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NUMBER OF ARITHMETIC PROGRESSIONS IN DENSE RANDOM SUBSETS
OF Z/nZ

ROSS BERKOWITZ, ASHWIN SAH, AND MEHTAAB SAWHNEY

ABsTRACT. We examine the behavior of the number of k-term arithmetic progressions in a random
subset of Z/nZ. We prove that if a set is chosen by including each element of Z/nZ independently
with constant probability p, then the resulting distribution of k-term arithmetic progressions in
that set, while obeying a central limit theorem, does not obey a local central limit theorem. The
methods involve decomposing the random variable into homogeneous degree d polynomials with
respect to the Walsh /Fourier basis. Proving a suitable multivariate central limit theorem for each
component of the expansion gives the desired result.

1. INTRODUCTION

Understanding the asymptotic behavior of sums of dependent random variables is a fundamental
question in probability theory and combinatorics. One particular random variable that has received
attention is the number of arithmetic progressions in a random subset of Z/nZ. For any subset
S C Z/nZ we define kAP(S) to count the number of k-term arithmetic progressions contained
entirely in the set S. The probability space is constructed by choosing a random set S by including
each element of Z/nZ independently at random with probability p € (0,1), where p is a fixed
constant not depending on n. The natural question therefore is to understand the distribution of
kAP(S) as n grows.

It is not hard to show that kAP(S) obeys a central limit theorem. That is, if we set p, =
E[kAP(S)] and 02 = Var(kAP(S)), where S is chosen as before, then for any fixed a, b

kAP(S) — pin 1 t2
Ploa< —— " <p| = — —— ) dz + 0n,(1).
0 KR oy b e (<) dot0,,00)

Given this Gaussian macroscopic behavior it is natural to guess that the distribution of kAP is
“smooth” and therefore nearby integers are approximately as likely as one another. In particular,
one may conjecture that a local limit theorem estimating pointwise probabilities of kAP(S) that
for any integer x

P[KAP(S) = 2] = Un\l/% exp <_(:"2;%“”)2) + 0<01n>

However the purpose of this note is to prove that this local limit theorem is in fact false and the
distribution of kAP(S) oscillates wildly.

Theorem 1.1. Fizp € (0,1) and k > 3. Then for all sufficiently large n relatively prime to (k—1)!
1 —(x = pn)?
PkAP(S) =z] — exp | ————

there is a point x such that
1
o () o)
onV 21 207, On

where p, and oy in the statement are the expectation and standard deviation of kAP(S) and S s
constructed by choosing each element of 7 /nZ independently at random with probability p.

Remark. This failure of the local central limit likely extends to ged(n, (k — 1)!) # 1, however the
proof details become more technical and therefore we restrict our attention to this case.
1
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FIGURE 1. Histogram from sampling uniformly random subsets of Z/101Z where
1,000,000 random samples were taken. While the the Gaussian-like distribution of
3AP(S) is visible there are wild local fluctuations. The second picture on the right
narrows the histogram to only looking at 550 < 3AP(S) < 750 showing the local
fluctuations in greater detail.

The first author discovered this failure of the local central limit theorem by sampling uniformly
random subsets of Z/101Z and counting the number of length 3 arithmetic progressions. This
histogram of results may be found in Figure 1. Interestingly, it should be noted that subsequently
and independently a study of Cai, Chen, Heller, and Tsegaye [CCHT] also conjectured that such a
local limit theorem failed, but did not have a proof.

Related Work. Significant attention has been given to understanding the large deviation proba-
bility of kAP(S), particularly in the sparse set regime where p — 0. For example, recently Warnke
[Warl7|, Bhattacharya, Ganguly, Shao, and Zhao [BGSZ20|, and Harel, Mousset, and Samotij [HMS]
found precise upper tail bounds for kAP(.S) in the sparse regime, while Janson and Warnke [JW16]
proved lower tail bounds. Additionally, Barhoumi-Andréani, Koch, and Liu [BAKL'19] proved a
bivariate central limit theorem for (mAP(S), nAP(S)), understanding the joint distribution of the
number of length m and n arithmetic progressions in sparse random sets.

Significant attention has also been focused on understanding local limit theorems in the analogous
setting of G(n,p). In particular work of Gilmer and Kopparty [GK16] proves a local central theorem
for triangle counts, with Berkowitz giving improved bounds in the case of triangles [Berb| and then
proving the analogous theorem for cliques in [Bera|. Furthermore for general connected subgraph
counts in G(n,p) almost optimal anti-concentration results are known due to the work of Fox,
Kwan, and Sauermann [FKS|. Our work points to a certain degree of separation between a local
central limit theorem and anti-concentration for polynomial functions of Bernoulli random variables
as already suggested by Fox, Kwan, and Sauermann [FKS|. In particular, the random variable
kAP(S) experimentally appears to satisfy anti-concentration (at the optimal scale with each point
probability being at most O(1/n3/2)) but as we will prove it does not satisfy a local central limit
theorem.

Outline of Paper. In Section 2 we compute the expansion of the kAP in the p-biased Fourier
basis. We then use this expansion to give a high level overview of our arguments. Sections 3-7
contain the main technical work of analyzing the asymptotic behavior of kAP, and a more detailed
overview of the argument can be found at the end of Section 3. The proof of the nonexistence of a
local central limit theorem is in Section 8. Finally, we end with some outstanding questions left by
our work in Section 9.
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2. EXPANSION OF k-AP FUNCTION INTO p-BIASED BASIS AND OUTLINE OF THE ARGUMENT

We first expand the counting function of the number of k-APs into a p-biased Fourier basis. In
order to do so define z; to be indicator if the element ¢ is in the subset of Z/nZ which we are
examining. Then we use the change of variables

Ti—p
p(1=p)
and note that E[y;] = 0 and Var[y;] = 1. Now the k-AP counting function is

k-1
kAP(z)= > > [[%atia

a€Z/nZ de[n/2] 1=0

k—1
= > Y [@ariav/p(1=p)+p)

a€Z/nZ de[n/2] =0

D SO = s (=)

Yi =

a€Z/nZ de[n/2]) £=0 Se([k]) ieS
k151 \SI
ZZ > 2 2 - [Jveri
=0 a€Z/nZ d<[n/2] SE(UZ]) €S

Furthermore define

kKAP‘(y) = > ) Z pa( —p)%Hya—&-id-

a€Z/nZ de[n/2] SG( €S

The key idea is to note that kAP’ for £ = 1 versus all higher values of ¢ live on different scales. Our
main lemma will be to prove a quantitative convergence of these components to k appropriately
scaled multivariate Gaussian and then using this analysis we will subsequently prove the desired
failure of a local central limit theorem. For the sake of simplicity we also define

AP ()=~ S 5 Y [Tvesu

aEZ/nZ den/2] Se([k]) ies

where o is chosen so that Var[me(z)] =1, if z is a vector of independent standard normals. In
particular note o, is independent of p. Note that these multivariate functions will be the central
object of study and proving a sufficient strong result regarding their joint distribution will give the
desired failure of a local central limit theorem. Finally define o to be the variance of kAP (z).
Note that all the different functions defined here are multilinear, since ged(n, (kK — 1)!) = 1.

Asymptotics of oy. We note that oy = Oy (n) is easily computed for ¢ # 1 and that o1 = @k(n2)
This follows immediately from the fact that any two elements of Z/nZ lie in O (1) k-term arithmetic
progressions jointly.

Overview of the Main Arguments. Given the above expansion we are now in position to give
a general overview of the proof. The argument is centered on demonstrating that the functions
kAP! and the remaining kAP? fluctuate independently and on differing scales and then use this
to deduce a failure of the local central limit theorem. The key claim is that {kAPZ}g:LgSgSk, suit-
ably normalized, approaches in distribution a set of independent Gaussian (along with quantitative
bounds). In particular we prove the following result.
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Theorem 2.1. For g € C3(R¥~1), we have

M>(g) + M3z(g)
nl/2 ’

[Eg(kAP' (y), kAP (y),..., kAP () — Eg(Z)| i

where Z is a standard Gaussian random vector in R¥~1.

In the notation above Ms(g) and Ms3(g) are the maximal operator norms of the second and
third order derivative tensors of g; more informally these quantities simply measure the fluctuations
in g. In order to prove the desired CLT result we first use a version of the Gaussian Invariance
Principle which allows one to replace scaled Bernoulli’s with Gaussians; this reduction appears
in Section 3. This reduction, while not strictly necessary, simplifies the argument. Then we use
the theory of exchangeable pairs to deduce the necessary central limit theorem, which constitutes
Section 4. Roughly, the exchangeable pairs argument proceeds by using analyzing a single draw of

Gaussian y’s for vector (kAPl(y),kAPg(y), . ,mk(y)) and analyzes what occurs if precisely
one of the y at random is resampled. The method of exchangeable pairs allows one to deduce a
quantitative central limit theorem from this perturbative analysis; however, a significant amount of
effort is expended in verifying the necessary moment estimates. In particular, one consequence of
the above analysis is that

ZaGZ/nZ Ede[n/2] ZaZa+d?a+2d RN
(5)

if z; are independent standard normals, since this corresponds to KAP® for k = 3. Specializing the
analysis to this case may be useful for some readers. Note here that if z; were not centered then
the standard deviation jumps from ©(n) to ©(n*?), and the corresponding central limit theorem
is a easy consequence of the method of dependency graphs as demonstrated in [CCHT].

We next convert these results into a bound on Kolmogorov distance and then deduce the failure of
a local central limit theorem using a sampling argument in Sections 7 and 8. Ultimately the failure
of the local central theorem is derived essentially from the fact that kAP' takes on values which
are separated by Oy ,(n) from one another and the smearing which occurs due to the remaining
components also lives on the scale of Oy ,(n). Thus it is not able to flatten this effect out. These
two sections give one way of implementing this intuition.

(0,1)

3. REDUCTION TO GAUSSIAN ESTIMATE

We first use an invariance principle for multilinear polynomials. In order to do so we need
to define the influence of a variable for a Boolean function and whether a random variable is
hypercontractive. This step is not strictly speaking necessary, but does not weaken our bounds and
allows us to establish the rest of the argument in a slightly cleaner form.

Definition 3.1. The influence of a variable z; in a boolean function F(z1,...,2n) = 3 gcpy as [Lies @i
is -
Infy[F]= > a3
teSCn]

Definition 3.2. A random variable X is (p, ¢, p)-hypercontractive (1 <p<g<oocand 0 < p< 1)
if for all constants a,b € R we have

lla + pbX|lg < |la +bX[[p.

Finally we need that the p-biased bit is hypercontractive with the appropriate constants. This
follows from the following result in [O’D14].
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Theorem 3.3. If X is a mean zero, symmetric, discrete random variable with

A= min P[X =z
z€Range(X)

SIS
Q|

Then X s (2,3, p)-hypercontractive for p = \/qlfl - A

We are now ready to define a version of the multifunction invariance principle; this version appears

in [0’D14].

Theorem 3.4. Let FV ... FD pe formal n-variate multilinear polynomials each of degree at
most k € N. Let x1,...,x, and y1,...,y, be independent R-valued random wvariables such that
E[z:] = Ely:] = 0 and E[z?] = E[y?] = 1. Assume each random variable x; and vy; is (2,3, p)-
hypercontractive. Then for any C® function ¢ : R* — R satisfying 05|00 < C' for all |B] = 3,

L
E[¢<F<x>>—¢<F<y>>' C* S~ g 02

= 9.3k
Sp t=1 j=1

For our application this will amount to the following theorem on the distribution of kAP (y)
against test functions.

Theorem 3.5. Let y; be defined as before and y, be standard normal random variables. Then for
any C3 function 1) : RF1 — R satisfying ||0°||ec < C for all |5| =3,

E[V(KAP' (), KAP (), ... KAP"(y/)) ~ (kAP (), KAP’(y), ... KAP"())]| < =

where the constant Cy,, is linearly proportional to C.

Here we used that Inf,[F()] = Oy ,(1/n), which easily follows from the asymptotics of o, along
with the symmetry among the variables.

4. EXCHANGEABLE PAIRS

We now consider the joint distribution of {me(yi)}l’gggk where the y; are now independent
standard normals. We prove a quantitative result regarding its convergence to a multivariate normal
using an application of exchangeable pairs. In order to state the version of exchange pairs, we will
need we will first define a set of notations. Define for a real matrix

(A, B) = Tr(ATB)

[A]l s = 1/ Tr(ATA) = \/(A, A).

[Allop = sup  [{(Av, w)|
v|=1,|w|=1

and

Furthermore define

for matrices and similar for k-order forms

HA”OP = Sup ’A(vth’ ce 7Ul€)"

lvi|=1

Given this define the k" derivative (tensor) operators for f € C*(R") as

k
(D*f(@), (ur, .. yup)y = Y L(ul)il...(uk)ik

11,02,k €[N] anil - '8xik
for vectors uq,...,ur € R™. Finally define
M;(g) = sup [[D"g(@)llop-
zeR™
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The last notion we need is that of exchangeable random variables.

Definition 4.1. X’ and X are exchangeable random variables if (X', X) and (X, X”) have the same
distribution.

The key probability theoretic statement we will use is a multivariate version of exchangeable
random variables for proving convergence to a Gaussian which in this form is due to Meckes [Mec09].

Theorem 4.2 ([Mec09]). Let (X, X') be an exchangeable pair of random vectors in R%. Suppose
that there is an invertible matriz A, and a random matriz E' such that

e E[X'— X|X] =-AX
o E[(X' - X)(X'— X)T|X] =2A+E[F|X].
Then for g € C3(R%),

Vd

- 1
[Eg(X) —Eg(Z)] < [IA™|op 1 M2(9EIE s + 5 Ma(9)E|X — X[? (1)

where Z is a standard Gaussian random vector in R®.

Note this is a simplification of the statement which appears in [Mec09| which is sufficient for our
purposes. We now apply this to our setting where we set y = (y1,...,yn) and y’ = (y1,..., Y7 .-+, Yn)
where [ is a uniformly random coordinate in [n] and y;,y; are independent standard normals. It
obvious by definition that

— —
= {kAP (y)}r=1,3<e<k, W' = {KAP (') }r=1,3<0<k

are exchangeable random variables. We stress that the ¢ = 2 term is missing. Furthermore, our
normalization of o, has made it so that each coordinate of W has variance 1. Also, E[W] = 0 since

kAPé(y) is multi-linear as we have ged(n, (k —1)!) = 1. We first compute the matrix A in the case
of (W, W").

Proposition 4.3. Let W, W’ be defined as above. Then
E[W — W|W] = —diag(l) w.
N/ i=1,3<i<k
Proof. Note that the ¢ coordinate of E[W’ — W|y] is

R — 5
n ZE[kAP (Y15 s Ys Ymet 1, - ) — KAP (y)]y]

—
= - Z E kAP (yla" . 707ym+17"') — kAP (y)|y]

:_fIEZ I IT  vatialv)

= aEZ/nZ den/2] SE( )] i€Smea+dS

—— (ElaAP () ) = - (k&P )

and the proposition follows upon taking a conditional expectation with respect to W. The first
equality follows because, conditional on the index I = m which was removed, y/, is independent

from everything else and has mean zero and KAP' is multilinear. O



NUMBER OF ARITHMETIC PROGRESSIONS IN DENSE RANDOM SUBSETS OF Z/nZ 7

Now to apply Theorem 4.2 we will simply take
E' =E[W' = W)(W' = W)" —2AJy],

which clearly satisfies the necessary hypothesis. To apply Theorem 4.2 to W, W’ we now see it
suffices to bound E[||E’||zs] and E[W’ — W3, Noting that [|[A~!||op = n, we will want bounds of

the form Oy (n_%) for each of these two quantities.
It is worth studying the diagonal terms more carefully. We have

20 25
E[(W; — Wy)?] = E2W{ — 2W,W;] = ERW,E[W, — W;|W(]] = fE[WA

by exchangeability, conditional expectations, Proposition 4.3, and the normalization of W;,. There-
fore

(E")e.e = E[(W; — Wp)*|y] — E[(W; — We)?]
for 1 <£<kand/+#2.

Computing E’. We begin by simply computing E’ entry by entry. For this we define the further

refinement
kAP Z Z Z H Ya+id-

aEZ/nZ den/2) SE( ) i€Stca+dS

Note that the above in theory is not defined when y; is 0, but really we are simply removing the term
y¢ from all products in the summation so this can be extended in the obvious way. Less formally

this is the sum KAP' with all the terms containing the term y; with y; factored out. Using this
notation it follows easily that the nondiagonal entries are

(B = = 3 KAP" () KAP" (4)(32 + 1)

n
s€[n]
and the diagonal entries are
2i 1 —
(E)ii = T + " (v + DKAP ().

s€[n]

Here we used that each random variable y; has mean zero and variance one, and same for its
replacement y;. In fact, the normalization of ¢, implies that E[(E’);;] = 0, although this is not

obvious by direct computation. We can see this from cross-comparison with the earlier expression
for (E") .
We now proceed further into the computational abyss and consider

T(E'ET) =) (E)};.
ihj

We will need a bound on

E{\/Tr(E’E’T)] < \JE[Tr(E/ET)]
which has decay properties of the form O (n=3/2). Thus it suffices to prove a bound of the form
O (n=3) for
E[Y (E:;]
1,J

Note that it suffices to prove such a bound for each individual summands as there are k2 such
summands and the result will follow.
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5. BounDING E'

5.1. Non-diagonal terms. We will first consider the case where i # j. Without loss of generality
let i < j. Thus, since ¢ > 1 and j # 2, we have j > 3.
We first define an even further reﬁnement of our polynomials,

e,t,s
kAP Z Z H Ya-+id-
N a€Z/n7. d€[n/2] i€S, teatdS
Note that

(Bhig=- > D KAP(KAP () + 1)

and thus it suffices to prove that for all S € ([IE]) and T € ([I;]) we have

K S kAP (kAP (y )(y3+1)))2] — Ov(n~?)

vE(n]

by Cauchy-Schwarz. Using Cauchy-Schwarz again, it suffices to instead prove that

2 2
[( > kAP (kAP (y >> + ( > Wl’%)mm(y)yz) ] = Op(n ™).
v€[n] vE[n]

The key idea is that when expanded as a polynomial in the y’s, the inside of the expectation will
have most terms contain an odd power of some y;, which leads to a zero contribution as y; is a
standard normal. Every nonzero term contributes an amount bounded by O(1) - (0;0;)72 as the
exponents are bounded. Note that the parities of the exponents are unchanged between the first
and second terms, so we use the second out of convenience.

A term of the second, when expanded out, amounts to choosing v, ve € [n] and then a11, a2, as1, ag €
Z/nZ and dy1,d12,d21,d22 € [n/2] such that v, € ac; + de1S and ve € aca + de2T for ¢ € {1,2}. Let
Ag for kot € {1,2} be the sets thus formed (there are no self-intersections since ged(n, (k—1)!) = 1).
Let the multiset A equal the union, with repetition, of all A,;. Note |Ac| =i and |Ac| = j, so that

|A| = 2(7 + 7).

Claim 5.1. Given an initial choice of three of the (act,det), there are Ok(1) ways to choose the
remaining pair so as to be compliant with the condition that every element in A appears with even
parity.

Proof. After canceling we can see what parities the remaining set must have at each value of Z/nZ,
which precisely determines it. (Recall that each is a set rather than a multiset because ged(n, (k —
1)!) = 1.) Then there are O (1) ways to choose the (act,det) given what the set must be. O

First consider the case where A1, A12 do not intersect at a place other than v;. This means
they together hit ¢ + j — 2 distinct values once, and v; twice. We see this immediately implies that
Ao1 and Ao, after removing vo from each, must hit precisely these i + j — 2 distinct values. Since
j > 3, this means that the value of vs is determined up to O (1) choices by looking at the possible
ways Ags hits these i + j — 2 values in j — 1 > 2 places. Therefore we see there are O (1) choices
of a1, do1, s, dog after selecting vy,dy1,d12, which means we have O(n)? - Ox(1) total choices (as
there are O(1) choices of aj1,a12 given that information).

The analysis is similar if Asq, Ags do not intersect other than at vy. So now we consider the
case where Aq1, A1 intersect at a place other than vy and same for Aoy, Ago. After choosing vq, v9
with O(n?) choices, we claim there are Oy (1) ways to finish choosing. First note that Ajj, Ajo
have Oy (n) possibilities together, and after that there are Oy (1) choices for whichever of Ag;, Ass
intersects A1 U Ao (which must happen as these sets 411, A2 cannot cancel each other out, being
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of differing size). And by Claim 5.1 there are O (1) ways to choose the last one. This gives O (n?)
once more.

In total, we have Oy (n3) terms that are not zero in the expectation. This yields a total contri-
bution of Ok (n?) - (0;0;)72 = O(n™1), as desired.

5.2. Diagonal terms. Now we consider the diagonal terms (E,)’. From Section 4, we have
E[(E); ] = E[E[(W; — We)*|y] — E[(W; — W,)?))*] = Var(E[(W; — W)?|y)),

where the variance in the final line is over the randomness of the standard normals y. Now
S—— R S—
E[(W; = Wo)*ly) = Ery[(u7 — D)’ kAP (1)) = — > (1 + 5} kAP ()*.
i=1

If¢ =1, kAPe’i(y) is a constant of size @k(n_%). We end up with a bound of quality O(n=3)
trivially. Now let £ > 3, recalling ¢ # 2. We have

BB = g S Cov [(1+42)(0dAP" ()% (1 + ) (o kAP" ()]

£ 1<ij<n

We first deal with the i = j terms. They are bounded by E[(1 + y?)Q(Ugmﬁ’z(y))‘l]. Note that
this value is independent of i, so we let i« = 0 (which is the same as i = n). We adopt a similar
method as before. It suffices to show that there are Oy(n?) terms of this i = 0 value that, when
expanded, yield a nonzero expectation value. This is since there are n such terms and as oy = O(n),
which would lead to an overall contribution of the desired size O (n™3) to E[(E")?,).

We use the KAP""® refinement from before. By Hoélder’s inequality, it suffices to bound each

E[(1 + y3)2(agmf’°’5(y))4]. We also can choose an exponent of yo from the initial term, but it
does not affect parities of exponents and is of constant order so we ignore this and assume we have
the yé term for simplicity.

Each term within this sum is chosen via di,...,ds € [n/2] and offsets (e.g. which term equals
the yo term that is being divided in WK’O’S), each of which contributes terms of the form yg;s;,
where S is one of O (1) many shifts of S that contains 0. Now for any valid tuple (di,...,ds),
make a graph on vertex set {1,...,6}, with 4, j connected if d;S; and d;S; intersect other than at
0.

Given such a graph, we claim that there are Oy (n) ways to choose the ds associated to a connected
component of this graph in a manner compatible with the graph. Indeed, we find that, for example,
if dy,da,ds are connected, then choosing d; will fix the value say of cdy for some ¢ € [k], which
yields Og(1) possible values of da, and then O(1) possible values of ds similarly.

Furthermore, in a graph associated to a valid tuple (di, ..., dg), i.e., one with even powers of the
ys, we must have no disconnected vertices. Indeed, since the vertex is disconnected, the associated
value of d; must give rise to a multiset d;S (mod n) which must cancel out all of its contributions
to the ys. This is impossible as ged(n, (k —1)!) = 1.

Finally, we have at most % = 2 connected components of non-isolated vertices, each of which
have O (n) ways to choose the ds. This yields an upper bound of O (n?), as desired.

Now we consider ¢ # j. Again, by translation invariance we see the value only depends on j — i.
Therefore it suffices to show for i # 0 that

Cov [ (14 33) (0 kAP (), (1 + 47) (0 kAP (1))?| = Ox(n)

since there are around n2 total terms. We will show that

Cov [ (e kAP (1)), (o2 kKAP" (1))?] = Ox(n).
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Again, the other four cases that need to be verified will be essentially identical, since we are just
removing even exponent terms. Consider

) 2
E[(orokAP ()2 (0o kAP" () = S S S B[] I vesrars; I wyersy

S,Te([’z])Q a,bE(Z/nL)? &eﬁ%fﬁj J=1s;€5; ti €Ty
iEbj-l-ejTj

We claim that the amount of nonzero terms other than those with a1 + d157 = ag + d2S; = A
and by + e1Th = by + e2To = B and AN B = () is Ok(n). Indeed, this is a similar argument as in
the non-diagonal term case. The analogue of Claim 5.1 immediately follows, and similar arguments
to earlier deal with the case that aq + d1.51, as + d2So intersect only at 0. Indeed, if so, then they
must hit 2¢ — 2 distinct values once and 0 twice. Then by 4 €171, bo + €375, after removing j from
each, must precisely hit those 2¢ — 2 values, each hitting £ — 1 of them. As £ > 3, we see that this
pins down what by, e1, by, 5 are up to Og(1) possibilities, as linear combinations of the d; (say after
fixing which positions of a; + d;S; equal 0). Furthermore, we can compute j as a linear combination
of the d;. Since j # 0, it must be a nonzero linear combination. This pins down (d1,d2) to Og(n)
possible values. Thus we have Og(n) - Or(1) = Ok(n) total possibilities. Furthermore, we have a
similar analysis for the case where b1 + e1171, by + esT5 intersect only at j.

Now we consider the case where a1 + d1.51, as + d2S5 intersect other than at 0, and similar for
b; + e;T;. Then there are Oy (n) choices for (a1,d;), and then O(1) choices for (ag,ds2), and if we
are assuming aj + diS1 # ag + d2S2, the terms b; + e;T; must hit one of these. There are thus O (1)
possibilities for the value of the set that does hit these values, and then Oy(1) possibilities for the
other set. Thus we have Og(n) choices once more, under the hypothesis that a; +d1.S1 # az + d2Ss.
Similar analysis holds if instead we assume by + e1T} # by + e2T5. In the case where neither holds,
so that a; + d1S1 = ag + d2Se = A and by + e1Ty = by + exTy = B, if we assume that AN B # ()
then again we have a bound of Oy (n),

The only remaining terms are those that have a1 + d1S1 = a9 + d2S2 = A and by + e1T} =
by + esTh = B and AN B = 0, as desired.

Now we consider

2
s l,0 R
El(oyokAP(1))?) = El(o: kAP (1)) = > > ENITIT wevasy
K\2 a€(Z/nZ)? den/2)?  |[i=1s;€S;
se(yectima aduie - Li10S
We claim that the only nonzero terms are those with a1 + d1.51 = a9 + d2S5. Indeed, they are
both sets as ged(n, (k — 1)!) = 1, and if they are not equal then there is some element with an odd
exponent.
Now, putting it all together, we see that

Cov |(1+ 18) (0 kAP ()2, (1 + y?) (0 kAP (1))?]

has a contribution of Og(n) terms in its E[XY] portion which we bound by O (n). Otherwise it
only has terms corresponding to a; + d1.51 = as + d2S2 = A and by + e;T1 = by + e315 = B and
AN B = (. Thus the expectations factor into a product of E[[],. 4 ¥2] and E[[],c5yZ]. This is
canceled by the terms described by

E((oryok AP ()2 |E[(oryi kAP " (y))?].

There is one catch: the terms in this latter product of expectations E[[],c 4 ¥2JE[[T,cp v7] which
have AN B # () are not canceled in the E[XY] term. However, we see that there are Og(n) - Og(1)
of them, for after choosing whichever of O (n) values for A that we want, we have O (1) choices
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of B that both go through j and intersect A (unless A goes through j, but then it only has Og(1)
choices and B has Og(n) choices in this case).
So, overall, the covariance is indeed Og(n), as desired.

6. BOUNDING MOMENTS

For the second part we need to prove that E[|[W — W'|?] is of size Oy (n~3/?) which is the same as

3 _3
E( Y, WO —wOP)3R]=0pn2).
0=1,3<t<k

Therefore it in fact suffices to prove that
E[W — W OP] = Oy(n"2),

using Holder’s inequality. For £ = 1 this is trivial, using o7 = ©(n%/?). Now let £ > 1 and note
that

E[(IW® — w3 = B[[KAP' (y) — kAP (y/)]]
——={t
= Evez/nzEllye — yiP[KAP " (y)[?]

0
= E[lyo — vh|* kAP (y)[?]

1 —=7,0 1
< Ellyo — 4ol IZE[[KAP " (y)|°]2

= VI20E[KAP " (y)]2.

We now use the kAP ’t’S(y) refinement as in Section 5.1. Using Hoélder’s inequality again, it suffices
to prove that

E[KAP""(y)°] = Ox(n).

We adopt a similar method to Section 5. Since oy = O(n), it amounts to showing there are O (n?)
terms of ]E[kAPZ’O’S(y)G] which have a nonzero contribution, i.e., even exponents of the y’s.

Each term within this sum is chosen via dy,...,ds € [n/2], each of which contributes the terms
Yd;5- Now for any valid tuple (d, ..., ds), make a graph on vertex set {1,...,6}, with 7, j connected
if d;S and d;S intersect.

Each term within this sum is chosen via di,...,ds € [n/2] and offsets (e.g. which term equals

the yo term that is being divided in m“’s), each of which contributes terms of the form yq,7;,
where S; is a set which is one of Oy (1) many shifts of S that contain 0, and 7; = S; — {0}. Now for
any valid tuple (di,...,ds), make a graph on vertex set {1,...,6}, with 4,j connected if d;T; and
d;T}; intersect.

Given such a graph, we claim that there are Oy (n) ways to choose the ds associated to a connected
component of this graph in a manner compatible with the graph. Indeed, we find that, for example,
if dy,da,ds are connected, then choosing d; will fix the value say of cdy for some ¢ € [k], which
yields Og(1) possible values of da, and then Og(1) possible values of ds similarly.

Furthermore, in a graph associated to a valid tuple (dy,...,ds), i.e., one with even powers of the
ys, we must have no disconnected vertices. Indeed, since the vertex is disconnected, the associated
value of d; must give rise to a multiset d;S (mod n) which must cancel out all of its contributions
to the y’s. This is impossible as ged(n, (k — 1)!) = 1.

Finally, we have at most 6/2 = 3 connected components of non-isolated vertices, each of which
have Og(n) ways to choose the d’s. This yields an upper bound of Oy (n?), as desired.
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Conclusion. Putting the various estimates together we have proved the following result, which is
a restatement of Theorem 2.1.

Theorem 6.1. For g € C3(R*"1), we have

[Bg(W) — Eg(2)] 55 20 Mhl)

where Z is a standard Gaussian random vector in RF~1.

7. CONVERSION TO BOUND IN KOLMOGOROV DISTANCE

We now convert this test function bound into a bound on the cumulative distribution function.

Lemma 7.1. For any a,b we have that

1

k k—1 L i a b

S Sk o 1—p)2kAP 1 (@244

PKAP () < q, 2zi=s 7 21 = p)2kAP (y) b] - 2/ / e 7" du dy+ Opp(n15).
Ik o2pei(1 - p)i

Proof. The key idea is to take ¢y which is a smooth function which is 1 on (—oo K] 0 on [{+¢€,00),
has second derivative bounded by O(¢~2), and third derivative bounded by O(e~3). Furthermore
let ¢y be in [0, 1] over the entire domain. Given this define v, 4(x,y) = ¢ (z)Pp(y). It follows from
0; = Op(n) for all 3 <1i < k that

k k— l i
o) 1—p)2
\I/ab(ylayB,--.,yk) 'Vab<y1, Zz 3 0iP ( ) Yi )
\/Z 2k 1( )

has Ma(W,p) = O p(e72), M3(¥,p) = O p(e73), and Hab’\pa,bu = Opp(e73) for all |3| = 3. The
key point of course is that for Standard Gaussians z; we have

S Y L
E[\ya,b(zl,z&...,zk)]:%/ / e ™52 dp dy + Op(e)

and by Theorems 2.1 and 3.5 it follows that

2, -3
S— +
E[, (kAP (1), KAP (3),... . kAP (y))] = E[¥as(21, 23, . - - 21)] + Okyp (Enl/;>

Choosing € = n~1/8 we obtain the desired right side as an upper bound, noting that V¥, dominates
the desired indicator function. A lower bound is obtained in an analogous manner and the result
then follows. 0

8. PROOF OF THE FAILURE OF LOCAL CENTRAL LIMIT THEOREM

In this section we prove that kAP does not obey a local central limit theorem. Specifically:

Theorem 1.1. Fizp € (0,1) and k > 3. Then for all sufficiently large n relatively prime to (k—1)!
there is a point x such that
1
of2)
On

1 —(z = Mn)2>
PkAP(z) = x| — exp | —— I/
KAP(:) =] - ——oxp (U
where (1, and o, in the statement are the expectation and standard deviation of kKAP(z) and z is
sampled i.1.d. with probability p.
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We first give a high level overview of the proof. The proof proceeds by building two sets L,
and Lg of equal size both close enough to the mean of kAP so that were there to be a local limit
theorem for kAP we would necessarily have

| La|
O'n\/%.
However, as a result of Lemma 7.1 we will be able to compute PlkAP € L,]| < fs(c), and PlkAP €
Lg] < f5(8), where fs is as defined in Lemma 8.1 below.

The rough idea in building L, and Lg is to note that kAP' + kAP? takes values very near
to a lattice GZ where G = ©(n). Meanwhile kAP~? has standard deviation ©(n). L, (and Lg)
will roughly correspond to the event that kAP ~ oG mod G (= BG mod G respectively), and

we can use our joint central limit theorem for kAP! and kAP>? to show that PkAP ~ oG
mod G] x fs(a) for some choice of 6. But since fs(a) # fs(8) we will conclude that P(L,) # P(Lg)

disproving any chance that kAP obeys a local central limit theorem.
Before beginning our proof, we define fs5 and prove it is nonconstant.

PKAP € L) ~ PKAP € Ly| ~

Lemma 8.1. The function

—(z=2)?
@)= e s
AEZ
is not the constant function for any value § > 0. Furthermore for any C' > 0 there is a constant

D > 0 so that if 6 < C then for some pair o, € (0,1) we have fs(a) — fs(8) > D.

Proof. Let us calculate the Fourier transform of f = f5 as 1-periodic function. Note that

~ . . —(x— 2
f(n) — / e—27rznzf($) dx = / 6—27rzn33 Z e ( = ) dx
[0,1]

[071] NEZ

o _ g2 2.2
:/6 27r'mace—5 dx = /7'('(56 wné)
R

and therefore the function is not constant. Furthermore, by Parseval we have that
N o N 0 5 0o 2
(@) = FO)dz =Y f2n) = Y- mbe = [* e s
[0,1] n=1 n—1 J
and so the variance of f is bounded below whenever § is bounded, proving the result. U

We now prove our main result, the failure of a local central limit theorem for constant p and k.

Theorem 1.1. Fizp € (0,1) and k > 3. Then for all sufficiently large n relatively prime to (k—1)!
there is a point x such that
1
o)
On

1 —(z — Nn>2>
PkAP(z) = x| — exp | ——=————
KAP(:) =] - — —owp (U
where p, and oy, in the statement are the expectation and standard deviation of kKAP(2) and z is
sampled i.1.d. with probability p.

n

Throughout this section we use x; to denote the 0,1 indicator of whether ¢ is in our random
set, and y; to denote the normalized Bernoulli random variables y; := (x; — p)/+/p(1 —p). We
additionally use the shorthand ¢ = >"" | y; and 0= Soirixiand ¢ :=1—p.

First we need exact formulae for kKAP! and kAP? in terms of ¢, which are

n

kn—1) ,_1 1 k(n—1) ,_1 1
kAPlzz(Q)p’“ 2q2yi=(2)pk 2q24
=1
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k\ x- k\p* g - k\pF1q 1—2p
kAP2:<>pk Lq ysz<> 2 — y? :<> 2 —n— l
2 g::? 2) 2 ; 2) 2 N/

where ys = [[;cg ¥i- And so we find that we can express KAP! + kAP? = Cj+ C1 £ + Col? := Q({)
where

~1
Co: = _nk(k4 )pk—l
- k(n — 1)pk7%q% (A =2p)k(k — 1)pk7%q%
2 4
k(k—1
02 - ( 1 )pk 1

So to understand kAP! + kAP? it is enough to understand £. We note that ¢ is valued on the
lattice —n+/p/q + Z/\/pq. The most commonly taken value for ¢ occurs when £ = >"" | z; = [pn].
When this occurs we see that ¢ takes the value
_l—pn _[pn]—pn
R/ VP4
and hence kAP! + kAP? takes the value

xo 1= kAP! + kAP? = Q(ao) =Cy+ Crag + Cga()Q

Now we can define X = kAP!(y) + kAP?(y) —zp and Y = kAP=3(y). So X +Y = kAP — yu — g,
and the most likely value taken by X is 0.
Let ..., A5, A_y, Ap =0, Ay,... be the values taken by X when [{| i) n, listed in order.

In general we see that X takes the value A; whenever ¢/ = [pn] +t and so ¢ = ag + t/,/pq when
|| Skpn (as Q(£) > 0 in such a range). Therefore we can compute for any t that

t 2tag t2) t
Ay = — ) = = -/, -
t=Q <a0 + m) Q(ag) = C2 <\/;Tq + p” +Cy N

To alleviate notation we define a constant G for the dominant increment G := Cy/,/pq. It will
commonly be helpful to have the bound
2t t2 t2 2t
o D)eotat

— +
NI Pq

Now we are in a position to define the events we look at. Fix o € [0,1], and ¢, B € R. Then we
define the intervals I, (7, B) and families of intervals L, (B, s) by setting

Ia(i,B) == [G(i + o) — B, G(i + a) + B]

ao

S

La(B,s) = | I.(i,B)

1=—35

Note that if & = 0 then the intervals Iy(i, B) are just intervals of length 2B centered around that
lattice points in C17Z/,/pq. These intervals are disjoint so long as we ensure |B| < G//2. As a moves
between 0 and 1, the interval slides between neighboring lattice points in GZ. L, (B, s) collects the
most central 2s + 1 intervals in the collection.

Our goal becomes to show that for some pair B, s = o(n) there exist distinct values a, 8 € (0,1)
so that P[X +Y € L,(B,s)] and P[X +Y € Lg(B, s)] are far. This will contradict the existence of
a local limit theorem, thus finishing our proof of Section 8.

We first choose 7 so that P[|Y| > nC1/,/pq] < n~'%. By hypercontractivity concentration bounds

(see e.g. [0'D14, Theorem 10.24]) we see that we may take n = O, x((logn)*/?).
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We may use Lemma 7.1 and some work to compute P[X +Y € L,(B,s)]. We state our result
and postpone the calculation to Appendix A.

Lemma 8.2. Assume that 0 < B < n'~1/36 and n < s < n'/?71/24 Let oy denote the standard
deviation of Y (and as such oy = ©(n)). Then

P[X +Y € La(B,s)] = ai% f5(@)+ O ("”71/8>

for some uniformly bounded § = d(n, k,p).

Remark. In fact, as n — oo this function tends towards a limit; we do not bother replacing d(n, k, p)
with its limit d(k, p) as this will be inconsequential to our arguments.

Additionally, were kAP to obey a local limit theorem, then we could compute P[X+Y € L, (B, s)]
in a different way.

Lemma 8.3. Assume that Z is a random variable with mean pz and standard deviation oz which
for all m € N satisfies

P[Z =m] =

1 (m — MZ)2 -1
T exp <20% +o(oy,")

Then for any set S CZN[pu—T, p+T] with T < oz we have

Pz e s) = ! +0<|S|) +0(’S’T>.

V2mog 0z UZ
Proof. This follows from simply noting that |1 — exp((m — u)?/20%)| < (m — p)/oz in this range,
and summing over ) oP(Z =m). O

We now have all of the tools to prove Theorem 1.1.

Proof of Theorem 1.1. Choose 6 = §(k, p), which is constant. We know from Lemma 8.1 that there
are o # B € (0,1) so that f5(a) — f5(8) = Q(1). If we set B = |n'~1/36] and s = |n/>~1/24| then
by Lemma 8.2 we have

P[X +Y € Lo(B,s)] = Mﬁ;(a} +0 (nn_l/s)

Oy /TNpq

and likewise for Lg(B, s). Crucially, note that the main term has size n and so dominates the
error term. Applying the same reasoning to Lg(B, s) and taking differences yields

—5/72

PIX +Y € Lo(B,s)] = P[X +Y € Ly(B, s)] = UiSBW\; [fs(a) — f3(8)] + O (™)
_ Q(n—5/72)

However if we assume that kAP obeys a local central limit theorem, then so does X+Y . Note that
Lo(B, s) consists of elements of size at most Gs+ B = O(n®/?~1/24) and |L.(B, s)| = ©(n3/2-5/72),
So by Lemma 8.3 we see that

P[X +Y € La(B,s)] —P[X +Y € Lg(B,s)] = o (n—5/72) L0 <n_1/9>

This is a direct contradiction. O
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9. CONCLUSION

We conclude by pointing out various open questions regarding the failure of the local central limit
theorem. First, note that there is a gap between the theorems we proved and a total explanation
of the behavior exhibited in Figure 1. An ideal theorem would prove more precisely that the
distribution of kAP(S) tends to the convolution of two discrete Gaussians seemingly exhibited in
the figure. Such a precise theorem would prove that kAP(S), conditional on the size of S, satisfies
a local central limit theorem. Failing this precise local limit theorem, at least one could hope to
understand how wildly the distribution oscillates in the following precise sense:

Question 9.1. Fix ¢ = 1/100. Let S be a subset of Z/nZ where each element is chosen indepen-
dently with probability 1/2 and set u, = E[BAP(S)]. What is the largest constant C such that for

infinitely many n there exist integers z,,, y, such that |x — p,|, |y — pn| < n5~¢ which satisfy
P[BAP(S) = z,,]
P[BAP(S) = yx]

We argue in the subsection below that C' &~ 4.745 works, however our method does suggest that
in fact that C cannot be taken arbitrarily large. To be more precise, the largest constant C' coming

from our method is % where f(z) = > \cz e~9@=Y?  This is in fact the optimal constant if
one can prove a sufficiently strong local limit theorem in the style of our above results. Furthermore,
proving that C cannot be taken to be unbounded, along with the central limit theorem in the paper,

would immediately show anti-concentration for the random variable 3AP(S) at the correct level.

> C7

9.1. Computing C. Here we compute the value of C' coming out of Theorem 1.1 by computing
the resulting value of A in the case k =3,p = % It is easy to show that

n(n —1 3
8-3AP(y) = (2) 5 =1) Y wat3 Y vt Y Y VaUatrdberad,
a€Z/nZ 0<a<b<n a€Z/nZ den/2]
hence kAP () has steps of size 3n (since y, € {—1,1}) while kAP?(y) has mean zero and variance
%. Hence the associated normal has standard deviation of size % If we normalize kAP (y) to

have steps of size 1, then kAP3(y) will be normalized to have standard deviation % hence density

proportional to e=92°  Therefore we find value § = é, and the claimed ratio as above. It can further
be shown that the minimum is attained at % + Z and the maximum at Z, hence we can prove a

ratio of ,
—9z
€
2rez — ~ 4.745.

Seze 0
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APPENDIX A. PROOF OF LEMMA 8.2

We use all the same terminology and notation as in Section 8, including Cy, C1, Cs. First we need
a lemma relating the probability that X +Y € L, (B, s) to a bound on the the joint distribution of
X and Y.

Lemma A.1. Assume that s >n and B — CQ% > 0. Then

2
PX +Y € Lo(B,s)| > P [X\ <Ay, YE La(n,B—CQS —1—5)}

pq

Proof. We show that, in fact, the event on the left hand side contains the event on the right. Let
X = A; where |t| < s —n and assume that Y = G(i + o) + b where |i| <nand b < B — Cg%.
Then we note that

. 2tag  t> . .
X+Y -Gt+1i1+a)l = (tG—I—C( +)+G2+OA +b>—Gt+Z+O¢
| ( ) ‘ (B i) +cli+a) ( )

SCQM‘FZ)SB
pq

As (t+1) < s it follows that if the event on the right hand side occurs, then X +Y € L, (B,s). O

Lemma A.2. Assume that |B| < G/2 and ng < G/2. Then

(s+n)(s+n+1)

PIX +Y € Lo(B,s)] <P ||X| < Agrns1, Y € La(n, B+ Cy v

)| +0 (n10)

Proof. First we note that
P(X+Y € Lo(B,S)) <P(X+Y € Ly(B,S) and |Y| < nG) + O(n—loo)‘

So we will throughout condition on the event that |Y'| < nG. In that event, we show that the event
on the left hand side implies that the event on the right hand side occurs. First, we can simply
upper bound | X| by
(X <X+ Y]+ Y] <[(s + )G+ B[ +1G.
But we know that
(s+n+2)(s+n+3)
pq

And so we have that X = A; where |t| < s+n+ 1.
For Y we note that X +Y € L,(B,s) implies that X + Y = (r + a)G + b where |r| < s and
|b| < B. By the argument above we know that X = A; for t < s+ n+ 1. And so we can bound
Y - (r—t+a)G=|X+Y -X—-(r—t+a)G|=|r+a)G+b— A4 —(r—t+ a)G|
(s+n+1)(s+n+2)

< B+ |Cy .
pq

Asiniz = (s+n+2)G - Co

> (s+1n)G+aG + B.
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The last thing we need to do to show that Y € L,(n, B+ Cg%) is to show that |r—t| <,
but were it otherwise the above equation implies that |Y| > (n + 1)G — G, contradicting our

assumption that |Y| < nG. Therefore it must follow that Y € L, (n, B + Cg%). O

The main upshot here is that for well chosen values of B and s, the probability bounds furnished
by the above lemmas will be indistinguishable up to a margin of error. The last ingredient we need
is an estimate for the probability the events | X| < As and Y € L, (B, s).

Lemma A.3. For any interval of the form (T — B, T + B) we have
T+B )
/ e t2dt = 2Be™ T2 + O(B?)
T-B
Proof. This is just the midpoint rule combined with the observation that \5—:26_9/ 2 <1, O

Lemma A.4. Assume that B < n'=1/36 s < nl/2=1/24 and y > log(n). Let f5 be as defined in
Lemma 8.1. Then

PUX| < Au, Y € Laln B)l = —222_fy(a) 4 0 (™ 1%)

Oy \/TNpq

where § = pgoi /C3.

Proof. First, we note that |X| < A, is equivalent to saying that KAP' ¢ [ao/\f— npq ag/v/n+

\/1%]. First we note that by Lemma 7.1 for each interval I, (i, B) we have

(10/\/>+ ”P 2 2
X| < A,, Y € I,(i,B)) / “C12q4 / e 24t (n=1/%)
P(X| (i, B)) = ( 27 Jay - V21 JI1,(,B) /oy

By Lemma A.3 we can estimate both of these integrals. The first is

B v S APV PR
27 Jao/r- i npq) \/2m (npg)®?)  \/mnpq iz

and the second estimate is

C(i+a) C2(i+a)?

——+B/o _
L / e 204 — L @ Y v e t2q4 — 276 pacy O(Bg/n?’).
V21 J1,6,B)oy V2m SO B gy oy

So, defining § := pgo? /C? = ©(1) and combining all of these estimates, we find that

. B sv/2 3 1 2B _ (i+a)? 3, 3 —1/8
P X| < A, Y e 1,(i,B)] = ( Wnpq+0<n3/2+n3>) ((Tye 5 +0(B°/n’) )| +0(n"°)
ita)2 3
_ BBV2 et <s3/n3/2 +os+ ”_1/8)
oy \/TNpq n
ita)?
_ 2sBV2 C +O(n_1/8>.
oy \/TNpq

Thus taking a union yields

n
2sBV2  _(+a)? _
P[IX| <Ay Y €LamB) = Y. ———=—e & +0 (nn 1/8)
iy CY VP4
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2
_ Z 2SB\/§ o (7«+60<) I O <’r]n71/8 I 67772/6>
oy /Tnpg
_ SBVE . O
o f3(0) +0 (%)

Lemma 8.2. Assume that |B| < n'~1/36 s < n!/2=1/24 qnd n < 5. Let oy denote the standard
deviation of Y (and as such oy = ©(n)). Then

2sB\V?2
Oy +/TNpq

Proof. First we use Lemmas A.2 and A.4 to upper bound

P[X +Y € Ly(B,s)] = fs(a)+0O (nn_1/8> .

1
P[X +Y € Lo(B,s)] <P [|X! < Agpyi1, Y €Lg(n,B+Cy (s+ 77)(;; n ))} +0 (n1%)

s (B+ QUL 5

oy \/TNpq
(@) + O (nn*1/8 n 33/n1'5) .

fs(a)+ 0O (nn_l/s)

2sBvV?2 s
- —J6
Oy +\/Tnpq

Next we use Lemma A.1 to lower bound

P[X +Y € Lo(B,s)] > P [|X| <Ay, YELynB-Ch

B (s—mn) (B - 0232+s> 2v/2

pq

Oy +/TNpq

2sBV2 -1/8 3/, 1.5 1.5
oy DG Wmfzs(a)—i-O(nn +s°/n° +nB/n )

~1/8

82—|—8):|

fs(a) + O (nn_1/8>

By our hypotheses on B, s, and n the nn term dominates in both inequalities. ([l
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