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POPULAR DIFFERENCES FOR MATRIX PATTERNS

AARON BERGER, ASHWIN SAH, MEHTAAB SAWHNEY, AND JONATHAN TIDOR

ABSTRACT. The following combinatorial conjecture arises naturally from recent ergodic-theoretic
work of Ackelsberg, Bergelson, and Best. Let M;, M2 be k X k integer matrices, G be a finite
abelian group of order N, and A C G* with |A] > aN*. If My, Ma, M, — Mo, and M, + M, are
automorphisms of G, is it true that there exists a popular difference d € G* \ {0} such that

#{x e G*:z x4+ Mid,x + Mad, x4+ (My + Ma)d € A} > (a* — o(1))N”.

We show that this conjecture is false in general, but holds for G = Fj, with p an odd prime given the
additional spectral condition that no pair of eigenvalues of M; M, ' (over F,) are negatives of each
other. In particular, the “rotated squares” pattern does not satisfy this eigenvalue condition, and
we give a construction of a set of positive density in (IF5")2 for which that pattern has no nonzero
popular difference. This is in surprising contrast to three-point patterns, which we handle over all
compact abelian groups and which do not require an additional spectral condition.

1. INTRODUCTION

1.1. Popular patterns and past results. Using an argument of Varnavides [21], it is well-known
that Roth’s theorem [17| on three-term arithmetic progressions can be strengthened to guarantee
at least ¢, N2 arithmetic progressions in a set A C [N] of size aN. The constant c, is known not to
be polynomial in «; in particular, modifying a well-known construction of Behrend [2] allows one
to construct sets with a¢°8(1/®) N2 three-term arithmetic progressions. However, Green [9], showed
that one has a “popular” common difference d # 0, i.e., a value d € [N] such that

#{a:a,a+d,a+2d € A} > (a® — o(1))N.

That is, the set behaves like a random set along certain structured differences, if not all of them.
Green’s proof involves an arithmetic regularity lemma, which is essentially equivalent to arithmetic
regularity for the Gowers UZ-norm.

One can ask if this phenomenon holds for longer arithmetic progressions. The analogous result for
four-term arithmetic progressions with a* — o(1) on the right-hand side was proved by [13] relying
on a remarkable “positivity” identity [13] (see [10] for a version over F} for p > 5) in combination

with the U3-arithmetic regularity results of Green and Tao [13]. However, surprisingly, an o —o(1)
(or any polynomial) bound does not hold for k-term arithmetic progressions for k > 5 due to a
construction of Ruzsa [3, Appendix|. These results were motivated by corresponding ergodic results
of Bergelson, Host, and Kra [3], although the theorems do not directly transfer when studying
popular differences (as opposed to Furstenberg’s correspondence theorem for Szemerédi’s theorem).

One may ask about popularity of more general patterns, for example {0,1,2,4}. (We use a
set to refer to the pattern consisting of homothetic copies of that set; in this case, the pattern is
(a,a + d,a + 2d,a + 4d).) The proof of Green and Tao [13] for four-term arithmetic progressions
(and [10] over finite fields) immediately extends to patterns of the form {0, ki, ko, k1 + ko} for
k1ko(k1 + ko) # 0. Work of the second and third authors and Zhao [18] shows that two-point,
three-point, and these specific “parallelogram” four-point patterns are the only popular patterns
over Z.
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Popularity of higher-dimensional patterns such as corners, {(0,0), (1,0),(0,1)}, was first studied
by Mandache [15] in the combinatorial setting (see [6,7] for related work in the ergodic theory
setting), who showed over ) that they are not a3-popular but do satisfy a weakened bound with
o instead. Fox, the second and third authors, Stoner, and Zhao [8] showed that the tight bound
is of the form a*7(a), where 7 grows as a — 0, but is of the form M) Finally, the first author
[4] showed the same behavior over Z2. The second and third authors and Zhao [18] studied higher-
dimensional patterns which are homothetic copies of a set and provide a nearly comprehensive
classification.

1.2. Our contributions. The standard toolset of arithmetic regularity in higher-order Fourier
analysis, which can prove popular difference results for three and four-point single-dimensional
patterns, necessarily breaks to some extent when handling higher-dimensional corners (as pointed
out in [18]), and has not yet been successfully applied to four-point patterns such as squares for which
the question remains open. However, it was noted by Prendiville [16] that classic single-dimensional
techniques extend if one considers full-rank matrix patterns (a collection which excludes corners and
squares but includes a wide class of multidimensional configurations such as “rotated corners” — also
known as “right isosceles triangles” — and “rotated squares”), and he achieves versions of Szemerédi’s
theorem (for & < 4 points) with good quantitative bounds in this setting. We continue in this
line of work, achieving popular difference results of strength equal to the single-dimensional case,
illustrating by comparison the suitability of these methods to full-rank patterns.

The main novelty of this paper lies in the popular difference results for four-point patterns,
where we exhibit further behavior that does not appear even in Prendiville’s work. In order to
properly handle popularity of four-point patterns, we show that one must apply the method of
arithmetic regularity in a manner that sees the spectral properties of the matrices defining the
pattern. In particular, the counting lemma (which for four-point patterns over [F}; relies heavily on
equidistribution over parts in quadratic factors) becomes qualitatively distinct depending on the
spectral structure of the matrices in the pattern (see Theorem 4.4). This subtlety is not present in
earlier counting lemmas for scalar-valued patterns. This also translates concretely to an additional
restriction that no pair of eigenvalues of an associated matrix can be negatives of each other for our
method to produce a popular difference result (see Theorem 1.2). To confirm that this behavior
is genuine and not an artifact of the proof, in Theorem 1.3 we exhibit a full-rank matrix pattern
which does not satisfy the additional spectral condition imposed by Theorem 1.2 and for which the
conclusion of the theorem is false. In particular, we show that rotated squares in F7 do not satisfy
a popular difference result, at least with popularity o?.

1.3. Summary of results. We first prove a popular differences result for all full-rank three-point
patterns. A three-point pattern is full rank if it can be expressed in the form &, % + Mlcz Z+ Mod
where My, Mo, M1 — My are invertible. One such example is “rotated corners,” which are of the form
(z,y), (z4a,y+Db), (x+b,y—a). (By contrast, standard corners (z,y), (x+a,y), (x,y+a) are not full
rank.) As a special case, this resolves a conjecture of Ackelsberg, Bergelson, and Best [1, Question
1.21], which concerns the case of rotated corners specifically. Kova¢ [14] has independently proved
this rotated corners conjecture with similar methods.

Theorem 1.1. Let My, My be k X k invertible integer matrices so that My — My is invertible. For
any a,e > 0 there exists No(a, €, My, My) so that the following holds. If N > Ny, then for any

A C[NJ¥, |A| > aN*, there is a popular difference d # 0 so that
#{T € [N)F: 2,2+ Myd, 7+ Maod € A} > (a® — €)N*.

We additionally prove an analogous version of the result where the interval [N] is replaced by an
arbitrary compact abelian group G. See Section 7 for the precise statement and proof of this result.
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We turn next to four-point patterns of matrices. There are a few natural restrictions on generic
patterns Z, ¥ + Mld_; T+ Mgd_; T+ ng that arise when trying to prove a popular differences result.
First, we impose M3 = M + Mo, which is a generalization of the “parallelogram” condition in the
popular differences result of Green and Tao [13]. Second, we require that My, My, My — My, My + M,
are all invertible; in this case we call the pattern full rank.! The combination of these two conditions
is analogous to the “admissibility” condition of [1], and essentially appears in [16]. One might guess
that they are sufficient to guarantee popular differences. In this paper we show that this guess is
incorrect by demonstrating the necessity of an additional spectral condition on the pattern. In the
spirit of the finite field philosophy advocated by Green [11], we restrict attention to the finite field
model G = F); with p an odd prime. We suspect our methods can be extended to handle more
general abelian groups, but choose to avoid the complexity of the inverse theorems for the U3-norm
over general abelian groups.

Theorem 1.2. Fiz k > 1 and p an odd prime. Let My, Ms be k X k matrices with coefficients in
F,, such that My, Ma, My — My, and My + My are invertible and no pair of eigenvalues of M1M2_1
(viewed over Fp) are negatives of each other. For a,e > 0, there exists no(«,€,p) such that the
following holds. If n > ng, then for any A C (Fg)k, |A| > ap™, there is a popular difference cf;é 0
so that

#{T € (FN)F : 7,7 + Myd, @ + Mad, T+ (M + Ms)d € A} > (o — e)p"™.

In fact, there are Qg ¢ »(p™*) values of d that work.

Furthermore, we show that one cannot completely remove the spectral condition.

Theorem 1.3. There is an absolute constant ¢ > 0 such that the following holds. If a € (0,c¢), then
for all sufficiently large n (depending on «) there is a set A C (F2)? satisfying |A| > o5%" and

(mb?;co#{(x,y) (z,y), (z+a,y+0b),(x+by—a),(x+a+by+b—a) €A} < (1-c)a'5™.

Here the associated matrices are
10 0 -1
Note that the eigenvalues of MM, Uindeed are negatives of each other. We believe it is likely that
one can construct a counterexample for all £ x k matrices with some pair of negated eigenvalues by
lifting the ideas involved in this construction.
Although there is no direct implication, this can be seen as a combinatorial finite field analogue
of [1, Question 1.11] and we expect our counterexample can be extended to the ergodic setting.

In particular, we answer the combinatorial analogue in the negative but point to a potential new
condition under which their question might be resolved positively.

1.4. Notation and outline. We use O, 0,{) as standard asymptotic notation. Subscripts in said
notation denote dependence of the implicit constants on those subscripts.

The majority of this paper, Sections 2 to 5, is devoted to the proof of Theorem 1.2, the pop-
ular difference result for four-point patterns. See Section 2 for an outline of that argument. In
Section 6, we construct the counterexample that proves Theorem 1.3. Finally, in Section 7, we
show Theorem 1.1, the three-point pattern result.

Acknowledgements. We thank our advisor Yufei Zhao for introducing us to the study of popular
differences in additive combinatorics.

1Axis—aligned squares are an example of a four-point pattern that is not full rank, and for which the version of
popular differences we would like to prove is known to be false; see [18, Theorem 3.1].
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2. GOWERS NORMS AND ARITHMETIC REGULARITY

The proof of Theorem 1.2 proceeds in three steps, following the now-standard framework of the
arithmetic regularity method.

First, we show that the matrix patterns we are interested in are controlled by an appropriate
Gowers U®-norm. Results of this nature are sometimes referred to as “generalized von Neumann
theorems”. The definition of the Gowers norms and the proof of this result are given in this section.

Second, we prove an arithmetic regularity lemma, which gives a decomposition of an arbitrary
function f: G = C as f = fetr + fom1 + fpsr into a “structured”, “small”, and “pseudorandom” piece.
For our application in groups G*, it will be necessary to carefully define “structured” in a way that
is adapted to the product structure of G*. This definition and the proof of this result is given in
Section 3.

Third, we prove novel equidistribution results in order to understand the counts of matrix patterns
inside the structured piece, fst,. These results occur in Section 4. Combining these three steps, we
prove Theorem 1.2 in Section 5.

Definition 2.1. Fix an integer s > 1 and a finite abelian group G. For a function f: G — C, the
Gowers U®-norm is defined by

1/2¢

Il = | Bamnneea [[ C¥ @+ wihy + - + wihy) ,
we{0,1}s

where C denotes the complex conjugation operator and |w| = wy + -+ + w;.

It is well-known that the above is indeed a norm when s > 2. (For s = 1 it is the seminorm
f = |Ezeaf(z)], so the term “Gowers norm” is a slight misnomer.) A useful equivalent definition is
that

s—1
1£17 ) = EnecllOnflIe—1
where the multiplicative derivative O f is defined by (O f)(x ) = f (z)f(z + h).

We now prove that full-rank matrix patterns are controlled by an approprlate U?®-norm. The
typical setup in this paper is to consider a pattern of the form & + Mld z+ Mgd , T+ Mg d in
G* where Mj, ..., M, are k x k matrices with certain non-degeneracy conditions. In partlcular we
assume that M; and M; — M, are invertible for each i # j.

This lemma is true even in the general setting where we replace the matrix M; acting on G* by
an arbitrary autmorphism A; acting on G*. In this general setting, the product structure on G¥ is
no longer important. As the proof of the more general version is no more difficult than the original
result, we include it here. The proof follows by an application of the Cauchy—Schwarz inequality;
similar results for specific patterns are implicit in the literature (e.g., [16]).

Lemma 2.2. Let s > 2, and G be a finite abelian group. Let Aq,...,As be automorphisms of G
such that A; — A; is an automorphism for each i # j. Then for functions f;: G — C satisfying
| filloo <1 we have

|Erdecfi(x + Ard) - fs(z + Asd)| < ?é%ﬁ”fi”Usfl(G)-

Proof. We induct on s. For s = 2, note that
By qecfi(z + Ard) fa(z + A2d)| = [Eyaec f1(z) fa(z + (A2 — A1)d)|
= |Ezyecfi(z) f2(y)]
= | fillrv eyl fallore
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Since ||fi|loo < 1, the result follows in this case. Now suppose s > 3. We have

|Ex,der1($ + Ald) e fs(x + Asd)|
= |Ex,d€Gf1(x + (Al - As)d) T fs—l(x + (As—l - As)d)fs(x”
S Eg|Eqfi(z + (A1 — Ag)d) -+ fo—1(z + (As—1 — As)d)]
< (Ewmdfl(fp + (A1 — Ag)d) - fo—1 (@ + (As—1 — AS)d)|2)
= (E;Eanfi(z + (A1 — Ag)d) - fo—1(z + (Asm1 — Ay)d)
ﬁ(m + (Al — As)d + (A1 — As)h) cee E(az + (As—1 — Ag)d + (As—l — As)h))

1/2

1/2

To bound the last expression, we apply the induction hypothesis with the maps A1 — Ag, ..., As_1—
As and the functions d,_4,)nfi- Note that by hypothesis, the maps A; — As are automorphisms
as are (A; — Ag) — (A; — Ay) for i # j. Therefore we obtain

By e fi(@+ Ard) - fo(a + Asd)| < (BallOa, —annfillos2c)

s—2 1/2571
< (Enloun-aonfillf )
= | fillrs—1(6)-

The last equality comes from the recursive definition of the Gowers norms as well as the fact that
A; — Ag is an automorphism on G. By symmetry, the same holds for fo,..., fs, completing the
proof. O

3. THE U3-ARITHMETIC REGULARITY LEMMA

From now on until Section 7, we restrict our attention to the case where G = F) and p is an

odd prime. The goal of this section is to prove a U>-arithmetic regularity lemma for functions
f: G¥ — C. Since GF = F;‘k, we could apply a standard result (say [10, Proposition 3.12]) to
deduce some U3-regularity statement. However such regularity statement would ignore the product
structure on G* which will become very important in our application.

The main novelty of this section is our definition of a k-symmetrized quadratic factor which gives
an appropriate notion of structured function adapted to the product structure of G¥. We then
prove Theorem 3.2, our k-symmetrized U3-arithmetic regularity lemma. The structure of the proof
closely follows [10].

An element Z € G¥ is a tuple & = (1, ..., ;) with 21,..., 25 € 7. Tt will simplify the following
arguments to introduce the following slightly awkward notation: we view the elements of G as
k x n matrices X where the rows of X correspond to the elements of the k-tuple. In particular, the
element 7 € G* is alternatively represented as

T
L1

X =

T
Ty,

Finally, define S (respectively, S},) to be the set of symmetric (respectively, skew-symmetric)
matrices in IF'; xk,

Definition 3.1. A (k-)symmetrized quadratic factor B = (B, B, B3) is given by a list B; =

(1,...,7a,) of column vectors in [y}, a list By = (My, ..., My,) of symmetric matrices in Fj;*", and

a list By = (N1, ..., Ng;) of skew-symmetric matrices in Fj*". The complexity of B is (di,dz, d3).
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We say that B has rank at least r if r1,...,74, are linearly independent and all nontrivial linear
combinations

have Fj-rank at least r. (This is equivalent to the same condition on M, ..., Mg, and Ni,..., Ny
separately up to an absolute multiplicative constant in the rank.)

A k-symmetrized quadratic factor 8 defines maps By ;: Gk — F’;, Boi: GF — S, and Bs,i: Gk —
S, given by

3

Bl,i(X) = Xr;, Bg,i(X) = XM;XT, Bg,i(X) = XN;XT.
We additionally define
B1(X) = (B1i(X))igia]»  B2(X) = (B2,i(X))icpan)s  B3(X) = (B3,i(X))ic[ay)s
B(X) = (B1(X), B2(X), B3(X)).

For a function f: G¥ — C, we use the notation E[f|B] to represent the condition expectation of
f with respect to B, or equivalently the projection of f onto B. Here we abuse notation and use ‘B
to denote the o-algebra generated by the fibers of B in G¥. Explicitly, E[f|B]: G — C is defined
by E[f]B](X) = Eyep-1(8x)) [f (V)]

Finally, we say that a factor B’ refines a factor B8 if the o-algebra corresponding to B’ refines
the o-algebra corresponding to ‘B.

The main result of this section is the following arithmetic regularity statement which guarantees
that the desired factor is k-symmetrized.

Theorem 3.2 (Arithmetic regularity lemma). Fiz k > 1. Let § > 0 and let wy,ws: RT — R be
arbitrary growth functions (which may depend on §). Let G =Ty, let f: G* —[0,1] be a function,
and let (iBgO),’BgO),SB:(,)O)) be a k-symmetrized quadratic factor of complexity (dgo),dgo),dgo)), Then
there is a refinement (B1,Ba, B3) of complexity (dy,da, d3) and a decomposition f = for+ fom1+ fpsr
such that:

. fstr = E[.ﬂ%];

. ||fsml||2 < 5;’

N fpsellusary < L/waldi + da + ds);

. fstr and for + fom1 take values in [0,1] and fpsr, fsmi take values in [—1,1];

. the complexity of B is (dy,ds,ds) where

d17 d27 d3 < C(k7 57 w1, w2, dg()) ) dg)) ) dL‘(%O))

for a fixed function C;
6. the rank of B is at least wyi(dy + da + d3).

~

v Lo o

The proof closely follows the proof of arithmetic regularity given in [9]; the only additional
ingredient is guaranteeing at each stage that the factor introduced is k-symmetrized.

Lemma 3.3. Fiz k > 1. Let 6 > 0. There exists ¢ > 0 such that the following holds. Let
BO) = (’Bgo),%go),%go)) be a k-symmetrized quadratic factor with complexity (dy,ds,ds) and let
f: G* — [=1,1] be a function such that

1 = ELf1BOlys gy > 6.

Then there ezists a refinement B = (B1, Bo, B3) with complezity at most (dy+k,do+ (k—gl) yd3+ ('5))
such that
IE[f|B]]I3 > |ELf|BO]||3 + €.
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Proof. By the inverse theorem for the Gowers U3-norm applied to G* = F¥ (see [10,12]), there
exist € > 0 (only depending on §), a vector r € ng , and a symmetric matrix M € ng *nk such that

Eyery (f(2) — Elf1BO)(@)) e(To + 2TMz)| > e

Say r = (r1,...,r%) € F;‘k where r1,...,7% € Fyy and M = (M;j); jew) € F;’kxnk where M;; €
F%*™. Note that the matrices M; are symmetric, while My; = M]TZ For i < j, write M;; = M+ M}
where M, is symmetric and M} is skew-symmetric. (Here we use that p > 2.)

We define the factor 8 by appending the vectors rq,...,r; to the list ’Bgo), appending the

symmetric matrices (M;;);efr) and (Mj;)i<; to the list ’Bgo), and appending the skew-symmetric

J
matrices M;j)i<; to the list iB:(,)O). To conclude, all that remains to show is that
IELfIBII3 > IE[f1BO)5 + €.

Define g¢: (Fg)k — C by g(z) = ep(rTz + 2TMx). Note that ||g|l2 = 1 and crucially that g is
B-measurable by the simple equality

k k
o T T T ! T "
g(x1,..., ) =€ g T T + § x; My + 2 E x; Mg + 2 E o] Mz
i=1 i=1 i<j i<j

Now the desired inequality follows from the Pythagorean theorem and Cauchy—Schwarz inequality
since

IELfIB115 — IELFIBTIE = IE(f1B] ~ E[f1B]|)”
> |[(E(f18] - B/, g)|
(7~ EL7 1O, Elgl8])[

> €2, O

Lemma 3.4. Fiz k > 1. Let w: R™ — R* be an arbitrary growth function. There exists a growth
function 7: RT — R such that the following holds. Let B = (By,Bo,B3) be a k-symmetrized
quadratic factor with complexity (dyi,ds,ds). There exists a refinement B = (B1,Bo, Bs) with
complezity (dy,dy, dy) that satisfies the following:

1. the rank of B' is at least w(dy + dby + df);

2. d/2 <dsy and dé < ds and dll < T(d1 + do —I—dg).

Proof. Consider a k-symmetrized quadratic factor B = (B, Bg, B3) defined by By = (r1,...,74,)
and B = (M, ..., Mg,) and Bs = (N1,..., Ng,). (Recall that the r; are vectors of length n while
the M; are symmetric n x n matrices and the N; are skew-symmetric n X n matrices.)

If the rank of B is less than r, then either the r1,...,rq, are linearly dependent or there exists a
non-trivial linear combination

that has F,-rank less than 7.
We do the following. First if there is some linear combination with rank less than r, then choose
vectors s1,...,8-_1,t1,...,t_1 such that

r—1 do d3
Z sit; = Z a; M; + Z b;N;
i=1 i=1 7=1



Add si,...,87—1,t1,...,t,—1 to By and remove the first M; or N; with nonzero coefficient (i.e., if
a; = --- = a;—1 = 0 while a; # 0, then remove M; from By;ifa; =---=aq, =b1=---=bj_1 =0
and b; # 0, then remove N; from B3). Then remove any element of the modified ®B; that is linearly
dependent on the previous vectors in 2. Note that the factor produced refines the original factor.

We iterate the above process, producing a sequence of k-symmetrized quadratic factors B =
B0 s BM) a5 follows. Suppose that B™ has complexity (dgm), dgm),dém)). If B has
rank at least w(dgm) + dém) + dgm)), then halt and set m = M. Otherwise refine B(™ to B(m+1)
as described above. Note that M < dy + ds + 1 since every step (except possibly the first) reduces
dgm) +d§m) by 1. Furthermore, one can easily see that dgM) is bounded by some function of dy, ds, d3
and w, as desired. O

Lemma 3.5. Fiz k > 1. Let 6 > 0 and let w: R™ — RT be an arbitrary growth function. Let
B0 = (%go), ’B(O), %go)) be a k-symmetrized quadratic factor with complexity (dgo),déo),dgo)) and let
f: GF —1[0,1] be a function. Then there exists a refinement B = (B, By, B3) and a decomposition
f =l t fpsr such that:

1. fstr = E[.ﬂ%];

2. || fpsells(ary < 6

3. fstr takes values in [0,1] and fps takes values in [—1,1];

4. the complexity of B is (dyi,da,ds) where

dy,dy,ds < C(k,5,d”,dS, )

for a fixed function C;
5. the rank of B is at least w(dy + da + d3).

Proof. This follows immediately by iterating Lemma 3.3 and Lemma 3.4 at most €(§)~2 times.
In particular, we construct a sequence of k-symmetrized quadratic factors B©) 81 B(M)

each refining the last as follows. If ||f — E[f|’3(m)]||U3(Gk) < 6, halt the process and set M = m.

Otherwise, let B+ be the factor produced by applying Lemma 3.3 to 8™ and f with parameter
8. Then let Bt be the factor produced by applying Lemma 3.4 to B with parameter w.
By definition, at every step of this process, the rank of 8™ is at least wl(dgm) + dgm) —I—dém)) where
(dgm), dém),dgm)) is the complexity of B.

Since 3

BB D3 > BB D)3 > (BB 5+ €(6)?

and this quantity is bounded between 0 and 1, we conclude that the process must stop after M <
€(0) 72 steps.

At the conclusion of this process, we have produced a k-symmetrized quadratic factor B (M)
that refines B such that ||f — E[f\%(M)]HUS(Gk) < 4. Defining fgr = E[f|BM)] and foe =
f —E[f|BM)] gives the desired result. O

Proof of Theorem 3.2. The desired result follows by iterating Lemma 3.5 at most 62 times.

In particular, we construct a sequence of k-symmetrized quadratic factors B©) B0 B(M)
cach refining the last as follows. If ||[E[f|B(™)] — E[f|B™ V]2 < 6%, halt the process and set
M = m. Otherwise, let Bt be the factor produced by applying Lemma 3.5 to B and f with
parameter 1 /wg(dgm) + dgm) + d:(,)m)) and growth function w;.

Note that by the Pythagorean theorem,

IELf18™] — E[f|B™ V)13 = |E[f18"™])|3 — |E[f|B™V]||5.

Since these L?-norms are bounded between 0 and 1, we see that the process must stop after M < §—2
steps.
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At the conclusion of this process, we have produced a k-symmetrized quadratic factor p(M-1)
that refines B with complexity (dgM_l),déM_l), déM_l)) and rank at least wy (dgM_l) + déM_l) +

dM™). Defining for = E[f|BM V] and fu = E[f|BM]—E[f|BM -] and fo = f—E[f|BO)]
gives the desired result. ([l

4. EQUIDISTRIBUTION AND COUNTING LEMMA

The goal of this section is to study the counts of matrix patterns of the form {0, My, My, M1+ Mo}
in the “structured term” fi,. Recall that a k-symmetrized quadratic factor B defines a map B: G*¥ —
(Flg)dl X ng X S,;d3 where Sj and Sj, are the spaces of k x k symmetric (resp. skew-symmetric)
matrices. We call the fibers of this map atoms of 5.

Understanding the counts of patterns in fg, is equivalent to understanding how occurrences of
these patterns are distributed among tuples of atoms. The first result of this section is simply
that the atoms of B are approximately the same size; in other words, as X € G* varies, B(X) is
equidistributed in (F’;)dl X SgQ X S,;d3.

The main result of this section describes how the 4-tuple (B(X),B(X+M;D),B(X+M>D),B(X+
(M1+Ms) D)) is distributed as X, D € G* vary. This 4-tuple is not equidistributed across all possible
4-tuples of atoms, instead it is equidistributed on a certain linear subspace. We need a somewhat
unfortunate amount of notation in this section to describe this linear subspace.

Note that this is also the place where the “mysterious” spectral condition that MMy ! has no
pair of eigenvalues that are negatives of each other appears. It turns out that the dimension of the
space that the relevant 4-tuples are equidistributed over changes depending on whether or not this
spectral condition is satisfied.

Finally in this section we restrict our attention to matrix patterns of the form {0,1,J,I + J}
where I = I« is the identity, J, I —J, [+ J are invertible, and that J satisfies the spectral condition
(that no pair of eigenvalues of J over Fp are negatives of each other). By a change of variables, all
cases can be reduced to this one.

4.1. Equidistribution results. We first quote the following result on the equidistribution in Fy.

Proposition 4.1 ([10, Lemma 4.2]). DefineT'(z) = (r{z,...,r} z) and ®(x) = (xTMyz, ..., 2T My,x)
where the M; are symmetric. Furthermore suppose that {Ti}ie[dl] are linearly independent and for
any nonzero vector (Ai,...,Ag,) in Fg2 we have rank(zfil ANiM;) > r. Then for any a € Fgl and
be Fg2 we have

PmGFg [F(JE) =a, (I)(:E) = b] = p_dl_d2 + O(p—r/2)‘

Note [10] only states the above for F{ but the proof in general is completely analogous. Given
this we can immediately derive the necessary equidistribution result on factors for the specialized
factors constructed in the previous section.

Proposition 4.2. Let B be a k-symmetrized quadratic factor with rank at least r. Then
b (k1Y (K .
Py con [BX) = (00)ie(ar)s (U)ieian)s (Vi)ielay)] = o4~ 0220 4 o(pr/2)
for all v; € IF";, Ui € S, and V; € S;,.

Proof. This is immediate if one treats X € F’;X" as a kn-dimensional vector. In particular for each

U; consider the family M; of (k'gl) block matrices where all n by n blocks are zero except for either a

diagonal block labeled U; or a pair of block symmetric with respect to the diagonal such that blocks

are labeled U;. Similarly for each V; consider the family N; of (g) block matrices where all n by n

blocks are zero for a pair of block symmetric with respect to the diagonal such that the block above
9



the diagonal is labeled V; and below the diagonal is labeled —V;. Note that the resulting quadratic
forms are easily seen to be high rank using that the U; and V; initially where high rank. Now the
desired equidistribution statement is equivalent to equidistribution of XTW X for all W € M;, N;
as well the linear forms specified by v;. This now follows immediately from Proposition 4.1. O

Say that a random variable is e-equidistributed if it takes each value in its range with equal
probability within a multiplicative error of e. A convenient property of this definition is that it is
preserved under linear maps.

Lemma 4.3. Suppose x is a random variable taking values in F), satisfying

sup p'Px =a] —1] <e€
acFy

and L: Fy, — F} is a linear map with image of dimension t. Then for any a € LF} we have
[p"P[Lx = a] — 1| < ¢, whereas if a ¢ LF} then P[Lx = a] = 0.
Proof. This follows immediately from the fact that the preimage of every point in LF) has size

pr—t. O

We now explicitly define the relevant lattice that the image of our pattern under B will equidis-
tribute over, in order to state the main result of this section. Recall we have a given J € F’;Xk .
Let

E;={AeFF*: (JA)T = JA},
and let
Aj={(-A, AT+ NI - )" LAT+J)I —J)" L A): AT =+A,A € Z5),
L={(A, AT+ )T - D) LAT+ )T - J)7L A AT= A AcE,)
Also, let
Uy ={(x1,x2,23,24) € (IF‘];)4: x1— Ty —x3+ x4 =0,24 — 29 = J(x9 — 1)}
We make F’; %k an inner product space with the standard inner product
(A, B) = (A, B)us = tr(ATB)
on IE‘]; *k We extend this inner product to (IE‘]; Xk)4 in the natural way, that is,
(X1, X2, X3, X3), (Y1,Y2,Y3,Yy)) = (X1, Y1) + (Xa, Ya) + (X3, Y3) + (X4, Ya).
We wish to study the equidistribution of the tuple
(B(X),B(X +D),B(X+JD),B(X+ (I +J)D))

as X, D range over F’;X", for a k-symmetrized quadratic factor 8. Ultimately, we will find that the
components corresponding to each By ;, B2 ;, B3 ; are all “independent”, and that each equidistributes
in the following way:

(B1,i(X),B1,i(X + D),B1i(X +JD),B1i(X + (I +J)D)) equidistributes on Uy,
(B2,i(X),B2,i(X + D),B2i(X + JD),Bo;(X + (I + J)D)) equidistributes on A F N (Sg)?,
(Bs,i(X),Bs,i(X + D),B3 (X + JD),Bs;(X + (I + J)D)) equidistributes on  A’F N (Sp)*

Here the | means the orthogonal subspace with respect to the inner product defined above. For
ease of notation, we will write A+ for AT N (Sg)* and A3 for A'F N (S))2.
10



Theorem 4.4. Suppose J € F';Xk is such that J,I — J, I 4+ J are invertible and J has no pair of
eigenvalues that are negatives of each other (over Fp), let G =y, and suppose B is a k-symmetrized
quadratic factor of rank r. Then for any a € \I’§1 x (AF)%2 x (A'fH)4)ds

Px pecr[(B(X),B(X + D),B(X + JD),B(X + (I + J)D)) = a
— p—dl dim(¥ ;) —dg dim(A+)—d3 dim(Aff)(l + O(p—T/2+2kd1+(2(k;1)+k2)d2+(2(§)+k2)d3))

The approach is similar to the proof of Proposition 4.2. We want to consider (X, D) as a 2kn-
dimensional vector and apply Proposition 4.1, but now some linear dependencies will appear.? We
will instead apply equidistribution on a set of “abstractly independent” forms to which we can indeed
apply Proposition 4.1. Then we realize (B(X),B(X + D),B(X + JD),B(X + (I + J)D)) as the
image of those elements under a linear map, and apply Lemma 4.3.

As a first step, we state the necessary equidistribution over these “abstract atoms”. For conve-
nience, given a k-symmetrized quadratic factor B, define an attached map

B'(X,D) = (XM;D");cay], (XNiDT)icias])-

Proposition 4.5. Suppose B is a k-symmetrized quadratic factor of rank r. Then for any a €
((Ffé)dl X (Sp)% x (8},)%)? x (F§Xk)d2+d3 we have

Py pegr[(B(X),B(D),B'(X, D)) = a] = p 2= @(*L) HR A= 2(5)+hds | o(p=/2),

This follows immediately by applying Proposition 4.1 to (X, D) viewed as an element of ng".
The proof is exactly analogous to the proof of Proposition 4.2 from Proposition 4.1.

To complete the proof of Theorem 4.4, we note that the desired map, (X, D) — (B(X),B(X +
D),B(X + JD),B(X + (I + J)D), can be written as the map (X,D) — (B(X),B(D),B' (X, D))
composed with a linear transformation. For example,

(X +JD)M;(X +JD)" = XM; X"+ J(DM; XT) + XM;DVJT + J(DM;D7)JT

and XM;DT = (DM;XT)T. Therefore it suffices to understand the linear constraints induced by
this last linear transformation.

4.2. Deriving the linear constraints. To this end we prove the following abstract linear algebra
statement, which essentially encodes the eigenvalue condition in Theorem 1.2.

Lemma 4.6. If A € F’;Xk is invertible and has no pair of eigenvalues (over F,) which are negatives
of each other, then A € F,[A?].

Proof. Given any matrix M, let Qs € Fp[t] be the monic polynomial of minimum degree satisfying
Qn (M) = 0 (this exists by the Cayley-Hamilton theorem and the fact that IF,[t] is a principal ideal
domain). Then F,[M] = F,[t]/(Qn(t)) as Fp-algebras, and the dimension as an Fp-vector space is

deg Q-
We clearly have A € F,[A?] if and only if F,[A] = F,[A?], which will certainly follow from

dimp, Fp[A] < dimg, F,[A?]
due to the obvious containment. Now note that if g(A2?) = 0 then Q4(t)|g(t?) in F,[t]. By hypoth-
esis, we have ged(Qa(t),Qa(—t)) = 1, hence QA (t)Qa(—1)|g(t?). Thus
2dimp, Fp[A] = deg(Qa(t)Qa(—t)) < 2degyg.
Since this holds for all such g, it in particular holds for g = @ 42, which implies the result. O
2These linear dependencies appear for the same reason that (22, (z + d)?, (z + 2d)?, (x + 3d)?) satisfies a linear

equation.
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Next we need the following abstract matrix equation which is used to derive the desired equidis-
tribution statement.

Lemma 4.7. Suppose J € F];Xk is such that J,I — J,I + J are invertible and J has no pair of
eigenvalues that are negatives of each other.

e Let M = MT be nonzero. Then (A1, As, Az, Ay) € (Sk)* and
tr(A]JXMXT + AN(X + D)M(X + D)" + Al(X + JD)M (X + JD)T
+ANX+{I+)D)M(X +(I+J)D)T)=0
forall X,D € (Fg)k if and only if (Aq, Ag, As, Ay) € Aj.
e Let M = —MT be nonzero. Then (A1, Aa, Az, Ay) € (S})* and
tr(A]XMXT + AJ(X + D)M(X + D)" + Al(X + JD)M (X + JD)T
+AJ(X+{I+)D)M(X +(I+J)D)") =0
for all X, D € (F2)* if and only if (A1, Az, A, Ay) € N/}
Proof. We prove the first claim as the second is analogous. Note that
tr(AJXMXT + AJ(X + D)M(X + D)" + AY(X + JD)M(X + JD)T
+ A(X 4+ I+ )D)M(X +(I+J)D)T)=0
implies that
tr((A] + A+ AT+ ADXMXT) =0,
tr(AN(D)M(D)T + AL(JD)M(JD)" + A} ((I + J)D)M((I + J)D)T) =0,

taking D = 0 and X = 0 respectively. Using that tr(-) is additive along with the initial condition,
we derive

tr((A] + A+ Al + AD)XMXT) =0,
tr(AN(D)M(D)T + AL(JD)M(JD)" + AJ((I + J)D)M((I + J)D)T) =0,
tr(AN(DMXT + XMDT) + AJ(JDMXT + XM(JD)T)
+ AJ((J + 1) DMXT + XM((J +1)D)T) = 0.

Using that trace tr(ATBT) = tr(BA) = tr(AB) the above conditions are equivalent to

tr((A] + AJ+ AT+ ADXMXT) =0

tr((AJ + JTALT + (I + J)TAJ(I+ J))(DMD)™) =0

tr((2A] + 241 4+ 2A] (I + J))(DMXT)) = 0.
To derive the last, we used both AT = A4; and MT = M. (In fact, one obtains identical equations
in the skew-symmetric case.)

Since M is nonzero and symmetric we have that { XM XT}, {DM DT} each span the space of all
k x k symmetric matrices while { DM X T} spans the space of all k x k matrices. This implies that

AT+ A+ AT+ Al =0
AV + JTALT+ (I + NTA(I+J)=0
AT+ ALJ+ AJ(I+J)=0
since the A; are symmetric.

Note that the second and third equations imply that

(T~ DA} = AY(I + J).
12



Noting that Al, Al are symmetric we find that
A= (T =DAIT+J) = (I +JDA(J - 1)~
This is equivalent to
(JT)2A] = AJJ2.

It follows that for every polynomial Q(t) € IF,[t] we have

QUUTHAL = AJQ(T?).
Now J € F,[J?] by Lemma 4.6, so it follows that

JTA] = Al J.
A similar combination of the second and third equations implies that
JTAY = —AlJ

and therefore

(JI)y7tALT = (JT)ALT L.
This similarly implies that JTA] = Al.J. Therefore we deduce

AT+ A+ AT+ A =
A+ AT+ AL(T+ J)? =0

AT+ AlJ+ AJ(I+J)=0.
Subtracting the last two equations gives that

AT = AU+ )1 - )
Substituting into the last equation gives

Al = AJ(I+ ) (=T —J(I —J)™ ) = —Al

Finally using the first equation this implies that A] = —A]. Therefore we have proven that
(A1, Ag, As, Ay) € Aj. The reverse implication is a straightforward calculation which we omit. [

We are now ready to prove Theorem 4.4.

Proof of Theorem 4.4. This is almost immediate from Proposition 4.5 and Lemmas 4.3 and 4.7. The
noted fact that the desired function is the image of the function in Proposition 4.5 under a linear
mapping along with Lemma 4.3 demonstrates that there is equidistribution over some subspace
(with the multiplicative error term preserved).

This subspace is precisely the span of all possible vectors (B(X),B(X + D),B(X + JD),B(X +
(I + J)D)). Due to the independence demonstrated in Proposition 4.5, we see that the subspace
factors as a direct sum.

Lemma 4.7 characterizes the resulting vector spaces for By ;, B3 ;, since it demonstrates the form
of all orthogonal vectors in corresponding host spaces (either tuples of symmetric or skew-symmetric
matrices). For By, it is easy to check that vectors of the form (Xr, (X + D)r, (X + JD)r, (X + (I +
J)D)r) span the space ¥ ; when r € F;\ 0. Indeed, the orthogonal vectors of the form (dy, da, @3, d3)
are precisely those that satisfy

Eil+52+53+d4252+63J+54([+J)ZO.

All such vectors are spans of (£, —t, —t,t) and (Jt, —(I 4+ J)t,0,t), which matches the orthogonal
space of W ;. This completes the proof. O
13



5. POPULAR DIFFERENCES FOR 4-POINT PATTERNS

We now have the tools to prove the following popular difference result for four-point patterns.
This theorem immediately implies the result stated in the introduction, Theorem 1.2.

Theorem 5.1. Fiz k > 1 and an odd prime p. Let My, Mo be k X k matrices with coefficients in
F), such that My, My, My — M, and My + My are invertible and no pair of eigenvalues of M1M2_1
(viewed over Fp) are negatives of each other. For any a,e > 0, letting G = F); for n > ng(a,¢€,p),
if f: G* —[0,1] satisfies Exccn f(X) > a then there are Qg p(p*") values D € G such that

Excarf(X)f(X 4+ M D) f(X + MyD)f(X + (My + M3)D) > o* —e.

Given the previous developments the proof is similar to that of [10, Theorem 4.1] modulo deriving
the necessary positivity.

Proof of Theorem 5.1. By replacing My D by D (note that M is invertible) we can reduce the case
of (My, M) to the case of (I, Mng_l). Hence from now on we assume that M; = I and My = J.
Applying Theorem 3.2, we decompose

f = fstr + fsml + fpsr
where fy, = E[f|®B] for a k-symmetrized quadratic factor B of complexity (dy,ds,ds) and rank at
least wi(d1 + d2 + d3), where || fam|l2 < €/250, and where || fpst||3(ry) < 1/w2(di + da + d3). The
complexity (dq, ds,ds) is bounded in terms of the given parameters and growth functions. We define
H to be the subspace of (Fg)k such that the linear factors of B are zero. We will prove that

Ex pec[f(X)f(X + D)f(X + JD)f(X + (J + I)D)1g(D)] = p~* (o — o). (5.1)

This suffices to prove the result as we are summing over a density p~*% subset of the differences D
and hence at least one difference achieves the necessary bound. Furthermore, by Markov’s inequality,
a fraction of at least Q4 (1) of the differences in H satisfy the weaker bound of a* — 2e. Adjusting
e appropriately will prove the desired upon noting that a positive fraction of G* lies in H due to
the bounded complexity of 5.

Now we focus attention on (5.1). Expanding f = fsr + foml + fpsr allows us to turn the left side
into 81 terms of the form

Ex peet[f1(X) f2(X + D) f3s(X + JD) fa(X + (J + 1)D)1u(D)]
where f1, fa, f3, f3 € { fstr, fsml, fpsr}- If fom1 appears in the expression, we have that
[Ex,p[f1(X)f2(X + D) f3(X + JD) fo(X + (J + 1) D)1 (D)]|
< Ex[|fom (X)L (D)] < p~* (Bx [ fom (X)*])/? < p~+¥e/250.

This bounds the 65 terms that include fgu.
Next we bound the terms that include fysr. Say f3 = fpsr (the other cases are analogous). Note
that we have
15(D) = > Iryu(X + D)lrin(X)
TeH+
for all X. Therefore

[E[f1(X) f2(X + D) fpsx(X + JD) fa(X + (I + J)D) 1 (D)]|

= | Y ElAX)f2(X + D) fpse(X + ID) f4(X + (I + J)D)lri (X + D)Ir (X))
TeHL

< [HH|| fosellus ey

N
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where in the final line we have used Lemma 2.2 (since I, J,I + J,I — J are invertible). Taking the
growth function wy to be a sufficiently fast growing exponential (depending on p, k), we can ensure
that || fpsellirsgry < p~2F91e/250.

Thus it suffices to prove

E[fote(X) fotr (X + D) fstr(X + JD) fue(X + (J + I)D)1g(D)] > p~ F1 (ot — €/2). (5.2)

Since fsr = E[f|DB], we see that fs, is B-measurable and [0, 1]-valued. Recall that a factor
9B defines a B: GF = (IF;,‘)]g — (Flg)dl x (Sg)% x (S))%. Hence there is an associated function
f: (F’;)dl x (Sk)% x (8;)% — [0,1] such that fs(X) = £(B(X)).

Claim 5.2.
E[fstr(X) fstr (X + D) fsor(X + JD) fux(X + (J + ) D)1 (D))
and
_ N 1 1 N 2 2 N 3 3 - 4 4
P B gy ity entyia gyt (0 M5 MEE@, 15D Mg, g?, g g, Mg, )]

k k
are equal to up to a multiplicative factor 0f1+0(p_r/2+2kd1+(2( ;1)+k2)d2+(2(2)+k2)d3)

factor, where the rank r is the rank of B.

multiplicative

Proof. Restricting D to lie in H we need to understand the equidistribution of (B(X),B(X +

D),B(X+JD),B(X+(I+J)D)). We apply Theorem 4.4. We have that (B;(X), B1(X+D),B1(X+

JD),B1(X + (I + J)D)) equidistributes over (¥, 7,7, v) with 0 € (Flg)dl, since looking at D € H

corresponds precisely to looking at atoms for which linear factors in B for B(X),B(X + D) are

equal. (We are also implicitly using that D € H implies each row of D is in the orthogonal space

of the defining vectors {r1,...,rq, } of the linear factors of B, which implies JD € H as well.)
Furthermore

(M, MP MP MY) = (By(X),By(X + D), By(X + JD),Bo(X + (I + J)D))
equidistributes over (A%)% and finally
(MO, P MP MY) = (Bs(X),Bs(X + D), Bs(X + JD),Bs(X + (I + J)D))

equidistributes over (A’j‘)d3 with each of the components distributing independently. Therefore,
even upon restricting the image of By to be zero, we have equidistribution over the remaining
space. ]

It remains to study the expectation in Claim 5.2. Recalling the definitions of =, Aj, A’} from
Section 4, we define the following subspaces:

Qy={(—A,-AT + NI —J)™): AT=+A,Ac =},
L={(-A, AT+ I - ) AT=—-A Ac =)

Claim 5.3. Given (MM, M@ M) MW) e St we have (MM, MP MG MDY € AL if and
only if we have the equality of cosets

(M(l),M(Z)) +OF = (M(4),M(3)) + Q7.

Similarly given (MM, M@ MG M®B) € S we have (MWD, M@ MG MDY € A if and only
if we have the equality of cosets

(MO M) 4 Q5 = (MW, M) + Q.
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This claim follows by inspection of the definitions of A; and ;. From this we deduce

EIf(7, MV MM e (5, M5 M) e, MY, M), MY v
2
Tl = q (1) Wer= 172 (2)
_E’UET (E((Mél),Mz(z))—l—Q#,(Mél),M?Ez))-‘rﬂff‘)=Tf(v’M2 7M3 )f(U7M2 7M3 )>

2
- 1 1 - 2 2
> <E6E7E((M2(1)7M2(2))+Q‘J]_’(M3E1)’Mggz))—i-ﬂff-):-rf(%Mz( ),Mé ))f(v,Mz( ),Mé )))

2
= (BE (5, 3", MEHEw, M ) )

(M$, M8 M) M)

= 1
= <E(M(1) M(1))f(v,M2( ) M( )) )

4
( M(l) M(l) (U7 M2(1)7M3(1)))

v

where we have used the Cauchy—Schwarz inequality twice. To finish note that by the equidistibution

derived in Proposition 4.2 we have that E (7, Mz(l), Mél)) is E[fstr] up to a multiplicative

5 (Mg") Mg
factor of 14+ O(p —r/2tkdi ("3 )do 4 (5 )dS). Finally since E[fst:] = E[E[f|®B]] = « the desired result
follows upon taking the growth function wy (and thus r, the rank of 9B) to be large enough. O

Remark. The key reason that this argument works is a “positivity” result in the final expectation.
This “positivity” occurs from the symmetry of Af,- which ultimately is derived from the spectral
condition on J. In the next section we consider what occurs when the spectral condition on J is no
longer satisfied. In essence, Af will be one dimension larger than otherwise in such a way that it
no longer has this symmetry property.

6. COUNTEREXAMPLE TO POPULAR DIFFERENCES FOR ROTATED SQUARES IN Fg

Given the results of the last section it is natural to ask whether the popular difference result
holds for all matrix patterns which are controlled by the U3-norm. We now prove that this is false
and demonstrate Theorem 1.3.

As is standard, it suffices to give a construction for a set of fixed positive density, as smaller
sets will follow from subsampling and simple concentration facts. In fact, we will merely give a
function in [0, 1] (which one can scale down appropriately and sample from). The counterexample
proceeds in stages. In the first stage we give a construction which rules out all sufficiently generic
differences (i.e., (a,b) such that spang,_{a,b} is 2-dimensional), using the failure of the key positivity
in Section 4. We then modify the function to rule out the non-generic directions using techniques
from earlier work of the second and third authors with Zhao in [18, Sections 2, 3| (which deals with,
for instance, axis-aligned squares) with [18, Section 3] itself building on a construction of Mandache
[15]. Finally, we expect that the construction here can be used to disprove the ergodic analogue
[1, Question 1.11] but we do not pursue this direction here.

First, if T is the linear automorphism of (F2)? defined by (x,y) — (z — 2y,= + 2y) then by
replacing A by I'"'A and reparametrizing the pattern we are counting, it suffices to consider the
“diagonalized” pattern

($7y)7($ —|—a,y+b),(w +2aay - 2b)7($ +3aay - b)

(Note that this is two arithmetic progressions in the coordinates with a twist, though we will not
make use of this fact)
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6.1. Initial construction. Let f;: (F2)? — [0, 1] be defined by

f1($7y) = gl(x C L, X y)v
where g1 : IE‘% — [0,1] is to be chosen later. With this choice, the pattern count for f depends only
on g; and the distribution of 8-tuples of the form

(x-z,x-y,...,(x+3a) (x+3a),(x+3a) (y—0>)).
Let A} < Fg be the space orthogonal to the vectors
(1,0,-1,0,-1,0,1,0), (0,1,0,—1,0,-1,0,1), (1,0,-3,0,3,0,—1,0)
We claim that these 8-tuples equidistribute over Af.
Proposition 6.1. Fiz nonzero a,b € Ft that are not multiples of each other. Then
(x-z,z-y,(x+a) (x+a)(z+a) (y+0b),(x+2a)- (z+2a),
(x+2a) - (y—2b),(x+3a) - (x+ 3a),(z+3a)- (y —0))
obtains every value in (0,0,a - a,a-b,4a - a,—4a - b,9a - a,—3a - b) + AL, with probability
57°4+0(5?)
Remark. Note that (0,0,0,1,0,—4,0,—3) € A}, so it actually equidistributes in (0,0,a - a,0,4a -
a,0,9a - a,0) + Al.

Proof. This is a hands-on computation of equidistribution. Apply Proposition 4.1 to the concate-
nation 2/ = (z,y) with linear forms x - a, x-b, a-y and quadratic forms z -z, x -y (the last of which
can be written as a symmetric matrix when p # 2). We conclude that the image of (z,y) under this
5-tuple of forms obtains each point in F2 with probability 57° + 0(5_”/ 2). Given these five values
one can solve for all values in the 8-tuple, and solving we obtain equidistribution of the 8-tuple over
the appropriate 5-dimensional subspace A, as desired. O

Consequently, if a,b € F{ are nonzero and not multiples of each other,

B1(a,b) :=Efi(z,y) fi(x + a,y + b) f1(x + 2a,y — 2b) f1(x + 3a,y — b)
=Egi(z-z,2-y)g1((x+a)  (x+a),(x+a) (y+0)g1((z+2a) - (z+ 2a),(x+ 2a) - (y—2b))
g1((x 4+ 3a) - (x + 3a), (z + 3a) - (y — b))
= Even,g1(v1,02)91(v3 + a - a,v4)g1(vs + 4a - a,v6)g1(v7 + 9a - a,vs) + 05 ?), (6.1)

using the remark after Proposition 6.1 in the last line.
Let g1(z,y) = 1s(x,y) be the indicator of the set

S ={(0,2),(0,3),(0,4),(1,0),(1,3),(1,4),(2,1),(2,2),(3,0),(3,1)}.
Then a direct verification proves that
S Epenyg1(v1,v2)g1(vs + a - a,v4)g1(vs + 4a - a,v6)g1 (v7 + 9a - a,vs) = g
while clearly
ar = Efi(2,y) = Ey, uyemg1(v1,v2) + O(572) = % +0("?)

by Proposition 6.1. (Code verifying this explicit finite computation is attached on the arXiv.)
If we merely wish to establish Theorem 1.3 for all but O(,/|G|) directions, where G' = (F2)?2,
then we are done due to 73/5% < (2/5)*. Now we introduce further constructions which allow us to

fix the directions where a, b are nontrivially related.
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6.2. Fixing most special directions. We next proceed with a modification of a construction
which appears in [15] and was extended in [18]. Let X,,Y,, 7., X},Y,, Z, for x,y,z € F§ be
independent random variables uniform on [0, 1]. Let Fy, F3: (F2)? — [0, 1] be defined by

Fy(x,y) = g2(X oy, Yoouray, Zoury),  F3(,y) = 92(X 40y, Y00 4y Zopiay)
where go: [0,1]3 — [0, 1] is a function to be chosen later. This is a random function. Let h(x,y) =
fi(z,y)Fa(z,y)F5(z,y), which is also a random function. Let

ap = Em,yengh(xy y)
and let
Br(a,b) = By yerrh(z,y)h(z + a,y + b)h(x + 2a,y — 2b)h(z + 3a,y — b),

which are both random in the X,Y,Z, X’ Y’ Z’ variables. We have

gy = IEX,Y,Zah =E ,yE]F"E X, Y,Z f1($ y)QQ(X—I y,Y 2z+2y> Z2m+y)92(X—x y)Y/ 2z+2y» Z2:c+y)
b. < Y' Z/

= Ex,yGIFS”fl (l‘, y) : (Eu,v,we[0,1}92 (’LL, v, w))2
since X,Y,Z are independent, etc. We also have
Ba2(a,b) = Ex v z5n(a,b)

= Eg yerp E ),(,SY('/,ZZIfl(xay)fl(x +a,y +b) fi(z + 2a,y — 2b) f1(z + 3a,y — b)

g2 X—:c yaY 2x+2y:Z2:c+y)g2(X—m y—a— baY 2x+2y— 2a+2b:Z2m+y+2a+b)

N

2(X—m y— 2a+2baY 2z+2y+a+b> ZZx—l—y a— 2b)g2(X—m y+2a+b7Y 2x42y—a— 2b:Z2m+y+a b)
/
92( —z— 2y7Y 2x— y7Z2:c+2y)92(X z—2y—a— 2b7Y 2x—y—2a— b?ZZx+2y+2a+2b)
/ /
gQ(X—m 2y—2a— b?Y 2x— y+a+2bvz2x+2y a—l—b)g?(X—m 2y+2a+2b7Y 2x—y— a+b7Z2m+2y+a 2b)

If a,b € FY are not linearly dependent, then we easily see that all the terms in the product are
independent, and linearity of expectation demonstrates

B(a,b) = By yewr f1(2,y) fi(x + a,y + b) fr(x + 2a,y — 20) fi(2 + 3a,y — b)(Ega(u, v, w))°®
= Bl (av b)(Eg2 (u’ v, w))S‘

Otherwise we have cases depending on the 6 possible linear dependencies. The key point is that,
for example,

Ex v,z92(Xo, Y0, 20)92(Xo0, Y1, Z1) = Eyg 00,w0,01,u1€[0,1192 (0, V0, wo) g2 (o, v1, w1),

so in each of these 6 cases we can reduce to some sort of expectation of go, or rather, the product
of two such terms coming from the independent sets of variables (X,Y,Z) and (X', Y’,Z').
Explicit computation yields

Ba(a,0) = Bi(a, 0)(Ega(
= Bi(a,0)(Ega(
B2(a,a) = Bi(a, a)(Egz(uo, vo, wo) gz (u1, vo, wr)ge(uo, v2, wa)ge (U1, v2, wo))

(Ega(uo,vo, wo)ga(u1,v1,w1)g2(ur, vz, wo)ga(us, vo, w1)),

B2(a, —a) = Bi(a, —a)(Ega(uo, vo, wo)ge (o, v1, w1)g2(uz, vo, w1)g2(uz, v1, ws))
(Ega(uo,vo, wo)ga(u1,v1,wo)g2(uz, v1, w2)ga(uo, v3, w2)),

Ba(a,2a) = B1(a,2a)(Egs(ug, vo, wo)ga(u1,v1,wr)ge(u1, v2, wo)gz(usz, vo, w))
(Ega(uo,vo, wo)ga(uo, v1,w1)g2(uz, vo, w1)ga(uz, v1,ws)),

Ba(a, —2a) = Bi(a, —2a)(Ega(uo, vo, wo)g2 (u1,v1,wo)g2 (U2, v1, wa)g2(up, v3, w2))
18
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(Eg2(uo,v0, wo)g2 (w1, vo, wi)ga(uo, v2, w2)ga(u, v2,wo)),
B2(0,b) = B1(0,b)(Ega(uo, vo, wo) g2 (u1, v1, w1 )ga(uz, v2, w2 )ga(us, vz, w3))?
= /1 (0, b)(Egg(u,v,w))S.

Here all variables other than a,b € F' are uniform on [0, 1]. It is worth noting every complicated
product of expectations for the middle four terms are very similar. In particular, they are all equal
to the product of the densities of two tripartite 3-uniform hypergraphs in the symmetric tripartite
hypergraphon go (with embeddings respecting the tripartition). Furthermore, the two hypergraphs
attained for each term is the same pair of hypergraphs if we disregard the data of the tripartition.
For the function gy we will choose, these considerations will not affect the bounds we prove, so we
will focus on a single term.

We first define go. Let L > 1 and let A be a subset of Z/LZ avoiding arithmetic progressions of
length 3 of size L exp(—C'v/log L) for some absolute constant C' > 0. Let U =V =W = Z/LZ and
H be a tripartite graph on U x V x W with (s,s+t) € U xV an edge when t € A, (s,s+t) € VxW
an edge when t € A, and (s,s + 2t) € U x W an edge when ¢t € A. Note that the triangles in H
are of the form (s,s+t, s+ 2t) for t € A precisely since A has no nontrivial arithmetic progressions
of length 3. This has the special property that every edge is in a unique triangle of H (this is the
Ruzsa-Szemerédi graph).

Now let go(u,v,w) = 1if (| Lu], |Lv],[Lw]|) (mod L) encodes one of these triangles. We have

LIAL

Ego(u, v, w) = 75 = exp(—C+/log L

Now we find
Ega (uo, vo, wo)g2(u1, vo, w1)g2(uo, v2, w2)ge (u1, va, wo).

When we refer to u € [0, 1] in the following discussion, we mean | Lu| (mod L). In order for a term
to be 1, we must have ugvgwg, ui1vowi, ugvaws, uivewgy be triangles. But then ugwg, ugve, vowgy are
all edges in H, so ugvawy is also a triangle. This forces vo = vy (as edges are in unique triangles).
Then uivowg is a triangle, so u; = ug. Finally, this means ugvgwi is a triangle so wg = wi. Thus
the expectation equals

4 LAl 5

L™ *Ega(u,v,w) = <7 = exp(—C+/log L

Next, we find

Lt _
Ega (ug, vo, wo)g2 (u1,v1, w1)g2(u1,v2, wo)g2(us, vo, wi) < T8 = L

since there are at most L* ways to choose wy, w1, w1, vy. After that, the variables ug, vy, va, u3 are
forced in order to guarantee a nonzero term, since edges are in unique triangles. This demonstrates
that

Ba(a, ra) < Bi(a, a)L ™2 exp(~C+/logL) < L~ 9to(1)

for A € F;. Now we take L sufficiently large. First, if a,b € Fg‘ are linearly independent, then by
Section 6.1 and the above we have

fafa ) = fn 0.0) Bl 0.0 < (55
On the other hand, if b = Aa for A € F; then

73

—n/2 4
20 +O(5 )>a2.

1
Ba(a,b) < L794W < “aj

since ag grows as L=21°() times Efi(z,y) =2/5+ 0(5_"/2).
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Therefore, in expectation our random function satisfies the conclusion of Theorem 1.3 for (a,b) €
(F2 \ 0)2. To obtain a single function which satisfies all these inequalities (of which there are
O(|G))), we use a concentration argument. A straightforward extension of [18, Lemma 3.2] suf-
fices. Roughly note that each of the above quantities can be controlled using Azuma—Hoeffding
inequality on the Doob-martingale where one successively conditions on each of the random vari-
ables X;,Y,, ZZ,X:/L,,Yy’, Z! for x,y,z € FP as each random variables only participates in a small
number of terms. The quality of concentration is at least exp(—|G|¢) for deviations on the scale of
1/|G|**, which is more than sufficient. Let h(z,y) now denote a specific instantiation of the above

defined random function which satisfies

sup  E[h(z,y)h(z + a,y + b)h(z + 2a,y — 2b)h(x + 3a,y — b)] < (1 — &)E[h(z,y)]*
(a,b)€(F5\0)2

for an absolute constant § > 0.

6.3. Finishing the construction. Finally we are in position to fix the directions (a,b) where
a =0 or b=0. We now use a randomized version of the construction from [18, Section 2| in order
to eliminate these final special differences. Define T' = {0, 1,2} x (F5)"~7, where v > 1 is an integer
to be chosen later. Note that this set has density 5 = (3/5)” but a four term arithmetic progression
density of (3/25)7 < B*!° noting that the set {0,1,2} has no nontrivial four term arithmetic
progressions. Now for each g € Ff choose a two uniformly random bijective affine transformations

d(g),#'(g) of F2. Then let
f(xvy) = h(x7y)]]-m€d)(y)s]]-y€¢/(x)s.

First, we have

Eg,¢ [Eayf(2,9)] = Bay [0, 9)Ep ¢ [Locpy)s Lyew )s]] = BEh(z, y)].

Similarly for (a,b) with nonzero coordinates we find that

Eg ¢ [Eeyf(z,y)f(x +a,y+b)f(x+ 2a,y — 2b) f(z + 3a,y — b)]
= BSE%y[h(a;, y)h(xz 4+ a,y + b)h(z + 2a,y — 2b)h(x + 3a,y — b)]
< (1 —6)8%(Eh(z,y))*.

Finally assume that exactly one of a or b is zero. We handle the case when a is zero as the other is
analogous. We find

< Eg ¢ 2y Lzesy)sLyes ()s Loco(y+b)s Ly+bed ()5 Locs(y—26)s Ly—2ved! ()5 Laco(y—b)s Ly—bes (2)S]
= 54E¢',m,y[]lyaz:f(x)s11y+be¢f(x)511y—2be¢'(x)s Ly _peg/ (2)s]
< 58.15.

The last line follows since for every random map ¢'(z), there is at most a density of 8*1° of
four term arithmetic progressions in ¢'(z)S. Therefore taking v to be a sufficiently large multiple
of log(1/E[h(z,y)]) (which is of constant order due to Section 6.2) guarantees that each of these
expectations is at most (1 —6)3%(Eh(z,y))*. Furthermore, each of the above densities concentrates
(with respect to the randomness of ¢, ¢') with high probability by Azuma-Hoeffding, so Theorem 1.3
follows.
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7. POPULAR DIFFERENCES FOR 3-POINT PATTERNS

We end by proving popularity for all admissible three-point patterns, namely, Theorem 1.1. As
is standard, we actually prove an analogous result over all compact abelian groups. We deduce the
version over Z from results (mod N) using a trick of Green [9].

These patterns can be handled in a direct Fourier-analytic manner. The proof here is closely
modeled after the proof for 3-term arithmetic progressions. For a compact abelian group G with
Haar measure p, finite S C G, and 6 > 0, define the Bohr set

B(5,0) ={zr G I?Eag(llfw\lue/z) <6}

We recall the standard fact that p(B(S,0)) = 5),5(1) (see [20, Lemma 4.20]). We will further write
for a Bohr set B that pp is the uniform measure on it obtained by restricting the Haar measure
appropriately.

Theorem 7.1. For any a, € > 0 there exists C(e) > 0 so that the following holds. Let G be a compact
abelian group with Haar probability measure . Let My, My be continuous automorphisms of G such
that My — My is an automorphism. Then for any function f: G — [0,1] with fgeG flop(g) > «a,
there is a measure vp with ||vpl||r~ < C such that

/ F@) f(z+ Myd) f (3 + Mad)up(d)p(z) > o® — e, (7.1)
2€G.dEC

Moreover, given a Bohr set By = B(So, po), one may take vp = up * up, where B = B(S, p) with
S 2 Sy and p < po. In this case, the absolute constant C' will also depend on |Sp|, po-

From this general statement one can easily obtain popular difference results in their standard
forms for finite abelian groups (Theorem 7.3) and for Z (Theorem 1.1). The latter answers (as a
special case) [1, Question 1.16] and is the combinatorial analog of [1, Theorem 1.10]. As much
of the proof is identical to that of the three-term arithmetic progression case in [19], we collect
the necessary results in the following proposition. Essentially we are extracting a statement of the
strong regularity lemma from [19]. Closely related statements appear in [5,10].

Proposition 7.2 ([19]). Fiz a compact abelian group G, parameters d,¢ > 0, and a set Sy C é,
as well as growth functions wy,wy: RT — RT. Given a function f: G — [0,1], there are 1,72 > 0
and a finite set T satisfying So C T C G with the following properties.

1. |T| = O(S,E,\S@\,wl,wz(l)'

2. y1 < 1Jwi(|T|+6" e ™) and vy < 1/wa (v ), whereas yo is bounded away from 0 independent

of f.
3. We have the decomposition f = f1 + fo + f3, where

(a) f1, fo, f3 are 1-bounded.
(b) f1 is nonnegative, has mean [ fi dp= [ f dp, and obeys the bound
filz+7r)= fi(z) + O(e)
whenever x € G and r € B(T,v1).
(c) Ifall2q) < e
(@) 1Bl < 72

At this point, Tao [19] studies progressions with common difference in B(T, 7). We require a
small modification to handle more general matrix patterns. Define

B = {7" € G: Myr,Myr € B(T, ’71)}
21



Observe that B’ is the Bohr set B(T”,v1), where

T ={foM;:£€T}U{{oMy:£E€T}
The fact that £oM; and EoMy are elements of G is immediate by the identification G= Hom(G,R/Z)
and the fact that My and M, are automorphisms. As an immediate consequence, we have for any
z € G,d € B’ that

fi(@ + Myd), f1(x + Mad) = fi(x) + O(e). (7.2)

With this additional Lipschitz condition in the directions of M; and My within B’, the remainder

of the proof follows in the standard manner. We will now evaluate

[ H@fa+ 1) o + Mo s D).

Decompose each occurrence of f into fi + fo + f3, so that the integral has 27 terms. We will show
that all terms other than the f1, f1, fi term are bounded in magnitude by O(e).

We first bound terms containing fo; we consider the representative case where the second term
is fa. In this case, take absolute values, and use |fg], |fs| < 1. We have

/ fal@) ol + Myd) ol + Madyug # ppr(d)pu(z) < / s * i (d) / Fale + Mid) ().

The inner integral is bounded by || f2|[z1 < |[f2llr2 < €. Thus we are left with a bound of O(e) as
desired.

We next bound the terms containing f3. For the sake of simplicity we consider the case where
the second term is f3. Standard Fourier analysis allows us to obtain that

/ Fal@) o+ Myd) fo + Mad)ug s (d) ()
=Y |ip*(&) > Fa(€1) F3(—€1 — €5) Ju(€3)
&4 &1 M1+E3(M1—Ma)=Ea

We take absolute values and use ]fg,] < 5. When M; and M7 — M5 are invertible, Cauchy—Schwarz
lets us bound the inner sum by

Yo O | fa(MTHE) P D1 F(My — M) 7es) > < 72
&1 &3
’2 _

where the final inequality follows by Plancherel. Plancherel also implies » -, [fip/|* = | pp 3. <
s |lLe = O\ %4(1). Recalling |T"| < 2|T'| and that v; is small with respect to |T'|, we find that

Z mB”2 = O—yfl(l)'
&4

The total contribution is therefore bounded by s - 07;1 (1) < € as long as wy,ws grow fast enough.
Finally we are left with the term

[ h@)fie + M) il + Madpsy D).
Since pp * ppr(d) is supported on B’ + B’ for any d in this support we have

f1($ + Mzd) = fl(l‘) + 0(26)

for i € {1,2} by triangle inequality and two applications of (7.2) each. Rewriting, and recalling f;
is [0, 1]-valued, we have

/fl(x)fl (z + Myd) f1(x + Mad) ppr * ppr (d) ()
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— [ @ s na(@ntz) + 0@

</f1 w(x > + O(e) (Holder’s inequality)

> P + O(e

This completes the proof. O
We now deduce a pair of corollaries of this result.

Theorem 7.3. For any a, e > 0 there exists Ng so that the following holds. Let G be a finite abelian
group of order N > Ny. Let My, My be automorphisms of G so that My — My is an automorphism.
Then for any A C G with |A| > aN, there is a popular difference d # 0 so that

#{r e G :z,x+ Md,z+ Myd e A} > (a® — €)N.

Proof. Choose Ny = C/e, where C' = C(e) is the constant from Theorem 7.1. Given this choice,
the contribution from d = 0 in (7.1) is at most e N, and therefore by the pigeonhole principle, some
nonzero d in the support of up must have at least a® — O(e) density of this three-point pattern.
This gives the desired result with an adjusted value of e. O

Finally we deduce the statement over the interval [N] which was stated in the introduction.

Proof of Theorem 1.1. Choose Ny = C/¢, where C = C(e, |So| = 2k,d0 = ¢/(2k)) is the constant
from Theorem 7.1. Embed S C [p|* < (Z/pZ)* naturally, where p is a prime with N < p <
(1+¢/k)N. Initialize 69 = ¢/(2k), and

o fen OB0) g Om0Y
p iclk] b iclk]

Given this setup, we apply Theorem 7.1. Our condition ensures that our matrices have nonzero
determinant (and are therefore invertible) modulo p. The contribution from d = 0 is at most € as
before, and we can find at least (a® — O(e))N* patterns with common difference d # 0 for some
de B(S, d) + B(S,6) C B(S,26), where S D Sp and 0 < dp. (Note that the density may decrease
by O(€) under this embedding.) Plugging in the elements of Sy and using 0 < €/(2k) gives us the
constraints

(Myz);, (Max); € [—ep/k,ep/k], for all i € [k],z = (z;)¥_, € B(S,26).

Now we attempt to lift these (o —€)N* patterns into Z by viewing d and each choice of z as integer
vectors. Throw out at most eN* choices of 2 for which z; ¢ [(¢/k)p, (1 — ¢/k)p] for some 4. For the
remainder, we see by triangle inequality in each coordinate that z,x + Mid,x + Mad € [p]k By
assumption, this triple must map to a three-point pattern under our embedding [p]* < (Z/pZ)*, so
each of these points must have been an element of A originally, and the triple forms a three-point
pattern over Z. We have therefore found (a® — O(e))N¥ of the necessary 3-point patterns in [N]*
as desired, which completes the proof upon adjusting e. O

Remark. As usual, one can actually find Qg (N k) differences by using Markov’s inequality and
adjusting e.
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