
£ =1

Since n > 20, we have
k+1<m<n—1, (36)

and hence R is a positive, even number. For a finite subset Y C S define

(V) = 1a, (Y)u(Y). 37)

12



Then ¢ > 0 while ¢(Y) = 0 whenever the vectors in Y are linearly dependent. Let £ C
F(S) be the collection of all linearly independent subsets of cardinality at most n/10. By
Proposition 2.1,

P(LNSeé&) >1—-Ce ", (38)
where we use that A < con < n/30. For any finite set B C S,
14, (B) < 1ge(B) + ¢(B)1{|B|=1} (39)

where £¢ = F(S) \ £ is the complement of £. Applying (39) with B = L N S and using
Proposition 3.1 with Ry = R, we get

R
14, (LNS) < Lee(LNS)+ ) (-1D)" > > oY) (40)
r=0 XETr(LNS) Ye(¥)

Recall from (16) that 7, (L N S) consists of linearly independent sets when r is odd, and
of sets of rank deficiency at most one when r is even. Since 0 < ¢ < 1, we may bound the
contribution of all sets X with §(X) = 1 to the sum in (40) as follows:

R k+r
L, (LNS) < Lee(LNS) + Y (1) Y (X)) D ¢ +Z 2 < )

=0 Xe(i1) Ye(ii) =0 xe(iY)
§(X)=1
R
<le(LNS)+D (D)7 Y uX) Y e +Z< ) YLNnSs).
r=0 xe(i)  vex)

We may now take expectation and use Proposition 1.1 in order to replace the random lattice L
by the Poisson point process P. By using (38) and Proposition 1.1 we obtain

R
P(LNS€A) < Cem™+EY (1) > > oY +IEZ ( ) YLnSs).
=0 Xe(ii) ve(y)
(41)
Here Proposition 1.1 is applicable since k +r < k+ R =m < n — 1 by (36).
With probability one, all subsets of P NS of cardinality at most m are linearly indepen-
dent. By (37), almost surely ¢(Y) =14, (Y) forall Y € (Pms) Recall that K+ R = m and

that R is even. By the usual inclusion-exclusion inequality (14) applied with R} = R — 1,

R
Z(—l’" Z Z (V) < 14,(PNS)+ Z ZlAk (42)
r=0

xe(i) ve () xe(7) ve(y)

where the last term on the right-hand side is equal to the summand corresponding to r = R
on the left-hand side. Therefore, by taking expectation in (42) and combining with (41),

P(LNS e Ay) <Ce ™ +P(PNS € A)

+E Y ZlAk<Y>+E;(£)pﬁ—l<Lms>. 43)
=1

xe("7) ve(¥)

m
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We need to bound the two terms in (43). Begin by bounding the Poisson term. Since |[P N S|
is a Poisson random variable with parameter A,

e (2)" = (2" coom

In the last line we used the bounds (') < 2™ and m! > (m/e)™, as well as the facts that
A < con,m >n/10 and ¢y < 1/200.

Next, let us bound the rank-deficiency-one term. Recall from (36) that m < n — 1. By
Schmidt’s estimate (11), for 1 < ¢/ < m,

)\671 3 n/2
Epi Y (LN S) < 3¢ () +5f27m

(0 —1)! 4

Consequently, by using the inequality ( ) < 2!

0 )\Z 1 3 n/2
EZ( ) (LN S) <Zz€ <4) +527" (45)
3 n/2
— <4> 666/\ + 10610)\2—71 < Ce—cn’

where the last passage follows from the facts that A < ¢on and ¢y < 1/200. Substituting the
bounds (44) and (45) into (43) we obtain

P(LNS e Ay) <P(PNS €A+ Ce ",
completing the proof. O
Proof of Theorem 1.2. We may assume that n > 20, since otherwise the conclusion follows
by increasing the universal constant C'. It suffices to prove the theorem under the assumption
Vol,,(S) = A < ¢on.
By the definition of total variation distance,
dry(LNS,PNS)= sup |P(LNSeA)—-P(PNSeA)]

ACF(S)

= sup [P(LNSeA)-P(PNnSeA], (46)
ACF(S)

where the suprema run over all Borel subsets A C F(S). Note that in the second line we
replaced the absolute value by brackets, which is legitimate because replacing A by F(5)\.A
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changes the sign of the expression inside the absolute value. For k& > 0, write F(.S) for the
collection of all k-element subsets of .S. Set

m=|n/10] +1

and

Fom(9) = | FuS).

>m

Thus .
F(S) = (U fk(5)> U Fom(S)
k=0

is a disjoint union. Fix a Borel set A C F(S) and write

A = AN Fr(S), Aspm = AN F>p(S).

Then
P(LNS e A —P(PNSeA) (47)
m—1
=PLNSEAsm) —P(PNS € Asp)+ Y [P(LNS € A) —P(PNS € Ap)l.
k=0

Foreach 0 < k < m — 1, Lemma 4.1 yields

P(LNS e Ax) —P(PNS € A;) <Ce™ .

Since m < n, summing over k = 0,...,m — 1 gives
m—1
Y IP(LNS€EA)—PPNSEA)]<Cle (48)
k=0

It remains to bound the contribution of A, to (47). By Proposition 2.1, with probability of
atleast 1 — C'e™", the set L N S has cardinality at most n/10. Since m = |n/10| + 1, this
implies

P(LNS € Asp) <P(ILNS| >m) < Ce .

Therefore
P(LNS e Asp) —P(PNS € Asyy) < Ce™ . (49)

By combining (47), (48) and (49) we conclude that for any Borel set A C F(S),
P(LNS e A) —P(PNSecA<Ce ™

In view of (46), this completes the proof. O

Remark 4.2. (i) Is it true that the universal constant ¢ from Theorem 1.2 can be taken
arbitrarily close to 1? This question is somewhat related to a remark in Venkatesh [17].
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(i) When S C R" is a Euclidean ball of volume n/5, say, and L C R" is a random lattice

of covolume one, we currently do not know how to estimate
(BIL N SP)"? (50)

for all 1 < p < n, up to a multiplicative universal constant. It seems that the bounds
for (50) that can be extracted from Schmidt [13] could be off by a factor of CP. The
advantage of Schmidt’s sieve over the usual inclusion-exclusion principle is that it
allows us to avoid analyzing these high moments.
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