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Abstract

We study sequences of functions of the form Fj — {0,1} for varying n, and
define a notion of convergence based on the induced distributions from restricting
the functions to a random affine subspace. Using a decomposition theorem and
a recently proven equi-distribution theorem from higher-order Fourier analysis, we
prove that the limits of such convergent sequences can be represented by certain
measurable functions. We also show that every such limit object arises as the limit
of some sequence of functions. These results are in the spirit of similar results
which have been developed for limits of graph sequences. A more general, albeit
substantially more sophisticated, limit object was recently constructed by Balazs
Szegedy [Gowers norms, regularization and limits of functions on abelian groups,
2010. arXiv:1010. 6211].

1 Introduction

In limit theories of discrete structures, one often studies a large object by studying its
“local statistics”. More precisely, given a sampling rule that allows one to sample a
random substructure, there is an induced probability measure on the set of possible small
substructures. For example, given a graph GG and a positive integer k, one can select k
random vertices in G and look at the subgraph induced by G on these k vertices. This
induces a probability distribution on k-vertex graphs. Every such sampling rule leads to
a notion of convergence. Namely, a sequence of structures is called convergent if these
probability distributions converge. So, in the above example, a sequence of graphs is

*This author’s research was supported by an NSERC, and an FQRNT grant.
TThis author’s research was partly supported by NSERC.

THE ELECTRONIC JOURNAL OF COMBINATORICS 21(4) (2014), #P4.2 1


http://arxiv.org/abs/1010.6211

called convergent [LS06] if, for every k, the corresponding probability distributions on
k-vertex graphs converges.

Let p be a fixed prime, and denote F = [F,,. In this article we are interested in functions
from vector spaces over the field F to the set {0,1}, or equivalently the subsets of such
vector spaces. Given a subset of F", the local information we would like to work with is
the distribution of small linear structures, e.g. arithmetic progressions, contained within
the set. To this end, we use the sampling rule that considers the restriction of a given
function to a random affine subspace. We will describe a restriction of F" to an affine
subspace of dimension k by an affine transformation A : F¥ — F™. Recall that an affine
transformation A is of the form L + ¢ where L is linear and c is a constant vector in F”.
More precisely, given a function f : F* — {0,1} and a positive integer k, we select a
random affine transformation A : F¥ — F" uniformly, and consider the random variable
Af : F* — {0,1} defined as Af : x — f(Ax). This induces a probability distribution
on the set of functions {F* — {0,1}}. A sequence of functions {f; : F* — {0,1} }ien is
called convergent if these probability distributions converge for every k.

It is worth mentioning that, in the context of this paper, it is simply more natural
to work with affine subspaces rather than linear ones. This is partly because most sub-
structures of interest (e.g., arithmetic progressions) are translation invariant and, more
generally, invariant under affine transformations. Consequently, it is desirable to require
that a function f : F* — {0,1} and its translations f,(x) := f(x + a) for a € F" have
the same local statistics. This would have not been the case had we defined convergence
by restricting to random linear subspaces. Additionally, since linear subspaces always
contain the origin, the corresponding notion of convergence is too sensitive to the values
of the function at 0. For these reasons, we define convergence via restricting to affine sub-
spaces. However, the techniques of this paper can be extended to other similar notions of
convergence.

Now, the purpose of this article is to describe a limit object for such convergent
sequences of functions. Before we can state our results we need to recall some results
from higher-order Fourier analysis.

2 Basic background

Most of the material in this section is directly quoted from the full version of [BFH*13].

Notation For d € NU {oo}, denote [d] := {1,...,d} if d < oo, and [d] = N otherwise.
We shorthand F = F, for a prime finite field. For f : F* — C we denote || f|,= E[|f(z)],
| flI3= E[|f(x)|*] where # € F" is chosen uniformly and || f|l«= max|f(z)|. Note that
NFI< I fll2< || f]lo- The expression o,,(1) denotes quantities which approach zero as m
grows. We shorthand x + € for any quantity in [x — e,z + €.
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2.1 Uniformity norms and non-classical polynomials

Definition 2.1 (Multiplicative Derivative). Given a function f : F* — C and an element
h € F", define the multiplicative derivative in direction h of f to be the function Ay f :

F* — C satisfying Apf(x) = f(x 4+ h)f(x) for all x € F™.

The Gowers norm of order d for a function f is determined by the expected multi-
plicative derivative of f in d random directions at a random point.

Definition 2.2 (Gowers norm). Given a function f : F"* — C and an integer d > 1, the
Gowers norm of order d for f is given by

1/2¢
o=, B (B0 Ba ()

Note that as || f||g1= |E[f] | the Gowers norm of order 1 is only a semi-norm. However
for d > 1, it is not difficult to show that |||y« is indeed a norm.

If f = e?>™F/? where P : F* — F is a polynomial of degree < d, then || f||ya= 1. If d < p
and || f||oo< 1, then in fact, the converse holds, meaning that any function f : F* — C
satisfying || f]|l< 1 and || f||ga= 1 is of this form. But when d > p, the converse is no
longer true. In order to characterize functions f : F" — C with || f||< 1 and || f||y«= 1,
we need to define the notion of non-classical polynomials.

Non-classical polynomials might not necessarily be F-valued. We need to introduce
some notation. Let T denote the circle group R/Z. This is an Abelian group with group
operation denoted +. For an integer £ > 0, let Uy denote the subgroup p—iZ/ Z CT. Let

e : T — C denote the character e (x) = ™.

Definition 2.3 (Additive Derivative). Given a function' P : F* — T and an element
h € F*, define the additive derivative in direction h of f to be the function D, P : F* — T
satisfying D, P(x) = P(x + h) — P(x) for all x € F™.

Definition 2.4 (Non-classical polynomials). For an integer d > 0, a function P : F" — T
is said to be a non-classical polynomial of degree < d (or simply a polynomial of degree
< d) if for all hy, ..., hqy1,x € F", it holds that

(D, -+ Dy P) () = 0. (1)

The degree of P is the smallest d for which the above holds. A function P : F* — T is
said to be a classical polynomial of degree < d if it is a non-classical polynomial of degree
< d whose image s contained in Uy.

It is a direct consequence of Definition 2.4 that a function f : F" — C with || f||e< 1
satisfies || f||gari= 1 if and only if f = e (P) for a (non-classical) polynomial P : F* — T
of degree < d.

'We try to adhere to the following convention: upper-case letters (e.g. F and P) to denote functions
mapping from F"™ to T or to F, lower-case letters (e.g. f and g) to denote functions mapping from F™ to
C, and upper-case Greek letters (e.g. I and ¥) to denote functions mapping T to T.
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The following lemma of Tao and Ziegler shows that a classical polynomial P of degree
d must always be of the form %|Q(:v)|, where @) : F" — F is a polynomial (in the usual
sense) of degree d, and | - | is the standard map from F to {0,1,...,p — 1}. This lemma
also characterizes the structure of non-classical polynomials.

Lemma 2.5 (Lemma 1.7 in [TZ12]). Let d > 1 be an integer. A function P : F* — T is
a polynomial of degree < d if and only if P can be represented as

P(zy,...,x,) =+ Z Cay o |71

0<dy ..., dn <p;k>0:
0<Y",; di<d—k(p—1)

o |z |

mod 1,

for a unique choice of ca,. a,x €1{0,1,...,p—1} and a € T. The element o is called the
shift of P, and the largest integer k such that there exist dy, ..., d, for which cq,.. 4, 7# 0
is called the depth of P. A depth k polynomial P takes values in a coset of the subgroup
Ugy1. Classical polynomials correspond to polynomials with shift 0 and depth 0.

Note that Lemma 2.5 immediately implies the following important observation:

Remark 2.6. If Q : F* — T s a polynomial of degree d and depth k, then pQ is a
polynomial of degree max(d —p + 1,0) and depth k — 1. In other words, if Q is classical,

then pQ) vanishes, and otherwise, its degree decreases by p— 1 and its depth by 1. Also, if
A € [1,p — 1] is an integer, then deg(AQ) = d and depth(AQ) = k.

For convenience of exposition, we will assume throughout this paper that the shifts
of all polynomials are zero. This can be done without affecting any of the results in this
work. Hence, all polynomials of depth %k take values in Ug,;. By a (d, k)-polynomial we
mean a polynomial of degree d and depth k.

2.2 Rank

We will often need to study Gowers norms of exponentials of polynomials. As we describe
below, if this analytic quantity is non-negligible, then there is an algebraic explanation
for this: it is possible to decompose the polynomial as a function of a constant number
of low-degree polynomials. To state this rigorously, let us define the notion of rank of a
polynomial.

Definition 2.7 (Rank of a polynomial). Given a polynomial P : F* — T and an integer
d > 1, the d-rank of P, denoted ranky(P), is defined to be the smallest integer r such that
there exist polynomials Q1,...,Q, : F* — T of degree < d — 1 and a function T : T" — T
satisfying P(z) = I'(Q1(x),...,Q.(x)). If d = 1, then 1-rank is defined to be oo if P is
non-constant and 0 otherwise.

The rank of a polynomial P : F" — T is its deg(P)-rank. We say P is r-reqular if
rank(P) > r.

Note that for integer A € [1,p — 1], rank(P) = rank(AP). We will also define the
following, weaker, analytic notion of uniformity for a polynomial.
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Definition 2.8 (Uniformity). Let £ > 0 be a real. A degree d polynomial P : F* — T is
said to be e-uniform if
le (P)l[ya <&

The following theorem of Tao and Ziegler relates rank to uniformity by showing that
high rank polynomials have small Gowers norms.

Theorem 2.9 (Theorem 1.20 of [TZ12]). For any € > 0 and integer d > 0, there exists
an integer r = ro9(d, €) such that the following is true. For any polynomial P : F" — T
of degree < d, if ||le (P)|ya= €, then ranky(P) < r.

This immediately implies that a sufficiently regular polynomial will be uniform.

Corollary 2.10. Let €, d, and r = ro9(d,e) be as in Theorem 2.9. Every r-regular
polynomial of degree d is also e-uniform.

Finally, we need to extend our definitions of rank and uniformity to a collection of poly-
nomials. In particular, we will need these when the collection comes from a polynomial
factor.

Definition 2.11 (Rank and Regularity). A polynomial factor B defined by a sequence
of polynomials Py,...,Pc : F" — T with respective depths ki,...,kc is said to have
rank v if v is the least integer for which there exist weights (\i,..., \¢) € ZC, with
(A1 mod pF1F . Ao mod pFetl) #£ 09, such that ranky <ZZC:1 )\ZPZ-> < r, where d =
max; deg(\; F;).

Given a polynomial factor B and a function r : Zsg — Z~q, we say that B is r-reqular

if B is of rank larger than r(|B]).

Definition 2.12 (Uniform Factor). Let € > 0 be a real. A polynomial factor B defined by

a sequence of polynomials Py, ..., Po : F™ — T with respective depths ki, ..., ko s said to
be e-uniform if for every collection (A1, ..., \c) € ZC, with at least one \; mod p*i*1 not
0, we have

<e,

Remark 2.13. Let ¢ : N — Ry be an arbitrary non-increasing function. Similar to
Corollary 2.10, it also follows from Theorem 2.9 that an r-reqular, degree d factor B is
also €(|B|)-uniform when r = rog(d,e(+)).

Ud
where d = max; deg(\; P;).

The following decomposition theorem is one of the main tools in higher-order Fourier
analysis.
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Theorem 2.14 (Strong Decomposition Theorem; Theorem 4.4 of [BFL13|). Suppose
>0 andd > 1 are integers. Letn: N — R" and r : N — N be arbitrary non-decreasing
functions. Then there ezists C' = Cy14(6,m,7,d) such that the following holds.

Given [ : F" — [0,1], there exist three functions fi, fa, f3 : B — R and a polynomial
factor B of degree at most d and complezity at most C' such that the following conditions
hold:

(i) f=Ff+ fat fa.

(i) fr = E[f|B].
(iii) || f2llyasr < 1/n(|B]).

() || f3]l2< 4.

(v) fi and fi + f3 have range [0,1]; fo and f3 have range [—1,1].
(vi) B is r-regular.

Remark 2.15. As in Remark 2.13, taking r = roo(d,e(+)), we obtain a decomposition
where now condition (vi) reads that the factor B is e(|B|)-uniform, where ¢ : N — R, is
an arbitrary non-increasing function.

2.3 Complexity of systems of linear forms

In this article, a linear form in k variables is a vector L = (A1,...,\;) € F* regarded as
a linear function from V* to V for any vector space V over F: If x = (z1,..., 1) € V¥,
then L(x) := A\jx1 + ...+ \zg. A linear form L = (Mg, \a, ..., A;) is said to be affine
if Ay = 1. Affine linear forms are important in this work for the following reason. If

{Ly,...,L,} CF*and A : F* — F" is a uniform random affine transformation, then
(ALy,...,AL,,) has the same distribution as (xo+ Li(x1, ..., Zg), . .., o+ Ly (21, . .., k)
where zg, ..., x) are uniform and independent random vectors in F". The vectors (xg +
Li(z1,...,2),..., 20 + Ly(z1,...,2,)) can be considered as the application of affine

linear forms to the variables zq, ..., 7. On the other hand if {Ly,..., L,,} C F* are all
affine linear forms, and A : F¥ — F" is a uniform random affine transformation, then
(ALq,...,AL,,) has the same distribution as (Ly(xy,...,2k),. .., Ln(21,...,2%)) where
x1,...,x, are uniform and independent random vectors in F".

A system of linear forms in k variables is a finite set £ C F* of linear forms in k
variables. A system of linear forms is called affine if it consists only of affine linear forms.
For the reasons described in the previous paragraph we will mainly be interested in affine
systems of linear forms.

Given a function f : F* — C and a system of linear forms £ = {L,,..., L,,} C F,
define

11 f(L(xl,...,xg))] . (2)

Definition 2.16. A system of linear forms £ = {L1,..., Ly} C F¢ is said to be of true
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complezity at most d if there exists a function § : Ry — Ry such that lim. 0 (e) = 0 and

E

T1,...,L0€F™

Hfi(Li(xl, L xp)

< i 5(| fillyan),

for all fi,..., fm :F" — [—1,1].

Remark 2.17. [t is known [GW10] that the true complezity of an affine system linear
forms L ={Ly,..., Ly} is at most m.

The following lemma shows that for a proper decomposition f = f; + fo + f3, the
average t,(f) is a good approximation of t.(f).

Lemma 2.18. Let £ = {Ly,..., Ly} be a system of linear forms of true complexity at
most d and € > 0 be a constant. Let f : F" — {0,1} be decomposed to f = f1 + fa+ f3
according to Theorem 2.14. Then

te(f) —te(f1)I< e,
provided that 0 is sufficiently small and n and r grow sufficiently fast.

Proof. We can expand t.(f) =tz(fi + fo+ f3) as

Z E Hfij(Lj(ﬂfl,---,éve))

(i5)je(m) ELBI™

Most of the terms in this sum are negligible: If any i; = 2, then from the decomposi-
tion theorem and the definition of true complexity we get that the summand is at most
8'(1/n(|B])), where ¢" is from Definition 2.16. Additionally, if some i; = 3, then an appli-
cation of Cauchy-Schwarz bounds the summand by §. The only other term is precisely

te(f1), so we get
lte(f) = te(f1)|< 3™ max{6'(1/n(|B|)), 6} = oy.r.s(1).

3 Main results

We study the following notions of convergence. Given a function f : F* — {0,1} and
an affine system of linear forms £ C F*, we can select a random affine transformation
A : F¥ — F" uniformly, and then consider the restriction of Af to the set £. This induces
a probability distribution (L) over the set of functions {£ — {0,1}}.

Definition 3.1. A sequence of functions {f; : F" — {0,1} }ien is called d-convergent if
for every k and every L C F* of true complexity at most d, the probability distributions
wr, (L) converge.
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It follows from Remark 2.17 that {f; : F* — {0,1}};en is convergent if it is d-
convergent for every d. Thus in the sequel, the term co-convergence means convergence.
Our first goal is to find a representation for the limit of a d-convergent sequence.

i—1
izl

Definition 3.2. For every d € N U {oo}, denote Gy = H?Zl H,t":’o Ul,,. So every
element in this group is of the form a = (a;,; : j € [d],k € [0, Lﬁj],z € N), with each
Aj ki € Uk-&-l'

A d-limit object is a measurable function ' : G4 — [0, 1].

To be precise, G4 is a compact Abelian group with the topology generated by the
open (clopen, even) sets which are the subsets of G4 obtained by fixing finitely many
coordinates. The unique Haar probability measure on G4 can be obtained by specifying
it on these sets (in the obvious way) and extending it to G4 via Carathéodory’s extension
theorem.

In order to prove that d-limit objects correspond to the limits of d-convergent se-
quences, we need to define the probability distribution that a d-limit object induces on
{£ — {0,1}}. First we need another definition.

Definition 3.3 (Consistency). Let £L = {Ly,..., Ly} be a system of linear forms. A

sequence of elements by, ..., b, € T is said to be (d, k)-consistent with L if there exists a
(d, k)-polynomial P and a point x such that P(L;(z)) = b; for every i € [m].
Given vectors d = (dy,...,dc) € ZS, and k = (ki,...,kc) € ZS,, a sequence of

vectors by, ..., b, € TC is said to be (d,k)-consistent with £ if for every i € [C], the
elements by (i), ..., by, (1) are (d;, k;)-consistent with L.

If B is a polynomial factor, the term B-consistent with L is a synonym for (d,k)-
consistent with L where d = (dy,...,dc) and k = (kq, ..., ko) are respectively the degree
and depth sequences of polynomials defining B.

A sequence of elements by, ... b, € Gy is consistent with L if for every j € [d],
k€ [0, L;}%} |, and i € N, the elements by(j, k,7),...,b,(j, k, i) are (4, k)-consistent with
L.

Consider a highly uniform polynomial factor B of degree d > 0, defined by the collec-
tion of polynomials P, ..., Po : F* — T, with respective degrees di,...,dc and depths
ki,...,kc. Let L ={Ly,..., Ly} be an affine system of linear forms on ¢ variables. We
are interested in the distribution of the random matrix

Pi(Li(X)) P(Li(X)) - Po(Li(X))
Pi(Ly(X)) Po(La(X)) -+ Po(La(X)) 3)
PULn(X) PoALn(X)) -+ PolLu(X))

where X is a uniform random variable taking values in (F")‘. Note that by the definition
of consistency, for every i € [C], the i-th column of this matrix is always (d;, k;)-consistent
with £. To prove our main result we will use the following equi-distribution theorem from
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[BFH*13], which shows that if the factor B is sufficiently uniform, then the distribution of
Eq. (3) can be made arbitrarily close to uniform over matrices satisfying the consistency
condition above.

Theorem 3.4 (See Theorem 3.10 of [BFHT13]). Given e > 0, let B be an e-uniform poly-
nomial factor of degree d > 0 and complexity C, that is defined by a tuple of polynomials
P, ..., P : " — T having respective degrees dy, . ..,dc and respective depths ki, ..., kc.
Let L={Lq,..., Ly} be an affine system of linear forms on ¢ variables.

Suppose by, ..., b, € TC are atoms of B that are B-consistent with L. Then

] 1
IIPFmZ[B(Lj(xl, ...,x0)) =b; Vj € [m]] = I +e,

where K is the number of tuples (by,...,by,) that are B-consistent with L.

Consider a d-limit object I' : G4 — [0, 1]. For an affine system of linear forms £ =
{L1,..., Ly}, select by,... b, € G, at random (according to the Haar measure on Gy,
defined following Definition 3.2), conditioned on being consistent with £. Then define the
random function g : £ — {0, 1} by setting ¢g(L;) = 1 with probability I'(b;) and g(L;) = 0
with probability 1 — I'(b;) independently for every ¢ € [m]. This introduces a probability
measure pr(L) on the set of functions {£ — {0,1}}.

We say that a sequence of functions { f; : F™ — {0, 1} };en d-converges to I if for every
affine system of linear forms L of true complexity at most d, the probability measures
wr, (L) converge to pr(L).

Theorem 3.5 (Main Theorem). For every d € N U {oo}, every d-convergent sequence
d-converges to a d-limit object. On the other hand every d-limit object is the limit of a
d-convergent sequence.

4 Proof of the Main Theorem

For a measurable I' : G; — C, similar to (2), we can define

te(D):=E | [] T(by) |,
i€[m]

where by, ..., b, € G, are selected at random, conditioned on being consistent with L.
We start with a simple and standard observation that allows us to work with the
averages t, () rather than the the distributions p.

Observation 4.1. For every d € NU{oo}, a sequence {f; : I — {0, 1} }ien d-converges
to a d-limit object T' if and only if for every affine system of linear forms L of true
complexity at most d we have lim; o t(f;) = t-(T).
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Proof. The forward direction here is clear: The value of ¢(f;) is determined by the
distribution py, (L).

For the other direction, write p := g, (L) for some i and some affine £ of true com-
plexity at most d. We can identify p with a function u : {0,1}* — [0,1]. Then, applying
the Fourier transform (for the group F%), we can write

pla) = i(S)xs(x),

SCL

so that u is determined by the [i(.S). However, we have

pS) = B k)W) = E [ay)(-1)Fe] =

py) ] - Zyi)] :

€S

Expanding this product, we see that ji(S) is a linear combination of terms of the form

E
y

1(y) H yi] = ts (i),

€S’

where S C S C L. Thus the distribution p is determined by the values t./(f;), where
L' C L (and hence £ has true complexity < d). O

Theorem 3.5 follows from Lemma 4.2 and Lemma 4.4.

Lemma 4.2. Let {f; : F™ — {0, 1} };en be a d-convergent sequence. There exists a d-limit
object T such that lim; .. tz(f;) = to(T) for every affine system of linear forms L of true
complexity at most d.

Proof. Consider a decreasing sequence {g;};en of positive reals tending to 0. Let the
parameters d;, 1;, and r; be chosen as required by Lemma 2.18 so that for every affine
system of linear forms £ = {L4,..., L, } of true complexity at most d, if 7 is sufficiently
large, then the following holds:

(1) |tc(fi)—te(fHI< ei where f; = fl+ 2+ f? is decomposed according to Theorem 2.14
with the parameters d;, n;, and r;, and degree d;, where d; = d if d < oo, and d; =1
if d = 0.

(ii) The assertion of Theorem 3.4 is true with ¢ = g;p~"%“ when applied to the factor

B in the decomposition f; = f! + f2 + f2. Here C is the complexity of B.

Decompose each f; as f; = fl + f? + f? according to Theorem 2.14 with the above
mentioned parameters. We have fl(z) = [;(Pi(x),..., Pi(z)) for some function I'; and
polynomials P}, ..., P,. Considering the degrees and the depths of the polynomials, the
function I'; corresponds naturally to a d-limit object I';: Indeed let ¢ : [C] = NxNxN
be any injective map that satisfies ¢(t) = (deg(P}), depth(F}),t) for every t € [C]. Define
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m: Gy — T as 7 : b — (b(é(1)),...,b(¢(C))), and let T;(b) := Ty(x(b)) for every
b € Gq.

Let £L ={Ly,..., Ly} be an affine system of linear forms of true complexity at most
d, and let i be sufficiently large. We will show that |t.(f!) — t.(I;)|< &;. Choose
by,...,b, € G4 randomly, conditioned on being consistent with £. Since consistency
is defined coordinate-wise, it follows that (7(b1), ..., 7(by,)) is distributed uniformly con-

ditioned on being B-consistent with £, and hence that t.(I';) = t.(T;).
Now we can write

te(ff) =E | [T TaPi(Ly@), .., Pa(Li(2) | =E | [T Titws)| -

LjeL L;eL

where the y; are distributed as (Pi(Lj(x)),...,Pc(Lj(x))). The condition (ii) above
shows that the distribution of (by,...,b,,), where the b; € T are chosen uniformly and
conditioned on being B-consistent with L, is e-close in total variation distance to that of
(Pi(Lj(x)), ..., Pc(Lj(x)))jem) when x is chosen uniformly at random. This gives

E | [] Tilyy)| <te(ly)+pe
L;eL
since each P}, t € [C], has degree at most d;, hence there are at most p'%® choices for the
y; when ¢ > m. So we have the desired approximation.
So far we have established that for every system of affine linear forms L, if i is suffi-
ciently large, then

e (fi) — te(3)|< 265 (4)

i

Next we construct the limit object T'. For every ¢ € N denote G, = H?Zl I1 ,&i?J Ui,
Note that G, corresponds to a partition of G4. For every measurable I' : G4 — [0, 1]
and t € N, define &(T') = E[I' | G]. Note that the set {G} — [0,1]} is a compact
space, and thus one can find a subsequence of {I';};eny such that & (I';) for ¢ in this
subsequence converges to a function py : G5 — [0,1]. Now we restrict ourselves to this
subsequence and consider £. Again by compactness we can find a subsequence for which
& (T;) converges to a function py : G2 — [0,1]. Continuing in the same manner we define
wi = G — [0, 1] for every t. Note that since we restricted to a subsequence at every step,
we have E[u|G]] = p, for every r < t. Furthermore, by picking the first element from
the first subsequence, the second element from the second subsequence, and so on, we
obtain a subsequence I'}, T, ... of the original sequence that satisfies imE [T} | G}] =
for every t € N.

The measure y, is a o-finite measure over the atoms G/, and thus by Carathéodory’s
extension theorem, there is a unique measure (also o-finite) © on G, such that E[u|GY] =
w for every t. Now let v denote the Haar probability measure on G, (described after
Definition 3.2), and note that for any ¢ and any particular I'; we have E[I'; |G| < 1.
Since p; is a limit (over a subsequence) of these averages, we have u;(A) < v(A) for every
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A C GY. Tt follows that u(A) < v(A) for any p-measurable A C G,4. In particular, p
is absolutely continuous with respect to v. Let I' : G4 — [0, 1] be the Radon-Nikodym
derivative of p.

Note that as im E [I'; | G%] = p, the sequence of I'; converge to I' in L;, and conse-
quently limt,(I") = t-(I"). We showed in (Eq. (4)) that limt.(f;) = limt,(I';), and since
the former limit exists by assumption, it follows that ¢.(T') = limt.(f;). O

Before we can prove the second part of Theorem 3.5, we need a simple lemma which
shows the existence of collections of high rank polynomials of arbitrary degree and depth
sequence.

Lemma 4.3. Letd = (di,...,dc) € ZS and k = (k1,....kc) € ZS, satisfy 0 < k; <
L%J for every i, and let r be a positive integer. There exists a set of polynomials
Py, ..., Pc of rank at least v such that P; is of degree d; and depth k; for every i € [C].

Proof. Let " be an integer. For each i, let m; satisfy d; = m; + (p — 1)k;.  Allot
variables zi,...,z% ., for exclusive use by P;, and let P, = (1/pF*+!)(af -2}, +--- +
xinz (1)1 xﬁnir,). It is clear that P, ..., Pc has the desired degree and depth sequence.
For sufficiently large n we have enough variables to do this, and it is standard that for

sufficiently large »/, these polynomials will have rank at least r. ([l
With this in hand, we can now complete the proof of Theorem 3.5.

Lemma 4.4. Let d € NU{oo}, and let I' be a d-limit object. There exists a d-convergent
sequence of functions {f; : F" — {0, 1} };en whose limit is T".

Proof. For every t € N, define the function I'; : G; — [0, 1] to be the function obtained
from E[I" | G}] (a map from G}, to [0,1]) by extending it to a function on G4. The I’
converge to I' in L; norm, and each I'; depends on only a finite number of coordinates
of Gg. Let dy = (d%,...,d5) and k, = (K, ... kL) be the degree and depth sequences
corresponding to the coordinates of G4 used by I';.

For every r € N, we can apply Lemma 4.3 to get a collection of polynomials P, ..., Po
of rank > r such that P; has degree d! and depth k! for every i. Now define the function f; :
F* — [0,1] by letting f/(z) = I'(Pi(z), ..., Pc(x)), where we treat (P (z), ..., Pc(x)) as
an element of G,. It follows from Theorem 3.4 by the same argument used in the proof of
Lemma 4.2 that we have t-(f]) —, tz(I't) for every affine £ of true complexity at most
d. Taking a suitable diagonal subsequence of the f;, we obtain a sequence of functions
fi : F — [0, 1] with t£(f;) —; tc(I') for every affine £ of true complexity at most d.

To complete the proof, consider the random functions f/ : F* — {0,1} where f/(x)
takes value 1 with probability f;(x). It is well known that these d-converge to I' with
probability 1, and hence the existence of a d-convergent sequence converging to I' is
evinced. O

The use of Theorem 3.5 at this point is mainly one of convenience. Tools like Theo-
rem 2.14 and Theorem 3.4 afford one the luxury to make simplifying assumptions about
a function while incurring an arbitrarily small error. Working with d-limit objects here
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is effectively allowing us to replace ‘arbitrarily small” with 0. Similarly, we can substitute
‘arbitrarily high rank’ polynomials for ‘infinite rank’ ones. These kinds of assumptions
can eliminate a significant amount of bookkeeping in proofs. Then, with a result regarding
d-limit objects, the finite results are usually obtained for free (through Theorem 3.5). The
state of affairs in the graph limit theory is mostly the same, although many conjecture
that there should be some non-cosmetic benefit to the limit approach.

5 Necessary depths

The following inverse theorem characterizes functions with large U4*! norm by showing
that they must correlate highly with a degree < d (non-classical) polynomial.

Theorem 5.1 (Theorem 1.11 of [TZ12]). Suppose § > 0 and d > 1 is an integer. There
exists an € = €51(6,d) such that the following holds. For every function f :F™ — D with
| fllgas1= 0, there exists a polynomial P : F™ — T of degree < d that is e-correlated with
f, meaning
E f(x)e(—P(x))| > e.
reFn

Note that every polynomial that is not classical must have degree at least p. It is
known that polynomials of degree d = p that are not classical are unnecessary in higher-
order Fourier analysis. More precisely in Theorem 5.1, for the case d = p, one can assume
that the polynomial P : F™ — T in the statement of the theorem is a classical polynomial
of degree at most p. This can be carried further through Theorem 2.14 and then to the
definition of the d-limit object. We will elaborate on this below, but first let us prove a
generalization of this fact, which says that the polynomials of maximum possible depth
are unnecessary in higher-order Fourier analysis.

Lemma 5.2. Fvery (1 + k(p — 1), k)-polynomial P : F* — T can be expressed as a
function of a (14 k(p — 1),k — 1)-polynomial, a (1 + (k— 1)(p — 1),k — 1)-polynomial,
and a (k(p — 1),k — 1)-polynomial.

Proof. By Lemma 2.5, we have P(z1,...,x,) = %"‘R(.@h ...,x,) mod 1 for integers

0<¢ <p-—1, where Risa (1+ k(p — 1),k — 1)-polynomial. Let M := > ¢;|x;|, and
let 0 < a < p*and b € [p — 1] be the unique integers satisfying M = a + bp* mod pFti.
The value of P is fixed by the three values a, b and R. The value of a is determined by
the value of the (1+ (k —1)(p — 1),k — 1)-polynomial p—]‘{ mod 1. Furthermore knowing

a, the value of b is determined by the value of the % mod 1. Indeed

bp* = (a + bp*)? — (a + bp*) — (@ —a) mod p*t. (5)
It remains to show that Aﬁ;’y mod 1is a (14 k(p—1),k — 1)-polynomial. Since degree
and depth are invariant under affine transformations, it suffices to show that () := %

mod 1 is a (k(p — 1),k — 1)-polynomial. By Fermat’s little theorem p*@Q = 0, and thus Q
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is of depth k — 1. Furthermore, the identity |z1|(|z1|—1) ... (Jz1|—p + 1) = 0 allows us to
replace |x1|P with a polynomial of degree p — 1. This shows that @ is of degree at most

P-D+@-Dk-1)=kp-1). O

It follows from Lemma 5.2 that in Theorem 2.14, (1 + k(p — 1), k)-polynomials can
be avoided in the polynomials defining the factor B. Consequently, every d-convergent
sequence converges to a d-limit object ¢ : G4 — [0, 1] such that ¢ does not depend on
the coordinates that correspond to (1 + k(p — 1), k)-polynomials. Next we will show that
there are no other values of (d, k) that behave similarly. That is, for which every (d, k)-
polynomial can be expressed as a function of a constant number of polynomials of either
degree d and depth < k, or degree < d. We need the following theorem of [TZ12].

Theorem 5.3 (See Theorem 4.1 of [TZ12]). Let d > p be an integer, and € > 0. There
exists a p = ps3(e,d) such that the following holds for sufficiently large n. If P : F* — T
is a polynomial of degree d with ||e (P)||ya = €, then pP : F* — T is a polynomial of
degree < d — p+ 1 that satisfies

le (pP)||ya-r+1 = p.

The following lemma implies that unless d and k are as in Lemma 5.2, for every
constant C, there exists a (d, k)-polynomial that cannot be expressed as a function of C'
polynomials, each of either degree d and depth < k, or of degree < d. The polynomial that
we use in the proof of the lemma is reminiscent of the so called generalized inner product
polynomial that was used by Babai, Nisan, and Szegedy [BNS92] for similar purposes (see
also [VW08]).

Lemma 5.4. Let 2 < m < p—1 be an integer, and € > 0. Then for every k > 0, defining
d=m+ k(p—1), there exists a degree (d, k)-polynomial Q) such that

(e (Q),e(Ri + Rp))|<e, (6)

for any polynomial Ry of degree at most d and depth less than k, and any polynomial Rsy
of degree at most d — 1.

Proof. Let
[n/m|—1

P= " |timal - [Timim|-

=0

Set e = €, and for every 0 < i < k, let ¢; € (0,¢) be constants satisfying

g < €51 ([15.3 (€i+1 ) d)a d)-

We show by induction on ¢ that if n is sufficiently large, then the (m+i(p—1), i)-polynomial
Q = £+ mod 1 satisfies the desired property with parameter ¢; in (6) instead of .
p . . . . .
We first look at the classical case ¢ = 0. Notice that in this case by taking n to be
sufficiently large, we can guarantee that ||e (Q)||y« is sufficiently small, and this implies
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that the correlation of @) with any polynomial of degree lower than m + i(p — 1) = m is
smaller than &g.

Now let us consider the case ¢ > 0. Assume for the sake of contradiction that
(e z% ;e (Ry + R))|> &; for a polynomial R; of degree at most d; = m + i(p — 1)
and depth < k, and a polynomial R, of degree < d; — 1. This in particular implies
le (z% — Ry — R2> ||ya: = €;. Note that 1% — R; — Ry mod 1 has degree d; > p, and
thus we can apply Theorem 5.3 to conclude that

le (p(P/p™*" = Ry = Ro))lya-vsr = p (lle (P/p™ — Ry — Ro)|lya:) = psaleis di).
Therefore by Theorem 5.1 there exists a polynomial R’ of degree at most d; — p such that

‘<e (p(P/piH — Ry — Rz)),e (R/)>| > e51(ps.3(€i,di), di — p) = es5.1(pss(es, di), di) > €1

It follows that |(e (P/p’),e(pRy + pRy + R'))| > &;_1, which contradicts our induction
hypothesis. 0

Concluding remarks. We conclude with an open question regarding the uniqueness
of the limit object. Suppose that two limit objects I'y, I'y satisfy t.(I'1) = t2(I'2) for every
affine system of linear forms £. Then how do I'y and I'y relate to each other?
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