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Abstract

We prove a stability result for general 3-wise correlations over distributions satisfying mild connec-
tivity properties. More concretely, we show that if 3, I" and ® are alphabets of constant size, and p is a
distribution over ¥ x " x ® satisfying: (1) the probability of each atom is at least (1), (2) 1 is pairwise
connected, and (3) 1 has no Abelian embeddings into (Z, +), then the following holds. Any triplets of
1-bounded functions f: X" — C, g: I'" — C, h: ®™ — C satisfying

f@)g()h(2)]| = €
(@,y,2)~p®n
must arise from an Abelian group associated with the distribution . More specifically, we show that
there is an Abelian group (H, +) of constant size such that for any such f, g and h, the function f (and
similarly g and h) is correlated with a function of the form f(z) = x(o(x1),...,0(x,))L(x), where
o: ¥ — H is some map, x € H®" is a character, and L: " — Cis a low-degree function with
bounded 2-norm.

En route we prove a few additional results that may be of independent interest, such as an improved
direct product theorem, as well as a result we refer to as a “restriction inverse theorem” about the structure
of functions that, under random restrictions, with noticeable probability have significant correlation with
a product function.

In companion papers, we show applications of our results to the fields of Probabilistically Checkable
Proofs, as well as various areas in discrete mathematics such as extremal combinatorics and additive
combinatorics.

1 Introduction

1.1 Studying 3-wise Correlations with Respect to a Distribution

Let 3, I" and @ be alphabets of constant size, suppose  is a distribution over > x I' x @, and let f: ¥ — C,
g: I'" — C, h: " — C be 1-bounded functions. What sort of triplets of functions f,g and h have a
significant 3-wise correlation with respect to 1? In other words, what can be said about the functions f, g
and A in the case that

E [f(@)g)h(z)]| = e, (D

(x7y7'z)~u®n

where € > 0 is thought of as a small constant? In [30], it is shown that if ; is connected, then this can only
be the case if each one of f, g and h is correlated with a low-degree function. Here, we say that a distribution
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wover 31 X Yo X X3 is connected if for any partition of {1, 2,3} into two sets I U .J, the bi-partite graph
between supp(y7) and supp(py) whose edges are all (a,b) if (a,b) € supp(pu), is connected (p7 is the
marginal distribution of p on the coordinates of I). In [4} 5], a strengthening of this result is proved, and it
is shown that it suffices that the distribution p does not admit any Abelian embeddings.

Definition 1.1. An Abelian embedding of a distribution p over % x I' x ® consists of an Abelian group
(H,+) and 3 maps o: ¥ — H, v: T — H and ¢: ® — H such that o(z) + v(y) + ¢(z) = 0 for all
(z,y,2) € supp(u). We say that the embedding (0,7, ¢) is non-trivial if at least one of the maps is not
constant.

Definition 1.2. We say a distribution |v admits an Abelian embedding if it has a non-trivial Abelian embed-
ding.

In this language, the main result of [4} 5] asserts that if 1 does not admit an Abelian embedding and the
probability of each atom in y is at least o thought of as a constant, then each one of f, g and h must be
correlated with a low-degree function. As it can easily be seen, this result is strictly stronger than the corre-
sponding result in [30]] since any distribution p which is connected does not admit an Abelian embedding.
Moreover, as explained in [4, 5] this result is an if and only if, in the sense that in the presence of Abelian
embedding one could design 1-bounded functions f, g and h for which (I]) holds while at least one of the
functions f, g and h only has o(1)-correlation with any low-degree function.

The main goal of this paper is to extend this understanding beyond the realm of distributions which do
not have Abelian embeddings and prove structural results on functions f, g and h satisfying (I]) in this more
general setting. At a high level, one would like to say that such functions f, g and h could only arise as a
result of using Abelian embeddings, using low-degree functions, or both. To prove such result however, we
must focus our attention on distributions p satisfying a very mild form of connectivity, which we refer to as
pairwise connectedness.

Definition 1.3. Let X1, >0, X3 be finite alphabets, and let P C Y1 X Yo X Xs. For a pair of distinct
coordinates i,j € {1,2,3}, we say P is {i,j} connected if the bipartite graph G = (£; U ¥, E; j), where
E; j is the set of label pairs that appear in some element of P, is connected.

We say P is pairwise connected if it is pairwise connected for any two distinct i,j € {1,2,3}.

We say a distribution y is pairwise connected if supp() is pairwise connected.

At a high level, the notion of pairwise connectedness stems from the fact that if supp(u) is not pairwise
connected, then there are examples of functions satisfying (1) without any useful structure for our purposes.
Indeed, if supp(p) is not pairwise connected — without loss of generality it is not {1, 2}-connected, then we
may find a non-trivial partition ¥ = X' U X" and ' = I UT"” so that in the support of y there can only be
pairs from X’ x T and 3" x T on the first two coordinates. In this case, we may pick any pair of functions
s,8": {1,2}"™ — C such that s(a)s’(a) = 1 forall a € {1,2}" (for example, one can take s whose absolute
value is always 1, and s’ to be its conjugate) and construct f, g, h as follows. For f, we set f(z) = s(a/)
where for each i, 2, = 1 if x; € ¥’ and otherwise x, = 2. For ¢, we similarly set g(y) = s'(y’) where for
each i, y; = 1if y; € I" and otherwise y, = 2. For h, we take h = 1. Thus, for any (z,y, z) € supp(u) we
have that

as we have that 2/ = 3 by construction.
Henceforth, we will focus our attention on distributions p which are pairwise connected. With this in
mind, as explained earlier there are two ways of constructing functions f, g and h satisfying (I)):



1. If supp(y) admits a linear embedding, say for simplicity a cyclic group (H, +) = (Z,, +) and maps
0: X — H,v:T — H and ¢: ® — H not all constant such that o(x) + v(y) + ¢(z) = 0, then one
can take

278 (g (z1)+...+0(zn
f(xla"'vxn):e‘Hl( (@)t ol ))7 g(y17

h(z1,. .., 2n) = elAT@E)TF0Gn)

Yn) = o T (1) 4 ()

)

and note that f(z)g(y)h(z) = 1 pointwise, hence (I)) holds. More generally, for a general Abelian
group (H, +) one can pick non-trivial characters x1, ..., xn, € H, define

f(xlv’ . .,.CCn) = HXj(O'(lTj)), g(y1, cee 7yn) = HXj(’V(yj))a h('zl? . ‘7Z7l) = HXj(¢(Zj))»
J=1 J=1

j=1
and note again that f(z)g(y)h(z) = 1 pointwise hence (I]) holds.

2. In general, it may also be the case that for a distribution y, low-degree functions also satisfy ().
Indeed, in that case one may try to find univariate 1-bounded functions v: > — C, v: I' — C and
w: ® — C for which |E(y )~y [u(z)v(y)w(z)]| = Q(1), and then tensorize them to get

d d d
flz1,...,2pn) = Hu(xj), 9(Y1, - Yn) = Hv(yj), h(z1y...,2n) = Hw(zj),
j=1 '

J=1 J=1

which get value of 2-0(d) ip (1).

1.2 Main Results

With the above discussion in mind, one is tempted to conjecture that if y is pairwise connected, then the
only possible examples of triplets of functions f, g and h satisfying (I)) must come from the above template.

1.2.1 The Stability Result

The main result of this paper is a stability result that formalizes this intuition, saying that under some
mild assumptions on the distribution y, if f, g and h are 1-bounded functions achieving significant 3-wise
correlation as in (I)), then f (and similarly g and h) must be correlated with a product of an embedding type
function as in the first recipe, with a low-degree function as in the second recipe. The mild assumptions on
w correspond to it being pairwise connected (which is necessary, otherwise the statement is simply false),
and for technical reasons we also need an additional assumption, namely that x cannot be embedded in
the Abelian group (Z,+). We remark though that this additional assumption is, as far as we know, not
necessary, but removing it seems to require more ideas. With this in mind, a precise formulation of our main
result is:

Theorem 1.4. Forallm € N, a > 0 and € > 0, there are d € N and § > 0 such that the following holds.
Suppose that v is a distribution over ¥ X I' X ® such that

1. The probability of each atom in p is at least c.

2. The size of each one of 3,1, ® is at most m.



3. The distribution | is pairwise connected.
4. p does not admit an Abelian embedding into (7, +).

Then, if f: X" — C, g: I'"™ — Cand h: ®" — C are 1-bounded functions such that

E [f(z)g(y)h(2)]| =&,
(xvyvz)NM(X)n
then there are 1-bounded functions u1, . .., u,: X — C and a function L: X" — C of degree at most d and

2-norm at most 1 such that

> 0.

E [f(w) - L(x) Huz’(%)]

o™ i=1

Furthermore, there is v € N depending only on m and an Abelian embedding (o,, /(\b) of u into an
Abelian group (H, +) of size at most r such that for all i, u;(x;) = xi(o(x;)) where x; € H is a character
of H.

Quantitatively, we have that
d — p0|ya7m(1/€), 5 e 2_p0|y0¢,m(1/5).

The proof of Theorem [1.4|is quite long, and in Section (1.4 we give an overview of the steps we take in
the proof. Some of the steps require ingredients that may be of independent interest, and which we explain
next.

1.2.2 The Restriction Inverse Theorem

The proof of Theorem uses a result which we refer to as the Restriction Inverse Theorem and present
next.

Restrictions and Random Restrictions. Restrictions and random restrictions are vital to our argument to
go through, and the Restriction Inverse Theorem can be thought of as a statement about them of independent
interest. Given a function f: (X", u®") — C, a set of coordinates I C [n] and # € X!, the restricted
function f7_, - is a function from %! to C defined as

ff-)j(x,) = f(xf = :LJ7$T = j)a

where (z; = 2/,x7 = Z) is the point in ¥" whose I-coordinates are set according to ', and whose I-
coordinates are set according to Z.

Random restrictions are restrictions in which either I, 2 or both are chosen randomly. A typical setting
we use is one where we have a parameter p > 0, and we pick I C, [n], by which we mean that we include
each i € [n] in I with probability p; we then choose & ~ . For the purposes of this paper it is necessary to
consider other (less standard) settings of random restrictions, but we will limit ourselves to this more typical
setting for the purposes of this introduction; we refer the reader to Section [2.3|for a discussion on the other
settings we use.



Product functions. A function f: 3™ — C is called a product function if there are 1-bounded functions
fi,--+5 fn: ¥ — C such that

fl@r.. . an) =[] filza).
=1

It is clear that if f is a product function, then any restriction of it is still a product function. Thus, with
probability 1, taking a random restriction of f yields a function which has perfect correlation with a product
function. The Restriction Inverse Theorem is a statement about a deduction in the reverse direction: suppose
f is a function that after random restriction it has a significant correlation with a product function. Is it
necessarily the case that f itself is correlated with a product function?

As is usually the case with inverse-type questions, there are multiple regimes of parameters one may
consider, and for us the most relevant regime is the so-called 1% regime. In this case, we have a parameter
p > 0 (which is small but bounded away from 0) and a function f: 3™ — C such that

Pr [Elp: > — C a product function such that ’(fj_ﬁ:,pﬂ > 5] > e, 2
Igﬂ[n]zj'\/“[

and we wish to deduce a structural result about f. As discussed, such situations may arise when f is a
product function — or more generally when it is correlated with a product function. However, if f is a low-
degree function (or even if it is just correlated with a low-degree function), a random restriction of f will
be correlated with a constant function with noticeable probability, and hence with a product function. The
Restriction Inverse Theorem essentially says that these are the only two ways that (2)) can come about:

Theorem 1.5 (The Restriction Inverse Theorem, Informal). For all €, p,a > 0 and m € N there are d € N
and 6 > 0 such that the following holds. Suppose Y. is a finite alphabet of size at most m, p is a distribution
over Y. in which the probability of each atom is at least o, and f: (X", u®™) — C is a 1-bounded function
satisfying @)). Then there is a product function p: ¥ — C and a function L: ¥ — C of degree at most d
and || L||2 < 1 such that

[(f,pL)| = 6.

We refer the reader to Section for a more formal and general version of the Restriction Inverse
Theorem. We remark that among other things, we also give explicit dependency of d and § on € and p.
These quantitative aspects are important if one wishes to get decent quantitative bounds in Theorem|[I.4] and
we think they are also interesting in their own right.

1.2.3 The Direct Product Theorem

The proof of Theorem (and thus, in turn, of Theorem hinges on a direct product testing result,
which may also be of independent interest. The problem of direct product testing has its roots in the field
of probabilistic checkable proofs and in particular in hardness amplification. In this setting, one wishes to
encode a function f: [n] — [R] (where n is thought of as very large) by local pieces that, on the one hand
allows for local access to values of f. On the other hand, the encoding should be testable, in the sense
that there is a test that only looks at a handful of locations of the encoding and determines whether it is an
encoding of an actual function f: [n] — [R], or whether it is far from the encoding of any such function.
Our application calls for a particular direct product tester that has been extensively studied in the litera-
ture [14}12128],27,116,11,6]. In this tester, the function f is encoded via its table of restrictions to sub-cubes
of certain dimension. Namely, given a parameter £ € N (which for us will be equal to pn, where p should



be thought of as a very small constant), the direct product encoding of f is the mapping F': ([Z]) — [R]*
defined by

FIA] = fla

for all A C [n] of size k.

The test we associate with this encoding is determined by two parameters, «, 8 € (0, 1) that also should
be thought of as small constants. Given a supposed table of restrictions G : ( [Z]) — [R]”, the test, which we
call DP(p, a, 3), proceeds in the following way:

1. Sample C' C [n] of size ak and sample A, B € ([z]) independently containing C'.
2. Sample T' C [n] of size fn.
3. Query G[A], G[B] and check that G[A]|cnr = G[B]|cnr-

In other words, the tester selected two sets A, B that intersect on a sizable number of elements (at least ok),
then a random subset of their shared elements and checks that the local assignments G[A] and G[B] agree
on this random subset of shared elements.

Note that this test is complete, in the sense that if G is a legitimate direct product encoding, then it passes
the test with probability 1. Thus, as is usually the case, the interesting aspect of this test is the soundness,
which is equivalent to the following question. Suppose that the tester accepts a table G : ([Z]) — [R]* with
probability at least s; is it necessarily the case that G is somewhat close to a legitimate direct product testing
codewords?

In the so-called 99% regime, where the probability s = 1 — ¢ is thought of close to 1, this problem is
completely understood, and in [16} [L1] it is shown that in this case there is a function f: [n] — [R] such
that for at least 1 — O(¢) fraction of A € ([Z}) it holds that G[A] = f]a.

For us, the most so-called 1% regime is more relevant, wherein the probability s = ¢ is thought of as
close to 0. In this case, one can no longer expect a strong conclusion as in the 99% regime. Instead, naturally
one would expect that in this case, there would have to be a function f: [n] — [R] such that for at least
d = 0(p,, B,e) > 0 fraction of A € ([Z]) it holds that G[A] = f]a4, but this is also too much to expect.
Indeed, to see that take any g: [n] — [R], and for each A take G[A] uniformly from [R]* with probability
1 — ¢, and otherwise take it to be a string in [R]* of Hamming distance 7 = ©(log(1/¢)) from g| 4. Using
Chernoff’s bound, one can prove that with high probability there is no function f: [n] — [R] satisfying the
natural conclusion one expects, yet the tester passes with probability at least £2(1 — 3)?" = poly(e). The
reason for that is that looking at two locations A, B queried by the tester, with probability £? both of them
get assigned strings close to g|4 and g|p respectively, in which case with probability at least (1 — 3)?" the
subset 1" excludes all coordinates on which either G[A] and g| 4, or G[B] and g| g, disagree on.

Due to a rather versatile set of examples, results in the 1% regime are often more challenging to prove.
Indeed, earlier results by [12] [16] managed to show that in this case there is a function f: [n] — [R] such
that for at least 6 = d(p,a, 5,¢,m7) > 0 fraction of A € ([Z]) it holds that A(G[A], fla) < nk. Here
and throughout, A(x,y) represents the Hamming distance between strings x and y. The main drawback
of this result is that the distance between G[A] and f|4 is linear in k, which is not good enough for our
purposes. Indeed, for our application we need a result that gets a Hamming distance which is a constant
r =r(p,a, (,e) € N as opposed to a constant fraction.

In [6], such result was proved for a more specialized version of this test in the case of § = 1 and
R = 2. Therein, both of the parameters o and p are thought of as constant, and it is proved that there are
r=r(e,a,p) € Nand 6 = d(e, a, p) > 0 such that if G passes the test DP(p, a, f = 1) with probability



at least ¢, then there is a function f: [n] — {0, 1} such that for at least § fraction of 4 € ( [Z]) it holds that
A(G[A], f]la) < r. Besides being a natural question of interest, the motivation of this result therein was to
establish an earlier, less general version of the Restriction Inverse Theorem, Theorem@] herein.

In this paper, we are once again in a situation that our proof of a restriction inverse theorem requires a
direct product testing result, and the relevant test for us is the test DP(p, «, 3) above. Moreover, as herein
we are concerned with getting good quantitative bounds, we no longer think of the parameters p, v, 8 as
constants and thus try to get reasonable dependencies of r and § on these parameters. For the purposes
of this introductory section however, we do not mention these quantitative aspects and defer the interested
reader to Section[I3] Thus, without a concern for these quantitative aspects our result reads:

Theorem 1.6 (The Direct Product Testing Theorem, Informal). For all €, p, ., 5 > O there are r € N and
0 > 0 such that the following holds for all R € N. For k = pn, if G: ([Z]) — [R)* is a function that passes
the test DP(p, o, B) with probability at least €, then there is a function f: [n] — [R] such that

Pr [A(flaGlA) < 1] > 6
A ()

1.3 Applications and Motivations

In this section, we discuss some applications and motivating fields and type of problems Theorem [I.4] (and
possible extensions of it) are likely to be related to. For some of them, we already have initial leads (and
pursue them in subsequent papers as the current paper is already long enough as is), while for others the
connection is more speculative.

1.3.1 Hardness of Approximation

Recall Mossel’s result [30]], asserting that in the case that p is a connected distribution only the low-degree
part of functions contributes to (T)). For low-degree functions, one has the invariance principle of [31], and
thus the combination of these two results can be seen as transforming expectations as in (1)) to expectations
over Gaussian space. This result has a few notable striking consequences in the field of hardness of ap-
proximation. Most notably, Raghavendra [34] uses precisely such ideas to show the relationship between
dictatorship tests and Gaussian rounding scheme to semi-definite relaxations.

In this light, the result proved in this paper shows that only functions that are “characters times low-
degree functions” can contribute to (I)), and this suggests that an invariance principle that extends the in-
variance principle of [31] should exist. Indeed, in a future work [3]] we are exploring this direction and will
prove a more general such invariance principle, and discuss its relation to rounding schemes that combine
semi-definite programming relaxations as well as linear programming relaxations. We believe such invari-
ance principles will be crucial in the journey of understanding the approximability of satisfiable constraint
satisfaction problems.

1.3.2 Higher Arity Predicates

The original motivation behind the question considered in this paper is the non-Abelian embedding hypoth-
esis of [4], which is the following statement. Suppose k£ > 3 is an integer, 3.1, ..., > finite alphabets and
1 is a distribution over 31 X ... X X in which the probability of each atom is at least & > 0. We say u
admits an Abelian embedding if there is an Abelian group (H,+) and maps o;: ¥; — H fori =1,...k



k
such that > o;(x;) = 0 for all (z1,...,x%) € supp(p). We say p admits a non-trivial Abelian embedding
i=1
if at least one of the maps o; is non-constant.

Hypothesis 1.7. In the above setting, if © admits no non-trivial Abelian embeddings, then for all ¢ > 0
there is 6 > 0 such that if f;: X} — C are 1-bounded functions with Staby 5 ( f;; ufzm) < 0 for at least one

of the i’s, then
k
i=1

(T1500sg ) o p @™

<.

In [4] a special case of this hypothesis is proved for a class of & = 3-ary distributions, and in [J5]]
this hypothesis is proved in general for all £ = 3-ary distributions. In these terms, the current paper does
not signify any further progress towards establishing Hypothesis beyond the case of 3-ary predicates,
however we believe that the stability version proved herein will be crucial towards making further progress
in this direction.

1.3.3 Gowers’ Norms

Theorem can be seen as an analog of the Us-inverse theorem for Gowers uniformity norms [22] for
general distributions. In the context of Gowers uniformity norms, the Us-inverse theorem is a simple Fourier
analytic computation only involving Fourier coefficients. Interestingly, at a point in our argument we too
have to carry out such a computation (this is, however, a small part of the proof). It is tempting to speculate,
and we have initial leads for this fact, that there should be higher order analogs of Gowers inverse theorems
in the much more general setting of Theorem [T.4]

If true, such statements could be very useful to make progress on multiple problems in extremal com-
binatorics, and in particular in Szemerédi-type theorems [38]. This is so because it appears they are strong
enough to facilitate density increment arguments. Indeed, as we explain next, in a companion paper we have
used Theorem[I.4]to give effective bounds for the problem of finding restricted 3-arithmetic progressions in
dense sets in )}, for a prime p.

1.3.4 Extremal Combinatorics

A set A C [} is called somewhat restricted 3-AP free if it does not contain an arithmetic progression

T, 7+ a,r + 2a where x € ) and a € {0,1,2}" \ {0}. In a companion paper [2]], we use Theorem |1.4{to
give effective bounds on the density of restricted 3-AP sets:

Theorem 1.8. There are absolute constants C > 0 and 1 < k < 10 such that if A C Fg is a restricted
3-AP set, then
A c

A < ;
#A) P log®n

where log(k) n is the k-fold iterated logarithm function.

Previously, the best known bound was O(1/log* n), achieved by appealing to a quantitative version of
the density Hales-Jewett theorem [33]. Theorem [I.8 makes progress on a question of Green [23] and on a
question of Haszla, Holenstein and Mossel [30]].



1.3.5 Multi-Player Parallel Repetition Theorems

Parallel repetition is a basic building block in the area of interactive protocols and in particular in applications
in the field of hardness of approximation. In the setting of k-player games, we have a basic game W involving
a verifier and k players. The game consists of a set of questions X that are supposed to get labels from a
finite alphabet 3, a predicate P: X* x ¥¥ — {0,1} that gives k-challenges and answers to them dictates
whether these answers are deemed satisfactory or not, and a distribution p over k-tuples of challenges. In
the basic game W, the verifier samples a challenge (x1, ..., xx) ~ u, sends the question x; to the ith player,
receives an answer a; € Y from player ¢, and then accepts if and only if P(x1,...,zx,a1,...,a;) = 1.
The value of the game, val(V), is defined to be the maximum probability the verifier accepts under the best
strategy for the players.

The t-fold repeated game, W®', is a game in which the verifier samples ¢ sets of challenges, say
(1,4, -->2ky) ~ pforj =1,... ¢ independently, sends (x;1,...,2;;) to player i, receives from them
answers (a1, .., ai;) and accepts if and only if P(x1j,..., 2% ,a1,5,...,ak,) = 1forall j =1,... .
In words, the game is repeated for ¢-times, but in parallel, and the verifier confirms that each one of the
executions of the basic game was accepting. It is clear that val(¥®?) > val(¥)!, and the main question
of interest in parallel repetition theorems is regarding the rate of decay of val(¥®?) as a function of ¢; in
particular is this decay exponential?

For 2-player games, i.e. for the case that k = 2, this problem is by now well understood, and it is known
that the value of ¥®? is indeed exponentially decaying in ¢ (however not in the most obvious manner);
see [36L 25 135, 8, [1S]. The techniques that go into these proofs are either information theoretical, or
analytical. In a sense, the analytical proofs are based on the well-known fact that the eigenvalues of a matrix
tensorize when one tensorizes the matrix, as it turns out that, in a sense, the value of a game can be vaguely
viewed as eigenvalues of a matrix.

For k > 3, the situation is much more complicated, and the only known bound for general games is
due to Verbitsky [39] and gives rather weak bounds (as, once again, it relies on the density Hales-Jewett
theorem).

Recently, the work of [[13]] identified a class of games referred to as “connected games” for which the
information theoretic techniques from the setting of 2-player games still work, which sparked renewed
interest in multi-player parallel repetition theorems. We remark that the notion of “‘connectedness” therein
is very much similar to the notion of connectedness of distribution in our setting (which is much stronger
than pairwise connectedness). This motivated a recent line of works [26, 21} 19, 20] that studied parallel
repetition of 3-player games over binary questions. This line of work started with studying a game known as
the GHZ game (which is well known in the physics literature and is a bottleneck to the techniques of [13])),
proving polynomial decay for it, and using this as a stepping stone to prove polynomial decay parallel
repetition theorems for more general classes of games.

We believe that the notion of Abelian embeddability should have a fundamental connection to the prob-
lem of parallel repetition in multiplayer games. In a sense, this question too is about “tensorization” of some
value, but in this time one has to deal with k-dimensional tensors as opposed to matrices. Some evidence
to that has been given in [10], wherein the authors give a very simple proof for the fact that the value of the
GHZ game is exponentially vanishing with ¢ (as opposed to just polynomial) which is inspired by Abelian
embeddability. In a sense, the proof proceeds by identifying that the GHZ game actually entails within it a
(Z4,+)-type additive structure. Then, using this fact along with powerful theorems from additive combina-
torics, the authors give a structural result on the set of strategies for the players that perform well, which are
then analyzed directly.

While being speculative, we believe that such connection should indeed exist, and in it the quantitative



aspects of Theorem should be highly relevant. At the current state, the quantitative bounds we get are
not very good, but we believe that with more effort these could be improved to results that would be able to

2_759(1)

show rate of decay in parallel repetition.

1.4 High Level Overview of the Proof of Theorem [1.4]

In this section we give a high level overview of the proof of Theorem [I.4] As such, we often omit details,
make simplifying assumptions and appeal to intuition in order to concentrate on the main ideas. We also
point out the sections relevant to each part of the argument.

At its core, our argument relies on the following intuition: if ;x does not admit any Abelian embedding,
then Theorem @ is just equivalent to the main result of [4] [5]. Thus, one idea is to try to identify all
Abelian embeddings of y, define partial basis for La(X"; u$"), La2(T™; ug™) and La(®™; u2™) based on
these Abelian embeddings and then show that for f, g and h to satisfy (I), it must be the case that they
correlated with a function from the span of this partial basis. The intuition is completing the partial bases
into complete bases, once we “peel off” these embeddings based functions the rest of the functions in the
bases are “oblivious” to the fact that p admits Abelian embeddings. So, once we “peel off” these embedding
functions, the situation is analogous to the case that y does not have any Abelian embeddings, in which case
the result of [4} 5] kick in.

Much of the effort in our proof goes into formalizing this rough idea, and once one is able to do that
the rest of the proof is more streamline (but still requires a significant effort). Below, we give step by step
description of the way we formalize this intuition.

1.4.1 Step 1: Master Embedding

The first issue is a distribution © may have multiple linear embeddings, and they may interact in a non-trivial
way. Indeed, given an Abelian embedding (o, 7y, ¢) of i into H, one can define a partial basis by composing
characters of H with the embedding functions. But how do we know that different embeddings give us
different basis elements? How do we combine these partial bases into something that makes sense and is
convenient to work with?

Our first step is to identify that one may define a single embedding, which we refer to as the master
embedding, that encapsulates within it all of the Abelian embeddings of p. Indeed, we show that if x does
not have any (Z,+) embedding, then there is a size M such that any Abelian embedding of x “comes
from” an Abelian embedding of i into an Abelian group of size at most M. Hence, to include all Abelian
embeddings it suffices to only look into embeddings of 1 into Abelian groups of size at most M, and as
there are only finitely many such embeddings we can just tensorize them. That is, letting o;: > — H; be
all possible ¢’s in linear embeddings of y, where (H;, +) are Abelian groups, the master embedding of x is

R
Omaster: & — || H; defined by
i=1

Omaster () = (01(x), ..., 0r(x)),

and similarly one may define Ymaster aNd Pmaster- With the master embeddings in hand we now have a
sensible way of defining a partial basis for functions in x, y and 2z by considering compositions of characters
from H with the master embeddings.

At the present state, this partial basis is not very convenient. For example, it may well be the case that
there are distinct x, X’ € H such that x © omaster = X’ © Tmaster- Indeed, this would be the case if the image
of Tmaster Was a strict subgroup of H. More generally, linear dependencies within {x o amaster}x c iy already
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start appearing as soon as the image of o master 1S N0t the entire group H, and this presents issues which we
wish to avoid.

This part of the argument appears in Section [3]

1.4.2 Step 2: Saturating the Master Embeddings

Our goal is therefore to arrange for the master embeddings omaster> Ymaster aNd Pmaster 10 be saturated,
meaning that the image of each one of them is the entire group H. To do so, we must change the distribution
4 into a distribution x4’ such that (a) on p’ the master embeddings are saturated, (b) there is a good enough
relationship between 3-wise correlations over p and 3-wise correlations over p/, and (¢) we can deduce the
conclusion of Theorem [1.4]on  from the conclusion of Theorem[I.4]on z//.

This transformation is achieved via the path trick, introduced in [4], which is ultimately just an appli-
cation of the Cauchy-Schwarz inequality. The path trick is used in our arguments extensively, and often
time the structure we need is quite subtle thereby requiring a very careful application of the path-trick.
Nevertheless, below we explain at a high level the intuition behind the path trick and what it achieves.

Given a distribution p, the path trick distribution (of length 2¢ + 1) with respect to x can be described as
the following distribution 4':

1. Sample (1, y1,21) ~ .

2. Make a step from y: sample (2,4}, 2]) ~ p conditioned on ¥} = y;.
3. Make a step from z: sample (22, Y2, 22) conditioned on z = 2].

4. Repeat make a step from y/ make a step from z for ¢ times.

Thus, the sequences (Y1, Y], Y2, Y, - - - Y, Ys, Ye+1) Of y’s and (21, 21, 22, 25, . . ., 2t, 21, 2e41) 2’S are gen-
erated (where z;41 = z, and y} = y;), as well as a sequence & = (x1,), ..., 2, o), ¢441) of 2’s. The
output of the distribution v is (Z, y;41, 21), and it is thought of as a 3-ary distribution over ¥/ x I x ® where
¥/ C %21 is the set of feasible tuples of x in the procedure.

We refer to this procedure as the path trick since one may consider the bi-partite graph G = (I' U @, )
whose edges are (y, z) € I' x ® that are in the support of x|rx. Thus, thinking of the x’es as labeling the
edges of GG, namely labeling an edge (y, z) by x if (z,y, z) € supp(u), one gets that the above procedure
generates a random path of length 2¢ 4 1 in the graph and record the labels of the edges that it traversed on.

Moving from the distribution p to 1/ has several benefits that have been used in our earlier papers:

1. Improving connectivity: if 4 is {2, 3}-connected, then for large enough ¢ the support of 1" on the
last two coordinates is full. Indeed, taking the random path view of the path trick, it is clear that as the
graph G is connected, for sufficiently large ¢ the same graph corresponding to p/ would be a complete
bipartite clique.

2. Preserving properties of : he distribution j/ preserves much of the properties of the distribution .
In particular, if 4 is pairwise connected then so is /, and if 1 does not admit any Abelian embeddings,
then so does /'.

3. The 3-wise correlations relations: 3-wise correlations of functions over p can be upper bounded
by 3-wise correlations of functions related to the original functions over y'. Indeed, assume for
simplicity that the functions are real valued. If f, g and & achieve large 3-wise correlation in p, then
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for (z,y,2) ~ u®" one has that the values h(z) and f(z)g(y) are correlated, so looking at the above

path we get that h(z41) = f(2i41)g(yi+1) and g(yir1) = f(x])h(2j,,) and combining these we
get that

h(zi1) & f(@h)M(2ig0) ~ @) f(@0)g(ye) ~ -~ faia) fae) - fz2) f(21)g(y),

and hence we expected g, h and F'(Z) = f(x},1)f(x:) - f(z2)f(2]) to achieve a significant cor-
relation in p/. Indeed, this can be proved via an appropriate application of the Cauchy-Schwarz
inequality.

For the purposes of this paper we need additional properties of the path trick transformations, which we
explain next.

1. Abelian ebmeddings of 1 lift to Abelian embeddings of 1': not only does the path trick preserve
lack of Abelian embeddings, but in fact if ;1 does admit Abelian embeddings, then 1’ does not intro-
duce any new ones. To be more precise, suppose that o: > — H,v: I' - H and ¢: & — H are
Abelian embeddings of u. Then, these embeddings give rise to an Abelian embedding o;: X' — H
with v and ¢ of v, as follows:

«(7) = Z o )+ o (z41). 3)

With the notation above, we have that o(x;) + v(yi) + ¢(2z;) = 0, o(z) + v(y}) + ¢(2}) = 0, and
doing a proper addition/ substraction one gets that

01(Z) + v(Yr+1) + é(21) = 0,
hence (o¢,7, ¢) form an Abelian embedding of ' into H.

2. The only Abelian embeddings of ;. are lifts of Abelian embeddings of ;:: all Abelian embeddings
of 1 are precisely of this form. Namely, for any Abelian embedding (o’, v, ¢) of p’ into an Abelian
group (H, +) there is an Abelian embedding (o, y, ¢) of p into (H, +) where o satisfies a relation as
in (3) where o’ plays the role of 0. (see Lemma .This result has a few important consequences,
and in particular it says that the path trick preserves master embeddings. Namely, if we start with a
master embedding of p, apply the path trick and the above transformation corresponding to it on the
embeddings, then we will get the master embedding of /.

3. Saturating the embeddings: it can be easily observed that if (0 master; Ymaster; @master) 1S @ master
embedding of w (or for this purpose, any embedding of (), then after the path trick we get the em-
bedding (master,t; Ymaster; @master) that clearly satisfies that Image(omaster,t) € Image(omaster); this
follows by looking at trivial paths that traverse the same edge back and fourth and use the same label
of x all of the time. Moreover, it is clear that if Image(omaster) Was a sub-group of H then we would
have that Image(omaster.t) = Image(omaster). It stands to reason that unless Image(omaster) is indeed
a subgroup, then for large enough ¢ we would have that Image(omaster,t) & Image(omaster), in which
case we enlarged the image of o master Via the path trick.

Indeed, something along these lines is true. Namely, we show that by combination of path tricks along
different directions (not only x) one can indeed always enlarge the image of an embedding so long as
it is not a subgroupE]

'In our formal proof this has to be done rather carefully as we wish to preserve the property that the alphabet of x is always a
power of the original alphabet 3.
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In conclusion, using the path trick multiple times we can pass to a new distribution v on which the embed-
dings are all saturated, 3-wise correlations over p are upper bounded by 3-wise correlations over v, and v
has improved connectivity — say that its support on the last two coordinates is full. It can be easily shown that
in that case, the images of all of the components must be the same sub-group, and without loss of generality
we assume it is the group H itself.

Note that in particular, the above properties mean that if (0 master, Ymaster, @master) 1S @ saturated master
embedding of v, then the distribution of (o master (%), Ymaster (¥), ®master(2)) Where (z,y, z) ~ v has a full
support on

{(a,b,c) e H? ‘a—i—b—i—c:()},

which intuitively says that by moving from p to v we have “exposed” all of the Abelian structure in the
distribution .

This part of the argument appears in Section 3]

1.4.3 Step 3: Setting up a Basis Consisting of Embedding and Non-embedding Functions

Fix distributions p over ¥ x I' x ® and v over ¥/ x I” x ®' as we have done so far, and suppose that (a
power of) the 3-wise correlation of f, g and h over p is upper bounded by the 3-wise correlation of £, G and
H overv.

Now that we have saturated the master embeddings in » we can set up a partial for functions in z € ¥
as basis as before () = x(0master(z)) forall x € H as before and get that now these functions are indeed
linearly independent We can then complete it to a basis of Ly (X'; v, ) by adding to it the functions 11, . . . , ¥

that are orthogonal to all functions in Span(B ), so that writing By = {)2 |x € I:I} and By = {1, ...,9¢s}

we have a basis By U By for Ly(Y'; v,). Tensorizing, we get that {UE}EG( ., Where vy Sy Cis

B1UBQ)®

n
defined by vp(x) = [] s, (2:), is a basis for Ly(X'"; ™). Thus, we can write
i=1

F(z1,....zn)= Y. F(a)va(z).

a€(B1UB2)"

We can define analogous bases for Lo(I"; 1) and Lo(®';v,). Now, each one of the functions F', G and
H has an “embedding part”, which is the parts of the monomials that use functions from Bj, and “non-
embedding parts”, which are monomials using functions from B. Intuitively, it should be the case that
the more mass the functions have on the non-embedding parts, the smaller the 3-wise correlations would
be; this is because that for uni-variate functions u: ¥’ — C, v: I — C and w: ® — C of 2-norm 1, to
achieve perfect 3-wise correlation it must be the case that u(z) = v(y)w(z) in the support of v, in which
case u, v and w behave like an embedding function. We remark that there is a serious leap in this last step,
which causes complications in later points of the argument. Later on, we refer to this gap as the Horn-SAT
obstruction, and we will explain how it arises and how to overcome it later on.

In light of the above, it makes sense to define two notions of degrees for our partial basis. The first of
which is the embedding degree of a monomial v, embeddeg(v;), which is the number of components vy,
that come from the partial embedding basis B;. The second of which is the non-embedding degree of a
monomial vy, nedeg(vy), which is the number of components of v, that come from B.

This part of the argument appears in Section 4]
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1.4.4 Step 4: Analyzing the Contribution of High Non-embedded Degree Components

The above discussion suggests that the parts of /', G and H of high non-embedding degree should contribute
very little to their 3-wise correlation according to v. Formally showing this, however, is quite tricky and
this is where a considerable amount of effort in this paper is devoted to. Our argument here builds on an
argument from [5] and it is the main subject in Sections [} [5} [6] [7 [8] O}

To give some intuition for the argument we make several simplifying assumptions (some of which can
be ensured, while other are not necessary). Assume that the marginal distribution of v over y, z is uniform,
and that the distribution of (o master (), Ymaster (¥), @master(2)) Where (z,y, z) ~ v is uniform over on

{(a,b,¢c) e H* |a+b+c=0}.

Further assume that the functions F’, G and H are embedding homogenous and non-embedding homogenous
functions, by which we mean that the embedding degree of each monomial of F' is the same, and also the
non-embedding degree of each monomial in F' is the same; the same goes for G and H. Our argument here
will be inductive on the number of coordinates n, and we show that the 3-wise correlation of functions F',
GG and H as above can be upper bounded by either the 3-wise correlation of n — 1 variate functions of the
same non-embedding degree, or by (1 — (1)) times the 3-wise correlation of n — 1 variate functions with
non-embedding degree smaller by 1. Thus, iterating we would ultimately get a bound of (1 — €2(1))"edes(¥)
on the 3-wise correlations, which is small if the non-embedding degree of F' is high.

In fact, we have two separate inductive arguments depending on if n is much larger than the non-
embedding degree of F', or if it is comparable to it; we refer to this last case as the “near linear non-
embedding degree case”, and we now elaborate on each one of these cases.

The case that n is much larger than the non-embedding degree of F'. In this case there is a variable,
say the nth variable, such that in almost all of the mass of F' lies on monomials in which the component of
T, is an embedding function. Using the homogeneity of F' we can use find a decomposition of F' as

> iFi(@, w1 F (xn)

teT

where each FY is either from B; or from Bs, and {F,}, {F}} form orthonormal sets and " |¢|* = 1.
teT
Similarly, we can find analogous decompositions form G and H as

Z KrGr(Y1s -+ Yn-1)Go(Yn), ZpSHS(zl, oy zna1)Hi(2n).

reR seS

Moreover, if F} is a function from B; then F} has the same non-embedding degree as F, and if F} is from
B> then F} has one smaller non-embedding degree. The same goes for G and H, so to simplify presentation
we consider the specialized case where

F(l’) = 1/11F1(w1, .. ,l‘n_1>F{(Z’n) =+ 1/}2F2(231, .. ,I‘n_l)FZI(LCn),
G(y) = k1G1(Y1, - Yn—1)G1(Yn) + £2G2(1, - -, Yn—1)G2(Yn),
H(y) = p1Hi(21, -y 20-1)G1(20) + paHo (21, . - -, 2n—1) H)(2n),

where F|, G} and H| are embedding functions and F3, G, and H/, are non-embedding functions. Thus, the
coefficient 15 is related to the mass x,, has on non-embedding functions and by choice is therefore small,
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and similarly we can expect it to be the case that k2 and ps are also small (which is true, but requires some
preparatory work). Thus, the 3-wise correlation of F', G and H according to v can be written as

EFGH] = vimp B [RGUE [F{GH]] +vimp B [FGHE [FIGIHY)
+ 1/11H2P1V®I§_ [F1GoHq] IEZ [FIG5HY] + ¢1/12;02V IEl_ [F1G2H3)E [ F{GYH;)
+ ¢2n1p1V®I§_1 [F2G1H| IEZ ([5G HY] + ¢2/€1;02U E [FGiHE [ 3G Hy]
+okepr E [FoGoH1|E [FZG’ Hl] + WoKap2 [E [FoGoHo)E [FQG’ HQ] 4

1/®" 1 v ®n—1

It turns out that terms the only term involving F] that does not vanish is E, [F]G’ H1]. Indeed, as F} is a
function from B; we may write it as a product of a function on y with a function on z, and thus expectations
such as E, [F| G H}] can be written as expectation of product of a function of y and a function of z. Using
independence, this product can be further written as the product of two expectations where at least one of
these expectations is 0.

Thus, if the terms involving F» were not existent, then we would get the upper bound

E [F1G1H]
®@n—1

pon—

E [F1Gi1H]|,

V®n—1

~X

E@i [FGH]‘ < [1k1p1]

‘E [F{G'H{]
14

and we have decreased the number of variables n by 1 (while keeping the non-embedding degree. In a sense,
as 1) is small this term indeed should constitute the majority of the contribution to E, e~ [F'GH], but we
cannot just ignore the contribution from the other terms.

A naive attempt at bounding the other term (and using the Cauchy-Scharz in a favorable way) can show
that |E,en [F'G H]| is at most the maximum of |E,en—1 [F;GjHy|| over i, j and k, however this bound is not
good enough for us; indeed, if this maximum is achieved at anywhere other than ¢ = j = k = 1 then the
non-embedding degrees decrease, and in that case we must gain a factor of (1 — (1)) for our argument to
go through.

The key to improve upon this naive attempt lies in what we refer to as the “additive base case”. The
additive base case is a statement about univariate functions that helps us to control the contribution form
terms involving F% in a favorable way. Stated simply, the additive base case we use is the statement that if
F’ is a univariate non-embedding function, and G’, H' are any univariate functions, then

B (PG + )| < (1= QI Lalc + )

The intuition for this inequality is that otherwise, the value of I would be very close to the value of G’ + H’,
but this is only possible for embedding functions.

The point of the additive base case is that except for E, [F3G5H}], the contribution of the terms not
involving FY in may be re-casted as an expectation of the form dealt with in the additive base case.
Indeed, if F{, G and H| were the simplest of embedding functions — namely constant functions — then this
is rather clear, as these terms can be written as

E [F3(aGs + bHy)]

for some coefficients a and b. In the case Fy, G and H are not the constant functions more effort is needed,
and in particular one needs to guarantee that they “come” from the same character of H. Namely, that there
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is Y € H such that F{, G| and H{ are multiples of X © Omasters X © Ymaster aNd X © Gmaster respectively. As
we are able to guarantee this fact, the contribution of these terms can still be associated with the additive
base case, as essentially G| = F|{H{ and H{ = F|G". Hence, that contribution can be re-written as

E [F{F5(aG2 + bHs)]

v

for some coefficients a and b, and this is still an expectation of the form handled by the additive base case.

Making an effective enough use of the additive base case, one can use[dto either reduce n by 1 and keep
the non-embedding degrees the same, or else reduce both n and the non-embedding degrees by 1 and then
gain a factor of 1 — €(1).

This part of the argument is presented in Section 8]

The near linear non-embedding degree case. Once the non-embedding degree of F', G and H is com-
parable to n, the above argument no-longer works, and the reason is that the last term in is no longer
negligible, and at the same time we do not know how to give an effective upper bound on it using only the
additive base case. Thus we must have a new base case that handles this last term, and intuitively one would
expect the following base case to hold. Suppose that F: Y — Cis a function from B, and G: I" — C,
H: ® — C are any functions of 2-norm 1. Then

E |[P@)GwHE)

(z,y,2)~v

<1-Q(1).

The reason we expect this to be true is that otherwise, by compactness we would be able to find 3 such
functions satisfying F(z) = G(y)H(z) on the support of v. Thus, the logs of these functions form an
Abelian embedding so log(ﬁ ) must be an embedding function, in which case F is also an embedding
function in contradiction.

As stated, this argument is not quite correct, since it may be the case that the function F”’ gets the
value 0 sometimes, in which case we cannot take logs and get away with it. This obstruction has already
appeared in [5] wherein it was referred to as the “Horn-SAT obstruction”, and here too we have to face it. In
fact, as in our scenario we need to maintain many more properties of the distribution v (compared to what
was necessary in [5]), more care is needed to handle the Horn-SAT obstruction. Ultimately, the Horn-SAT
obstruction is dealt with by stating a more complicated base case statement which we can guarantee to hold
for the distribution v while being useful enough to make our argument go through. For the simplicity of
presentation however, we ignore this obstruction for now and explain the argument in the case the ideal base
case holds.

Equipped with the ideal base case, we can give effective enough bounds on the last term in (). In
particular, if all of the contribution came from it, we would have been able to conclude that

E [FoGaHs]

V®n—1

Y

B, [FGH]| < (1 0(1)

v®n

and iterating would finish the proof. One again however, there are other terms in (4) that need to be accounted
for (the other terms involving F3). To do so, ideally we would have liked (as in the additive base case) to
re-arrange these terms so as to view their total contribution as an instantiation of the ideal base case, but this
is not possible. Using a similar (but more complicated) argument we can still show that it is in fact the case
that

E |FGam,)

p®n—1

>
p®n

B, [FGH]| < (1- (1)
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where F‘g, éz and H. o are functions of non-embedding degree at most 1 less of F5, G5 and Ho.

This part of the argument is presented in Section[9]

Overcoming the Horn-SAT Obstruction. The bulk of Sections 4] [5] [6] [7]is devoted to gaining additional
properties of v, as well as other crucial reductions (for example, to allow us to assume homogeneity of F, G
and H as above). One of the key properties achieved in this section is the so-called relaxed base case, which
is a replacement for the ideal base case above that we are able to ensure.

A triplet of functions u: ¥ — C, v: I — C and w: ® — C is called a Horn-SAT embedding if
u(x) = v(y)w(z) in the support of v. If u never vanishes, a Horn-SAT embedding can be transformed
into an Abelian embedding, and thus (simply put) the Horn-SAT obstruction is really about the possible 0-
patterns non-embedding functions may have. By careful manipulations (once again utilizing the path trick)
we are able to find a set Xodest © 2 Of size at least 2 such no Horn-SAT embedding can vanish on. Thus,
we get that if u doesn’t vanish on Y ,04est then it can never be a part of a Horn-SAT embedding. Therefore,
it is natural to expect that if u has variance at least 7 on X, ,odest, then

E [uvw]\ <1-0(r)

where 0(7) > 0 is some function of 7. This turns out to be true and useful, but there are many subtleties. For
once, we need additional properties from X ,odest to make this relaxed base case useful, and most important
we need the symbols in X odest t0 be mapped to the same group element in H by the master embedding.
Secondly (and this has already appeared in [5]) we need a decent dependency between 7 and 6(7).

1.4.5 Step 5: Reducing to Functions over H

We now return our functions F', G and H, armed with the knowledge that the contribution of high non-
embedding degree parts if small. Thus, taking their parts of small non-embedding degree F’, G’ and H’', we
are able to conclude that |E,on [FGH]| — E,en [F'G'H']| < 155, and so the 3-wise correlation of F', G’
and H' according to v is still significant.

We remark that as in our actual argument we will need the functions F”’, G’ and H' to be bounded, so
harsh truncations as we described do not fit the bill. Thus, we use a softer notion of truncations given by the
non-embedding noise operator. For p € [0, 1] consider the Markov chain Tpon-embed,p 0n X’ that on x, with
probability p takes 2’ = x, and otherwise samples ' ~ v/|, conditioned on omaster(*') = Tmaster(x). When
p is not specified, that is, when we write T op-embed, WE mean that p is taken to be 0. Given such Markov
chain one may consider the corresponding averaging operator on Lo (X', v,.) given as

Tnon-embed,pf(x) = E [f(l‘,)],

’
2" ~Thon-embed, pT

and tensorize it to get an averaging operator Tyt o 2 Lo(2™,vF™) — Lo(¥", v2™). Simiarly, we can
get averaging operators on Ly(T"", v2™) and Lo (@™, v2™), which by abuse of notation we also denote by
Thon-embed,p- These averaging operators can be shown to essentially kill monomials of high non-embedding

degree, hence serve as a replacement for harsh truncation arguments as above.

With these operators in hand, we can replace the harsh truncations above by £’ = T ﬁ%ﬁ_embed pF , G =
Té" G and H' = T®" H (for suitably chosen p) and effectively be in the same situation as

non-embed,p non-embed, p
before, wherein we have functions F”, G’ and H' that have almost all of their mass on monomials with small

non-embedding degrees, and also that |E,en [FGH]| — E,en [F'G'H']| < 155
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We wish to transform the functions F”, G’ and H’ into related bounded functions with non-embedding
degree 0 for which the 3-wise correlation over v is still significant. For that, we use a combination of random
restrictions (so as the mass of F”’, G’, and H' of small but not 0 non-embedding degree would almost all
collapse to level 0), followed by averaging (to get rid of all monomials of positive non-embedding degree).
Thus, we get functions F”” = Ton-embed (F”), G = Thonembed(G”) and H"” = Tyon-embed(H”) where F”,
G" and H" are random restrictions of F’, G’ and H’, so that with noticeable probability we have that

€
E [F”/(x)G/"(y)H'"(z)] > 5
(z,y,2)~v&n™”
where n'” is the number of coordinates left alive after the random restriction. Now the functions F"’, G
and H" can be viewed as functions defined over H"", so the above expectation should be amendable to
standard tools from discrete Fourier analysis.
This part of the argument appears in Section [10]

1.4.6 Step 6: Applying the Linearity Testing Argument

Indeed, we re-cast the functions £, G" and H"” above as F*: H"" — C,G!: H"" — Cand H*: H"" —
C defined in the natural way (for example, F*(a) = F(x) for 2 such that omaster () = a; for each coor-

dinate, where we know that the specific choice of x doesn’t matter). Thus, from the distribution v we get a

corresponding distribution f over { (a,b,c) € H? ‘ a+b+c= O} whose support is full, and

E [FHa)GH ) HH ()] | >

(abe)~(vt)en"”

| ™

We now use random restrictions again, but for a different reason. Namely, we use random restrictions to
shift from the distribution /* to the uniform over { (a,b,c) € H3 ‘ a+b+c= O}, and get from F¥, G* and

H? restrictions F*', G and HY so that with noticeable probability
[FW@GW@HW—a—m}>Z,

"

a,be H™

where n”” is the number of coordinates left alive. In this case, a straightforward, classical Fourier analytic

computation can be applied to relate the left hand side to the Fourier coefficients of F¥, G and H* so that
we get
> FYO)GY0HY ()| =

X€ﬁ®n////

)

1 ™

from which one can quickly conclude that there is x such that ‘Fﬁ/(x)‘ > 4. In words, after a sequence of

random restrictions, averaging and further random restriction, the function F' is correlated with a function
of the form o omaster- This is the type of result we are after, except that we wish to have such result for F'
and not for F' after this sequence of operations.

This part of the argument appears in Section [10]
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1.4.7 Step 7: Going back to F' via the Restriction Inverse Theorem

We have thus concluded that after random restriction, F¥ is correlated with a function of the form X © Omaster
where x € A", and we wish to unravel the steps we took to get from F to F* and conclude a structural
result about F'.

Noting that x © o master 1S @ product function, this is precisely a situation in which the restriction inverse
theorem kicks in, and using a modified version of Theoremwe are able to conclude that F! is correlated
with a function of the form L o omaster * X © Omaster Where x € H"" and L is a low-degree function of
2-norm at most 1. Thus, the same conclusion holds for " (as it is essentially the same function as F'¥.

Recalling that "’ = Thonembed,0F", we get that

)

| o

‘(Tnon—embed,DFﬂa Lo Omaster * X © O'master>‘ =

but on the other hand we also have that

// *

‘<Tn0n-embed,0F”a L o Omaster * X © Omaster } non-embed o(L O Omaster * X © Umaster)>‘

T hon-embed O(L O Omaster * X © Umaster)> ‘

1"
‘ F L O Omaster * X © Umaster>

)

where we used the fact that Thopemped,0 18 self-adjoint. Hence, we conclude that F" is correlated with
L o 0master * X © Tmaster-

We now wish to unravel the last step of random restriction (that goes from F to F"’), and for that we
once again want to appeal to the restriction inverse theorem. However, the correlations we are talking about
now are not quite about correlations with product functions. Amusingly, to circumvent this issue we apply
more random restrictions. Intuitively, after a suitably chosen random restriction, the function L becomes
close to constant, hence one expects the fact that £ is correlated with L o 0aster * X © Omaster tO convert
to the fact that a random restriction of F” is correlated with a restriction of Y © Gmaster (Which is a product
function), and we show that this is indeed the case. Thus, we conclude that a random restriction of F"
is correlated with a function of the form X o omaster- Noting that a random restriction of F” is (overall) a
random restriction of F' (with different parameters), we are thus able to conclude from the restriction inverse
theorem that F itself is correlated with a function of the form L - x © 0master-

This part of the argument appears in Section [10]

1.4.8 Step 8: Going back to f via Properties of the Master Embedding

The last step in the proof of Theorem [I.4] is to use the structural result obtained for the function F' to
deduce a similar structural result for f. For that, we recall that (ignoring complex conjugates) the value of
F(x1,...,xs)is f(x1) - f(xs), and, ignoring the low-degree part L for now, we know that F' is correlated
with Y © Gmaster fOr some x € H". Recalling the relation one quickly gets from it that

S

X © Umaster(xla cee 7:173) = H X © Umaster(-xi)a
=1

where, by abuse of notation, o master On the right hand side is the master embedding of . (which is the original
distribution, prior to any application of the path trick). Hence, the correlation between F' and x © omaster
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translates to the fact that

> =€(e) >0

S
E [H f(xz)X o Umaster(xi)]
(zl,...,xs)Ny;Xm im1
As discussed earlier, in [30] it is shown that if v, is a connected distribution, a correlation such as in the
above can be noticeable only if f - Y © Omaster 1S correlated with a low-degree function. Thus, the proof
would be concluded if we are able to ensure connectivity of v, which we are indeed able to. This requires
some care in some of our earlier steps, and most notably in the way we apply the path trick. In fact, we are
able to guarantee that the support of v, is full, that is, >°.

Bringing the low-degree part L back, essentially the same argument works except that we need to apply
a suitable random restriction beforehand to get rid of the low-degree part. Thus, the previous argument gives
that with noticeable probability, a random restriction of f-yoomaster is correlated with a low-degree function.
Hence, after more random restrictions, we conclude that with noticeable probability a random restriction of
f - X 0 Tmaster 1 correlated with a constant function. Re-phrasing, this means that with noticeable probability
a random restriction of f is correlated with a function of the form x o o master, and a final invocation of the
restriction inverse theorem finishes the proof.

This part of the argument appears in Section

2 Preliminaries

Notations. We denote [n] = {1,...,n}. For a vector x € X" and a subset I C [n] of coordinates, we
denote by 27 the vector in X/ which results by dropping from z all coordinates outside 1. We denote by x_;
the vector in X"~ !/ resulting from dropping from z all coordinates from I; if I = {i} we often simplify the
notation and write it as z_;. For I C [n], a € X! and b € X"~ we denote by (27 = a,z_; = b) the point
in X™ whose I-coordinates are filled according to a, and whose I-coordinates are filled according to b. For
two strings x,y € X" we denote by A(z, y) the Hamming distance between x and y, that is, the number of
coordinates ¢ € [n] such that x; # y;.

We denote A < B to refer to the fact that A < C' - B for some absolute constant C' > 0, and A 2> B
to refer to the fact that A > ¢ - B for some absolute constant ¢ > 0. If this constant depends on some
parameter, say m, the corresponding notation is A <,, B. We will also use standard big-O notations: we
denote A = O(B)if A < B, A= Q(B) if A 2 B; if there is dependency of the hidden constant on some
auxiliary parameter, say m, we denote A = O,,(B) and A = Q,,,(B).

We denote by 2 the complex root of —1, and by @ the complex conjugate of the number a € C. For a
matrix M, we denote by M* the conjugate transpose matrix of M.

2.1 Product Spaces

Let (X7, D®™) be a probability space. We often work with the space Lo(X"; D®") of complex valued
functions with finite values. We think of this space as an inner product space, where the inner product of
f, '+ X" — Cis defined by

(£, ) Lo(znipen) = xNJE {f(l’)m]

Don

Often times, when the measure D®" is clear from context, we will omit the Lo(X"; D®") subscript and
denote the inner product between f and f' by (f, f').
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2.2 The Degree Decomposition and the Efron-Stein Decomposition

Given an inner product space, one may associate with it orthogonal decompositions of Lo (3"; D®™). In this
section we present two such decompositions, the degree decomposition and its refinement the Efron-Stein
decomposition. We will only present the basic notions and facts we need about them, and refer the reader
to [32]] to a more comprehensive treatment.

2.2.1 Juntas, Degrees and the Degree Decomposition

To define the notion of degrees, it is most convenient to start with the notion of juntas, which are functions
that depend only on few of their input coordinates.

Definition 2.1. For D C [n], a function f: ¥" — C is called a D-junta if there exists f': XP — C such
that f(x) = f'(xp) for all x € X"

For an integer 0 < d < n, a function f: X" — C is called a d-junta if there exists a set D C [n] of size
d such that f is a D-junta.

Equipped with the notion of juntas, we may define the degree decomposition in the following way:

Definition 2.2. For an inner product space Lo(X"; D®™) as above and an integer 0 < d < n, we define the
space Vg(X"; D®") C Lo(X™; D®™) as the space spanned by all d-junta. We also define

Vg(S" D) = Ve g (B D) N Vg1 (2™ DE™)
It is clear by definition that the spaces V_4(X"; D®™) are mutually orthogonal and
n
Ly(5" D) = (P V=a(X" D),
d=0

n
so any function f: ¥ — C can be uniquely written as f(z) = > f=%(z) where f=¢ € V_y4(X"; D®") is
d=0

called the degree d component of f. With these notations, Plancherel’s equality states that for any pair of
functions f, g: (X", D®") — C one has that

(f,9) = Zn:<f:d,g:d>-

d=0

n
Parseval’s equality is the specialized statement where f = g, in which case one get that || f||3 = > || f=%|12.

d .
We often refer to the function f<%(z) = Y f~/(z) as the part of f of level at most d, and refer to the
i=0

quantity || fS?|2 as the level d weight of f:

d .
Definition 2.3. The weight of f on level up to d is defined as W<q[f] = || f<SU2 = 32 17712
i=0
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2.2.2 The Efron-Stein Decomposition

The Efron-Stein decomposition is a refinement of the degree decomposition, which we will make use of a
handful of times.

Definition 2.4. For an integer 0 < d < nand S C [n] of size d, we define
Veg(X" D) = Vg(X";, D) NSpan ({ f: " — C | f is an S-junta}) .
It can be shown that the spaces V_g(X"; D®") are mutually orthogonal, thus

V_a(2" D) = @ Vg (S DE).
|S|=d

In particular, given any function f: ¥ — C and 0 < d < n, we may further decompose the de-
gree d component of f, namely f=¢, and uniquely write it as f=%(z) = . f=%(z) where = ¢
1S|=d

V_g(X"; D). Thus, we get the Efron-Stein decomposition of f: f(z) = . f=%(x), where f=° ¢
SCln]
V_g(X"™; D®™). Once again, with these notations Plancherel’s equality states that for any pair of functions
f,g: (X", D®") — C, one has that
(f.9)=">_(f=5,97%),
SC[n]

and Parseval’s equality is the specialized statement where f = g, in which case we get || f||2 = > [/=°|3.
SCln]

2.3 Random Restrictions

In this section we define the notions of restrictions and random restrictions of functions, which are used
in this paper extensively. We use two types of random restrictions. The first type is very common in the
area of analysis of Boolean functions; one selects a set of coordinates randomly, fixes them according to the
marginal distribution there and thinks of the rest of the coordinates as variables. The underlying measure
of the input space stays the same. The second type is a much less common type of restrictions, and it is
crucial for our arguments. In this second type, we still chooses a random set of variables and a fixing for
them, but not according to these the marginal distribution on this coordinates. Rather, the fixing for this set
of variables is chosen according to a different measure, and to balance this out the underlying measure of
the rest of the coordinates changes. Below is a more formal description.

2.3.1 Restrictions that Preserve the Underlying Measure

For a finite alphabet ¥ and a probability measure y over it, a function f: (X", u®") — C, a set of coordi-
nates I C [n] and a partial input z € X7, the restricted function f;_,.: YW\ 5 R is defined as

Jr:(y) = flar = 2,27 =y).
A random restriction of a function f: (X", u®") — C refers to a restriction in which either (or both) I and
z are chosen randomly. Typically, random restrictions are associated with a parameter p € (0,1): we first

choose I C [n] by including each element i € [n] independently with probability p, then choose z ~ !
and then consider the function f;_,  as a function from (X1, u!) to C. we often denote by I C, [n] the
distribution of I which is sampled in such a way.
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2.3.2 Restrictions that Do Not Preserve the Underlying Measure

An important utility of restrictions for us will be that they allow us to change the underlying measure of our
probability space. Suppose that the measure p can be written as i = pD; + (1 — p)Da, where Dy and Do
are distributions and p € (0, 1). In such situations we will often consider the following random restriction
process: choose I C, [n], choose z ~ D}, and consider the function f; , _ as a function from (X7, D]) to C.
Note that under these random choices, choosing y ~ D1, the distribution of the point (z; = y,z; = 2) is
still i, hence this restriction process makes sense. In particular, the expected average, as well as the expected
2-norm squared of f7_, . over the choice of z are the average and the 2-norm squared of f.

Such random restrictions are used extensively in the paper. An example case where this can be useful is
the case that in the distribution p the probability of each atom is at least o, and we wish to switch from it to
the uniform distribution over . In that case, we may write y = §U + (1 — %) w' where U is the uniform
distribution over X and p’ is some distribution. Following the above procedure for random restrictions, we
may thus change the underlying measure of our space from p to U by approximately fixing 1 — § randomly
chosen fraction of the coordinates according to p'.

2.4 Markov Chains

Given a probability space (3, 1), we will often consider Markov chains over X that have y as a stationary
distribution. We often denote these Markov Chain by T, and abusing notations we will also think of T as an
averaging operator from Ly (X, 1) to Lo(X, 1) defined as

Tf(z)= E [f(y)]

y~Tx

We say a Markov chain T is connected if the graph, whose vertices are Y. and the edges are (a, ) if there
is a transition from a to b in T, is connected. We need a few well known basic properties of Markov chains
that we record below.

Fact 2.5. If T is connected and the probability of each atom is at least c, then Xo(T) < 1 — Q(a?).

Proof. The proof is by an application of Cheeger’s inequality on the graph associated with T, and we refer
the reader to [30]] for a formal proof. O

Given an averaging operator T acting on univariate functions, we often think of its n-fold tensor T®".
Again, we will think of T®™ both as a Markov chain over " (on which, on each coordinate the Markov
chain T is applied independently), as well as an averaging operator acting on Lo (X", u®"). In the case that
4 is a stationary distribution of T, it is easily shown that the spaces V_g are invariant under T®", and for
each g € V_g it holds that || T®"g|l2 < Ao(T)I%||g]J2.

The following lemma asserts that if f, g: " — C are 1-bounded and (f, T®"g) is significant, then f
and g must have significant mass of the low levels.

Lemma 2.6. Suppose (X, 1) is a finite domain and T is a connected Markov chain with stationary distri-
bution p, in which the probability of each atom is at least . Then for all € > 0 there is d = O, (log(1/¢))
such that if f,g: (X", u®") — C are 1-bounded and |{f, T®"g)| > €, then W4[f] > %.
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Proof. Decomposing f, g according to the Efron-Stein decomposition of (X7, u®") as f = > f= and
S
g=>g=%, we get that
S

() T®”g> _ Z<f:S,T®n9:Q> — Z(f:S,T®"g:S> _ Z<f:SvT®ng:S>'
S0 S S#£0

The contribution from |S| < d is at most

Do < YD NI g e < Y 1F Bl llg ™ e </ Weal f1Weal]

ISl<d IS|<d |S|<d
</ Wealfl:
For | S| > d, we have by Fact[2.5]that

— — _ [
IT="g=5]l2 < A2(T)Flg= 2 < (1 = 2a(1)?g™5l2 < g~

for d chosen suitably as in the statement. Thus, using Cauchy-Schwarz the contribution from |S| > d is at
most

> 1S T < 3 el TS e < 5 D 1 alla ™S e

|S|>d |S|>d |S|>d
g _ _
SN DN Vaul N DD
|S|>d |S|>d

which is at most § by Parseval. Combining, we get that \/W<4[f] + § > €, and the statement follows by
re-arranging. O
2.5 Some Markov Chain Lemmas

In this section, we collect a few basic results regarding Markov chains that we will make use of repeatedly.

2.5.1 The Eigenvalues of a Markov Chain

The first statement gives a description of the eigenvalues of a Markov chain (both upper and lower bounds)
as a function of the minimum probability of each atom and the minimum probability that the Markov chain
stays in the same state. It will help us to analyze noise-type operators that are similar to the standard noise
operator on product spaces (but are not quite the same).

Lemma 2.7. For all « > 0 and m € N there are ¢ > 0 and C' > 0 such that the following holds. Let X
be an alphabet of size at most m, let | be a distribution over % in which the probability of each atom is at
least o, and let T be a Markov chain over % in which p is a stationary distribution. Let k be the number of
connected components in'T, and let \1(T) > ... A\, (T) be the eigenvalues of T.

1. We have \(T) = ... = \(T) = L

2. If the probability of each transition in T is at least &, then \;(T) < 1 —c€ foralli > k + 1.
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3. Iffor all x € ¥ we have that Pryr, [/ =x] > 1 =&, then \;(T) > 1 — C¢.

Proof. For the first item, write ¥ = ¥ U ... U X where X1, ..., are the connected components of
T, and take g; which is 1 on X; and O on the rest. Note that the g;’s are linearly independent and all have
eigenvalues 1 in T.

For the second item, let g be an eigenvector of T perpendicular to g1, ..., g; with eigenvalue A, and
normalize it so that ||g||3 = 1. Then there is i such that

)

| =

> @) lg@)* >

€Y,

so either for h = Re(g) or h = Im(g) we have that > u(z)h(z)? > 3. Therefore there must be = € ¥/
T€eY;

such that either h(x) > /1/2k or h(z) < —+/1/2k; without loss of generality we assume the former. As

(g9,9i) =0weget > p(z)g(x) =0hence Y, u(x)h(x) =0, and in particular there is 2’ € ¥; such that
TEY; HASIIN

h(z) < 0. Summarizing, |h(x) — h(z')] > 1/v2k. As ¥; is a connected component of T, there is a path
T =x9— ... — 2y = 2’ between x and 2/, and so

{—1

\/127: < |h(z) - h(a')| < ; () = h(is1)]

so there is ¢ such that |h(z;) — h(x;11)] = ﬁ > m3/12\/§' Therefore |g(x;) — g(zit1)| = m, an it
follows that
1 2] _ & £
1-A=1-(9.Tg) =5 B |[l9() = 9C|*] = Sl9(ed) — glainn)” > 5.

2/'~Tz

finishing the proof of the second item.
For the third item, taking g as before we have that

1 N2 1 / 2
1-A=1-{9.Tg) =5 E_|lo(z) ~9(z)]"| <5_ Pr, [=#=]4lol,
2'~Tz
which is at most £ 2||g||3 = 2¢, and the third item is proved. O

2.5.2 Markov Chains and Random Restrictions

We will often measure various notion of degrees via Markov Chains based notions (as opposed to precise
degrees), so as to preserve boundedness of functions. As such, we often want to make assertions of the
form: “if a function f has high degree, then a random restriction of f also has high degree” (where again,
the notion of degree is not necessarily the standard notion). Such statements are quite straightforward when
dealing with the standard notion of degree, but less so with Markov Chain based notions. For our purposes,
the following lemma will play the role of such statement for our softer notion of high-degreeness.

In the statement below one should think of the quantity (f, T1_.g¢ ,&n f) as small, and of the fact that
it is small as saying that if we write f in basis of eigenvectors of the operator T _ g¢ ,@n, then most of the
Lo-mass of f will lie on monomials involving many eigenvectors whose eigenvalue is not 1; the number of
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such eigenvectors will need to 2 (é) Morally, the lemma says that after a random restriction leaving 3

fraction of the coordinates alive, the degree with respect to such eigenvectors is at least 2 (%) but some
care is needed as the operator with respect to which we measure degree, changes.

Lemma 2.8. For all o, 8 > 0 there is ¢ > 0 such that the following holds. Let 3. be an alphabet of size
at most m, let p,v1,vs be distributions over Y. in which the probability of each atom is at least o and
p = prvi+ (1 = pP)ro. Let G = (X, E) be a graph on %, and consider the Markov chains T1_¢ , and
T ¢, defined as: for Ti_¢,, on x € 3, a sample &' ~ Ti_¢ ,x is generated by taking ' = x with
probability 1 — &, and otherwise take ' ~ u conditioned on ©' being a neighbour of x in G. We similarly
define T1_¢ ,,,. Then for all f: X" — C,

T T < n .
IQIE@ [<fl—>z’Tlf§,l/{fI—>z>I/f} < Af Tieepepuen f)

ZNVQI

Proof. Expanding, the left hand side is equal to E(; ,/)~p [ f(z)f(z )} , where the distribution D is defined

as: for each ¢ independently, with probability 1 — 8 we take x; = x; sampled according to v, and otherwise
we sample x; ~ v and then x ~ T_¢,x;. Noting that marginally,  and 2’ are distributed according to
i, we may view D as a reversible Markov chain T®" whose stationary distribution is g, so that the left
hand side is equal to (f, T®" f). We show that it is at most the right hand side, and to do so we examine
the eigenvalues and eigenvectors of these operators. We begin by remarking that the two operators are
symmetric and positive semi-definite (as (f, T1_¢ yon f) = (T, 1=¢ yon [, T 1=¢ yon f) = 0), hence these
eigenvalues are non-negative.

Let k be the number of connected components in GG, and note that if g is a function which is constant
on the connected components of (7, then both operators act on it as the identity. We choose a basis for
Lo(X), say g1, .- Gks Gk+1s - - - » m» Where gi1,..., g are constant on all of the connected components
of G and gj41,...,gm are perpendicular to g1, ..., g, with respect to (-,-),,. Then we have that Tg; =
Ti_¢pgi fori =1,... k. Also, the space Span(gx+1, - -, 9gm) is invariant under both T and Ty_¢ ,,, and
by Lemma all eigenvalues of T are at most 1 — s3¢ for some s(m, a) > 0 (as the probability of each
transition is at least {/3), and all eigenvalues of T'_.¢g , are at least 1 — cC{B3 > 1 — sB€. Thus, for every
g € Span(gr+1,---,9m) we have that (g, Tg) < (g, T1_c¢,,9), and it follows that this inequality holds for
every g: ©. — C.

For multi-variate functions, writing V' = Span(g1,...,gx) and V' = Span(gx+1,--.,gm), We may
decompose

Ly(S; 4®™) = @ g Span(VES @ V7eI\S)

and thus write any g: X" — Cas g = 5 ¢ggg where gg € Span(V®5 @ V/®["\5) has 2-norm equal to 1.
S

A Computation for T. For T we now get that:

(9, T%"g) = " les* (95, T gs) <D _ lesl lgsll2I T g5 <> (1 = 58" 5 jes[* [lgsll3.
S S S

In the last inequality, we used the fact that | T®"gg|| < (1 — s8¢)"15lc2||gs||2, which may be observed

as follows. Further decomposing V' and V"’ into eigenspaces of T, we may write gs = . c,v, where
a€Ag
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Ve € VO @ V@IS are orthogonal unit vectors. Moreover, v, is an eigenvector of T with eigenvalue
0 < Ag < (1 —5B€)2=18D and so

1T gsl3 = 7 P A2 < Y |d]? (1= 5827150 = (1 — s8¢)> 15D g 3.

a€Ag a€Ag

A Computation for T'. Similarly, for T;_ uon, we further decompose V' and V' into eigenspaces of

Tl_é‘,u@)n and write gg = . ¢, v, where the v, € V@S g V@S g are orthogonal, have 2-norm equal
a€Ag

to 1 and are each tensor of eigenvectors of Ty _¢ ;. Thus, T)_¢ ,env, = AaVq for Ay > (1 — cC’ﬁﬁ)”"S|
and so

(9. Ti—guong) = Y _ les (g9, Ti_g pongs) = Y les|” cahallvall3

S S,acAg
_ 2
> es (1= cCB) Y4,
S a€Ag
which is at least %(1 — sB6)"151c2|gs||2 = (g, T®"g), as required. O

2.5.3 Comparing Two Markov Chains

The next lemma is tailored to handle the following case. Suppose that T and T are two Markov chains on 2
that both have p as stationary distribution, and whose corresponding averaging operators T, T': Lo(X, u) —
Lo(X, ) are both positive semi-definite. Intuitively, if the Markov chain T is richer than T”, then the averag-
ing operator T does more averaging than T'. Hence, if we know that for some function f: (X", u®") — C
of 2-norm equal to 1 it holds that || T/®" f||5 is small, then || T®" f||2 should also be small. More formally:

Lemma 2.9. For allm € Nand o, > 0 there is s > 0 such that the following holds. Suppose that
is a distribution over X in which the probability of each atom is at least « and |X| < m, and let T, T' be
reversible Markov chains on Y with p as stationary distribution. Further suppose that there is § > 0 such
that the following holds:

1. Forallx € X, Pryr, [v' =2] 21— and Pryropi [/ = 2] > 1 - 4.
2. Forany distinct x,y € X such that T'(x,y) > 0 it holds that T(x,y) > 0.
3. The probability of each transition in T, T' is at least [30.

Then for all f: (X", u®") — C of 2-norm at most 1 it holds that
1T flle < 1T £1l3-

Proof. Suppose for simplicity of notation that |X| = m. Let C; U ... U C} be a partition of ¥ into the
connected components of T, and let V' C Lo (X)) be the sub-space of functions that are constant on each Cj;
we take V' = V', so that Lo(3", u®") = Dscpn Span(Vs) where Vs = V@S g yreli\S,

We note that as T is self adjoint (by revers?bility) and V is an invariant space of T, it follows that V"’

is also an invariant space of T. We thus write f = > cgfg where fs € Span(Vyg) has 2-norm equal to
SC[n]
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1, and get that T fg is also in Span(Vs). Similarly, T/ fg is in Span(Vys), as T/ preserves V' and as each
connected component of T' is contained in a connected component of T. Thus, we get that

2 2
1T FII3 = les® T fs13, 1T FI5 =Y les” T f5113.
S S

We now argue that [|T" fs 3 < (1 — c(a, 8,m)8)215D and | T f||3 > (1 — C(a, B,m)d)2n=15
where ¢, C' > 0. Indeed, for the first inequality we further decompose V' and V" into eigenspaces of T (as
in Lemma and proceed with the same computation as there; we use Lemma to upper bound the
eigenvalues of T. For the second inequality, we decompose V' and V"’ into eigenspaces of T’, and proceed
with the same computation as there; we use Lemma to lower bound the eigenvalues of T’. Thus, we
conclude that there is a constant A(c, 3, m) such that

T fIE <D lesl® (1= ela, B,m)8)* =150, fI3 >3 Tes]® (1= efa, 8,m)8)*4 15D,
S S

By Holder’s inequality, we get that || T®" f||34 can be upper bounded as

A A
(Z les|® (1~ C(O‘>5am)5)2(n_5)) ) (Z les[XATDA L eg YA (1 = o(e, B, m)5)2(n—5)>
S s
A1

< (Z ’052> Z ‘CS|2 (1 _ C(CM, 6,m)5)2A(n7|S\)
S S
2(A-1 n

< A ITen p1i3,

where we used Parseval. As || f||2 < 1, taking 2A-th root finishes the proof. O

3 On the Master Embedding, Path Trick, and Their Interaction

In this section, we present master embeddings as well as the path trick from [4}|5], and prove some properties
of them that will be crucial to us. The path trick is an idea which was used in previous works in this series,
and for multiple reasons. In [4] it was used to enrich the distribution y so as to gain pairwise independence,
and in [5] it was used to gain a more limited form of pairwise independence as well as for overcoming a
certain technical challenge referred to as the “Horn-SAT obstruction” thereinE] One important property of
the path trick used in both of these works, is that if a distribution p does not admit Abelian embeddings,
then applying the path trick on it results in a distribution that also does not admit Abelian embeddings

In the current work, however, we have to deal with distribution admitting Abelian embeddings, and thus
we have to dig deeper. In particular, we have to study the interaction between the path trick and Abelian
embeddings of i, which is the primary topic of this section. To do that, we first define the master embedding,
which is an embedding of p that “encapsules” within it all Abelian embeddings on p. We then show two
properties of the path trick and master embeddings:

1. The Master is Preserved Under Path Tricks. We show that the path trick never “introduces” new
Abelian embeddings. By that, we mean that from any Abelian embedding of the original distribution

2This obstruction will also appear in the present work and here too we will make an essential use of the path trick to resolve it;
this will be the topic of discussion in Section@
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W one can construct an Abelian embedding of distribution after the path trick, and furthermore (and
this is the important part) there are no other Abelian embeddings. This means that the a master em-
bedding for ; remains a master embedding for the distribution after the path trick (after an appropriate
transformation).

2. The Master is Saturated after Path Tricks. For reasons that were discussed in the introduction and
will be further discussed below, it is desirable for us that the image of our master embeddings will be
a whole group. A-priori, there is no reason this will be the case, and indeed it is most often not. We
show that, by applying the path trick in a certain way, we are able to enrich the predicate so that the
image of the master embeddings become complete Abelian groups.

3.1 Defining the Master Embedding

Let X, I', and ® be finite alphabets and let 1 be a distribution over ¥ x I' x ®. In this section, we wish
to show that there is a single Abelian group and a single embedding of w that within it “encapsulates” all
Abelian embeddings of y, which we often refer to as a master embedding of .

To start getting some intuition, note that every Abelian embedding of x given by o: ¥ — (H,+),
~v: ' — (H,+) and ¢p: ® — (H,+), where (H,+) is a finite Abelian group can be thought about as
partitions of each one of the alphabets >, I' and ®, and labeling each part of each partition by a group
element. Thus, as the number of these partitions is a finite number depending only on the alphabet sizes, it
makes sense that we would not need to look into too large of groups to find proper labelings of that partition
by group elements so as to get an Abelian embedding (if such one exists). This requires some care, and
towards this end we define the notion of equivalent embeddings.

Definition 3.1. Ler p be a distribution over ¥ x I' X ®. We say an embedding o: ¥ — (G, +), v: I' —
(G,+) and ¢: ® — (G,+) is a linear reduction of o': ¥ — (H,+), v: T — (H,+) and ¢': & —
(H,+) if G is a subgroup of H, and there are injective linear maps my, mo, ms: G — H, such that
o'(x) =mai(o(x)), ' (y) = ma(y(y)) and ¢/ (z) = m3(¢(2)).

As a concrete example for the notion of linear refinements, we note that if o, v and ¢ form an embedding
of i into (Zyp, +), then po, py and p¢ form an embedding of 1 into (Z,2, +). In essence though, these two
embeddings are “the same”, thus to encapsulate all of the Abelian embeddings of p it suffices to only take
into account one of them. Indeed, one can observe that (o, ~, ¢) is a linear reduction of (po, py, po).

Below, we consider a distribution y that does not admit non-trivial Abelian embeddings into (Z, +) and
gradually construct a master embedding of it. Towards this end, we consider the basic building block of all
Abelian groups, namely cyclic groups, and show that modulo equivalences, ¢ can admit only O,, (1) many
Abelian embeddings, where m is an upper bound on the alphabet sizes.

3.1.1 Embeddings into Cyclic Groups

We start by showing that if 12 does not admit any (Z, +) embedding, then  cannot have Abelian embedding
into arbitrarily large Abelian groups of prime order.

Lemma 3.2. Let m € N, and suppose that 3, I and ® are finite alphabets of size at most m. Then there
exists v € N, such that for any distribution y over ¥ x I X ®, if i does not admit an Abelian embedding
into (Z,+), then (1 does not admit any Abelian embedding to (Fp,,+) for p > r.

29



Proof. Write ¥ = {z1,...,Zm, }, ' = {y1,...,Ym,} and & = {z1,..., 2, }, and associate with each
symbol X a variable V;, and similarly for symbols in I" and ®. We will think of these variables as repre-
senting the values of an embedding of 4, and so the conditions that they form an embedding can be written
as the system of linear equations V,, + V, + V., = 0 for all (z,y, 2) € supp(u). Thus, the fact that there are
no embedding of p into (Z, +) is equivalent to the fact that over integers, the only solution to this system
of equations are trivial constant (say, assigning all z-variables the value 17, all y-variables the value —6,
and all z-variables the value —11). We pick some (z*, y*, 2*) € supp(p) and assign Vy+, Vy» and V. the
value 0, each solution of the original system corresponds (over any Abelian group) corresponds to a shift of
a solution of the new system. Thus, the new system only has the trivial all 0 solution over (Z, +).

We write this system in matrix form as MV = 0, and bring it to diagonal form without performing
divisions. Namely, each time we pick a unpivoted equation from our system, then a variable from it, say V.
We multiply all equations by appropriate constants so that the coefficients of V; in each equation is the same
(or 0 if V; doesn’t appear in that equation), then subtract the chosen equation from all equations in which V;
appears, and then declare the equation as pivoted. In the end of the process, we will end up with a system
of equations of the form ¢;V; = 0 for ¢; € Z, where all ¢; are bounded by a universal constant C'(m) (as the
coefficients grow by at most a constant factor depending only on m in each step, and the number of steps is
at most m3). We write this system as M’V = 0, and now the fact that there are no solutions over Z means
that the rank of M’ is full, namely 3m.

Thus, for primes p > C(m), we note that an [}, solution of the system is also a solution over integers.
Indeed, for the equation ¢;V; = 0 (mod p) to hold for V; € F,, it must be the case that either V; = 0, or
else ¢; must be divisible by p. It follows that there are no non-trivial embeddings over (IF,,, +). U

Next, we discuss Abelian embeddings into cyclic groups of prime power order. Here, the situation is
slightly trickier, as if 4 has an embedding into (I, +), then by multiplying it by p*~1 one automatically
gets an embedding into (Z,x, +). In the following lemma, we show that there is kg = ko(1m) € N such that
to “exhaust” all embeddings into groups of the form (Zpk, +), it suffices to consider k£ < ko, in the sense
that an embedding into (Z,, +) for k > ky is equivalent to an embedding into (Z,x,, +).

Lemma 3.3. Let m € N, and suppose that 3, I" and ® are finite alphabets of size at most m. Then there
exists po € N and ko € N, such that for any distribution p over ¥ x I' x ® that doesn’t admit any (7, +)
embedding, if u has a non-trivial Abelian embedding (0, ¢) into (Z,, +), thenp < po and there is k' < k
and an Abelian embedding (o',~',¢') into (Z,w, +), such that (o’,+', ¢} is a linear reduction of (c,, $).

Proof. We write a system of linear equations and bring it to a diagonal form as in the proof of Lemma3.2]
and let C(m) € N be an upper bound on the size of all of the coefficients there. We prove the statement for
po = C(m) and ko = [log C(m)]. If k < ko we are done, so assume otherwise.

By applying appropriate affine shift, we can assume that o(z*) = v(y*) = ¢(z*) = 0. Then the fact
that p < po for some py = O,,(1) follows from the argument in Lemma and we next argue about k.
Consider an equation ¢;V; = 0 (mod pk) therein, and assume that £ > k’. Then pk cannot divide ¢;, so we
may write ¢; = p%c; where a; < ko and ¢} is relatively prime to p. This means that V; = 0 (mod p¥~%:),
and so p divides V;. This means that all values of o,~, ¢ are divisible by pF~F0_ hence we may look at
o = o/pFTFo, 4 = ~/pF~F0 and ¢/ = ¢/pF*0 and get that (¢/,+, ¢’) form an embedding of ;. into
(Zpko s +), as required. O
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3.1.2 Finding Small Equivalent Embeddings on Finite Abelian Groups

With Lemmas [3.2][3.3]in hand, we can now address general Abelian embeddings, and show that any Abelian
embedding is equivalent to an Abelian embedding into a group of bounded size.

Lemma 3.4. For all m € N there is r such that for alphabets ¥, ', ® of size at most m, if i is a distribution
over ¥ x I' X ® that does not admit non-trivial Abelian embeddings over (7, +), and (0,7, ¢) is an Abelian
embedding of i, then there is an Abelian embedding (c',~', ¢') into a group of size at most r which is a
linear reduction of (o,~, @).

Proof. Let o, v and ¢ be an Abelian embedding of 1 into an Abelian group (H, +). By the fundamental
theorem of finite Abelian groups there are primes py, . . ., pr and integers r1, ..., 7 > 1 such that

k
H = H Zp:i ,
=1

and with this identification we can write 0: ¥ — H aso = (01, ...,0;) where g;: ¥ — Z,r:, and similarly
write v = (71, ...,7) and ¢ = (¢1,. .., ¢r). We assume each (o;, i, ¢;) is non-trivial, otherwise we may
drop it altogether.
Note that each (o}, i, ¢;) forms a cyclic Abelian embedding of 1, so by Lemmais follows that p; <
O (1) for all i. By Lemma[3.3|we get that (0, s, ¢;) is equivalent to an Abelian embedding (07,7}, ¢;) into
Z .1 for ri < O (1). Thus (0,7, ¢) is equivalent to (¢/,7', ¢') where o’ = (07, ...,0%),7 = (71, .-, )
p;
and ¢ = (¢},...,9}). Now, (¢/,7',¢) is an embedding of p into H" = [[ Z ,,. In other words, we
i<k Pi
managed to reduce each p;’ to pj that is bounded and get an equivalent embedding, and to simplify notation
we drop the primes and assume the embeddings o, ¢ and ¢ as well as H are of this form to begin with.
Next, we clean up redundancies. We say a coordinate ¢ is X-redundant if the partition of ¥ induced by
o = (o1,...,0) is the same as the partition induced by 0_; = (01,...,0i_1,0i+1,...,0k); similarly we
define the notions of I'-redundant and ®-redundant coordinates. Note that if 7 is >-redundant, I'-redundant
and ®-redundant, then (o, 7, ¢) is equivalent to (o_;,y—;, ¢—;). Also note that there are at most |X| non X-
redundant coordinates, as well as at most |I"| non I'-redundant coordinates and at most |®| non ®-redundant

coordinates. Thus, we can eliminate all but at most &’ = |X| 4 |T'| + |®| of the coordinates using this
process, and thus get an embedding into a group of size at most Om(l)k/, which is a size depending only on
the alphabet size, as required. O

3.1.3 The Master Embedding

In this section we formally define the notion of master embeddings, which is crucial for our arguments. We
begin by formally defining the notion of master embeddings.

Definition 3.5. Let X, T and ® be finite alphabets, let j be a distribution over ¥ x I' X ®, let (H,+) =
[1;_,(H;,+) be an Abelian group and leto: ¥ — H,v: I’ — H and ¢: ® — H be an Abelian embedding
of u. We say that (0,7, ¢) is a master embedding if any Abelian embedding (c',~', ¢') of  there is an
i€ {1,...,s}, such that (o;,7;, ;) is a linear refinement of (o',~', ¢').

Using Lemma [3.4] we can construct a master embedding for 1 as follows. Choose r as in the lemma
therein and consider all embeddings (o, i, ¢;) of p into Abelian groups of size at most r fori = 1,...,s;
and note that r and s are some finite numbers depending only on the alphabet sizes. We can thus define the
master embedding as follows:
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Definition 3.6. For all finite alphabets 3, I" and ® take r € N from Lemma and k to be the num-
ber of Abelian groups of size at most r. For a distribution | over % X I' X ®, there are at most k
Abelian embeddings of u into Abelian groups of size at most r, and letting (01,71, 1), - -, (0s, Vs, Ps)
into (Hy,+),...,(Hs,+) be an enumeration of all of these embeddings, we define the embedding

Omaster (T) = (01(2), ..., 05(2)), Ymaster(¥) = (V1(Y), -+, V5(¥)), Pmaster(2) = (01(2), .-, ¢s(2)),

S
into (H,+) = (][ H;,+).
i=1
In the following lemma, we prove that (T master; Ymaster, Pmaster ) 1S @ master embedding of ;2. We remark
though that it is not necessarily unique.

Lemma 3.7. We have that (0 master, Ymaster, @Pmaster) IS @ master embedding of .

Proof. By Lemma for any Abelian embedding (o, 7, ¢) of u there is an Abelian embedding (o’,7/, @)
into an Abelian group of size at most r such that (¢’,~', ¢') is a linear refinement of (c, 7, ¢), and the result
follows from the definition of (0 master, Ymaster; @Pmaster) (as it includes all such embeddings). d

For technical reasons, it will be convenient for us to assume that for each (o, v;, ¢;) in the definition of
the master embedding, we have that O is in the image of each one of them; this can easily be arranged by a
proper affine shift. We assume henceforth that all Abelian embeddings we are dealing with have 0 in their
image.

3.2 The Path Trick

In this section, we formally define the path trick from [4} 5], and recall some basic properties of it from these
works. We then begin discussing the interactions between the path trick and Abelian embeddings, and prove
that, in a sense, the path trick preserves the structure of Abelian embeddings.

3.2.1 The Definition of the Path Trick Distribution

Suppose X, I and & are finite alphabets, and g is a distribution over > x I' x ®. Below, we think of
(x,y,z) ~ p. The path trick of length ¢ = 2! — 1 with respect to x is a distribution gy over ¥’ x T' x ®
where ¥/ C Y, and there are several equivalent ways of defining it. Below we present the two ways we
use: one of them will be more intuitive to think about (namely, the path definition), whereas the other one
will be more convenient to work with when we apply Cauchy-Schwarz.

The Path Definition. For the path definition, consider the bipartite graph G = (I' U ®, F') wherein the
edges of the graph are between (y, z) for which there is an z € 3 such that (z,y, z) € supp(u). The edges
of the graph are labeled by the z that produced them, as well as weighted according to the distribution y;
we allow for parallel edges.

With this in mind, a sample from the path trick distribution p, is generated as follows: sample a starting
point yy ~ i, and then proceed by taking a random walk of length /, collecting all the labels = on edges
encountered during this walk. Thus, in the end one has the labels x, ¥ = (z1, ..., z,) of edges encountered,
the starting point of the walk y € I', and the endpoint of the walk z € ®. The output of the process is

(Z,y, 2).
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The Inductive Definition. For the inductive definition it is more convenient to define it for £’s that are
power of 2 rather than powers of 2 minus 1. We define v as the following distribution over ¥/ x I x @
where ¥/ C X2, TV C T2

1. Sample z ~ p,.
2. Sample (21,1, 21) and (2, y2, 22) according to u conditioned on z; = z and z3 = .
3. Output (z1,x2), (y1,y2) and z.

Note that the path y; — 2z — yo with the labels x; and x5 corresponds to a path as sampled in the previous
definition (of length 2). Once 1, has been defined, we define 1o as:

1. Sample y ~ puy,.

2. Sample (z1,...,2¢), (y1,...,y¢) and (21, ..., z¢—1) according to v, conditioned on y; = y.

3. Independently sample (x,...,x}), (y},...,y;) and (2{,...,2;,_;) according to v, conditioned on
y1=1y.

4. Output (xg, xp—1,...,21, 2,25, ..., 2y), (Yo - - Y1, Y, Yy -, Yp) and (ze—1, ..., 21,20, .., 2p_ ).

In words, we sample y ~ ., take two independent walks of length ¢ starting from it, and then concatenate
them. The distribution jiy is naturally derived from the distribution v, by just picking the end-points of the
y and z, which in the notations above are y, and z,_,.

The following lemma from [5] shows that the two ways of describing the path trick distribution are
equivalent. For the sake of completeness we give a sketch of the proof.

Lemma 3.8. For all { = 2t — 1, it holds that [ip = 1.

Proof. 'We prove by induction that the distribution fi, is over (Z,y, z) wherein y ~ p,,, and conditioned on
that ¥ and z are a result of a random walk as in the path definition. Indeed, for £ = 1 and ¢ = 2 this is clear
by inspection.

Assume the statement for ¢ and prove for 2¢; note that the process above may be thought of as first
sampling a midpoint ¥, generate from it two paths of length ¢ independently, concatenate them and then
chop off the final step in the path (so as that one ends up in the ®-part as opposed to the I'-part). Note that
for every length ¢, the distribution over paths from I' to I" of length ¢ is invariant under path reversals, and
that the distribution over paths of length 1 + r5 is the concatenation of a distribution of a path of length r;
with a path of length 3 conditioned on the endpoint of the first path being the starting point of the second
path. Thus, the distribution we end up with can be viewed as reverse(p; ) o pa where p1, p2 are path of length
¢ from I" to I conditioned on them starting at the first point. Thus, the distribution of reverse(p; ) and py are
of length ¢ conditioned on po starting where reverse(p;) ended. O

3.2.2 The Path Trick Distribution and 3-wise Correlations

One important feature of the path trick distribution that was already explored in [4, |5]] is that it allows one
to reduce upper bound powers of the 3-wise correlations as in Theorem with respect to p by 3-wise
correlations with respect to jp. Below is a formal statement.
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Lemma 3.9. Forallt > 0, and all 1-bounded functions f: ¥™ — C, g: I — Cand h: ®" — C we have

that ot
<| E [F@gyh'(2)]],

(f:y’z)N/‘LQt

E [f(@)g(y)h(2)]

(x9y7Z)N“

2t-1-1
where P(@) = f(oy—1) T (020 f(on) and W(2) = Bparyyo | T

z’:z].

Proof. First, we note that

2 2

= E R )]| <[PIBIRIE < K] =

E [f(x)g)h(2)]],

T,Y,2)

E  [f(x)g(y)h(z)]

(ZE,y,Z)N}L

which proves the statement for ¢ = 1, in which case the function F'is just f. We now proceed by a sequence
of Cauchy-Schwarz inequalities. To illustrate, note that

2 2
= |E [ (Z)E 4y sy [ F(@)9(y) | 2 = 2]

Z/

E [f(x)g(y)H (2)]

(z,y,2)~p

< R [fanf@)ge)|.

(w1,22),(y1,y2),2~vv2

Thus,

4

< B @)t

(z1,22),(y1,y2),2~v2

E [f(2)g(y)h(2)]

(zy,2)~p

= [g E(a:l ©2),(y1,y2),2~v2 [f(xl)f(x2)g(y1) ‘ v2 = yéHQ

yQNMy
2
s E UE(JCI x2),(y1,Y2),2~v2 [f(xl) (72)g(y1) ‘112 = yé” ]
Yo~ iy
= B |Flem,wsa)n)90m)].
T, yr~v.

and inductively we get that

<_E I[F/(f)g(yl)g(y?—l-&-l)]

ot— 1
where /(%) = H f(w2j-1)f(22;) is given as in the statement of the lemma. To finish the proof, note that

E, [ F@ansted] = B [F@0w0Bees [Tgl) |20
Z,Y,2~Vot Z,Y,Z~
= E [F@)gy)h'(z2-1)],
I:y7zN/‘L2t
where in the last transition we used the definition of A'. O
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Some remarks regarding Lemma that are essential to make an effective use of it, are in order.
Lemma [3.9] allows us to relate upper bound correlations with respect to ;o with correlations with respect
to g, but this comes at the expense of several complications:

1. The role of y and 2. Note that in the above lemma, the role played by the y and z function in the
premise are interchangeable, but this is not the case in the conclusion of the lemma. Namely, in the
above formulation we kept the y function to be the same but replaced the z-function from / to A'. It
is possible however, and this will be important for us, that we might as well have kept the i function
in place and changed the function g into a function g’ analogously to the above.

2. Applying the path-trick with respect to other directions. We could also apply the path trick with
respect to y (or z) instead of on x as in the above formulation, in which case one gets an analogous
statement to the above. It is always the case that the variable we apply the path trick on results in the
function on that variable becoming a more complicated “product version” of the previous function.
As for the other two functions, one of them stays put, whereas on the last one we have essentially no
control over and it may change altogether. As explained above, there is flexibility for us in the choice
of which function stays and on which we lose control over, and we will utilize this.

3. The relationship between f and F'. The function on z, f, becomes a more complicated function
F'. In our argument for the proof of Theorem we will make use of this lemma several times, and
on each invocation the z-function will get more and more complicated, until eventually we will reach
a distribution 1/ on which we will do a direct analysis. At that point, we will be able to conclude a
structural result on the z-function in that correlation, and from that deduce a structural result regarding
f. In that respect, it is important to keep in mind the relationship between the xz-functions; at each
invocation of the path trick we will either keep the x function the same (this is the role played by the
y-function in the formulation above), or else it will be a multiplication of the previous function on
several inputs that are correlated in some way.

3.2.3 The Structure of Embeddings after the Path Trick

In [4} 5] it is shown that if 4 does not admit an Abelian embedding, then the path trick distribution g, also
does not admit any Abelian embedding. In this section, we extend this connection by observing that, in
a sense, even in the presence of Abelian embeddings, the path trick distribution has the “same” Abelian
embeddings as the original distribution. More precisely:

Lemma 3.10. Let X, I' and © be finite alphabets, let 1 be a distribution over X X I' X ®, let £ € N be odd
and let iy be the path trick distribution applied on | with respect to x, which is a distribution over ¥’ x T x ®
where ¥ C XF Ifo: ¥ — (H,+),v: T — (H,+) and ¢: ® — (H,+) is an Abelian embedding of i, in
(H,+), then there exists an o’ : ¥ — (H,+) such that

1. (0',v,¢) form an embedding of pin (H,+).

2. Forall (z1,...,2¢) € ¥ we have that

4
o(xy,.. ., we) =Y (=1)7'0 ().

Jj=1
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Proof. Consider a sample (¥, ¢/, Z) as in vy; that is, we consider a sample according to 1, but record all the
y’s and z’s generated in the process, so that (x9;_1,y;, ;) and (225, Yj+1, 2;) are in supp(y) for all j.

Letv; € ¥! be the vector whose coordinates are all equal to zo;_1, and u; € ¢ be the vector whose
coordinates are all x9;. Note that as (vj,y;, 2;) € supp(u) (as there is a path from y; to z; of length £ that
just goes back and forth on the edge labeled by x2;_1) and (uj, yj+1,2;) € supp(pe) (for similar reasons),
it follows that

o(vy) +7(y;) +6(2) =0, o(uy) +7(yj+1) + &(2;) =0 (5)
for all j. Denote ¢/(z) = o(z,z,...,z), and note that (¢’,~, ¢) form an Abelian embedding of y into
(H,+). In the rest of the proof, we show that the formula in the second item of the statement holds. For
that, we look at (3)) for all j = 1,..., (¢ + 1)/2, multiply the left equations by 1 and the second one by —1

and add up to get that
)4

> (=171 () + o (y) + 0(2) =0,

j=1
where y = y; is the starting point of the walk and z = z(y1)/2 is the end point of the walk. We also have
that o(Z) + v(y) + ¢(z) = 0 as (o, 7, ¢) form an embedding of 1y, so we get that

l
o(@) =Y (-1) 10" (z),

7=1
finishing the proof. 0

Lemma 3.10]has a few important consequences. Later on in Section [T} we will use it in order to convert
structural results for F to structural results for f. E]For now though, we shall use Lemma in a different
way in order to achieve the “master embedding is saturated” property as explained earlier. Towards this end,
we introduce the following convenient notation.

Definition 3.11. For o: ¥ — (H, +), we define o**: ¥ — (H, +) by

)4
oy, we) =Y (1) o(x).

Jj=1

Often times, o will be part of some embedding of w, in which case it will be more natural to view the
domain of o as X/ C ©.¢ where ¥’ is the support of the first coordinate of /1.

3.3 Saturating the Master Embedding via the Path Trick

Recalling the definition of the master embedding from Definition[3.6] there is no reason that its image would
be the entire group (H, +) (and in fact, typically it would not be). The goal of this section is to use the path
trick to move from the distribution  to a related distribution y” such that the master embedding in z’ has as
image a group. We moreover assert that it “suffices” to prove Theorem |1.4{ for y//, in the sense that then we
would be able to deduce it for . For the sake of this section, we will focus on the first point — namely that
the master embeddings have full images, and ignore the second point for now; this last deduction is covered
in Section [Tl

3Indeed, the above formula suggests that if I is correlated with an embedding function on s, then the embedding function can
be broken to a product function over the x;’s just the same way as F' can be, and one thus expects to be able to argue that f itself is
correlated with an embedding function.
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3.3.1 The Evolution of the Master Embeddings under Path Tricks

The following lemma explains the way the master embeddings of a distribution evolve after an application
of the path trick.

Lemma 3.12. Let X, I' and ® be finite alphabets, let 1 be a distribution over % x I' X ®, let { € N be
odd and let g be the path trick distribution applied on p with respect to x, which is a distribution over
¥ x T x ® where ¥ C %°.

If Ormasters Ymaster, Pmaster IS a master embedding with respect to u, then Uﬁfaster, Ymaster» Pmaster IS d
master embedding for L.

Proof. Let (0,7, ¢') be an Abelian embedding of ;. By Lemma we can find an embedding (¢, v/, ¢')
of ;1 where o’ = ¢ on the domain of ¢’. By Lemma there is an ¢ such that (Omaster.i, Ymaster,is @master,i)

is a linear refinement of (¢”,4’, ¢’), and it follows that (aﬁfaster’i, Vmaster,i> Pmaster,i) 18 a linear refinement

of (6"%,~',¢') = (0,7, ¢'), as required. O

In words, Lemma [3.12] says that once we have a master embedding for a distribution and we apply the
natural operations on it, then it is also a master embedding for u,. Hence, we are not losing anything with
respect to the master embedding while performing path tricks.

3.3.2 The Path Trick Preserves Pairwise Connectedness

The following simple lemma shows that path tricks also preserve pairwise connectedness, and in fact im-
prove pairwise connectedness with respect to 2 of the coordinates.

Lemma 3.13. Let 3, I' and ® be finite alphabets, let 1 be a distribution over > X I' X ®, let { € N be
odd and let 1y be the path trick distribution applied on n with respect to x, which is a distribution over
Y x T x ® where ¥ C XX

If p is pairwise connected, then py is pairwise connected. Furthermore, for large enough { depending
only on the alphabet sizes, the graph between I' and ® becomes complete.

Proof. First, note that for every x € ¥ and y € T such that there is z € ® for which (z,y, 2z) is in the
support of 1, it holds that (Z, y, z) is in the support of yy, where & = (z, ..., x). Thus, by connectedness of
it follows that there is a path between any Z and y € I in the graph of 1, and as any 2’ € Y’ is connected
to some y € T, it follows that the X/, " graph in p is connected. Analogously, we have that the Y/, ® graph
is also connected.

As for the I', ® graph, note that it is connected in u, hence there is an odd number w such that between
any y € I' and 2 € ® there is a path of length at most w (of odd length). Note that in that case there will
also be a path of length exactly w (as one can always do steps that go from z to some neighbour of it and
back), hence we get that for £ = w the graph between I' and ® in py is complete. 0

3.3.3 The Path Trick Helps in Saturating the Master Embeddings

It is easy to observe that if £ is odd, then the image of o# always contains the image of o (by considering
inputs of the form (z, ..., x)). Additionally, the image of the other two components remains the same (and
in particular does not shrink). In light of the formula in Definition (3.11] intuition suggests that as long as the
image of ¢ is not a subgroup, the image of o# would have to be larger (as we are considering signed sums).
In this context, once the image becomes a sub-group it can never further increase. A natural hypothesis
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therefore would be that by applying enough path tricks, the image of o would eventually have to become a
sub-group, in which point we will refer to o as saturated.

Strictly speaking, this does not have to be the case if one applies the path trick in the naive way. Never-
theless, if one is willing to apply alternating path tricks on all coordinates, then eventually o does become
saturated. To show that, we first establish the following lemma, asserting that if the image of ¢ is not a
sub-group, then one may enlarge it by applying the path trick 3 times:

Lemma 3.14. Let 3, I" and ® be finite alphabets, let |1 be a pairwise connected distribution over % X I' X ®.
Then there are constants (1,05 and {3 = 3 depending only on the alphabet sizes such that if (o,7, ) is a
master embedding for p into (H,+), wherein each one of Image(c), Image(y), Image(¢) contains 0, then
the following holds. Consider the distributions:

1. ! which is the result of the application of the path trick on p with respect to z of length {1, producing
the master embedding (o',~', ¢') = (0,7, p*1).

2.y which is the result of the application of the path trick on i’ with respect to y of length {5, producing
the master embedding (o",~", ¢") = (0!, 72, ¢').

3. w"” which is a result of the application of the path trick on ;" with respect to x of length {3, producing
the master embedding (o™, ~", ¢'") = (c"3, 4", ¢").

then if Image(o) is not a subgroup of H, then Image(c) C Image(c”’). Furthermore, the support of 11" on
its first coordinate (namely, its x-coordinate) is full, that is, s,

Proof. Assume that Image(o) is not a subgroup of H; then it is not closed under addition, so there are
x1, 2 € Ysuch that o(x1) + o (z2) & Image(o). We will show that after we choose ¢ and {2 appropriately
large, we could take /3 = 3 and get that the support on X3 is full, hence taking x1, 22 and some z* € X for
which o(z*) = 0, we would get that 0"/ (21, 2*, 22) = o(x1) — o(a*) + o(z2) is in Image(c”’) and not in
Image(o).

Denote the alphabets in question as: p’ is a distribution over ¥ x I' x &', 1" is a distribution over
¥ x I x ® and y” is a distribution over ¥’ x I x ®'. By Lemma|[3.13] we may take ¢ large enough so
that the support of i/ on ¥ x I is full, and fixing ¢; we may choose /5 large enough so that the support of
w1 on ¥ x @ is full. We then pick /3 = 3.

We show that any (z, 2/, 2") € 3 is in /. Pick some y € T and look at i € T'*2 which has all of its
coordinates equal to y, and note that it is in I'". Since the support of p/ on ¥ x T is full, we get that there
are some 2,2 € ® such that (x,y, 2) and (2, y, Z’) are in the support of p’. Tt follows that (x, 7/, Z) and
(2', 9, Z') are both in the support of 1", so in the graph of 1" we get a path from Z'to 7/ to 2’ labeled by x, x’.
As the support of X x &' in y” is full, we may continue this path by an edge labeled by z” to get to some
. Overall, we get a path from Z'to ¢/ to 2’ to ¢/’ labeled by x, 2’, ", and this path means that (z, 2/, 2") is
in the support of p'”. O

Using Lemma iteratively, as long as our master embeddings do not have images which are sub-
groups, we may enlarge them via consecutive applications of the path trick (while keeping all of the proper-
ties assumed for our original distribution, such as probability of atoms being (1), pairwise connectedness
and so on). It will be important for us to do this is in a more careful manner, and maintain the fact that the
alphabet of = is X7 for some 7" € N. With respect to that, iterating Lemma directly gives saturation
with respect to the embedding of z:
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Lemma 3.15. Let 3, I" and ® be finite alphabets, let 1, be a pairwise connected distribution over ¥ X I' X ®.
Then there are constants T and ¢ depending only on the alphabet sizes such that if (0,7, ¢) is a master
embedding for v into (H, +), wherein each one of Image (o), Image(~y), Image(¢) contains 0, then repeating
the process in Lemma[3.14 T times one gets a distribution 1/ over ¥’ x I x ®' times where

1. Y =%¢

2. Letting (o’,+',7') be the induced master embedding of 1/, we have that Image(c”’) is a subgroup of
H.

Proof. As long as Image(o) is not a sub-group, applying the process in Lemma enlarges it, and the
new alphabet of x is a power of the older alphabet of x. Hence repeating the process 7' = |H| times gives
eventually 1/ on which ¢ is saturated. O

The next lemma is an analogous statement for y and z, and we show that the same procedure — applied
sufficiently many times — also works. The argument is a bit more subtle, as we cannot afford ourselves to
apply long path tricks on x; such operation may not preserve the fact that the alphabet of x would remain a
power of X. We remark that the role of y and z is symmetric, and thus while we formulate the statement in
terms of z (as well as in Lemma [3.14)), by flipping the roles of y and z one gets an analogous statement for
1y, which we shall also use.

Lemma 3.16. Let 3, I" and © be finite alphabets, let i be a pairwise connected distribution over 3 X I' X ®.
Then there are constants T, T and ¢ depending only on the alphabet sizes such that if (o,~, ¢) is a master
embedding for p into (H,+), wherein each one of Image(o), Image(), Image(¢) contains 0, then the
following holds. Consider the distributions:

1. Apply the transformation in Lemma T times to get a distribution p'. Let (o', 7/, ¢') be the induced
master embedding.

2. Apply the path trick on p' with respect to y for T times to get a distribution 1" .

3. Apply the path trick on ' with respect to z for 3 steps to get a distribution 1""'. Let (¢"",~", ¢'") be
the induced master embedding.

"

If Image(o) is not a subgroup of H, then Image(¢) C Image(¢”'). Furthermore, the support of 1" on its

first coordinate (namely, its z-coordinate) is full, that is, XX

Proof. Consider the transformation in Lemma [3.14} given a distribution p over ¥ x I' x @, it outputs a
distribution v over 23 x IV x ® where I' C T2 and ® C &% for some /o, /3 depending only on the
alphabet sizes. Let I'original € I'*2 and Doriginal O be copies of I and ® in v, namely

Foriginal :{(?J,,y) |y€F}7 (I)origina|:{(z7'”7z) ’26@}7

and note that I'original € I’ and Doriginal C ®’. Note that if there is a path of length at most 3 between y and
2z in p, then there is an edge between (y,...,y) and (z,...,2) in v. Indeed, if there was a path y to 2’ to
y' to z labeled by x1, xo, 23, then ((z1, 22, 23), (y,...,¥),(2,...,2)) would be in supp(v). Repeating this
transformation twice get that if there was a path from y to z of length at most 4, then we would have an edge
between (y,...,y) and (2, ..., z) in the new distribution.

Thus, as 4 is pairwise connected we can apply the transformation in Lemma([3.14]7" times, where 7" only
depends on the alphabet sizes, to get a distribution z/ whose alphabet on z is ©¢ for some ¢ and its support
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on I'griginal X Poriginal is full. Let (/, 7', ¢’) be the induced master embedding as in Definition We then
apply the path trick on p’ with respect to y for T” steps so that the support of the distribution over x and z is
full (thanks to Lemma [3.13)), and we think of 1"’ as a distribution over " x T x ®". We remark that the
support of x4 on Loriginal X Poriginal 1s still full (this is preserved under the last application of the path trick),
and also that ¥/ = 337

We now apply the path trick on p for length 3 on z to get the distribution p” over ¥ x T x @,
where X" = ¥ = %37 and we have an induced master embedding of 1/, denoted by (", 4", ¢") as
in Definition As in Lemma we have that Image(¢) C Image(¢”’), and we next argue that if
Image(¢) is not a sub-group, then this is a strict containment.

If Image(¢) is not a sub-group of H, then we may find z1, z3 € ® such that ¢(z1) + ¢(23) & Image(¢),
and we pick zo € @ such that ¢(z2) = 0. Below we show that ((z1,...,21), (22,...,22),(23,...,23))
is in the support of 1/ on ®"”’, and we now argue that this would give the strict containment. Indeed, by
Definition[3.11| we have that ¢”((z1, ..., 21), (22, ..., 22), (23, ..., 23)) is equal to

(21 21) = B (22, 22) + 8 (23, 28)

and as ¢'(z1,...,21) = ¢(21), ¢ (22,...,22) = ¢(22) = 0 and ¢'(z3,...,23) = ¢(z3), we get that
Image(¢”) C Image(¢) as desired.

To show that ((21,...,21),(22,-..,22),(23,...,23)) is in the support of " on ®", take any y € T" so
that since the support of 1" on the set T'riginal X Poriginal 18 full, we get that there are x1, 22 € X" such that
(1, (Y, -, y),(21,.-.,21)) and (22, (¥, ..., y), (22,...,22)) are in supp(x”). As in p” we have that the
support on X" x ®” is full, it follows that there is ¢ such that (x2, ¥/, (23, ..., 23)) is in supp(x”). We note
that now in i’/ we have a path from z; to (y, ..., y) to 23 to ¥, whose labels are (21, ...,21), (22,...,22)
and (zs,...,z3), and therefore ((z1,...,21),(22,...,22),(23,...,23)) is in the support of p/ on ®" as
required. O

We now combine Lemmas [3.15] [3.16]to get our overall transformation that saturates the master embed-
dings.

Lemma 3.17. Let 3, I' and ® be finite alphabets of size at most m, and let | be a pairwise connected
distribution in which the probability of each atom is at least o > 0, and let (0 master; Ymasters Pmaster) be a
master embedding for u into an Abelian group (H,+). Then, there are o/ = o/ (m,a) > 0, { = {(m) € N
and a distribution i’ over ¥’ x T x ® which results from p. by a sequence of applications of the path trick,
such that:

1. p is pairwise connected and the probability of each atom is at least /.

2. The number of applications of the path trick is at most some I' € N depending only on m. Further-
more, the new alphabet sizes ||, |T'| and |®’'| are bounded by some function of m.

>

3. There is a master embedding (0}, .sters Ymasters Pmaster) Of 1 into (H,+) such that:

(a) The image of each one of 0}, .cter» Vinaster @A Prmaster s H.

(b) This master embedding is given by a master embedding of p by the transformations described
in Definition [3.11|following the applications of the path trick.

/

(C) The support Of (U:naster (SU), IVrInaster(y)’ master(z)) where (SC, Y, Z) ~ :u/ isfullr namely it is

{(a,b,c) e H|a+b+c=0}.
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(d) The support of 1’ on the first coordinate is ¥! = %t

Proof. We proceed by an iterative process. Starting with the distribution y and a master embedding for it
into an Abelian group (H, +), so long as the image of one of the embedding’s component is not a sub-group,
we apply either Lemma 3.15]or Lemma[3.16]to enlarge it (while clearly not decreasing the size of the image
of the other two components), so eventually we get to a distribution ~ and master embeddings ¢/, 7/ and ¢’
such that Image(o’) = Hy, Image(y') = Hs and Image(¢’) = Hs where Hy, Hy and Hj are subgroups of
H. We then take the distribution 1/ which is a result of applying the path trick of v with respect to z for
T = T(m) € N times for sufficiently large 7T, so that by Lemma[3.13|the distribution of zi over the first two
coordinates is full. Let the alphabets of ¢/ be ¥/, T and ®'; then by Lemmas 3.15|[3.16| we see that ¥/ = %
for some ¢ = ¢(m) € N.

We now argue that H; = Hy = H;s. Letting the alphabets of p/ be ¥/, TV and @', note that by
Lemma we may apply the path trick on ' to get p” in which the support on ¥/ x I" is full, and
we argue that this means that H, + Ho C H3. Indeed, we could pick any hy € Hy, ho € Hy and find x € ¥’
and y € I such that 0}, e, () = —h1 and 7/, ,gter (y) = —ho, and thus find 2’ € ®” such that (z,y, ) is in
the support of i, so

_hl - h2 + (b;ﬁmster(_’) = O—:naster<x) + 7:T1aster(y) + (biaaster(_’) = 0

by definition of embeddings, so gb’,ﬁaster(é’) = hy + ha, hence hy + hy are in the image of ¢*(2), which is
the same as the image of ¢’ (as it is already a subgroup), so hy + ho € Hj.

Thus, Hy + Ho C Hs and analogously H; + Hs C Hj and He + Hs C Hi, and it follows that
Hy = Hy = Hs. Thus, we can view (0} .sters Ymasters Pmaster) @S an embedding into (Hq,+), so now it is
a master embedding satisfying the third bullet. The first two bullets are clear, as the number of path trick
applications is some constant depending only on the alphabet sizes (and the size of H, which also only
depends on the alphabet sizes of p). O

3.4 Conclusion of Section

Using Lemma [3.17) and Lemma together, one gets that an expectation as in over p can be upper
bounded by (some power bounded away from 0) of a similar looking expectation over g’ in which the
master embeddings are saturated; by applying a few more path tricks and using Lemma [3.13] we can also
ensure further connectedness properties of 1’ (which we will need in the future). Thus, we have gained
further important properties of our i, at the expense of:

1. The y-function and z-function may become completely different as a result of these operations (but
they remain bounded).

2. The z-function becomes more complicated. Indeed, our z-alphabet will be some ¥’ C ¢, and our
z-function will be given as

l
F(z,...ae) = [ ] filw),
=1

where each f; is either the function f or its complex conjugate f.

Thus, to prove Theorem [I.4] it suffices to (1) prove a version of that theorem under the additional assump-
tions we gained on y'; (2) prove that a structural result for F' as in Theorem |1.4|implies a similar structural
result for f. The majority of our effort will be to establish the first step: this part of the argument is contained
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in Sections [ [5] [6] 9] and The second step will be a relatively easy consequence: this part of the
argument is contained in Section [TT} Thus, we arrive at the following statement which is the same as the
statement of Theorem [I.4] except that we have additional assumptions on the distribution s

Theorem 3.18. Forallm € N, a > 0 and € > 0, there exists d € N and ' > 0 such that the following
holds. Suppose that p is a distribution over ¥ X I X ® such that:

1. The probability of each atom is at least c.
2. The size of each one of 3,1, ® is at most m.
3. supp(u) is pairwise connected.

4. There is a master embedding (0,7, @) of p into an Abelian group (H,+) which is saturated, and the
distribution of (o(x),v(y), ¢(2)) where (x,%y, z) ~ p has full support on {(a,b,c) € H® |a+b+c =

0}.
Then, if f: ¥ = C, g: I'™ — Cand h: ®" — C are 1-bounded functions such that

E [f(x)g@)h(2)]| 2 e,
(x7y7z)wiu‘®n
then there are 1-bounded functions u1, ..., un: ¥ — Cand a function L: 3" — C of degree at most d and

2-norm at most 1 such that

/
= €.

E [f(ﬂﬁ) - L(x) Huz‘(l’z‘)]

e i=1

Furthermore, there are x; € H such that for all i, u;(x;) = xi(c(2;)). Quantitatively, we have
1

d = poly,, o () and e’ = 9P, (),

3.5 Embeddings Into the Infinite Cyclic Group

So far we have discussed embeddings of a distribution into finite Abelian groups, however it also makes
sense to consider embeddings into infinite groups. Specifically, we will need to consider embeddings of
a distribution into the infinite cyclic group ([0,1), (mod 1)). Using approximation arguments (and more
specifically, Dirichlet’s Approximation Theorem), we show in the following lemma that any embedding of
a distribution into ([0, 1), (mod 1)) is equivalent to an embedding into a finite Abelian group, hence there
is nothing particularly special about them. For this, we first define the notion of equivalence.

Definition 3.19. Ler p be a distribution over ¥ X I' x ®, and let (0,7, ¢) and (o',~',¢') be Abelian
embeddings of p. We say (0,7, @) is equivalent to (o',7', ¢') if there are bijective maps my : Image(c) —
Image(c’), ma: Image(y) — Image(y’) and ms: Image(¢) — Image(¢’) such that o' (x) = mq(o(x)),
Y (y) = ma(y(y)) and ¢'(2) = m3(¢(2)) forallz € 5,y €T, z € .

Lemma 3.20. Let 3, I' and ® be finite alphabets and let . be a distribution over X xI'x ®. Ifo: ¥ — [0, 1),
v:I'—=[0,1)and ¢: ® — [0, 1) is an embedding of v into ([0,1),+ (mod 1)), then (o,7, ¢) is equivalent
to an Abelian embedding of u into a finite Abelian group.
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Proof. Consider the set of numbers S = Image(c) U Image(¢) U Image(y), let r = || + |®| + |I'| and
let N = N(r) € N to be determined. Then |S| < r, so by Dirichlet’s approximation theorem we may find

Pil < L et

integers p;, ¢ such that for each s; € S we have that |s; — NI/

a= min min ‘z +o(x) — O'(ZE/)‘ .
z,x'o(x)Fo(x!') 2€Z

We choose N = (2)", define o’ by o/ (z) = B (mod 1) if o(z) = s;, and similarly define ¢',+’
1. First, we show that o/, ~/, ¢’ is an embedding. Fix (z,y, 2) € supp(u); then we have

o' (x) + &' (y) +7'(2) = o(x) + ¢(y) +v(2) + A,

where |A| < N1/7 Noting that o(x) + ¢(y) + 7(z) is an integer (as it is 0 mod 1), it follows that
o'(z) + ¢'(y) + 7/(2) is very close to an integer, up to N1 7 < - On the other hand, by definition

of o/, ¢',+/, it is a number of the form P/q for some integer P, hence it can either be an integer or at
least % far from all integers. It follows that it is an integer, so o’ (x) + ¢'(y) + +/'(2) = 0 (mod 1).

2. Second, we argue that (o/,7/, ¢') is equivalent to (7,7, ¢). For that, we have to argue that o(x) #
o(2') if and only if o' (z) # o/(2'). If o(x) = o (') then it is clear that o’(z) = o’(2’) by definition.
If o(x) # o(2'), then by the definition of @ we get that o(x) — o(2’) is at least a-far from all integers,
and as |o(z) — o'(2')] < §, it follows that o’ (z) — o’(2’) is at least /3 far from all integers, and in
particular from 0, so o’ (x) # o' (2).

In conclusion, we get that (0,7, ¢) and (¢/,~', ¢'), and noting that, after multiplying by ¢, the latter is an
embedding into (Z,, +), the proof is concluded. O

4 Non-embedding Degrees and Partial Bases

In this section we make progress towards the proof of Theorem [3.18] and state Theorem {.13| which is a
related by weaker form. The proof of Theorem then spans Sections [6] ] and the derivation of
Theorem [3.18] from Theorem4.13]is done in Section [10]

4.1 A Motivating Case

Let 4 be a distribution over 32 x I' x ® as in Theorem [3.18] and let o, 7y, ¢ be a saturated master embedding
of w into (H,+). To motivate the discussion, below we begin by considering a motivating example in which
the master embeddings partition the alphabets into singletons.

Namely, suppose that for each h € H each one of 0= 1(h), v~ 1(h) and ¢~1(h) has size exactly 1. In
that case the master embeddings form an identification between our alphabets and the group H, hence what
we really have in our hands is 3 functions, f%: H" — C, g*: H® — C and hf: H" — C defined as

fﬁ(hlﬂ"'vhn) :f(oﬁl(hl)v"'voﬁl(hn»? (h17"' ) ( 71(h1) 771(}"71))7
WE(ha, e hg) = B(97 (B, 67 (hn).
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Thus, considering the distribution v over H? which is the distribution of (o (z), v(y), ¢(z)) where (x,y, 2) ~
u, we get that

E [f(@)g)h(z)]| = e.

(@,y,2)~p®m

P e ()]

('/'Eti ,yﬁ 7Zﬁ)NV®n

Thus, we have transformed our question into an equivalent question over Abelian groups. As p is pairwise
connected, v is also pairwise connected, and by definition of the master embedding it follows that its support
is contained in S = { (2%, 4%, 2%) € H? | 2 4 y* + 2% = 0}. Combining the pairwise connectedness and the
fact that the master embedding is saturated, it follows that the support of v is precisely S. Using other ideas
(based on random restrictions) we can ensure that the distribution v is actually uniform over .S, in which
case we have reduced the problem to a well-known Fourier analytic computation (which appears in many
places, such as Roth’s theorem [37, 29] as well as in theoretical computer science [7) 24]). In particular,

one can show that there is a Fourier character y € H™ such that ’ f%(x)| > e, and translating this back

into information about the function f one gets the conclusion of Theorem [3.18| with the low-degree part L
being the constant 1 function. We remark that even in this simplistic argument, the presence of the low-
degree function ultimately comes from the step in which we switched from the distribution v to the uniform
distribution over S. Nevertheless, we encourage the reader to ignore this point for now.

Our goal in this, and in the several subsequent sections will be to show that while in general, it need
not be the case that o, v and ¢ completely partition their respective alphabets, the only functions f, g and
h for which the expectation in Theorem may be have a special property. Specifically, we show that
such the function f “hardly distinguish” between two input symbols = and z’ that are mapped to the same
group element by the master embedding component ¢ (and similarly for g and h). Towards this end, in
this section we first define a partial basis for the set of functions composed of functions that only depend
on the values of the master embeddings, and then complete them to bases. We then define the notions
of “embedding degree” and “non-embedding degree”. These are notions that capture how well does our
function f distinguish between inputs that are mapped to the same group element by the master embedding.
With these notions, we show that f, g, h for which the expectation in Theorem [3.18]is large, must have small
non-embedding degree.

4.2 Setting Up a Partial Basis via Saturated Embeddings, and Non-embedding Degrees

Let y be a distribution over X x I" x ® as in Theorem[3.18]and let o, 7, ¢ be saturated master embeddings into
(H,+). In this section, we explain how to use these embeddings to define useful partial bases for the spaces
of functions we are dealing with, as well as how to define the notion the related notion of non-embedding
degree. For the sake of concreteness, we shall phrase everything in the language of functions of = and the
alphabet 3, however everything holds for the other two variables and alphabets as well.

Consider the space Lo (3, 11, ), and note that we may set up a partial basis for them using characters over
H and the master embeddings.

Definition 4.1. Given a finite set %, an Abelian group (H,+) and o: ¥ — H, for each x € H, we define
Xo: X = Cbyxo(x) = x(o(2)).

We note that in our setting, the set {XU}X <7 1s a linearly independent set. Indeed, to observe note that
as o is saturated, it is enough to show that there is a distribution D over ¥ in which x, is an orthonormal

set, and we consider a distribution D over ¥ such that o(x) is distributed uniformly in H when = ~ D (this
is clearly possible). In that case, for all x, x’ € H we have that (X, X5)p = (X, X') = 1y=y, as required.
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Definition 4.2. Given a finite set 3, an Abelian group (H,+) and 0: ¥ — H, we define Embed,(u) C
{f: ¥ —C} by

Embed, (1) = Span ({XJ |x € ﬁ}) .

Thus, in our setting we have Embed, (1) C La(X; 1), Embed, (1) C Lo(T'; py) and Embedy () C
Lo(®; 11). These spaces capture the space of embedding functions; an x function f is called an embedding
function if f(x) only depends on omaster ().

Claim 4.3. Suppose that i is a distribution over ¥ X I' X ® in which the master embeddings are saturated,
andlet f: X — C, g: I' = Cand h: ® — C be functions such that

f@) +9(y) +h(z) = 0
forall (z,y, z) € supp(u). Then f € Embed,(u).

Proof. Taking real and imaginary parts separately, it suffices to prove the statement for real valued functions.
Multiplying f, g, h by small enough constant, we may assume that | f(z)|, |g(y)|, |h(z)| < 1 forall z,y, z,
hence f, g, h form an embedding of y into ([—1,1),+ (mod 2)). By Lemma[3.20] it follows that there are
m1,mg, mg injectives such that f' = my(f), ¢ = ma(g) and A’ = mg(h) is an embedding of p into a
finite Abelian group. By the definition of the master embedding if follows that f’ is constant on each part
of the partition on ¥ induced by the master embedding, and so f'(x) = f'(2') if Cmaster(T) = Tmaster(¥’).
Since m; is injective, it follows that the same is true for f, and so f € Embed, (). O

The above motivating example is just the case that the 3 containments Embed, (1) C Lo(3; uy),
Embed, () € Lo(I'; pty) and Embedy(pr) C Lo(®; ) are in fact equalities. This need not be neces-
sarily the case for us, hence we may need to complete these sets to get all of Lo(X; ). More precisely, let
B; C Embed,, (1) be an orthonormal basis for Embed,, (1) (with respect to the inner product in Lo (X, 112 )).

We complete it to an orthonormal basis for La (X, 11,) by adding the set By C Lo (3; i5).

Definition 4.4. A monomial in Ly(X; 1u,) is one of the basis functions from By U By. A monomial in
n

Lo(X", u@™) is 1] w; where u; € By U By for all i.
i=1
Definition 4.5. The non-embedding degree of u, nedeg(u), is the number of i’s for which u; € Bo.

With these notions, we may write any f: X" — C as

flz) = > Fa) [T ui),
U=(u1,...,un)E(B1UB2)" =1
where f(ﬁ) = (f,u). Each monomial of f has its non-embedding degree, and we will want to define a
notion of non-embedding degree which captures the mass of f on low non-embedding degree monomials
and is convenient to work with, and towards this end we define the non-embedding noise stability of a
function.
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4.3 The Non-embedding Noise Stability of a Function

In this section, we define the notion of non-embedding stability, which will be a crucial tool for us to measure
the degree of a function with respect to “non-embedding functions”. We also state a few basic properties of
it that will be used later on in our arguments.

For a parameter {§ > 0 and a distribution D over 3, consider the Markov chain Tpon-embed,1—¢,D,4
on ¥ that on x € 3, with probability 1 — ¢ stays in x, and otherwise samples 2’ ~ D conditioned on
o(x’) = o(x). It will most often be the case for us that D = p,, however this operator depends on i as a
whole (as it depends on the master embedding of it), we chose to include both in the notations. There will
be some rare exceptions though, in which case we will make the notations explicit. Otherwise, to simplify
notations we will often drop D from the notation (with the understanding that it is just u;).

Observe that p, is a stationary distribution for Thon-emped,1—¢,,- Thus we can think of Thon-embed, 1—¢,4
as an operator acting on Lo (X; ) as

Tnon—embed,l—&,,uf(x) = E [f(x/)] .

m,NTnon-embed,lfﬁx
With this in mind, we may define the non-embedding stability of f as follows:
Definition 4.6. The non-embedding &-noise stability of f: (X"; D®™) — C is defined as

NEStab; ¢ ,,(f; D) = (f, T;%)Z—embed,l—g,D,uf>'

We note that the operator T pop-embed,1—¢,,. depends on the distribution y itself and not only on its marginal
on z, as it is defined using the master embedding of ; the same goes for the non-embedding noise stability of
a function. Nevertheless, and to simplify notations we will often omit ¢ from notations when it is clear, and
denote the operator by Tyon-embed,1—¢ and the corresponding notion of noise stability by NEStab;_¢( f; pud&m.

4.3.1 Diagonalizing the Non-embedding Stability Operator

The basis functions By, Bo defined earlier are eigenfunctions of the operator Top-embed,1—¢,» and the fol-
lowing fact gives us their eigenvalues:

Fact 4.7. Suppose that w: X" — C is a monomial of non-embedding degree equal to d. Then

® _ d
Tm)qli-embed,l—g,u - (1 - f) u.

Proof. It suffices to show that in the 1-dimensional case, foru € B1UBs, if u € By then Tyop-embed,1—¢,,U =
u, and if u € By then Thon-embed, 1—¢,,0 = (1 — &)u.

For u € Bj this is clear, since for every x € X and every 2’ € su pp(Tnon-embed,l—f,yx) it holds that
o(x) = o(2'), and so u(x) = u(z’).

Fix © € By and fix © € X. We have that

Tnon—embed,l—f,uu(x) = (1 - g)u($) + gEz’Nuz [U(l'l) }U(x) = U(x,)]'
Let s = o(z), and let p; = Pr,/ [o(2’) = s|. Then the expectation on the right hand side is equal to

EI/NMz [U(ﬂf/) ‘ 0'(33/) = S] = p;1 E [u(aj/)la(x’):s] = p;1<u7 10(-):S>Mz'

x!~

Note that for all s € H, the function 1,.)—, is in the span of B1, and as u € By it is orthogonal to it, and so
the last expression is 0. We conclude that Thon-embed,1—¢ pu(x) = (1 — &)u(z). d
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4.3.2 Changing Noise Rates in Non-embedding Stability

A basic property of the non-embedding noise stability is that it decreases as a result for increasing the noise
rate:

Claim 4.8. Suppose that 0 < py < pa < 1. Then for every f: (X" u®2™) — C we have that
NEStab,, (f; u2™) < NEStab,, (f; u&™).

u€(B1UB3

N n
Proof. Writing f(x) = S>> f(u) IT wi(x;), we have by Factthat
)n i=1

NEStaby, (f; 15") = (. Toonembedpn /) = (> Flwyu, > Flu)pforemeedaeey)

u€(B1UB2)™ u€(B1UB32)™
_ Z prllon—embed—deg(u) ]’[(u) ‘2 7
u€(B1UB2)™
~ 2
and the result follows as all ) f (u)‘ are non-negative. O

4.3.3 Random Restrictions and Non-embedding Stability

The following claim is an instantiation of Lemma (and in fact our primary application for that lemma),
asserting that if we have a function f that has small noise non-embedding stability, then in expectation after
random restrictions it still has small noise non-embedding stability.

Claim 4.9. For allm € N, a > there is ¢ > 0 such that the following holds. Let v be a distribution over
Y x T x ® and let D, D' and D" be distributions over ¥ such that:

1. The probability of each atom in D, D', D" is at least c.
2. D=pD + (1 - B)D".
Then, for all f: (X", D®") — C we have

E  [NEStabi_s,(f5_,,D"”)] < NEStabi_css.(f; D).
JCsn]

m"wD",]

Proof. This is an immediate consequence of Lemma[2.8] In the notation therein, the vertex set of the graph
G is X, and z, 2/ are adjacent if o(z) = o(2’) where o is the master embedding of x for the distribution v.
The left hand side and the right hand side in the above claim are precisely the left hand side and the right
hand in Lemma[2.8 O

4.4 Non-Embedding Influences of a Function

We will need the notion of non-embedding influences of a function defined as follows.

Definition 4.10. Let 1 be a distribution over % X I' X ®, and leto: > — H,v: ' - Hand ¢: ¢ - H
be a master embedding. For a function f: I' — C and a coordinate j € [n|, we define the non-embedding
influence of f to be

Ij,non-embed[f] = EQ;IN“§”’Q7(;NH$ |:|f($_] = JI/,SU]' = CL) - f(x—j = 1"/755]' = b)’2 ‘ O'(CL) = U(b)] .
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Non-embedding degrees are defined analogously for functions over y and z.

Definition 4.11. In the setting of Definition .10} the total non-embedding influence of f is
n
Inon-embed[f] = Z Ij,non-embed{f]-
j=1

We have the following easy fact.
Fact 4.12. In the setting of Definition we have
~ 2
1. Ij,m)n-embed[f] =2 Z )f(X)‘
X X5 gBembed
~ 2
2. Luon-embeal f] = 3 nedeg(x) ’f(X)‘ .
X
Proof. For the first bullet, we note that

flasj=a"2j=a) - fla_j=a',2;=0) = fO)(x(,a) — x(a',b))

= Z FO0) (x5 (b) — xj(a)) sz‘(zg)-
X i#)

For xj € Bembed, X;(b) — x;j(a) = 0 whenever o(a) = o(b), hence such terms give no contribution to the
non-embedding influence. We thus get

Ey ap “f(a:_j =2, xj=a)— flz_; =2, z; = b)‘2 ’U(a) = a(b)}

= > T00T0) | T hemnt | Bas [ (60) = x3(@) 0 0) = (@) | o(a) = o(0)]
XX i#]
X3 7X;' & Bembed

We claim that if x; # X, then the expectation is 0. Indeed, expanding we get terms such as x;(b)x(a),
and we have that their expectation can be written as

> Pr [o(a) = HE, [x; () | o(6) = hEa [ (@) | o(a) = 1],
herr M

which is 0 as Ey, [ x;(b) | o(b) = h] is proportional to the inner product between x; (a function orthogonal
to embedding functions) and 1, ;)—, (an embedding function). Other terms are x;(b) X;-(b), which give the
inner product between x; and X;- which is 0.

We conclude that to give non-zero contribution we must have that y; = X; and so the non-embedding
influence of j is equal to

S [F0] Bas [ )~ i@ (@) = o).

X X3 & Bembed

Expanding the square and repeating the above computation, we get that the expectation is 2, and the claim
is proved.
The second bullet follows immediately by summing up the first bullet over all j = 1,... ., n. O
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4.5 A Non-Embedding Stability Formulation of Theorem [3.18]

With these notions, we can now state the result asserting that the only functions f, g, h for which expectations
as in Theorem [3.18] may be large, are functions for which the non-embedding stability is significant. This
result by itself is very much in the spirit of Theorem but morally it is strictly weaker. Later, in
Section[I0} we will show how Theorem [3.18]is implied by Theorem .13 below. Another difference in the
formulation is that below the dependency between the parameters is more explicit, and we do so as it is
necessary for our proof to go through.

Theorem 4.13. Forallm € N, a > 0 there are M € N, 6y > 0 and n > 0 such that the following holds
forall 0 < § < &g. Suppose that i is a distribution over 3. X I' x ® satisfying:

1. The probability of each atom is at least c.
The size of each one of >, 1", ® is at most m.

supp(u) is pairwise connected.

R

There are master embeddings o,~, ¢ for p into an Abelian group (H,+) that are saturated, and the
distribution of (o (x),y(y), ¢(2)) where (z,vy, z) ~ u has full support on {(a,b,c) € H3 |a+b+c =

0.

Then, if f: X" — C, g: I'™ — Cand h: ®" — C are 1-bounded functions such that NEStab,_s(g; ug@") <
0, then

[f(@)g(y)h(2)]| < M.

(I7y7'z)~u®n

S Maximality, Merging Symbols and Some Motivating Examples

We do not know how to prove Theorem[.13|directly, and our argument instead proceeds by further reducing
this statement to a similar looking statement in which the distribution p has additional useful properties. In
this section we present two important ideas/ properties that are crucial in this reduction, which are called
“merging symbols” and “maximality”. We then give a few examples of arguments that could be carried
out using these notions, often making additional assumptions on p (which we are not going to have in our
formal argument in Sections [6] [7). We do this so as to demonstrate typical scenarios in which these ideas
are useful while avoiding gory technicalities. As such, the language in this section will be informal at times,
and we often appeal to intuition instead of making precise arguments.

Once we have explained these concepts, we will turn our attention into discussing the so-called “base
case” of Theorem 4.13] By that, we mean a specialized statement in the setting of Theorem [4.13] for uni-
variate functions, in which one manages to prove that the expectation is consideration is significantly smaller
than 1 (for functions whose 2-norm is at most 1). We will discuss the “ideal base case”, which is a hypo-
thetical scenario that we are not actually able to ensure; nevertheless, if such scenario were to hold, our
argument would greatly simplify, and intuitively Theorem {.13] would follows from the base case form
some tensorization argument. Once again, our focus in this section will be to explain how “merges” and
“maximality” facilitate such arguments.

Finally, after exploring the “ideal base case” scenario we will explain the issue that may arise, which we
refer to as the “Horn-SAT” obstruction. We will explain the high level idea of how this issue is dealt with
via what we call the “relaxed base case” and the intuition to why this relaxed base case should suffice for
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the purpose of proving Theorem Once again, our focus here will be in explaining how the concept of
“merges” and “maximality” fit together with the relaxed base case.

5.1 Merging Symbols

The first operation we discuss is the merge operation. Suppose that we have a distribution p as in Theo-
rem in which there are distinct symbols x and 2’ such that there are common y € T and z € ® for
which (z,y, z) and (2, y, z) are both in the support of . Intuitively, this means that in coordinates wherein
the g function gets y and the h functions gets z, some non-trivial averaging of the f function still occurs (as
both x and 2’ are still possible). Naturally, averaging a function decreases its 2-norm, and we expect there to
be a constant fraction of the coordinates in which even after fixing y and z there is still uncertainty whether
x or x’ occur in the corresponding coordinate in the function f. It follows that if the value of the function f
“heavily distinguishes” between the symbols x and 2’ (in the sense that its value changes drastically if we
change some coordinates in which x occurs to be z’) then the expectation in Theorem is small based
solely on the fact that some non-trivial averaging occurs over f.

Following this line of reasoning leads one to speculate that one may assume that the function f does not
distinguish between the two symbols = and 2’ (as otherwise the statement is trivial), in which case one may
as well treat them as the same symbol. The goal of the merge operation is to precisely capture this idea, and
we formally present it below.

Definition 5.1. Ler X, I', ® be finite alphabets and let P C ¥ x I' x ®. We say that y, z imply x in P if
forally € T, z € ® there is at most a single © € ¥ such that (x,y,z) € P. We say that y, z imply x in a
distribution p over ¥ x I' x @ if y, z imply x in supp(p).

If the value of any two coordinates implies the third, we say a distribution p is fully merged:

Definition 5.2. Let 3, I', ® be finite alphabets and let  be a distribution over ¥ x I' X ®. We say that i is
fully merged if (1) y, z imply x, (2) x, z imply y, and (3) x,y imply z.

Fix finite alphabets 3, I', ® and a distribution p over X X I' x ®. To define the merge operation more
precisely consider the graph G ;; merge Over X, wherein 2 and 2’ are adjacent if there are common y € T
and z € ® such that (z,y, z) and (2/,y, z) are both in supp(y). Note that G, merge has |X| connected
components if and only if ¢, z imply z (in which case the merge operation will do nothing), and by the above
logic one should think of each connected component of G, ;;, merge as a single symbol. More formally, given
1 we may define the distribution 4 as follows:

Definition 5.3. Let 3, I', ® be finite alphabets, let p be a distribution over ¥ x I' X ® in which y, z does
not imply x, and let G, ;;, merge be the graph above. We define the x-merged distribution 1 over ¥’ x T’ x ®
where ' C X as: let the connected components of Gz p,merge be C1,...,Cy and choose a distinguished
element x} from each connected component. To sample according to 1, we sample (z,y,z) ~ p, take i to
be the connected components of x, and then output (x7,y, z).

In words, the merge distribution should be thought of as combining each connected component of
Gz u,merge into a single alphabet symbol.

Remark 5.4. A few remarks are in order.

1. In Definition[5.3|we have defined the x-merge operation, and we will also use the y-merge operation
and z-merge operation that are defined in an analogous way.
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2. The distributions 1. and 1’ are very closely related, and it is easy to observe that if u satisfies all of
the conditions of TheoremH.13|then 11/ also satisfies all of the conditions of that theorem. We omit the
straightforward proof, but remark that a master embedding of i is translated to a master embedding
of 1’ in the obvious way (restriction).

3. The merge operation has already made an appearance in [4) 5], however in that context the notions
of degree/ noise stability are different. Here, our notions are more intricate and thus working with the
merge operation requires a bit more care.

5.1.1 Simplifying Distributions via Merges

The following two lemmas allow us to reduce the proof of Theorem for a distribution p, to the proof of
the same statement for a simpler distribution p/ which is a merge of p. The first lemma handles z-merges,
and analogously z-merges (as x and z are symmetric in the statement of Theorem (4.13)).

Lemma 5.5. Let X, T and ® be finite alphabets, and let p be a distribution over ¥ x I' x ®, and let 1/ be
the x-merged distribution coming from . If the conclusion of Theorem holds for ', then it also holds

for .
Proof. Deferred to Section[A.1] O

The second lemma handles y-merges; the proof is similar to the proof of Lemma[5.5|but some additional
care is needed.

Lemma 5.6. Let X, ' and ® be finite alphabets, and let u be a distribution over ¥ x I' x ®, and let 1/ be
the y-merged distribution coming from p. If the conclusion of Theorem holds for 1, then it also holds

for p.
Proof. Deferred to Section O

Lemmas [5.5] [5.6] will be important for us later on, when we reduce the statement of Theorem to
a similar statement in which the distribution 4 is fully merged. We note that for symbols z,z’ € X that
are mapped to different group elements via the master embedding, that is, o(x) # o(z'), we could never
identify = and z’ by a merge. The reason is that if this was possible, then there would be distinct tuples
(z,y, 2) and («',y, ) in the support of 1, so that by the definition of the master embeddings we have

o(x) +v(y) +é(2) =0,  o(@) +~(y) +¢(2) =0,

and it follows that it must be the case that o(x) = o(2’). Thus, merges will never decrease the alphabet
sizes below | H|, and at some point it will be important for us to consider how large are the alphabet sizes in
comparison to the size of H.

5.1.2 What are Merges Good For?

As explained, the idea of merges will be crucial for us and to illustrate it we consider a special case that
nevertheless illustrates some important concepts. Besides the fact that if x and x’ are merge-able then
o(x) = o(x’), we are not aware of any other clear obstructions to merges. Thus, a special case that one may
consider is what happens when the merge operation successfully reduces some of the alphabet sizes all the
way down to |H|.
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Suppose that after merging, the alphabet 3 and ® both have size exactly |H| so that each one of them
could be identified with the Abelian group H. In that case, the partial basis we have set for z-functions and
z-functions is not partial but rather a full basis, and one expects that multiplying f(x)h(z) one would get an
embedding function over y. As the non-embedding stability of g is small, it has small mass on monomials
which are embedding functions, and thus it should be the case that the correlation of g(y) and f(z)h(z)
is small. Indeed, arguments along these lines can be made — and are indeed are crucial in Section [f] To
illustrate such ideas, below we show an argument along these lines under several additional assumptions on
the distribution .

Lemma 5.7. Suppose that i is a distribution as in Theorem and further suppose that |X| = |®| =
H and that the distribution of (0(x),(y), #(2)) is uniform over { (a,b,c) € H* |a+ b+ c =0}, where
(x,y,2) ~ w. Then the conclusion of Theorem holds.

Proof. Relabeling X and ®, we may assume that they are both equal to H and that the master embeddings
o and ¢ are the identity. Define G(y) = E, o .)pen [f(2')1(2) |y’ = y], and expand

fy= Y Foox@), hz= Y hX)X(2).
xeH®™ x' € H®n
Then L
Gly)= D FOORX)Ew yaypen [X@ )X (&) |y =y].
X,x' €H®”
Note that conditioned on y, the distribution over z’ and 2’ is uniform such that 2’ 4+ v(y) + 2’ = 0. Thus,
the expectation is 0 if x # x’ and otherwise is equal to x (2’ + 2’) = x(—v(y)). Thus,

Gy = > TOOR)x(—®)).

xeH®"

It follows that G is an embedding function, that is, it is from Embed., (™), and hence it cannot have large
correlation with g. More precisely, the left hand side of Theorem {.13]is equal to

<G7§> = <Tn0n—embed,mG7§> = <G7 T:on—embed,m§> = <G7Tnon—embed,m§>'
Using Cauchy-Schwarz, this is at most [|G/[2[| T op.cmped, 75912 < NEStab;_5(g)"/? < /0. O

Lemma should be thought of as saying that if we managed to reduce the alphabet sizes of x and z
all the way to their minimal point, which is the size of H, then we managed to prove Theorem [4.13] There
are several ways to think about this; one way is as a sort of base case of an inductive statement, in which we
are trying to prove Theorem {.13|by induction on several parameters, one of which are the alphabet sizes of
x and z (or rather their sum).

Our presentation below will be somewhat different (but morally equivalent), and we will use the idea
of Lemma [5.7]to be able to assume that the size of the alphabet of = exceeds H, so that (by the pigeonhole
principle) there are two distinct x symbols that are mapped to the same group element in H. Instead of
directly trying to argue inductively based on this parameter, we will use these distinct elements, and the fact
that 4 is fully merged, to relate expectations as in Theorem {.13[to expectations over different distributions
4 that have richer supports. In other words, in some scenarios we will be able to use Lemma to enrich
the support of the distribution p. Intuitively, this marks significant progress since if we were able to enrich
the support of p indefinitely, we would eventually reach a distribution rich enough so that the statement
of Theorem becomes obvious. To capture this idea (and avoiding explicit iterative arguments of this
nature), in the next section we define the notion of maximality of a distribution.
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5.2 Maximality of Distributions

The next concept we describe is maximality of distributions. There are several equivalent ways of thinking
about it, and ultimately it is just a form of induction. However, one good way to think about it is by assuming
that there is a distribution p which serves as a counter example for Theorem [4.13| and then trying to come
up with a distribution v which is a “maximal” counter example for the statement, in the sense that it is still
a counter example to the statement but adding any additional atoms to the support of v would lead to a
distribution for which the statement is true. More formally:

Definition 5.8. Let Y, " and ®, and let i be a distribution over X x I' x ®. We say that  is maximal if for
all distributions v over 3 x I' x ® such that supp(u) C supp(v), the statement in Theorem holds.

The notions of maximality and merges often work in synergy together. Merges allow us to argue that
certain atoms do not exist in . For example, if we know about distinct atoms (x,y, z) and (', 3/, 2’) that
are both in the support of ;1 where x # 2/, and we know that in p the value of y, z implies = (because we
already applied some merges to guarantee that), then we automatically can conclude that (2, y, 2) is not in
the support of . Thus, whenever we are facing similar looking expectation to Theorem .13 which involves
a distribution v that contains the support of 1 and additionally (z',y, z), we can appeal to the maximality of
v and upper bound it as in Theorem [4.13]

5.2.1 What is Maximality Good For?

Below, we give a concrete example of such synergy, and once again the argument below is informal in
nature In Theorem the assumption that the non-embedding stability of g is small really amounts to
saying that g has almost all of its mass on monomials whose non-embedding degree is at least ©(1/J).
Intuitively, one expects that then the part of f of non-embedding degree significantly less — say O(1/5%99),
would not contribute much to the expectation. Ignoring the A function for a moment, this would be clear
as then there is simply a mis-match of degrees and one could appeal to the orthogonality of non-embedding
functions to embedding functions. Now taking the h function into account once again, there doesn’t seem
to be a way for it to compensate for the large mis-match of the non-embedding degrees coming from the f
function and those coming from the g function.

Indeed, in the following lemma we show that such expectations must indeed be small, and to do so we
appeal to the notion of maximality; once again, we make some additional simplifying assumptions.

Lemma 5.9. Suppose that . is a distribution as in Theorem and further suppose that | is maximal
and |X| > |H|. Then for all £ > 0 there is n = n(m, «, &) > 0 such that

B [T;\@OT;—embed,l—dlféf(m)g(y)h(z)} < Mom.

(@,y,2)~p®n

Proof. We may re-interpret the expectation in consideration as E(,,, )~ en [f(2)g(y)h(2)] wherein the
distribution 4’ is defined by taking (z,y,2) ~ p, then 2’ ~ T\, embed1-51-¢7, ¥ = y and 2’ = z and
outputting (2’,/, ). The distribution 4/ has small atoms with probability p = «6'~¢, and to circumvent
that we use random restrictions.

We may write p/ = 5" + (1 —5) 1/ wherein 1", 1/ have the same support as ¢/ and in p” the
probability of each atom is at least o = o'(«) > 0, and now use random restrictions to switch from

n

4Similar instantiations of this synergy appear numerous times in Sections @ and we refer the reader to there for a more formal
presentation.
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the probability measure 1 to the probability measure y”. Sample J C, /2 [n] and choose the value of
coordinates in .J according to x”7. That is, sample (&, 7, Z) ~ pu/ so that the expectation in hand can be

seen as an averaging over these restrictions of a similar looking expectation over 1”:

E  [flx)gyh(z)]= E E Lf'(2")g' ()W ()]
(x7y7z)~lj/®n Jg/’/2 [’I’L] o (x/7yl7zl)Nl’l’//J
(&,5,2)~p"”

As most of the mass of g lies on monomials of non-embedding degree at least ©(1/4), one expects most
mass of ¢’ to lie on non-embedding degree at least ©(p/d) = ©(5%); this is indeed true and can be argued by
appealing to Claim .9] but we do not elaborate on it for now. Hence the inner expectation is an expectation
of the same type as in Theorem except that it is over the distribution p”.

We are now going to appeal to the maximality of u to argue that this inner expectation must be small,
and for that we must argue that the support of y” strictly contains the support of p. By definition, the
support of y is contained in the support of 4, and as the support of 4" is the same as that of 1/, we get that
supp(u) C supp(p’). Next, we argue that this is a strict containment. As |X| > |H|, by the pigeonhole
principle there are distinct a,a’ € 3 such that o(a) = o(a’), and we take &’ € T and ¢ € ® such that
(@', V,) € supp(u). By definition of ' it follows that (a,d’, ') is in supp(x'), and hence it is in the
support of 1", Note that (a,b’, ') & supp(i), as otherwise the symbols a and a’ could be merged, but by
assumption the distribution p is already fully merged.

We may thus appeal to the maximality of ; and get the inner expectation is upper bounded by M 65"
where 1 > 0 and M only depend on o and m, concluding the proof. O

The main benefit of Lemmal[5.9]is that it allows us to assume that not only the g function in Theorem[4.13|
has large non-embedding degree, but rather also the f and A functions. Indeed, by Lemma it follows
that the expectation in Theorem [4.13]is very close to

)

E [0 =T80 s -0 f@)g(w)h(2)]

(I7y7z)Nu®n

and now the new [ function, which is (I — T?oﬁ—embe a1 si—¢)f» can be seen to have high non-embedding
degree (while importantly also remaining bounded). As f and g now have high non-embedding degree, one
could make a direct argument saying that the part of h of small non-embedding degree also has negligible
contribution to the above expectation, and hence one is reduced to upper bounding an expectation of the

form

(x7y7z) Nu®n

E 0T e P @@ T =T g 1)) \ -

Proof by tensorization: motivating the base case. We will attempt to prove this statement by a ten-

sorization argument, inducting on n. Ideally, we would have liked to argue that the worst-case high-degree
non-embedding functions for the above expectation are simply product functions 111[6 w; (i), i v;(y;) and
1/6 = =

[T wi(z;), in which case the task of proving an upper bound as above reduces to a problem about univariate
Zf:rllctions. There is one important distinction, however, which is that while the f, g and h functions are
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bounded (in /~,-norm), the functions u;, v; and w; need not be bounded in ¢, and instead we will only be
able to guarantee /o boundedness. Thus, while the “base case” of the tensorization statement seems much
easier than the original statement, we have to prove it for a more general class of functions.

Below, we begin the discussion regarding this base case statement, and present the “ideal base case”
scenario in which this logic is much simpler, however which we are not able to guarantee. Nevertheless,
exploring the ideal base case scenario carries with it a lot of useful intuition, and in particular further relations
between the utilization of a base case statement and the concepts of “merges” and “maximality”.

5.3 An Ideal Base Case Scenario in Theorem

With the notions of maximality and merging in hand, we can now present an ideal setting in which case the
intuition behind the proof of Theorem 4.13]is relatively simple.

Consider a distribution p as in Theorem |4.13] and suppose that it is fully merged as well as maximal.
Further suppose that the marginal distribution (i, . is uniform over I' x ®. In this case, one notes that for
f:X—=C,g: T - Cand h: & — C of 2-norm equal to 1, one has that

E  [f(@)g(y)h(z)]

(w7y7Z)NLL

<\/( E [|f<x>|w( E |lo@)F h:)F] = 1 flklglliblz < 1.

T,Y,2)~ T,Y,2)~

where we used Cauchy-Schwarz and the fact that y, . is uniform.

Inspecting equality cases for Cauchy-Schwarz, one notes that equality holds if and only if there is a
constant # € C with absolute value 1 such that f(z) = 0g(y)h(z), and for simplicity we assume that 6 = 1.
Thus, equality holds if and only if the triplet f, g and h satisfy an embedding-like equation, except that
it is not clear which group one should take. Taking the principle branch of the logarithm, one gets that
log(f(x)) =log(g(y)) + log(h(z)) (mod 27i), and now this is indeed an equation over an Abelian group
(albeit infinite, but we already saw in Lemma 3.20] that one can convert such embeddings into finite Abelian
group embeddings). Thus, it follows that the logs form an embedding of p into an Abelian group, and
by Claim one may conclude that each one of them is an embedding function, hence f € Embed, (1),
g € Embed, (1) and h € Embedg(11).

In words, we have argued that if univariate functions achieve perfect value of |E; ,, -, [/ (2)g(y)h(2)]
then they are embedding functions. This motivates the following statement, which we refer to as the “ideal
base case”:

’

Statement 5.10. Let i be a distribution as above. Then for all T > O there is A > 0 such thatif f : ¥ — C,
g: I' = Cand h: ® — C are functions with 2-norm equal to 1 and ||Projemped, (u) (f)ll2 < 1 — 7, then

E [f(z)gh(z)]| <1-A
(z,y,2)~p

In words, Statement asserts that if f is somewhat far from all embedding functions, then the value
of |E(z,.2)~p [f (2)g(y)h(2)]| must be bounded away from 1. Indeed, in light of the above analysis this is
something which is natural to expect; we examined the equality case, and by compactness type argument it
follows that near equality cases can be characterized as “near embedding functions”. E]

SWe remark that in our actual argument we are going to need a decent quantitative dependency between the parameters 7 and )\,
typically a polynomial dependency. Thus, we will not be able to directly use compactness arguments and we will have to unravel
them.
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We take a moment to clarify that Statement as stated is false in general. The issue in the above
logic is that f, g and h may take the value 0 sometime, in which case we cannot apply the log function, and
this turns out to be a rather serious obstacle referred to as the Horn-SAT obstruction. To resolve this issue
we introduce the so-called Relaxed Base Case, which we give intuition to in Section |5.4{ and which is the
primary topic of Section [6]

Having said that, considering the class of distributions p satisfying Statement is helpful, and we
now work under the assumption that it holds. In that case, given y and f, g and h as in Theorem
we know that g has almost all of its /5 mass on monomials of non-embedding degree at least 1/J. Using
Lemma/(5.9|we may also truncate the low-degree non-embedding degrees of both f and 5, so that eventually
we need to upper bound an expectation of the form (for simplicity of notation we ignored the £ > 0 therein)

(I7y7Z)NIJ/

E =T a1 ) D90 = T g )h(2)] | - ©

In conclusion, we are now reduced to working with the functions f’ = (I — T&" d1-s)f>gand b/ =

non-embe:
(I - Tﬁ’;_embe 41 s)h, which all have almost all of their mass on monomials with non-embedding degree at
least 1/4.

As the base case gives some a gain of 1— )\ over the trivial bound when we have a univariate function with
some non-embedding components, we expect to make this gain 1/0 times, once for each non-embedding
component in f’, g and A’; in total, this would yield a bound of (1 — \)'/%, which is satisfactory for us (and
even much better than what we’re shooting for).

If Statement was true, this argument would not be too far from the truth, and in fact can be made
rigorous to work. Alas, as we said it could be the case that there are non-embedding functions f, g and h
such that f(x) = g(y)h(z), but then it is necessarily the case that the function f must vanish somewhere;
we refer to such illegitimate-looking embeddings as Horn-SAT embeddings, and to the existence of which
as the Horn-SAT obstruction.

To bypass the Horn-SAT obstruction we must study the possible vanishing patterns of the function f.
We do not know how to argue about this for the distribution p itself, and hence we have to once again move
to a closely related distribution g/ (which is obtained from p from a combination of more path tricks and
merges), in which we are able to assert non-trivial information about the 0O-sets of Horn-SAT embeddings.
We defer the precise description of this reduction to Section[6] and in the next section we give some high
level overview of the relaxed base case we are able to guarantee, how to work with it and the way that it fits
in together with the notions of “merges” and “maximality”.

5.4 On the Relaxed Base Case Scenario in Theorem

5.4.1 A Naive Relaxed Base Case

Let 1 be a distribution over ¥ x I" x ® as above, and assume that |X| > |H| E] After a suitable transformation
of the distribution p into a distribution i over X x I' x &, we are (morally) able to make the following
guarantee:

Statement 5.11. There exists Y C X of size larger than |H|, such that if f: ¥ -5 C ¢g:T — Cand
h: ® — C are functions such that f(x) = g(y)h(z) in the support of fi, then f|sy = 0.

SWe remark that to justifying this assumption is precisely where results in the spirit of Lemmacome in handy.
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In words, Statementtells us that in i, all Horn-SAT embeddings must be 0 on X', This motivates to
attempt to formulate an analog of Statement[5.10]that instead of assuming non-trivial projection outside the
subspace of embedding functions, assumes some variance of ¥'. And indeed, such statement can be proved
to be true, but as is it is not very useful for us.

To be more specific, if we took that route and tried to write down an analog of (6], we would have to
define a notion of degree that corresponds to not being 0 on X’ and attempt to reduce ourselves to the case
where this new notion of degree for the function f is large (so that we will be able to assert that we are
avoiding the Horn-SAT obstruction on many coordinates, hence gaining some 1 — A factor). At that point
it is important though to keep the function f bounded, and hence to execute this logic we would need to
define an averaging operator corresponding to the Markov chain that mixes inside the set ¥’ and stays put
on elements in 3\ 3'; this is so that functions that are not constant on ¥’ would have their 2-norm decreased
as a result of applying this averaging operator, so as to truncate of the part of f that has low degree with
respect to the new notion.

This averaging operator however is incompatible with non-embedding degrees and the non-embedding
averaging operator. The reason is that symbols in >’ may be mapped to different group elements in H,
in which case embedding functions also have variance on Y’ and hence get their 2-norm decreased by this
averaging operator. We have no hope of gaining any 1 — A factor from embedding functions, meaning
that while identifying a property of Horn-SAT embeddings that we can ensure not to happen, we would
re-introduce embedding functions into the mix and thus still not have a proper base case to induct on. There
are other manifestations of this issue down the line if one pursues this direction, but ultimately they all boil
down to the fact that the above averaging operator is not necessary a “sub-averaging operator” of our non-
embedding operator T'yon-embed,1—5- By that, we mean that there are functions which the proposed averaging
operator contracts, whereas Tyon-embed, 1—5 keeps in place.

5.4.2 The Relaxed Base Case and Effective Non-embedding degrees

To resolve this issue, we take a subset of ¥’ on which the master embedding is constant. As |X/| > |H|,
by the pigeonhole principle there are distinct x,2’ € Y’ such that o(z) = o(z’), so that we can take
Ymodest = {2, '} C X'. We then have the following relaxed form of our ideal base case from above:

Statement 5.12. For all 7 > 0 there is A > 0 such that if f: ¥ — C, g: T — C and h: ® — C are
functions with 2-norm equal to 1 such that By zres, o [[f(a:) - f(m’)ﬂ > T, then

(z,y,2)~fi

In words, for univariate functions, if our function f has a little bit of variance on X odest, then we
immediately get a gain of 1 — X over the trivial bound. We remark that the property of having variance on
Ymodest immediately prohibits f from being an embedding function (as any embedding function is constant
on Ymodest ), as well as from being part of a Horn-SAT embedding (as any Horn-SAT embedding must vanish
on ¥’ and hence on X modest C 2).

This motivates defining a certain notion of degree, which we refer to as “effective non-embedding de-
gree”; we often abbreviate this and just say effective degree instead. The effective non-embedding degree of
a monomial over x is the number of coordinates on which the corresponding component has variance over
Yimodest, and intuitively this measures the number of times we will gain a factor of 1 — A by appealing to
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Statement To make this definition more precise, we have to refine the basis we constructed consist-
ing of embedding functions and non-embedding functions, and set-up an orthonormal basis of Lg(f], fiz)
composed on: (1) embedding functions, (2) non-embedding functions that are constant on X ,odest, and (3)
non-embedding functions that have variance on X ,04est- Then, the effective (non-embedding) degree of a
monomial is the number of components in it of functions not constant on X odest-

5.4.3 Working with the Relaxed Base Case

Taking inspiration from the above discussion, one is tempted to argue that just like in (6) we managed to
argue that the non-embedding degree of f can be assumed to be large, we should also manage to assume
that the effective degree of f is large. This is indeed possible, and to do so we identify a proper Markov
chain that captures effective degree; we refer to this Markov chain as “the modest Markov chain”, and it is
defined as follows. On a € %, \ Ymodest the chain stays in place, and on a € X odest the chain re-samples a
symbol from . ,dest according to the marginal distribution of fi, on X odest-

With the modest Markov chain in hand we can define a corresponding averaging operator, Eqon-embed,1—5
from Lo (X, fiz) to La(X, fi;) defined as Enon-embed,1-6 (%) = Ea/~Eooemped1_so [f(z")], where in 2/ ~
Enon-embed, 1—5 We take ' = x with probability 1 — §, and otherwise we sample 2 according to the modest
Markov chain on z. This Markov chain can be shown to precisely capture the notion of effective degrees,
and hence our task now is to justify that we can assume that f has high effective degree, in the sense that we
can reduce the task of proving that ‘E(ax,y’z),\/ﬂ@n [f(2)g(y)h(z)]| is small to an analog of (6) of the form:

E [(I - Eﬁﬁ—embed,l—&)f(x)g(y)(l - Tﬁ)ﬁ-embedal_‘s)h(z)} ’ )

(xvy7Z)NN’

is small. Towards this end we must argue that the contribution from the part of f of small effective degree
is small, and this is once again where maximality and merges come into play.

Lemma 5.13. Suppose that i is a distribution as above, and further suppose that [i is maximal and fully
merged. Then for all £ > 0 there is n = n(m, o, §) > 0 such that

[ [E?ozfembed,lfcglfﬁf(x)g(y)h(z)] < M.

($7y7Z)NIJ/®/’L

Proof. The proof is almost identical to the proof of Lemma|[5.9] and we only sketch it. Re-interpreting this
expectation as E,, , ,y,s@n [f(2)g(y)h(2)] where the distribution 4/’ is the distribution in which we first
sample (z',4y/,2') ~ [i, then & ~ E?&_embed’l_él,ga:’, take y = ¢/, z = 2’ and output (z,y, z). As in
Lemma the support of 4 strictly contains the support of /i and hence it makes sense to try to appeal to
the maximality of fi. The only issue is that in /i there are atoms with small probability p = ad'~¢, and to
bypass that we write ' = 54" + (1 — £) 1/ where 1/ and /""" have the same supports as ' and in . the

probability of each atom is at least &’(cv) > 0, and then use random restrictions as in Lemma O

5.5 Some Additional Remarks on Combining These Ingredients

Throughout this section we have proved some useful lemmas regarding the interaction of expectations as
in Theorem [4.13] and the notions of merges, maximality and how the relaxed base case fits in. Ideally, we
would have liked to have a distribution p that possess all of the properties that we needed (on top of the ones
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assumed in Theorem : (1) the alphabet of z has size larger than |H|, (2) p,,. is uniform, (3) p is fully
merged, (4) 1 admits a relaxed base case statement as in Statement[5.12] (5) 4 is maximal.

We are not going to be able to ensure that all of these properties simultaneously occur for y. Instead, we
will argue that the distribution p “contains within it” some other distribution v (possibly on different alpha-
bets) on which some of these properties hold. More specifically, we are not going to be able to guarantee
that 1 is maximal, and instead we will be able to argue that “within it” there is a maximal distribution. By
that, we mean that are 3’ and @', a distribution v over ¥’ x T' x ®’ which is maximal and maps a: ¥/ — 3
and c: ® — ® such that:

1. Containment: { (a(x),y,c(2)) | (z,y,2) € supp(v)} C supp(p);

2. Alignment of Master Embeddings: taking (o, ~, ¢) to be a master embedding of x, we have that
(o 0a,7,¢oc)is amaster embedding of v.

Intuitively, the reason that this is useful is that, after suitable random restrictions, we can relate expectations
with respect to p to expectations with respect to v. Indeed, letting i/ be the condition distribution of
on { (a(z),y,c(2)) | (x,y,2) € supp(v)} and writing p = Su’ 4+ (1 — )" for some distribution x” and
B = B(a) > 0, we can switch from the distribution 1 to the distribution i’ (as in the proof of Lemma 5.9),
and functions over this domain can be lifted to functions over the domain of v:

fi@) = fla(@)),...,alzy),  g'W)=9@)  H(E)=hc(z), ..., c(zp)-

We thus managed to reduce the problem of bounding some expectation with respect to p to the task of
bounding some expectation with respect to v. Often times, this line of reasoning (on top of arguments as
above) will allow us to appeal to the maximality of v (and get a result which is qualitatively the same as if
we could assume that p itself is maximal).

6 Arranging for a Base Case for Theorem 4.13]

In this section, we begin the proof of Theorem As explained earlier, the core of our argument will
ultimately be by induction on n, and as such we are going to need a base case statement for functions over
a single variable. Our inductive process though will be unable to preserve 1-boundedness and will only be
able to give us Lo-bound guarantees. Therefore, the base case we are looking for has to address functions
with a bounded Ly-norm.

The most naive attempts at arriving at such base case lead one to a difficulty referred to as the “Horn-
SAT” obstruction, which refers to the possibility of a existence of a triplet of functions f, g and h that satisty
f(x) = g(y)h(z) on the support on x but that do not necessarily yield an Abelian embedding; this difficulty
arises due to the fact that f may be 0 on some inputs.

In this section, our goal is to state a result that implies Theorem [.13] and which is more amendable to
a proof by induction along the lines of [5]]. To do so, we will first have to go through some reductions and
present intermediate statements which imply Theorem roughly speaking, these statement will all be
similar to the statement of Theorem .13 with additional assumptions on the distribution .

6.1 Further Preprocessing of the Distribution ;: Pushing Counter-examples to the Extreme

At a high level, the goal of our preprocessing step is to arrive at a distribution z/ (which may be different
from p) such that if Theorem is false for p, then it is also false for x4/, but moreover y’ is the “richest”
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distribution on which the statement remains false. That is, if we consider any distribution v satisfying
the conditions of Theorem whose support strictly contains the support of j/, then the conclusion of
that theorem is satisfied for . To be more precise, assuming the statement is false for a distribution p,
the distribution i’ will be a result of applying a sequence of the following two operations, so long as it is
possible.

1. Merging Symbols: if there are distinct symbols z, z’ € X for which there are y € T" and 2z € ® such
that (x,y, 2) and (2, y, z) are both in supp(u), then we can define a distribution p/ over X' x T' x ®
where ¥’ C 3, such that Theorem holds for g if and only if it holds for x’. This is done via
Lemma[5.5] and by symmetry of the roles of « and z the same goes for symbols in .

2. Enlarging the support: looking at ;. for which the statement is false, we ask ourselves whether there
are additional atoms from ¥ x I' x ® that can be inserted to supp(u) so that the statement remains
false. If so, we pass from p to another distribution over ¥ x I' x ® for which the statement is still
false and whose support strictly contains the support of L.

Repeating the above steps so long that it is possible (noting that it eventually terminates as we are either
reducing the alphabet sizes or enlarging the size of supp(u) at each step), we reach a distribution 1 on
which Theorem [4.13)]is false and is extremal in these regards. More precisely:

Lemma 6.1. For all m € N there is m' € N such that the following holds. Suppose that 33, T and ® are
alphabets of size at most m and yu is a distribution over ¥ x I' X ® for which Theorem[{.13|fails. Then there
exist alphabets ', T and @' of size at most m’ and a distribution i’ over X' x T x ®' such that

1. The distribution 11 is fully merged as per Definition
2. The distribution p' is maximal as per Deﬁnition
3. The conclusion of Theorem fails for 1.

Proof. If 41 is not merged, we perform a merge operation and use either Lemma [5.5] or Lemma[5.6] noting
that all of the conditions of Theorem [{.13] continue to hold for the new distribution. If x is not maximal,
we keep greedily form a sequence of distributions by adding elements form > x I' x ® to the support of
the distribution so long as Theorem fails for it, and eventually reach a maximal distribution. We then
iterate. Note that this process terminates, as each invocation of merge decreases the size of the alphabet -
by at least 1.

A delicate point to notice, is that if we add an element to p to form a distribution v, then all of the
conditions of Theorem .13 continue to hold. Indeed, if o, ~, ¢ is an Abelian embedding of v, then it is also
an Abelian embedding of 1 hence it is a coordinate of the master embedding of 1. Thus we can keep a subset
of coordinates of the master embeddings of p (which correspond to embeddings of v) and have that these
form a master embedding of v; for simplicity say omaster,y = (01,...,07) and Omaster,y = (01, ...,0.)
where ¥’ <rand H = Hy x ... x H,.

Note that omaster,, 18 saturated on He,» = Hy X ... x H,,. We define Ymaster,, and @master,, sSimilarly
and notice that they are also saturated on H,s. The distribution of (Gmaster,,, (), Ymaster,v (¥), @Pmaster,v (%))
where (z,y, z) ~ v has full support on { (a,b,c) € HiT, | a+b+c=0}. O

Remark 6.2. Another important feature of a distribution v that results from a distribution u by adding
elements to its support, is that the non-embedding noise operator of v is “weaker” than that of u. Intuitively,
this follows as the master embedding of i is a refinement of the master embedding of v, hence the operator
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of v does less averaging. We will use this fact in the future (formalized appropriately) to argue that if a
function g has small noise stability with respect to the non-embedding noise operator of p, then it also has
small stability with respect to the non-embedding noise operator of v.

In Section 4.1) we have seen that if each one of the alphabets 3, ® is equal to H, then the proof Theo-
rem[4.13]is a rather simple, requiring a change of distribution and a basic Fourier analytic computation. As
explained in Section [5] some of our arguments require either the size of X or of ® to be strictly larger than
the size of the group H, and thus we have to separately deal with the case that both have the same size as
H. This is a slightly more general case than the case handled in Section4.1] and in the following lemma we
show that argument to the argument therein works:

Lemma 6.3. Suppose that (. is a distribution as in Theorem that NEStab,_5(g) < 0 and that |¥| =
|®| = |H|. Then the conclusion of Theorem{d.13| holds.

Proof. We first argue that is suffices to prove Theorem {.13]in our case under the additional assumption
that the distribution of (0 master(Z), Ymaster (¥); Pmaster(2)) Where (z,y, z) ~ pu is uniform over {(a, b, c) €
H3 | a+ b+ c =0}, and then show a direct argument for that case.

Reduction to the case the master embeddings are uniform. Consider the distribution v over the support
of ;1 which is defined by first sampling (a, b, ¢) uniformly from {(a,b,c) € H? | a + b+ ¢ = 0} and then
sampling (z,y, z) ~ p conditioned on Gmaster () = @, Ymaster(¥) = b, Pmaster(z) = ¢, and note that we

may write p = o'v + (1 — o)/ for some o/ = «/2 where 1/ is some distribution. We now think of

generating (z,y, z) ~ p®" as first choosing I Co [n], sampling (2/,y/,2) ~ v!, (a”,y",2") ~ v'I and

taking x = (2/,2"), y = (v, y"), z = (¢, 2”). Then

E  [f(@)g(y)h(z)]
(z,y,2)~p®m

<

E [ff—m:” (@) 97y (y')hpzu(/)} u 8)

(x',y' 2" )T

E
17(x/l7y// 72//)

Note that in v, v/ the probability of each atom is at least /2, and we choose ¢(a/2, o) from Lemma
Let ¢ = ac/2 and let E be the event that NEStab; _-15(g7_,,m5vy) > /6. Then by Lemmawe have
that

E, [NEStablfc/—h;(%_)y,,; ug)} < NEStab;_s(g; &™) <6,

so by Markov’s inequality it follows that Pr [E;] < v/4. Thus, looking at (§) we get that

E z)g(yh(z)]| < E lg,| E [fyﬂu ()97 (y’)hpzn(Z')}
(z,y,2)~p®" I(z" y",2") (@ y 2" ~t
+ E 1ET E |:f7—)x” (:I"/)gj—n/” (y/)hj—m;” (zl):| u
17(11/7y//721/) (m’,y’,z’)wul
< \/3‘}' E 1E |:fj_>x//(x,)gfﬁy//(y/)hf_n,//(Z/)] ]
I,(z”,y”,z”) (:U’,y’,z’)NVI

Whenever E; holds, we may take & = /6 and get that NEStab;_ (97 L vy) < ¢ (provided that 0 is
small enough). Moreover, in ¥ we now have the additional property that the master embeddings are uniform,
hence the last expectation is at most M & < M§"/2 where 1, M depend only on « and the alphabet sizes,
hence we get that |E(, ,, .youen [f(2)g(y)h(2)]| < M'§" for M’ = 2M and f = /2.
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The argument in the case the master embeddings are uniform. We now assume that the distribution of
(Omaster (T); Ymaster (%), @master (2)) Where (., 3, z) ~ p is uniform over {(a,b,c) € H? | a+b+c = 0}. As
|X| = |®| = |H|, we may re-label the symbols in ¥ to be group elements (and similarly ®), so that the mas-
ter embeddings of x (and similarly 2) will be the identity. Define §(y) = E¢y v .1y [f(2)R(2') |y = ¥]

~

and note that § is in Embed., (11). Indeed, write f = Y~ f(x)x(z)and h = E(X’)X’(z). Multi-
xeH®n X €q®n
plying out, one observes that for y, x’ we have

E(x’,y’,z’)wu [X(ZL'/)X,(Z/) |y, = y] = X(_'y(y))E(ac’,y’,z’)Nu [(X,Y)(Z/) {y, = y] = (_W(y))lx’=ia

where we used the fact that conditioned on ¢/, the distribution over (2, z’) is uniform over 2’'+~(y')+z" = 0.
Thus,

E  [f@)g)h()]| =(9:9) = (9T /15 nonembedd) = (T /T3 non-cmbead> 9>

(,y,2)~p®"
and by Cauchy-Schwarz this is at most ||'T, 7= .1 embeadll2 = v/ NEStab;_5(g) < V. O

With Lemmas [6.3] [6.1]in hand, it quickly follows that it suffices to prove Theorem [4.13]in the case that
non of these results apply, and hence it suffices to prove the following variant of Theorem 4.13

Theorem 6.4. For allm € N, a > 0 there are M € N, 69 > 0 and 1 > 0 such that the following holds for
all 0 < § < 6o. Suppose that p is a distribution over 3 x I' x ® satisfying:

1. The probability of each atom is at least .
2. The size of each one of 3, T, @ is at most m.
3. supp(p) is pairwise connected.

4. There are master embeddings 0,7y, ¢ for p into an Abelian group (H,+) that are saturated, and the
distribution of (o(x),v(y), ¢(2)) where (x,y, z) ~ p has full support on {(a,b,c) € H |a+b+c =
0}.

5. The distribution p is maximal as per Definition[5.8|

6. |X| > |H|or|®| > |H|.

7. In p, the value of y, z implies the value of x. Also, the value of x, z implies y.

Then, if f: X" — C, g: I'™ — Cand h: ®" — C are 1-bounded functions such that NEStab,_s(g; ,ugi’”) <
0 then

[f(z)g(y)h(2)]| < Mo".
(mvyvz)'\"u'@n
6.1.1 Theorem|6.4]implies Theorem 4.13]

By Lemma [6.1] Theorem §.13]is equivalent to the same statement under the additional assumptions of
maximality and that the distribution is fully merged. Letting 1 be a distribution over > x I' x & satisfying
these properties, if |X| = |®| = |H| then the validity of the statement follows from Lemmal6.3] Otherwise,
we also have that either |X| > |H| or |®| > |H| and the validity follows from Theorem (6.4 O
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6.2 Restating Theorem [6.4] via Role Symmetry of z, 2

Noting that the roles of z and z are symmetric in Theorem [6.4] we have that it is equivalent to the following
statement, in which the same condition has been replaced by |X| > |H|.

Theorem 6.5. Forallm € N, a > 0 there are M € N, 69 > 0 and 1 > 0 such that the following holds for
all 0 < § < 6o. Suppose that p is a distribution over 3 x I' x ® satisfying:

1. The probability of each atom is at least .
2. The size of each one of X, T, ® is at most m.
3. supp(u) is pairwise connected.

4. There are master embeddings o,y, ¢ for p into an Abelian group (H,+) that are saturated, and the
distribution of (o(x),v(y), ¢(2)) where (x,y, z) ~ p has full support on {(a,b,c) € H |a+b+c =
0}.

5. The distribution yi is maximal as per Definition
6. |X| > |H|
7. In u, the value of any two coordinates implies the value of the third.

Then, if f: ¥" — C, g: I'™ — Cand h: ®" — C are 1-bounded functions such that NEStab,_s(g; ,u?;@”) <
0 then

[f(x)g(y)h(2)]]| < Md".

(I7y7'z)N/‘J’®n

With Theorem [6.5] in hand and following the logic of Section [5] we should now strive to achieve a
relaxed base case for distributions as in Theorem [6.3] This is the content of the next section.

6.3 Establishing a Relaxed Base Case

With the statement of Theorem in hand, we are now ready to begin addressing the so-called Horn-SAT
obstruction. The bulk of our proof will eventually be an inductive proof for a statement similar in spirit to
Theorem[6.5] and to facilitate this induction we must have a base case. The goal of this section is to design
such base case.

We begin by describing an ideal scenario, also discussed in Section [5} in which a simple base case
statement holds for the distribution 4; if this could be achieved for all distributions  as in Theorem [6.5]our
argument would simplify considerably. Alas, there are distributions p for which this ideal base case fails,
and we call such obstructions as Horn-SAT embeddings. After explaining what Horn-SAT embeddings are,
we will turn to the question of how to overcome the Horn-SAT obstruction. To do so we will switch from
the distribution 4 to a related distribution p’ (using the path trick and merges), for which we have a relaxed
form of this ideal base case (and is sufficient for our purposes).
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6.3.1 The Ideal Base Case

Ideally, we would have liked to have a base case statement as follows. For all 7 > 0, there is A < 1 such
thatif f: ¥ — C,g: I' — Cand h: ® — C satisfy that NEStaby _¢(g; p1)) < (1 — 7)||g]|3, then

E [f(@)g@)h(2)]| < Alfl2llgl2llRl2.
(z,y,2)~p

There are several issues with this statement.

1. First, at the present scenario it is not even clear that the statement should be true for A = 1, let alone
A < 1. The reason is that trivially, we can only bound the left hand side using Holder’s inequality by
1£113llgll3]|A]|3 (or some other product of q1, g2, g3 norms where - + q% + q% = 1), which may be
much larger than || f||2]|g||2||7||2- To address this issue, we will ensure that in (z,y, z) ~ pu we have

that y and z are independent, in which case we may now use Cauchy-Schwarz to always argue that

ﬁ E [|f<:c>|2}\/ E |lo@P BEE] = 17 2lglellpll
(@,y,2)~p (

T,Y,2)~

E [f(@)g(y)h(2)]

(I7y7'z)Nl’L

so we can at least take A = 1 in the ideal base case.

2. Second, even with the above transformation, it turns out that one still may not be able to take A < 1.
Naively, one is tempted argue that it is possible to take some A < 1 by considering the equality
cases of Cauchy-Schwarz and argue as follows: if we cannot take A < 1, then it means that there are
functions f, g, h of 2-norm 1 for which the above Cauchy-Schwarz is tight, hence f(x) = g(y)h(z)
in the support of 1, and such f, g, h constitute an Abelian embedding, so g € Embed,(x) and in
particular NEStab _¢(g; 11y) = |9l/3-

Taking a closer inspection though reveals that there are issues if f sometimes gets the value 0; indeed,
if f is always non-zero this argument goes through, but we do not know how to ensure that. This issue
was referred to as the “Horn-SAT Obstruction” in [|5]], and here too we have to circumvent it.

6.3.2 The Relaxed Base Case

As the ideal base case may fail, we resort to a more relaxed form of it, referred to as the “relaxed base case”;
below is a formal definition.

Definition 6.6. Let 3, ' and ® be finite alphabets of size at most m, let p be a distribution over ¥ xI' X ® in
which the probability of each atom is at least «, and let (0,7, ¢) be master embeddings of . into an Abelian
group (H,+). We say that u satisfies the relaxed base case if there is Ymodest C % 0f size at least 2 such
that the following holds:

1. Forall x,2" € Yodest it holds that o(x) = o(x').

2. There are c(a,m), C(a,m) > 0 such that the following holds. For all 7 > 0, for all f: ¥ — C,
9:T = Cand h: ® — C such that By yrcs, .. [| f(@) — f") ] > 7 it holds that

(@) gWh()]| < (1= er)If I2llgll2]IR]l2.

("I/l?y’Z)NM@n
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We now state a variant of Theorem [6.4] for distributions that have the relaxed base case, and then show
it implies Theorem [6.4] In comparison to Theorem [6.5] below we have the additional assumption that the
distribution of (o (), ¥(y), ¢(z)) is uniform over elements (a, b, c) € H? such that a + b + ¢ = 0, that p,,
is uniform and that the relaxed base case holds.

Theorem 6.7. Forallm € N, a > 0 there are K, M € N, 69 > 0 and n > 0 such that the following holds
for all 0 < § < . Suppose that v is a distribution over 3 x I' x ® satisfying:

1. The probability of each atom is at least a.
2. The size of each one of X2, 1", ® is at most m.
3. supp(v) is pairwise connected.

4. There are master embeddings o,~, ¢ for p into an Abelian group (H,+) that are saturated, and the
distribution of (o (x),v(y), ¢(2)) where (z,y, z) ~ v is uniform over {(a,b,c) € H* | a+b+c = 0}.

5. The support of v on I" X ® is full, and the marginal distribution of v on vy, z is uniform.
6. There are Xnodest C X' C X, IV C T and &' C ® such that

(a) Relaxed base case: the distribution v satisfies the relaxed base case with ¥ nodest-

(b) Containing a maximal, fully merged distribution: There is an alphabet Y of size at most K, a
map a: X" — ¥/ and a distribution v supported on X" x T" x ®' such that:

i. ais surjective.

. {(a(z),y,2) | (z,y,2) € supp(¥)} C supp(v).

iii. v is maximal as per Definition[5.8]

iv. In v, the value of any two coordinates implies the third.

~.
~

v. (0 0a,~,)isamaster embedding of U, and it is saturated.
vi. There are distinct v,v' € I such that y(v) = (V).

(c) Full support on restriction of the first two coordinates: ¥' x T C supp(vy ). In words, for all
x € X and y € T there is z € ® such that (x,y, z) € supp(v).

7. In v, the value of y, z implies the value of x.

Then, if f: ¥" — C, g: I — Cand h: ®" — C are 1-bounded functions such that NEStab; _(g; vy"™) <
0 then

[f(2)g(y)h(2)]| < Md".

(z,y,2)~v8"

At first reading, we encourage the reader to think of condition 6b above as saying that p itself is maximal
and fully merged. We do not know how to ensure that however, at least without losing some other properties
of p which are necessary for us (or without introducing further complications). Instead, as explained in
Section[5.5] we just say that within /2 we can find a distribution v which satisfies these additional properties;
for our purposes, this is just as good as the distribution y itself having these properties.
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6.4

Achieving the Relaxed Base Case: Theorem [6.7 implies Theorem

In this section we show that Theorem [6.7]implies Theorem [6.5] For that, we start with a distribution 4 as in
Theorem [6.5] and construct from it a distribution v as in Theorem [6.7] such that correlations with respect to
1 can be upper bounded by a similar looking correlations over v. We begin by noting that we may assume
that in the notation of Theorem there are distinct v, " € T such that v(v) = v(v'). Indeed, otherwise
the statement holds vacuously, as then ||g||3 = NEStab;_;(g; pg™) < 6 and the expectation would clearly

be bounded by above by ||g/|2 < /0.

6.4.1 The Construction of v, X, odest, ' and @’

Take ¢1 large enough with respect to m, and then #» large enough with respect to £1, m.

1.

Take p’ to be the path trick distribution with respect to z on p for length ¢1, and choose ¢; large
enough so that the support of 1’ on =,y is full (using Lemma [3.13). Then p' is a distribution over
Y x ' x ® where ® C ®f1,

Take 1" to be the path trick distribution with respect to x on p’ for length £5, and choose /5 to be large
enough so that " has full support on y, z (again, using Lemma|3.13). Then p" is a distribution over
¥ x ' x ¢ where & C %22,

. Take ¢/ to be the z-merge of ", so that it is a distribution over Zg, x I’ x ® where S, C 3. For a

symbol x € 3, we denote by a(x) € Sfin the distinguished element from the connected component
of « as per Definition[5.3]

Duplicate symbols: let o, 7 and ¢ be a saturated master embedding for v/ into an Abelian group H.
For each a € H, let d3(a) be the number of z € ® such that ¢(z) = a (and note that d3(a) > 1 for
all a € H as ¢ is saturated). Similarly, let dy(a) be the number of y € I" such that v(y) = a.

We are going to duplicate each symbol y € I', and z € P symbol multiple times. That is, define

[T da(2) [1 ds(?)

. . H = . = . teH
Tawp =14 (1,8) |lyeD1<i<S % gp={(24)|zed,1<j<E__
o )| L0 =9 (5]

d3(9(2))

. Take v to be the following distribution: sample (b, ¢) € H? uniformly, sample y € I and z € ®

IT d2(t) IT ds(t)
uniformly such that y(y) = band ¢(z) = ¢, sample 1 < i < tegTb) and1 < j < 7 o7 uniformly

(
and then sample (2/,y’, 2’) ~ v/ conditioned on ¢ = y and 2’ = z. Output (2, (y,17), (2,7))-

We take X' = {a(z,...,z) |z € }, TV ={(y,1) |y e T}and ¥’ = {((2,...,2),1) | z € }. As |Z| >
|H|, by the pigeonhole principle there are distinct 2*, z*' € X such that o(z*) = o(2*'), and we take

Smodest = {a(z*,...,z%),a(z", ... .z}

There are two cases, depending on the size of X nodest:

1.

If |Ymodest| = 1, we show that the validity of Theorem for p follows from its maximality. The
idea here is that if X,,04est has size 1, it means that the symbols = and x’ get “mixed up”” when we look
at the distribution v; however v contains inside it a copy of u, hence we are able to relate correlations
over v to correlations over distribution 1 of random restrictions, and this mix-up means that we will
actually look at a distribution richer than .
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2. If |Emodest| = 2, we show that the relaxed base case for v holds, and then Theoremquickly implies
Theorem

The two cases are addressed int the following two lemmas:
Lemma 6.8. If |Yodest| = 1, then p satisfies the conclusion of Theorem (6.5
Proof. Deferred to Section [6.6] O

Lemma 6.9. If |Yodest| > 1, then the distribution v satisfies the relaxed base case and, furthermore, with
Y modest; & and ®' defined as above, it satisfies the conditions in Theorem

Proof. We discuss the master embedding (¢’,~/, ¢') of v:

1. Let (0,7, ¢) be a master embedding of p. In Lemmawe have seen how master embedding evolve
under the path trick, hence we get a master embedding for p”; abusing notation we denote it also by
(0,7, ¢). Note that if two symbols Z and 7’ are to be merged in ¢/, then they are mapped to the same
group element by o. Indeed, if there are y € T and z € ® such that (Z,y, z) and (¥, y, z) are both in
the support of i, then

o(Z) +(y) + ¢(2) = 0= o(&) +(y) + ¢(2),

hence o(Z) = o(Z’). It follows that o is constant on each connected component of G, ;7 merge, hence
we may define o(a(Z)) = o(&) unambiguously and get an embedding for /.

Lastly, a master embedding for v follows. The map o stays the same, and y and ¢ simply ignore 7 and
j, that is,
V(y,i) =),  ¢(27) = o(2).

We note that (o,7/,¢’) is a master embedding of v. To see that, first note there is a 1-to-1 corre-
spondence between embeddding of v and embedding of v/: indeed, note that for all (y,7) and (y, ')
there are 2 an (z, j) such that (z, (y,1), (2, 7)) and (z, (y,7'), (z, j)) are in the support of /it follows
that any embedding of the second symbol must ignore 7, thereby essentially be an embedding of /.
Thus, any embedding of v must ignore 7 and j, hence is also an embedding of 1/, and thereby must
be equivalent to some coordinate of (o, , ¢) (as it is a master embedding of /).

2. For any b,c € H, sampling (x, (y,i), (z,j)) ~ v we get that the probability that 7/(y,i) = b and
¢(z,j) = cis 1/|H|* by definition, and then o(2) must be —b — ¢. Hence, the distribution of
(o(),7(y,7), ¢(2,)) is uniform over { (a,b,¢) € H* [a+ b+ c=0}.

3. We note that it follows that the master embedding of v maps the symbols in Xodest to the same
group elements. Indeed, in 1 we have that o(z*) = o(z*'), and following the evolution of the master
embedding above (using Lemmas [3.10] [3.12] again) it follows that the master embedding of v maps
a(z*,...,z*)and a(z*, ..., z*') to the same group element.

4. Finally, we note that as above we found distinct v, v’ € T" such that y(v) = ~(v’), it follows that (v, 1)
and (v', 1) are distinct elements in T such that 7/ (v, 1) = +/(¢/, 1).
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Next, we note that the marginal distribution of v on I'qyp X édup is uniform. Indeed, by definition it is clear
this distribution is a product distribution, so it suffices to argue that its marginal on each one of I'y,, and
Pgyp is uniform. To see that, note that for all ¢ = (¢',4") € T'gyp

. 1 1 da(t) 1 1
Pr Y1) =t = — - . = . 7
(@, (9,0),(2,5)) ~v (w9 =1) |H| do(t') ]I d2(a) [H| ][] da(a)
acH acH

wherein the first factor counts the probability we chose b = ~(t') in the process, the second factor counts
the probability we chose a specific pre-image y of ¢/, and the third factor counts the probability that i = 7’
This probability is independent of ¢, hence the marginal of v on I'q,p is uniform. The same argument shows
that the marginal of v on @dup is uniform.

We now argue that %' x T'qyp C supp(vz ). Indeed, by construction we have that ¥ x T' C supp(u, ,,)
and hence { (z,...,z) |z € X} xI" C supp(u, ). Thus, after the z-merge we get that ' xI" C supp(v;, ),
and after duplicating symbols we get that X' x T'gqyp C supp(vy,y)-

We defer the proof of the rest of properties of v to Section [6.5] O

To finish this section, we quickly explain how to derive Theorem [6.5|from Theorem|[6.7}

6.4.2 Proof that Theorem [6.7 implies Theorem

With the above set-up above, if |Epodest| = 1 then we are done by Lemma SO assume otherwise.
Thus, |Ymodest| > 1, and by Lemmait follows that v satisfies all of the conditions of Theorem By
Lemma [3.9]we may upper bound

E _ [f(z)g(y)h(z)]

(x7yYZ)Nu®n

< E [F(x)gy)H()],

(x’yVZ)N:LL//@n

where F' and H are some bounded functions, ¢ = O(1) and the marginal of ", is the same as j,. Hence,

it suffices to establish the conclusion of Theorem for 1”. Using Lemma it suffices to prove the
statement for the z-merge of 1/, namely for v/

For the distribution v, by Theorem [6.7] we know that it satisfies the conclusion of Theorem [4.13] Con-
sider the distribution /e Over Sinal X ' x @ defined as: sample (z, (y,1), (z,7)) ~ v and output (x,y, 2).
Given functions f: ¥ — C, g: I'™ — C and h: ®" — C we may define f': 32  — C, ¢ I, —C
and b': &4, — Cby f' = f and

g/((y17i1)7’ R (ynﬂn)) = g(yla e ayn)v h/((21,j1), R (Zm]n)) = h(zlw . 'aZN)'

Then
E [f(z)g(y)h(z)] = E L' (2)d (y)I' (2)]

(m,y,z)Nzxpre@n (z',y 2" )~ ®n
and the master embeddings of v and vy are essentially the same, so NEStab;_s(g") = NEStab;_;(g).
Thus, as v satisfies the conclusion of Theorem @ it follows that v also satisfies the conclusion of
Theorem [6.5]
We now note that v/ and V;,,e are two distributions over f)ﬁna| x T' x ® with the same support and in
which the probability of each atom is at least o = o/(«,m) > 0, hence the conclusion of Theorem is

equivalent for them. Indeed, we may write v/ = v/, + (1 — 3)D where 3 = S(a,m) > 0 and D is some

pre
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distribution. Thus, given functions f: iﬁnal — C,g: " — Cand h: " — C that are 1-bounded and
NEStab;_s(g; "*™) < § we may choose J Cg [n], sample (Z, 7, Z) ~ D/, set

f= fjai’ 9= 9T i h = hj*)é’

and get that

(x,y7z)~1/’®” J) (xlvy/vz/)NVIIJre

E [ﬂx’)g(y/)f%(z’)]].

i,§,%)~D7

—~

We denote the inner expectation by ¢, ( 7.3, B), and let E be the event that NEStab, __/z(; I/F’,I,e) < V0.
By Claims[4.9] [4.8]it follows that

16v5(93 V") < NEStaby_s(g; ) < 6.

c(m,«a

~ <
= INEStab, _/5(7: Vjre)| < NEStab,

~ J
y~Dy

Thus, by Markov’s inequality we have that Pr m < V4, and so

E[led.(f.3.0)] |+

J(%,§,2)~D7
< M2+ Pr[E] < (M +1)6°2,

E - [1p6ulf.7)]

J(2,5,2)~D’

where we used the fact that if £ holds, then we may bound )gbypre( f.q. ﬁ)‘ < Mo* for some M,s > 0
depending only on m and «, and also we used the upper bound on Pr E} . O

6.5 The case that |2, ,o4est| = 2: Proof of Lemmal6.9|
6.5.1 On the Supports of Horn-SAT Embeddings

A triplet of functions f: Shin — C, g: Tqup — Cand h: i)dup — C is called a Horn-SAT embedding if
f(&) = g(y)h(Z2); we say it is non-trivial if f ¢ Embed, (). Consider the collection of subsets

F ={F|3(f,g,h) anon-trivial Horn-SAT embedding of v, F' = supp(f)} .
Let Funion — UF/EJ: F/.
Claim 6.10. For x € ¥ we have that a(x, ..., x) & Funion.

Proof. Assume towards contradiction otherwise, and let 2* be such z. Then there is F’ € F containing
a(x*,...,z*), hence there is a non-trivial Horn-SAT embedding f, g and h such that f(a(z*,...,2*)) # 0.
Define f': ¥ — Cby f'(z) = f(a(x,...,x)), and note that for all (z,y, z) € supp(u’) we get that

f'(x) = g(y)h(2),

and also that f’(x*) # 0. In y the support of the distribution on ¥ x T" is full, and hence we conclude that
g(y) # 0 for all y. Thus, for all (z,y, 2) € supp(u') we get that f'(z) = 0 if and only if h(Z) = 0, and
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since ' is pairwise connected it follows that the functions f’ and h must either be trivially 0, or else never
0. As f'(x*) # 0, we get that f” and h never vanish.

Thus, g and & never vanish, and as f, g, h is a Horn-SAT embedding it follows that f also never van-
ishes. Consider the principal branch of the complex logarithm function log, and define f”(x) = log(f(x)),
g"(y) = log(g(y)) and h"(z) = log(h(z)); by Claim [4.3] we get that f” € Embed,(v), and as log is
injective it follows that f € Embed, (v), in contradiction to the fact that (f, g, h) is a non-trivial Horn-SAT
embedding. O

We have the following immediate corollary, asserting that Horn-SAT embeddings must be constant on
Ymodest (thereby giving some sense that the relaxed base case holds for v).

Corollary 6.11. If f: Sn — C, g: Paup = Cand h: (i)dup — C form an Horn-SAT embedding, then
F15 00 IS cOnstant.

Proof. Suppose towards contradiction that f|yx;, . . is not constant. Note that the master embedding of v
assigns that same group element to both members of X odest, hence we get that f ¢ Embed, (v). Thus,
f, g, h is a non-trivial Horn-SAT embedding, hence by Claim f must vanish on >/, and as X odest € X/
it follows that f must vanish on X ,og4est, and contradiction. ]

6.5.2 Proof of Lemma|[6.9; Compactness

We begin by establishing a weak form of the relaxed base case via a compactness argument. As such, this

argument does not produce quantitative bounds (which are crucial for our application), however it serves as

a good warm-up for the actual argument proving the relaxed base case (which is very similar in spirit).
Namely, we show that for all 7 > 0 there is 7/ > 0 such that if f: iﬁna| — C, g: T'qyp — C and

h: ®4,, — C are functions such that B, s, [|f(m) - f(:n’)ﬂ > T, then

E [f@)gh(2)]] < @ =) fl2llgll2llhll2-

(Z,y,2)~v

Indeed, otherwise we could find a sequence fy,, gm, hm With 2-norm equal to 1 such that the left hand side
approaches 1, and by limiting we could find f, g, h as above, in which ‘E(f’:%Z)NV [f(:z)g(y)h(z)]! = 1. By
Cauchy-Schwarz we have

1= E [f(z)g9(y)h(z)]

(z,y,2)~v Z,Y,z €T,Y,z)~v

<\/( E [\f(x)\g]\/( E_ [ls@hGE] =1 lalolltlz = 1

in the support of v, where 6 has absolute

hence Cauchy-Schwarz is an equality and so f(z) = fg(y)h(z)
), hence this triplet forms an Horn-SAT em-

z
value equal to 1. Multiplying g by 6 we get that f(z) = g(y)h(z

bedding. By limiting we have that B, ,rex, .., [[ f(z) — f(2) ]2} > 7, and this contradicts Corollary|6.11

6.5.3 Proof of Lemma|6.9; Unraveling Compactness

In this section we show that v satisfies the relaxed base case. Fix f, g, h and 7 > 0 as in the definition of
the relaxed base case; by normalizing, we may assume that the 2-norms of each one of f, g and h is equal to
1. We will assume that 7 < ¢ where ¢ = ¢(m, ) > 0 is a constant to be determined, as otherwise we may
lower 7.
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Assume towards contradiction that ‘[E(x’y’z)w, [f(z)g(y)h(z)]| = 1 — 7°9™. Thus there is a complex
number 6§ of absolute value 1 such that O, ) [f(2)g(y)h(z)] = 1 — 7°°™, and to simplify notation
we multiply f by € so that this inequality becomes E(, , )~ [f(2)g(y)h(2)] = 1 — 759 we note we may
multiply f by a constant without loss of generality, as this does not affect any of the assumptions on f.

Claim 6.12. Eyesp, ||/(2)] > §

Proof. By |a —b|*> < 2]al* +2|b|* forall a, b € C we get

E (@] =1 E_[l5@ - @] = ] s

TE X modest 4$ IGE,

Claim 6.13. For all (x,y, z) € supp(v) we have ‘f(x) - g(y)h(z)‘ < r20m,
Proof. We have

( 7y72) x7y7Z)NV (w7y7z)NV
=2-2 E [f(x)g9(y)h(2)]
(7,y,2)
< 2790

2
and as the probability of each atom in v is least o (a, m) > 0 we get that ‘f(m) —g(y)h(z) ‘ < a/7irP0m g

740m for ¢ sufficiently small, giving the claim. O

Claim 6.14. For all y € T'qyp we have |g(y)| Za,m /.

Proof. Assume this is not the case, so that there is y* € TI'q,, such that ]g(y*)] < n(a, m)V/7’ where
n(a,m) > 0 is a small function of & and m. By Claim|[6.12]there is Z = a(z,...,2) € Lmodest Such that
|f(Z)| = +/7/2 (where 2 € ¥). As the support of 1/ on ¥ x T'is full, there is Z € ® such that (z, y*, z) is
in supp(y'), hence (Z, y*, Z) is in the support of v, so by Claim

V7/2 < 1F@)] < o) [hE D]+ 707 < n/r(al) ™2 4 720

where we used the fact that |h(Z)| < (o/)""?||h]|3 = (a/) /2, where o/ = o/(,m) > 0 is a lower bound

on the probability of any atom in v. This is a contradiction for a small enough 7. O

Consider the interval (0, 1), and in it define the intervals I; = [73U+1) 737) for j = 0,1,.... We say an
interval J; is free if it doesn’t contain any point from either Image( f) or Image(h). Note that as the intervals
I; are disjoint and each one of these sets has size at most m, we may find j € {0,1,...,2m} such that I; is

free, and we fix such j henceforth.
Claim 6.15. We have that | f(Z)| = 7310 for all & € Smodest and |h(Z)| = 739415 for all 7 € By,
Proof. Assume otherwise, and define

A(@) = Ljj@)zrot1s,  B(2) = L zros.

Then by our assumption, at least one of A, B is not identically 1, say A without loss of generality. Note that
since || f||2 = 1, there is some x such that |f(x)| > 1 > 7, so a is also not constantly 0, hence A is not
constant. We next show that A(z) + B(z) = 0 (mod 2) for all (z,y, z) € supp(v), hence conclude that v
is not pairwise connected in contradiction to the fact that 4 is pairwise connected and Lemma [3.13]
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The case that A(x) = 1. Suppose that (z,y,z) € supp(v) are such that A(z) = 1. It follows from
Claim 6. 13| that '
lgWh(2)| = |f(@)] = 71O > 775 — 720m,

and as [g(y)| < o |gl2,5, = ™!, it follows that

-
1/

F3j+1L5 _ 20m

h(z)] = > ¥t

where we used the fact that 7 < ¢ is small enough, and j < 2m. Thus, as I; is free, it follows that
|h(2)| = 737, and so B(z) = 1.

The case that A(x) = 0. Suppose that (x,y,z) € supp(¥) are such that A(z) = 0. It follows from
Claim[6.13] that '
l9()h(2)| < |f ()] + 720" < 7D 4 720,
and as |g(y)| = 7 by Claim [6.14] it follows that
35+1.5 20m ,
h(2)] < oA < 7304
T

where we used the fact that 7 < ¢ is small enough, and j < 2m. Thus, as I; is free, it follows that
|h(z)| < 730+, and so B(z) = 0. O

Claim implies that the functions f, g, h never get the value 0, and also that in the support of v,
\W— 9(y)h(z) - +20m _
9(y)h(z) lg(y)h(2)| = Qo (V1) 730415

This motivates the definition of an approximate Abelian embedding by taking the principal branch of the
logarithm:

10m

—1| = -

fl(x) =log(f(x)),  d(y)=loglg(y)),  K(z)=1log(h(z)).

Define d(a, b) = mingez |a — b — 27ik| for a,b € C. Then in the support of v we have:

d(f'(x),¢'(y) +1'(2) =d <1Og< v )(zz )> 0) <

We now use the logic of Claim [4.3] (and the underlying application of Dirichlet’s Approximation Theorem)
to slightly change f’, ¢’ and h’ to get a proper Abeling embedding.

We work separately with the real and imaginary part of f’, ¢’, h’. Looking at S = Image(Re(f")) U
Image(Re(g’)) Ulmage(Re(h')), we have that |S| < 3m. We take N = (a7)~?™; from Dirichlet’s Approx-
imation Theorem it follows that there are oge: Xfin — Z, Yre: I’ — Z and ¢re: ¢ — Z such that for some
integer 1 < ¢ < N we have

< TlOm . (9)

Re(f'(x)) — UReq(x) s qull/ISI’ Relg'w) - VReq(y) S aN o
/ Re 1
Re(h'(2)) — Rq(z) S NS
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Similarly we find oy : Xin — Z, Yim: I’ = Z and ¢, :  — Z such that

y Olm () 1 ' Yim () 1
/ ¢m z 1
(o) - 2mE| < L

Define

5(2) = ore(2) + 27i0Im (),  A(Y) = We(¥) + 27N (Y),  A(2) = PRe(y2) + 2midim(2).
Claim 6.16. G (z) — 7(y) — ¢(z) = 0 (mod 2xi) for all (x,y, z) € supp(v).

Proof. From the choice of &, 7, ¢ and (O] it follows that for all (z,v, z) € supp(v) it holds that

d (6(;), () ;r ¢(z)> < qN?/|S +d(f'(2),d () +1(2)) < qN?/S 4 lom

where we used the triangle inequality and (9). Multiplying by ¢ we get that d (o(z),v(y) + ¢(2)) <
ﬁ + ¢ < 1, where we used the fact that ¢ < N, the choice of N and the fact that 7 is suffi-
ciently small. As &(x) — 7(y) — ¢(z) is a complex number of the form a + bi for a, b € Z, it must be the
case that @ = 0 and b is a multiple of 27, and the claim follows. O

Looking at the real parts of &,% and ¢, we get from Claimthat Re(6) € Embed, (v) and looking at
their imaginery part we get that they form an embedding into an infinite cyclic group, hence by Lemma|3.20
they are equivalent to an embedding into a finite Abelian group, and again by Claimwe getthat Im(d) €
Embed, (v). It follows that & is in Embed, (v/), hence €7 is in Embed, (). Hence € is constant on ¥ odest
and so

g [lf@-saf] = & || - @ - @) - )]

’ /
T, 2" €Xmodest T, 2" €Xmodest

ciz -]

TE€Xmodest

1 _E s

TEX modest

F@)/a—f(@) ﬂ

For each z, # — f'(z) is a complex number a + bi for a,b € R which are at most m in absolute
value, hence

e @/a=1"(=) _ 1‘ < |e%cos(b) — 1| + |e%sin(a)| < O <qN}/|S> <78

Thus, we get that

E [f@-s@)] < B [If@P] <) I3 <7,

T, €Xmodest TEXmodest

and contradiction to the assumption that B, z/cs ... [\ f(z) = f(2") |2} >T.
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6.5.4 Proof of Lemmal6.9: v Satisfies the Other Conditions of Theorem

The first, second, third and seventh properties of v are all direct by the construction. We have already argued
about the fourth and fifth properties of v in the beginning of the proof of Lemma [6.9] Property 6a was
established in Section[6.5.3] and now we only need to verify property 6b. For that we describe a distribution
U satisfying the properties therein.

Take X" = {(z,...,z) |z € ¥}, recall that " = {(y, 1) |y € '} and let  be the distribution of

((zy...,2),(y,1),((2,...,2),1))

where (z,y,z) ~ p. The map a that we take is the same as the map a we defined to make the xz-merge.
Property 6b(i) is clear by the definition of >’ and X"/, and property 6b(ii) is clear by the properties of the path
trick. Property 6b(iv) follows as in p the value of any two coordinates implies the last one, and property
6b(v) is immediate by the construction. Property 6b(vi) was verified above in the body of the proof of
Lemma|6.9] We now argue about maximality, property 6b(iii).

Suppose we have f: X" — C, g: I"" — C and h: & — C that are 1-bounded, and define f': X" —
C,g:T"—= Cand h': " — Cby

1, zn) = f((@1, o 21), - (T, oy ), d i, yn) = 9((y1,1), .., (yn, 1)),
B (21, 20) = h(((21,- .5 21),1), .o, ((Zny - -+, 20), 1)).

Then
@@= E[f(2)g (N (2)].
(Z,y,2)~0®" (z,y,2)~u®m

The point is now that if we take a distribution D over ¥’ x I x &' whose support strictly contains the
support of 7, then we could repeat a similar reasoning above and relate our expectation to an expectation
with respect to a distribution D whose support strictly contains . Indeed, let D be such distribution and
define D by taking (&, (y,1), (Z,1)) ~ D and outputting (z,, z). Clearly the support of D contains the
support of /i, and hence the support of 1. If it was the case that supp(D) = supp(x), then we would get that

supp(D) g {(f7 (y7 1)7(57 1)) ’3x G 272 e q’?‘i:: (wﬂ‘ ° '?x)75: (Z7"'7Z)7(x7y7z) e supp(/“’L)}7

but this is contained in the support of & in contradiction. Thus we get that taking f’, ¢’ and h’ as above we
have that

E _[f@gwh@l= E _ [f@)g W ()],
(Z,y,2)~DO" (z,y,2)~DO™
and D is a distribution whose > support strictly contains supp(x). If NEStaby —5(g; D) < 4, then by Lemma.
we get that NEStab;_5(¢g’; D) < 0%, where s = s(m, a) > 0 (as the master embedding of y in D is a re-
finement of the master embedding of y in D, we get that the corresponding averaging operators satisfy the
properties of the lemma). Thus, by Clalm.we get that NEStab; s (g; D) < 6%, and as p is maximal we
get that

E _ [f'(@)g(y)h'(2)]| < Mo
(z,y,2)~D®"

for some M, n depending only on m, «, concluding the proof. O
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6.6 The Case that |Z,dest| = 1: Proof of Lemma 6.§]

Let f, g, h be functions as in Theorem Using Lemma 3.9 repeatedly, we get that there is ¢ = Oy, (1)

such that .

[f(@)g(y)h(2)]

(x7y7z)NM®n

< [F'(2)g(y)H ()]

(x7y7Z)Nul/®n

)

where F': " — C and H: " — C are some 1-bounded functions (and g remains the same). Our goal is to
show that this quantity is at most /6" where M € N and 1 > 0 depend only on m, . By Lemma[5.5] this
would follow if we show the statement for the z-merge distribution of x”, which is nothing but v/, hence
it suffices to show that there are M and n > 0 such that for F: Ygna — [-1,1], g: T — [-1,1] and
h: ®" — [—1,1] such that NEStab; _[g; v"] < 4§ it holds that

E _[F(z)g(y)H(2)]| < Mo,
(@y,2)~ "
We focus on this task henceforth. Recall ¥’ = {a(z,...,r) |z € ¥} and define @}, = {(z,...,2) [z € '}

as well as ¥ = {(,...,7) |x € X}. Let ¥ be the dlstrlbutlon of (Z,y,2) ~ v conditioned on & € ¥
and Z € @', and write v/ = U + (1 — B)v" where 8 > 0 depends only on « and v is some distribution.
Choose J Cg [n], (#,y/,%") ~ v""/ and define F: ¥/ — C, §: I/ — Cand H: &/ — C by

F=F

J—=&"

G=g5., H=H;

J—z

Denote ¢,/ (F, g, H) = K son [F(2)g(y)H (2)] and analogously define ¢;(F, §, H). Then

£y,5)~v
boFot = B [oF D)= B [weFai]s B [wesf.gm)
oy (1)
(10

where F is the event that NEStab;_.-15-15,/(9; U ~y) < V6 here, ¢ > 0 is from Clalm. (with D =1/,
D’ = i, and D" = ", in the notations therein). By Claim 4.9) we have

E [NEStab, .15-15,/(3;7;))] < NEStaby_s,/(g;0/;") <4,
Jy' ’

so by Markov’s inequality Pr [E] < /6. Hence, as F', j and H are 1-bounded, we have that |(I])| <
Pr [E] < V0. In the rest of the argument we bound ().

Bounding (7). Fix J and &, 4/, Z’ so that the event E holds; we show that then

¢D(F7§aﬁ)‘ < Mo,
where M € N and n > 0 only depend on m and «. The main idea is to re-interpret qﬁ,;(ﬁ’ g, H ) as an
expectation with respect to a distribution over 2 x I' x ® whose support strictly contains the support of p,
and then use the maximality of .

Without loss of generality, we assume for notational convenience that J = {1,...,n'}. Consider the
functions F*: ¥/ — C and H*: ®/ — C defined as

Fiz) = Fla(zy,...,x1), .. a(@n, ..., 20)), Hi2)=H((z1, - 21)s s (Zars e ooy 20)).
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Consider the distribution D over 3 x I' x & that results from sampling (X, y, Z) according to &, writing

Z = (z,...,2) and sampling (z,...,z) ~ p"|s conditioned on a(z,...,x) = X, and then outputting
(z,y,2). Then:
oo(F.g. H)= E |Fx)j(y)H ()| (11)
(z,,2)~D’

It is easily seen that the probability of each atom in D is at least o’ > 0 that depends only on m and
a. We argue that supp(p) is strictly contained in supp(D). First, containment is clear by construction,
and we next observe the strict containment. In p we have that y, z implies x, and in the construction
of v we first took distinct z*,2*' € ¥ (satisfying some other property that is not important for now),
and took Xnodest = {a(:c*, conx)alz . ,x*’)}. Thus, there are 3,7/ € I' and 2,2’ € ® such that
(x*,y,2), (z*,y',2") € supp(p), and it must be the case that (z*,3’, 2) is not in supp(u) (otherwise,
this would mean that the value of the y and z coordinate does not imply the value of the x coordinate
in p). We argue that (z*,y,2’) is in supp(D). Indeed, as by assumption |X,odest| = 1 we have that
a(z*,...,z*) = a(z*',...,2*), and we have that for X = a(z*,...,2*), Z = (¥/,...,7) it holds that
(X,y', Z) is in supp(v), hence by definition of D and the fact that a(x*, ..., z*) = X we get that (z*, ¢/, 2’)
is in supp(D).

In conclusion, we get that the expectation on the right hand side of is an expectation with respect
to a distribution D whose support strictly contains the support of 1 and hence we can use the maximality
of 1. One subtle point is that the “high degreeness” of ¢ is not phrased in quite the appropriate language;
as the event E holds we know that NEStab; _.-13-15,/(7; ﬂz}] ) < V¢ and we need to conclude from this
high-degreeness with respect to non-embeddability in D.

As 7, = D, we have NEStaby_.-15-15,/(7; ﬂi/]) = NEStablfc—IB—ltgyyl(g;D?;]). Next, note that any
Abelian embedding of +/ can be used to define an Abelian embedding of D. This is done by mapping x to
a(x,...,z) and then applying the embedding of +/ on the first coordinate, applying the embedding of 2/ on
the second coordinate on y, and mapping z to (z, . .., z) and then applying the embedding of 2/ on the third
coordinate. Thus, the partition of I defined by master embedding of / is a refinement of the partition of T’
defined by the master embedding of D. Applying Lemma 2.9 we conclude that

NEStab; —15-150(3; D;) < NEStaby ,—15-15,/(3; D;)* < 6/
where s = s(m, ) > 0. By Claimwe get that NEStab; _s./2 1(7; ng) < 0%/2 provided that &y is small

enough, hence by maximality of p it follows that

E |F@)g)H ()] | < M5/

(z,y,2)~D”

where M’ and ' > 0 depends only on @ and m. Plugging this into (1)) we have that
65/2 and so |(I)| < 6°7'/2,

¢ (F, 34, ﬁ)) <
Combining the bounds on (I), (/7). Plugging the bounds on (I), (II) into (10) yields that
(60 (F.g, H)| < M7 /% 4+ V5 < M5

for M" = M’ + 1 and " = sn’ /2, and we are done. O
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7 Reducing to the Homogenous Statement

In this section, our goal is to reduce Theorem [6.7|into a result that relaxes the assumption that our functions
are 1-bounded to the assumption that they are bounded 2-norm (which is therefore more amendable to a
proof by induction). See Theorem [7.23]for a precise statement.

7.1 Degree, Non-embedding degree and Effective Non-embedding Degree

Recall that in Section |4.2| we showed that given a distribution p that has saturated master embeddings, one
may construct a basis By U By for Lo(3; i, ) in which Bj consists of embedding functions and Bj consists
of functions that are orthogonal to all embeddings functions. The goal of this section is to refine this further
S0 as to be more compatible with the relaxed base case.

Definition 7.1. Let 11 be a distribution over ¥ x I' X ® as in Theorem|6.7} We define an orthonormal basis
Bembed U Bnonfembed U Bmodest fOI" LQ(E; ,fo), anOZIOWS-'

1. Consider the space of embedding functions, Embed, () = span ({ xXoo|x€ f[}) and pick an
orthonormal basis Bempbed = {X oo |x€ ﬁ}for it.

2. Consider the orthogonal space to Embed,, (1), namely Embed,, (1), and consider the subspace of it
of functions that are constant on ¥modest-

Non-Embed-Non-Modest, (1) = {f: Y — C | f € Embed, (11)F, fI5, g i constant} :

Pick Bhon—embed an orthonormal basis of Non-Embed-Non-Modest, (1).

3. Consider the space Non-Embed-Non-Modest, (1) N Embed, (11)*, and take Bmogest to be an or-
thonormal basis for it.

With the basis Bembed U Bhnon—embed U Bmodest 1N hand, we can now construct an orthonormal basis for
Lo(X", u®™) by tensorizing. Namely, we take (Bembed U Bnon—embed U Bmodest)©"» as an orthonormal basis
of Ly(X", ™), and thus we may write any f: X" — C as

fla) = > FOO xi(xi),  where f(x) = (f.x)-

XE(BembedUBnon—embedUBmodest)®n i=1

n
Definition 7.2. A function x of the form x(x) = [] xi(z;) where x; € Bembed U Bnon—embed U Bmodest for
i=1
all ¢ is called a monomial.

There are also several important notions of degree that may be associated with monomials, which extend
Definition

n
Definition 7.3. Let x = [] x: be a function in (Bemped U Bnon—embed U Bmodest)&"
i=1

1. For a character a € H, the a-embedding degree of x, denoted by embeddeg,, () is the number of
coordinates i on which x; = a.
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2. The embedding degree of x, denoted by embeddeg(x), is the number of coordinates i on which x; €
Bembed- In other words, embeddeg(x) = > embeddeg, ().
a

3. The non-embedding degree of x, denoted by nedeg(x), is the number of i on which X; & Bembed, that
is, {'L € [n] ’Xi ¢ Bembed}‘-

4. The effective non-embeding degree of x, denoted by eff-nedeg(x), is the number of i on which x; €
Bmodest» that is, {7/ € [n] |Xz € Bmodest}‘-

We note that clearly, for every monomial x it holds that eff-nedeg(x) < nedeg(x) < n, and that
nedeg(x) + embeddeg(x) = n.

7.1.1 The Modest Markov Chain

Recalling the non-embedding noise operator Tﬁﬁ-embed,k si La(E™, u8™) — La(X™, u™), we have by
Fact that T?oﬁ—embed 1_sX = (I — §)nedee(X)y . Next, we design the effective non-embedding noise
operator, which will be helpful for us later on. Towards this end, we define the modest Markov chain

associated with p on x.

Definition 7.4. The modest Markov chain, on %, denoted by Modest, is the Markov chain that on x € %
takes ¥’ = 1 if T € Yimodest, and otherwise, if & € Yimodest, samples x' ~ i, conditioned on x' € Yodest-

7.1.2 The Effective Noise Operator and Effective Non-embedding Degree

The modest Markov chain will be useful for us to define several notions. The first of which is the effective
noise operator, and we first define the Epop-embed,1—s-

Definition 7.5. For 0 > 0, the Markov chain E,,,,_empea,1—s on X is the Markov chain that on x € 3, takes
2! = x with probability 1 — 0, and otherwise samples a neighbour x' of x according to the modest Markov
chain.

Clearly, pi, is a stationary distribution of Epop-embed,1—s, and as usual we associated this Markov chain
an averaging operator acting. Abusing notation, we denote it by Enon-embed,1—6: L2(2; f1z) = La(X; pig)
and define it as

Enon—embed,lféf(x> = E [f(l‘/)] :

/
x NEnon-cmde, 1-6T

The following lemma gives the most basic properties of Eponembed,1—s. In words, any function in Bemped U
Bion—embed 18 an eigenfunction of it with eigenvalue 1 and any function in Byodest 18 an eigenfunction with
eigenvalue 1 — 4.

Lemma 7.6. For all § > 0 we have that for any X € Bembed U Bnon—embed U Bmodest
1. IfX S Bmodest» then Enon—embed,lfJX = (1 - 5)X
2. Else, Enon—embed,l—zSX =X

eff-nedeg(x)

Consequently, for a monomial x: 3" — C we have Efz%)?z—embed 1_sX = (1—0) X-
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Proof. For the first item, note that for all z € 3.,

Enon—embed,l—JX(x) = (1 - 5))((.%‘) +0 £ [X(JJ/)],

z’~Modest x

and we show the last expectation is equal to 0. We may write this expectation as a sum Y p(a’)x(z’)
z’'eX

where p(z') it the probability that a set on the modest Markov chain reaches z’ from x. Clearly, we may

write this sum as (x, /%> u.- We note that p/gi, is constant on Ypodest. Indeed, if a,b € Xpmodest, then

pla) = #"(Zjest) and p(b) = #m(zm). Thus, we have that p/ ., is in the span of Bemped U Bnon—embed

(as these contain all functions that are constant on X,dest), hence p/ i, is perpendicular to Bpodest and so
(X ) = 0.

For the second item, note that any such x is constant on ¥ ,0dest and the Markov chain Eqon-embed, 1—5
stays at any = € Y nodest, and otherwise stays inside > odest- ]

7.1.3 Modest Influences

The modest Markov chain will also be useful for us to define the notion of modest influence of a coordinate
as well as the modest total influence.

Definition 7.7. In the setting of Theorem for a function f: (X", u%") — C and a coordinate i € [n),
we define the modest influence of f at coordinate i as

Ii,modest[f] = E [‘f(a:,l = xl,xi = CL) - f(IE,,L = x,a Ty = b)’2:| :

2/ ~p Y a~opg b~Modest a

n

The modest total influence of f is Lnodest| f1 = D Limodest| f]-
i=1

As usual, using Pareval’s equality we get an analytical formula for influences in terms of the orthogonal
decomposition of f.

Fact 7.8. In the setting of Theorem for a function f: (X", u$™) — C and a coordinate i € [n], we have

Ii,modest[f} =2 Z

X:XieBmodest
-2
Subsequently, the modest total influence of f is Lnogest[f] = 2> eff-nedeg(x) ‘f(x)‘ )
X

7.2 Embedding Homogenous functions and Effectively Homogenous functions

Equipped with the notions of embedding degree and effective embedding degree, we may define homogene-
ity with respect to them.

Definition 7.9. We say f is completely embedding homogenous of degree D if there are integers {D,}, ch

o~

that sum up to D such that for all X € (Bembed U Bron—embed U Bmodest)©™ such that f(x) # 0, we have
that embeddeg, (x) = D,.

We say that f is completely embedding homogenous if it is completely embedding homogenous of degree
D for some D.
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Definition 7.10. A function f: X" — C is called non-embedding homogenous of non-embedding degree d
if for all X € (Bembed U Bnon—embed U Bmodest)©" such that f(x) # 0 it holds that nedeg(x) = d.

We say f is non-embedding homogenous if it is non-embedding homogenous of non-embedding degree
d for some d.

Definition 7.11. We say a function f: ¥" — C has effective non-embedding degree at least d if for all
X € (Bembed U Bhon—embed U Bmodest) ™ such that f(x) # 0 it holds that eff-nedeg(x) > d.

With the notions of homogenous functions, we may now formulate a version of Theorem for ho-
mogenous functions of bounded Lo norm. We first define the collections of these homogenous functions:

Definition 7.12. Letrn € N.

1. For d,d' we define the class F,, , , to be the collection of functions f: X" — C that are completely
embedding homogenous, non-embedding homogenous of degree d and have effective degree at least

d.

2. We define the class G, to be the class of functions g: I'" — C that are completely embedding ho-
mogenous and non-embedding homogenous.

3. We define the class H,, to be the class of all functions h: ®" — C that are completely embedding
homogenous and non-embedding homogenous.

We can now define the parameter 5:

Definition 7.13. For integers n > d > d, finite alphabets ¥, T', ® and a distribution . over ¥ x I' x ® as
in Theorem|6.7} we define

/ _ |E(2.y.2)pen Lf (@)g(y)h(2)]]
Praale] = oup I TalglalAls

!
fEFn,d,d/

9€Gn
heH,

When the distribution  is clear from context, we often drop it from the notation and denote the param-
eter simply by 3/ , . We are now ready to formulate the homogenous version of Theorem

Theorem 7.14. For all o > 0 and m € N there are £ > 0 and ¢ > 0 such that the following holds. Let
Y, I and ® be alphabets of size at most m, and let 1 be a distribution over > X I' X ® as in Theorem [@
Suppose that d,d’ € N satisfy that d’ > d*~¢. Then

B garli] <L+

We have the following claim asserting that Theorem implies Theorem The proof uses “soft-
truncation” and “truncation” type argument, and is deferred to Section [B]

Claim 7.15. Theorem implies Theorem[6.7]

Proof. Deferred to Section [B] O
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7.3 Reformulating Theorem Functions that are Constant on Connected Components

As for the proof of Theorem[7.14] for technical reasons it will be more convenient for us to view the param-

eter B;L dnd, in a different but equivalent way, and prove an analogous statement for it. Fix a distribution p

as in Theorem|[7.14} the distribution 1, . is uniform and hence is very nice to work with, but the distribution

1 may be more complicated, hence it will be more convenient for us to switch to a statement that is only

concerned with i, .. For that, we are going to use the fact that as in 4 it holds that the value of y, z implies

x, there is a natural identification between functions over x, and a certain class of functions over (y, z).
Given a function f: X — C, we may define the function F': I'" x " — C by

F(y,z) = f()

where 2 € X" is the unique point such that (z;, y;, z;) is in the support of y for all i (recall that this x is
unique as in j, it holds that y, z implies x). We view this transformation as a mapping W : Lo(X"; &™) —
Lo (T x @™, ﬂgg). A function in the image of W is not an arbitrary function, and we refer to such functions
as functions that are constant on connected components:

Definition 7.16. We say a function F: I x ®" — C is constant on connected components if there is
f: X" = Csuch that F = W f.

The reason for this terminology is that we consider a graph (V, E') whose vertex set is V = I' x O,
and the vertices (y, z) and (y/, 2’) are adjacent if there is an x such that (x,y, z) and (z, /', 2’) are both in
I" x ®; then a function F': I' x & — C that is constant on connected components as per the above definition
precisely corresponds to a function that is constant on each connected component of this graph:

Lemma 7.17. The following conditions are equivalent for F': IT™ x ®" — C:
1. F is constant on connected components as per Definition

2. F is constant on each connected component of (V, E)®™.

3. I € span ({WX ’X S (Bembed U Bhon—embed U Bmodest)®n})'

Proof. We show that the first item is equivalent to the second item and that the first item is equivalent to the
third item.

The first item is equivalent to the second item. Given F’ as the second item, for x € X" we takey € I'”
and z € ®" such that (z;,y;, 2;) is in the support of y for all ¢, and define f(z) = F(y, z). We note that
this is well defined, as for such potential y, z the value of F'(y, z) is the same (as they are all in the same
connected component of (V, £)®", Thus, F = W f and so F' is constant on connected components as per
Definition

Given F as in the first item, we have that F' = W f for some f: ¥" — C. If (y, z) and (v/, 2’) are
adjacent in the graph (V, E)®", then there is € X" such that (z;,y;, 2;) and (24, y., z.) are in the support
for p for all ¢, hence F'(y,z) = f(z) and F(y', 2') = f(z) by the definition of W. It follows that the value
of F is the same vertices that are adjacent in (V, E)®", hence F is constant on the connected components
of (V, E)®™,

81



The first item is equivalent to the third item. Taking [ as in the first item, writing ' = W f and
expanding f according to the basis (Bembed U Bron—embed U Bmodest)©™ and using the linearity of W, the
third item follows. In the reverse, given

F= Z a, Wx,
X

we can write ' =W f for f =) a,x. O
X

We note that the set { W x | X € Bembed U Bnon—embed U Bmodest } 1S an orthonormal set in Lo(T" X
D, puy,2), as
/ /
WX, WX )y = 06X Ve = Iy=yt>

hence { W | X € Bembed U Bnon—embed U Bmodest}®" is an orthonormal basis to the space of functions
F € Ly(I'™ x ®"; uZ) that are constant on connected components. Thus, to translate Theorem to
the language of functions that are constant on connected components, it remains to discuss the analog of
degrees, non-embedding degrees and effective non-embedding degrees. These are all very natural analogs

of the notions we have already seen.

Definition 7.18. A function F': I x ®" — C which is constant on connected components is said to be
completely embedding homogenous of degree D if there are integers { D}, c iy summing to D such that for

all X € (Bembed U Bron—embed U Bmodest)©" for which ﬁ(Wx) # 0 it holds that embeddeg,(x) = D,.
We say F' is completely embedding homogenous if it is completely embedding homogenous of degree D
for some D.

Definition 7.19. A function F': I'™ x ®" — C which is constant on connected components is called non-
embe/c\iding homogenous of non-embedding degree d if for all X € (Bembed U Bnon—embed U Bmodest)©" such
that F(Wx) # 0 it holds that nedeg(x) = d.

Definition 7.20. We say a function F: I'™ x ®" — C which is constant on connected components has
q\j‘ective non-embedding degree at least d if for all X € (Bembed U Bron—embed U Bmodest)©" such that
F(Wx) # 0 it holds that eff-nedeg(x) > d.

Lastly, we define the analog of the class F,, , ;.

Definition 7.21. Forn > d > d’ we define the class F,, q.a to be the collection of functions F: T x " —
C that are constant on connected components, are completely embedding homogenous, are non-embedding
homogenous of degree d and effective non-embedding degree at least d'.

With all of this, we now define the analog of the parameter 3/, , . (1] for functions that are constant on
connected components.

Definition 7.22. For integers n > d > d, finite alphabets ¥, T', ® and a distribution i over ¥ x I' x ® as
in Theorem|6.7} we define

braal = sup  [Emaer 0 29W)h()]

FEF, 4 IF2llgll21l7]]2

gEQn
heHn
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Often the distribution p will be clear from context, in which case we may omit it from the notation and
simply write 3, 4 4. The following result is an equivalent formulation of Theorem in the language of
functions that are constant on connected components; its proof is given in Sections[§|and [9]

Theorem 7.23. For all « > 0 and m € N there are & > 0 and ¢ > 0 such that the following holds. Let
Y, I and ® be alphabets of size at most m, and let 1 be a distribution over ¥ x I' x ® as in Theorem[6.7}
Suppose that n > d > d' satisfy that d' > d'~¢. Then

_Jr11-2¢
Braal] < (L+e)™ .

7.3.1 Theorem implies Theorem
We first show that Theorem implies Theorem " Let f, g, h be as in the definition of S, 4 4 [1].
Taking F' = W f, we see that || F'||2 = || f||2 and

E [f@gyh(z)l= E  [F(y,2)g9(y)h(z)].

(z,y,2)~p®n (z,y,2)~p®n

Moreover, by Lemma and the definitions it follows that F' is completely embedding homogenous, non-
embedding homogenous of degree d and effective non-embedding of degree at least d’. It follows that the
supremum defining 3/, , ,[1] is at most the supremum defining 3, 4.« [11], hence by Theorem we get

_ g2
that 8, 4 (1] < Bnaa[p] < (1+c¢) a2

7.4 Influences for Functions Constant on Connected Components

As the map W is a 1-to-1 correspondence between functions over x, and functions over y, z that are constant
on connected components, we get analogs of the various notions of influences (non-embedding and modest)
for functions that are constant on connected components. Below we define them formally.

Definition 7.24. In the setting of Theorem[6.7] let F': T™ x ®" — C be a function which is constant on
connected components, and let f: X" — C be the unique function such that F' = W f. For a coordinate
1. The non-embedding influence of i on F, denoted by I; pon-empea| F), is defined to be I; yon-embeal f]. The
n
total non-embedding influence of F is Lnon-emped|F'| = D, Li non-embed|F).

=1
2. The modest influence of i on F, denoted by I; yoest| F'), is defined to be I modes:| f). The total modest
n
influence of F is Lodest[F'] = Y Ii modest | F -
i=1

8 Proof of Theorem [7.23: Reducing to Near Linear Degrees

In this section we begin the proof of Theorem and show the following lemma.

Lemma 8.1. For all m € N and a > 0 there are ¢ > 0 and L > 0 such that the following holds. Let
n > d > d' be integers and let i be as in Theorem Ifn > Ld, then

Brdga <max (Bu_1,da, (1 —€)Bp_1,d—1,a-1) -

"The reverse direction is also true and the proof proceeds via similar lines, but is omitted since it is unnecessary for us.
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In words, Lemmal(8.1|says that when we look at /3, we can either decrease n and leave the non-embedding
degree d, and the lower bound on the effective degree d’ to be the same and get a bound by a similar
parameter 3; else we drop d and d’' by 1 but to compensate for that we gain a factor of (1 — ¢).

After proving Lemma [8.1| we are going to iterate it and conclude that either we are done (by gaining
sufficiently many factors of 1 — ¢), or else we have reduced n all the way down to Ld, in which case the
number of variables is linear in the non-embedding degree of the z-function and thus nearly linear in the
effective non-embedding degree. The case that n ~ Ld will be the subject of discussion in Section 9}

The rest of this section is devoted to the proof of Lemma [8.1} and our argument closely follows [5,
Section 5], with a few additional complication due to the greater generality in our case. In a sense, one
could think of the argument in [S, Section 5] as addressing the case that there is only the trivial embedding
functions corresponding to the all 1 character, hence the constant all 1 function plays a special role therein.
In our context embedding functions play the role of the constant functions in the setting of [3]], and non-
embedding functions play the role of functions with average 0 in the setting of [S]]. The presence of multiple
Abelian embeddings however makes the argument here a bit more tricky, and this is ultimately the reason
we needed the notion of completely embedding homogenous functions.

8.1 Preliminaries: the Additive Base Case and Some Simple Orthogonalities

In our argument we are going to need to upper bound the absolute value of expectations of the form

E [f(@)(g(y) + h(2))]

(z,y,2)~p

for univariate functions. We may of course apply Cauchy-Schwarz to bound this, but importantly the fol-
lowing claim shows that if f is perpendicular to all embedding functions, then we can gain a factor of (1 —c)
over the trivial bound given by Cauchy-Schwarz.

Claim 8.2. Let X, I' and ® be alphabets of size at most m, and let 1 be a distribution as in Theorem[6.7]
Then there exists ¢ = ¢(m,a) > 0 such that for all functions f: ¥ — C, g: ' — Cand h: ® — C such
that f € Embed, (11)* we have that

E [f(=)(g(y) + h(2))]

< (L =)l fll2llg + All2-
(a:,y,z)wu

Proof. Assume this is not the case. Thus, we may find a sequence of functions ( fy,,, gm, hm) and measures
pim such that || finll2 = 1, [|gm + hmll2 = 1, fn € Embed, (p1r)*, and

E  [fm(2)(gm(y) + hm(2))]
(2,9,2)~m

=21—-—.
m

Passing to subsequences, we may assume that supp(i,,) is the same for all m, and passing to further
subsequences we may assume that f,, converges to a function f, g,, converges to a function g and h,,
converges to a function h and ., converges to a measure . We get that f € Embed, (u)L, ||fl2 =
lg + hljz = 1 and

E [f(@)(g(y) + h(2))]

("E7y’z)Nll’

> 1.
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On the other hand, by Cauchy-Schwarz we get that
E [f(@)(g(y) +h(2)]| < fll2llg + hllz =1,
(x7y7z)N:LL

hence Cauchy-Schwarz is tight. Therefore there is § € C of absolute value 1 such that f(z) = 0(g(y) + h(2))
for all (z,y, z) € C. Claim[4.3]implies now that f € Embed,(x), and this means that f must be identically
0 in contradiction to the fact that || f||2 = 1. O

Next, we have the following claim asserts that embedding functions in = are perpendicular to non-
embedding functions in either y or z.

Claim 8.3. Let X, I" and ® be alphabets of size at most m, and let i be a distribution as in Theorem[6.7]
1. If f € Embed, (1), g € Embedy(,u)J- and h is any function, then E (g y )~ [f(z)g(y)h(z)] = 0.
2. If f € Embed,(u) and h € Embeds(u)* and g is any function, then E(z,y,2)~pu Lf (@)g(y)h(2)] = 0.
3. If f € Embed, (1), g € Embed. (1) and h € Embedy (1) each have average O, then

E [f(x)g(y)]:( E [f(x)h(Z)]=( E [9(y)h(z)] = 0.

T,Y,2) T,Y,2)~ T,Y,2)

Proof. For the first bullet, it suffices to prove this for any f which is a basis element of Embed, (x). Thus,
let y € H and consider f(z) = x(o(z)). Then f(x) = x(—v(y) — ¢(2)), so

E [f@)gwhz)]= E [x(—=7(¥)g(y)x(—¢(2))h(z)]

(x7y7z)Nl'l‘ ($7y7Z)NM
= E [x(—W)9w)] E [x(—=o(2))h(2)],
(@,y,2)~p (z,y,2)~p

where in the last transition we used the fact that y,, . is uniform. As g is perpendicular to all embedding

functions in y we get that E(, , )~ [X(—7(¥))g(y)] = 0.
The second bullet is identical.

For the third bullet, we argue that E, , .y~ [f()g(y)] = 0 and the other two are identical. Note that f
and g are functions only of o (x) and v(y). As o(x) and y(y) are independent under (x, y, z) ~ p, we get that

the values f(l') andg(y) are independent and so E(z,y,z)wu [f(x)g(y)] = E(z,y,z)wu [f(x)]E(x,y,z)Nu [g(y)] =
0. O
8.2 The Singular-Value Decomposition

Next, our argument requires an appropriate singular value decomposition with respect to our notions of
embedding degrees and non-embedding degrees, and we have the following lemma. Let I, J be a partition
of [n] where |I| =n — 1land |J| = 1.

Claim 8.4. Let u be as in Theorem If g: T — C is a completely embedding homogenous, non-
embedding homogenous and ||g||2 = 1, then we may write

9W) = rxax D g W) + > krgr(yr)gi(ys),

xeH r=1

wherelettingP:{l<r<3|lir7é0}u{x€f]‘EX#O}, we have K, = 0 forr € P and:
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1. For x € H, g5 € span({x o v}) and gy is completely homogenous embedding function and non-
embedding homogenous of degree d.

2. For1 < r < s, gy is completely homogenous embedding function and non-embedding homogenous
of degree d — 1. Also, g|. is in Embed., (11)*.

3. The set { gr: T — (C}T ¢ p s orthonormal.

4. The set {g;: r’— C}reP is orthonormal.

5.3 k2=1.
reP
Proof. The proof is deferred to Section[C| O

We next state an SVD decomposition statement that addresses the function F'. The idea is the same as in
Claim8.4] and the only difference is that we have an additional notion of effective non-embedding degree.

Claim 8.5. Suppose F: I'" x ®" — C is a function which is constant on connected components, is com-
pletely embedding homogenous, is non-embedding homogenous of degree d, and has effective degree at least
d. If |F||2 = 1, then we may write

S
Fly,z) = > P\ (yr, 20 F(ys, 20) + > ieFuyr, 21 F (ys, 27),
xEH t=1

andP:{lStgs]wt%O}U{xefIlwx#()},wherewt>0fort€Paswellas:

1. Forx € H, F>’< € span({Woxoo})andF,: ' x & — C is a completely embedding homogenous,
non-embedding homogenous of degree d and effective non-embedding degree at least d'.

2. For1 <t < s, F} is completely embedding homogenous, non-embedding homogenous of degree d — 1
and the effective non-embedding degree is at least d' — 1. Also, F} is orthogonal to all embedding
functions.

3. The functions F; and F| are constant on connected components for all t.

4. The set {Ft: I x ol — (C}teP is orthonormal.

5. The set {F/: TV x &7 — (C}tep is orthonormal.

6. S ui=1.
tep
Proof. The proof is deferred to Section|C| O

We will need the following claim, stating a connection between the coefficients v; in the SVD decom-
position and our notions of non-embedding influence.
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Claim 8.6. Let F': I'™ x ®" — C be a function which is constant on connected components. Suppose that
F'is completely embedding homogenous, non-embedding homogenous of degree d, the effective degree is at
least d', and ||F || = 1. Write

= > P yr, 2D F(ys, 20) + Y eFi(yn, 20 Ff (ys, 27).

XEH teT

as in Claim Then if j is the unique variable in the set J in the partition [n| = I U J, then

Z 1/}15 = ] non- embed[F ]

teT

Proof. Write F' = W f for some f: X" — C so that I; non-embed|F’] = I non-embed|f], and note that from the
decomposition of F' we get an analogous decomposition of f where F; = W f, F} = W f, for all ¢.
Consider I; non-embed[F']; sampling  ~ p”~1 and a, b ~ 1, conditioned on o(a) = o (b) we get that

Ij,non-embed[f] = Z “?Ea,bNM (ft/(a) - gg(b))(fg(a) - ft/(b)) ‘U(a) = U(b)]

teTUH

For t € H we have that f/(a) = f/(b) and so the expectation is 0. For ¢ € T, computing the expectation by
expanding it we get it is equal to

205113 = 2B | H(@)F0) | o) = 0(8)] = 2= 2o | f1(@)FI0) | o) = (1)

and we argue that last expectation is 0. Indeed, let D be the distribution over the group H of o(a) where we
sample a ~ u,, we have that the expectation is equal to

|<ft/v 10(-):w> ‘2 o 0 -0
2 - ]ED 2 -
Ea [lo@=w]| ] »~P [|Ea [lo(@)=uw]]

where we used the fact that f/ is orthogonal to the embedding function Lo()=w- O

E_|[E [fi@) | o(a) = w][*] =

w~D

8.3 Proof of Lemma

In this section, we give the formal proof of Lemma Let F, g and h be functions of 2-norm equal to 1
achieving the value (3, 4 . Using the singular-value decomposition we may write I, g and h as a sum of
functions satisfying some orthogonality properties (see Claim [8.4]and Claim [8.5]for precise statements):

= U F 2 F(ys, z0) + Y WeFi(yr, 20 Fl(y, 20),

XEH teT

= knge (YD) (W) + D krgr(un)gr(v),
reH reR

2) = oA (z0) + ) pshs(yn) by (ys). (12)

AeH s€S
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Here, each one of the sets {Fi}rer U {F\}, < {F/}ter U {F;c}xefl’ {9r}rer U{9n} rep 19r}rer U
{95 e {hstses U{ha} ey and {hi}ses U {h)\},p is orthonormal. By multiplying each one of the
coefficients vy, k, and ps by an appropriate complex number of absolute value 1, we will assume henceforth
that F}, = W o x oo, g, = mo~and h)y = X o ¢. Thus, we have that

[Fy, 2)9h(2)l = Y tukeps E [y, 2)or)hs(z)] B [F(y,2)g,(y)(2)].

(z,y,2)~p®m rCRUE (z,y,2)~p®m (z,y,2)~p®m
s€SUH
teTUH
It will be convenient for us to denote
Fy(r,s) = E [Fi(y, 2)gr(y)hs(2)], Fl(r,s)= E  [F/(y,2)g,(y)hi(z)].
(,9,2)~op®n=1) (z,,2)~p

This is justified because (g,hs)re R,scs form an orthonormal set in Lo (y7, 21; ugi), and it can be completed

to an orthonormal basis, in which case the coefficient ﬁt(r, s) appear in front of g, h; in the representation
of F};. Thus, we get that

L E@ g = D duepsFilr, s)F(r,5). (13)
s€SUH
teTUH

8.3.1 The parameters and choosing the partition

We will use several parameters throughout this section, obeying the following relations:
l<egn<T<e<Lm La<l. (14)

We need to choose the partition 7, J so that the mass of F' on the non-embedding components is small,
namely

> lwnl* <, (15)

teT

and next show that as long as n is much larger than d this is possible. Indeed, if n > %d, then choosing the
partition randomly we have by Claim [8.6|and Fact .12]that

1 d
Z |wt|2 = 3 EA [Ij,non—embed[FH < — < i
J={j} n

E
LJ teT 2

so by Markov’s inequality we get that

1
Pr [([3) fails] < — < 1.
Pr[(13) fails] < 75 <

We may thus find a partition [n] = I U J with |J| = 1 such that (I3]) holds. We fix this partition henceforth.
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8.3.2 The main inductive argument

We are going to need to split the expression from (13) into various sums and towards this end we start with
a few observations that asserts that various terms in (I3) are 0.

Observation 8.7. With the setup above:
1. Consider x,m,\ € H, and note that F\;((TF,A) =1lifx=mn= X\ and ﬁ;((w,)\) = 0 otherwise.
Indeed,

Fi(m, )= E [Fu2)gwh]= E [o@)r(vm)Ms()
(zy,2)~p (zy,2)~p

As (o(z),v(y), §(2)) is distributed uniformly among all (a,b,c) € H? such that a + b+ c = 0, we
get that expectation is 0 if not all of x, 7, A are equal, and 1 if they are equal.

2. For x € H and r, s such that either v € R or s € S we have that 13;((7“, s) = 0. This is thanks to
Claim(8.3

3. Fort € T, we have that F}(m,\) = 0 if 7 = \. Indeed, write F| = W o f/, then
Ey(mN) = E [A@rG@)As:)] = E  [fl@)why) +6(2))]

(z,y,2)~p (z,y,2)~p

= E_[fil@)r(-o(x))]

(z.y,2)~p
which is 0 as f] is orthogonal to embedding functions.

With these observations in hand, we expand out the sum in and drop off terms which are O to get
that

Buaaw = Y Uxkixp EXO0X)+ D GikapaFi(m, N (m,\)

x€H teT,m NeH w4\

+ Z djtﬁrpkﬁt(n )‘)Ft/(ru >‘) + Z wt’iﬂpsFt(Tru S)Ft/(ﬂ-7 S)
teT,reRNEH teT,meH seS

+ Z wt/@rpsﬁt(r, s)ﬁt'(r, s). (16)
teT,reR,s€S

8.3.3 The Embedding Masses of F', g and h Must Align

We start off with handling the case where the mass of F', g and h is mis-aligned on the embedding part of the
decomposition. By the choice of I, J we know that most of the mass of F' lies on components corresponding
to embedding functions, and as we noted above among these only the diagonal terms Y = 7w = ) survive.
Hence, it makes sense that unless there is a single Y on which most of the embedding mass of F', g and h lies,
we will already be able to use (I6) to argue that /3, 4 o must be considerably smaller than 3,1 41 a/—1.
This is the content of the following lemma.

Lemma 8.8. If > |Yykypy| < 1—7, then By g0 < (1—¢)max(By—1.d-1,d'—1,Pn—1,d,a) (and hence we

X€EH
are done).
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Proof. Using we get

Brda < (1 —7)Bn-1,aa + Om (Vi1Bn-1,d-1,4-1) ;

where we used the fact that for ¢ € T we have that || < /> |ib]* < /1, as well as
teT

’Fx(ny)‘ < Bo—1,d.d> ’Ft(r, S)‘ < Br-1,d-1,d—1

foralltGT,rERUﬁI,sGSUﬁ. We get that

Bn.d,d
max(B,—1,d—1,d'—1, Bn—1,d,a')

S1—74+0n(yn) <1-7/2<1—¢,

and we are done. O

By Lemma we assume henceforth that ) |1y kypy| > 1 — 7, and we note that
er

1/3 2/3
Z [hxrxpx| < m)?XWx”xPﬂ / Z NG 4

xeH xeH
1/3 1/3 1/3
1/3 2 2 2
< m}?«x‘wxﬁxpx‘ / Z ’¢x| Z |HX’ Z ’Px’
el x€H x€H

1/3
< m)?XWx”xPﬂ 48

where we used Holder’s inequality. It follows that there is x such that |1/)X/<axpx|1/ 3>1— 7, and we call it
x*. In particular it follows that

‘T/’x*’7|“x*|v|px*‘ = 1-3r. (17)

8.3.4 Upper Bounding Terms in

We now proceed to upper bounding terms in (16)). The first sum is handled by the following lemma:

Lemma 8.9. It holds that:

> Uk 06 X) | < B [ 1ox® 1D Iy oyl

xeﬁ Xeﬁ er

Proof. By deﬁnition‘ ﬁx (X, %) ‘ < Bn—1,q,a forall x € H , and the result follows from the triangle inequality
and Cauchy-Schwarz. O

The next lemma handles summands from the second, third and fourth sums in which x* does not appear.
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Lemma 8.10. It holds that:

Z wt/‘irpsﬁt(ra S)F\t/(""7 3) Sm anl,dfl,d’fl /Z |7;Z)t|2\/1 - |Kx*|2\/1 - |px*|2'
teT

teT,re RUH,se SUH

r,s#EX*
Proof. For all t € T it holds that ;] < [ |¢]?, for r # x* we have || < [ 2 |6n]? =
teT ! #EX*

A/ 1= [Ry 2, and similarly for s # x* we have |ps| < /1 — |0y 2. Also, for all such ¢, , s we have that

‘ﬁt(r, s)‘ < Bp-1,d-1,4—1 and ‘ﬁt’(r, s)‘ < 1, and as the number of summands is at most m?> the bound
follows. O

The following lemma handles the rest of the summands from the second, third and fourth sums, namely
those in which x* does appear (we recall that if both r and s are equal to x*, then such summands are 0,
hence we are dealing with summands in which exactly one of r and s is equal to x*).

Lemma 8.11. It holds that:

Z wt/{rpsFt(rv S)Ft,(ra 5)
teT .
reRUH,se SUH
r=x* or s=x*

<(1- C)5n1,d1,d'1\/z Wt’Q\/’/‘”vx*Q Z s + Loy Z v

teT SEX* r#EX*

Proof. We write the sum in discussion as

Y ko B X (X)) + Y ik ps B 8 F (0 5) (18)
teT r#£x* teT,s£x*

Fix t € T, write F}{ = W f/ and consider the corresponding terms. We note that

Frx)= E [f@dmx* )] = &  [fi@)x (—o@)gm)x (—11))]
(z,y,2)~p (z,y,2)~p

and similarly

F(xs)= E [fla @] = E  [f@)x (—o@)h()x"(—4())].

(%,y,2)~p (z,y,2)~p

Thus, we define

i) = 3 B e gl (1), b = 3 Bl ) pu bl (D (—(2),
r#EX* SFEXF
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and get that the contribution of ¢ to is equal to

E [f@n (—o@) @) +h:).

(mvyvz)Nu/
We note that g, h are orthogonal, and
o~ < o~ 2
- _ 2 2
1913 =3 Frx VB x) Lo P i (gh gio) = o 2 [ Butr x| el
T EX* rEX

and similarly for h. Also, f](x)x*(—o(x)) is perpendicular to all embedding functions. Applying Claim
we conclude that

E Al (—o@)@ +ﬁ<z>>}|

(m7y7z)N/'L
~ 2 ~
1—c\/|nx| S I |Bie )] + 1ol 3 Il B )
sFEX* TEX

Plugging this into (18] gives that

@ <(1-03 1w \/\w S Il Bt )] + o S Irel? | B

teT SEX* rEXT

~ 2 ~ 2
<=0 31l im0 1ol Yo (RO )| + Lol 3 I [Betrx)|[ (19)
teT SEX* teT r#EX* teT
) - > Fi(x*,s)F: .
where we used Cauchy-Schwarz. For fixed s € SU H, note that letting ' = “=———— we have that F’

> | Felxr9)]
teT

has 2-norm equal to 1, is completely embedding homogenous and non-embedding homogenous of degree
d — 1. Thus,

2

> )ﬁt(x*,s)(2

teT

Py 2)g ()h(2)|

2
< Bn-1d-1.d-1-

R 2
Similarly, Y |Fy(r, x*)
teT

(@) < (1= )Bn-va-ra—1, [ D10l N> D sl + loss P D Ikl
teT sEX* rEX*

< ﬁi_17d_17d/_1 for all r € R U H, and plugging this into (T9) yields that

92



Plugging Lemmas [8.11]into we get that
Brda < Bnovaa | D 10> [ oyl 1oyl

xEI:I XEFI
2 2 2 2 2
+ (1 =¢)Br-14d-1,a-1 E [e|” kx| E ps|” + [ox+] Z |ir
teT SFEX rFEX

+ Cmﬁnfl,d,d’ IZ |wt|2\/1 - |’%X* |2\/1 - |pX* |2'
teT

Denoting 8" = max((1 — ¢/2)Bp—1,d—1,4'—1, Bn—1,4,¢) We get by Cauchy-Schwarz that

Br.d@

B D TPl [ Ikl Lol + (L= e/2) I P Y Lol + (1= ¢/2) o Y Inf?

xEH teT xEH SEX* rEX*

+Cn” ST 1= I P/ 1 = Loy
teT

We have that
2 2 2 2 2 2 2 2
Z [ [ox ™ + [Rxe]| Z ps|” + x| Z |Kr|” < Z ke [ps]” =1,
xeH SFEX* rEX* 7,8

so we conclude that

Cc
Boaw <B" 1= 5 | rel” D losl” +loxe” D Il

SFEX* TEX

O[S 1— e Py 1= oy
teT

Using Y [ps]? =1 |py+|?and 3 [kp|* = 1 — |ry|* we get
sEX r#EX*

C 2 2 2 2
Braa < 8"\ 1= 5 (I P + o P =2l P o)

O[S P 1— e Py 1= oy
teT

AsvI—a<1-a/2and Vab < 3(a+ b) for non-negative a, b and tz% [ |* < n, we get that
€

Br,d.d c 2 2 2, 2 2 2
< (1= g (mel o P = 2l Bloxe ) ) + O (2= e = oo )
We write the right hand side as 1 — gP(|/£X*\2 s |y %), where P: [0,1]2 — R is defined as

P(a,b):a+b—2ab—%\/ﬁ(2—a—b).
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Claim 8.12. Given (14), we have that P(a,b) > 0 forall a,b > 1 — 67.

Proof. Looking at partial derivatives, we see that %—5 =1-2b+ 807*”[ , and similarly %—I; =1-—2a+
807’”\/77. It follows that P is decreasing in both variables in the range that a,b > 1/2 + 407’"\[ , hence for

all a,b > 1 — 67 we have that P(a,b) > P(1,1) = 0. O
Combining Claim [8.12{and (T7)), it follows that ’Bgf;* < 1— £P(|ky+|*, [py+|*) < 1, concluding the
proof. O

8.4 Conclusion of the Reduction to Near Linear Degree: Iterating Lemma 8.1]

To conclude this section, we iterate Lemma [8.1] and get that we can either get an exponential upper bound
on our parameter 3, or else we can reduce to the case the number of variables n is proportional to the non-
embedding degree d, and furthermore the non-embedding degree and effective non-embedding degree stay
roughly the same. Formally:

Lemma 8.13. For allm € N and o > 0 there are L > 0 and € > 0 such that the following holds for all
& > 0. Let p be as in Theorem and letn > d > d' be integers such that d' > d'~¢. Then either:

L Bngalu] < (1—e)"/2
2. Else, there are integers e > d/2, ¢ > d'/2 and n' < 2Le. such thatB,, g 4 [11] < By e.e'-

Proof. We apply Lemma [8.1] so long as possible. When we can no longer do that, let s be the number of
times it was the case that the upper bound was (1 — €)5,,—1,4—1,.4—1. If s > d'/2, then we clearly got a
factor of 1 — € s times, and using the trivial bound of 1 on all 3’s it follows that the first item holds.

Else, s < d’/2 and hence the non-embedding degree parameter e in the end has dropped by at most s,
soe >d— s > d/2. Also, the effective non-embedding degree lower bound parameter ¢’ also drops by at
most s, hence we get that ¢/ > d’ — s > d’/2. Since we can no longer apply Lemmait follows that the
number of variables we reached to is n’ < L - d < 2Le, and also that

Bn,d,d’ [,u] < (1 - E)Sﬁn’,e,e’ [,U] < Bn’,e,e/ [,U] O

9 Proof of Theorem [7.23: Proof for Near Linear Degrees

In this section we start off where Section (8| ended, and handle the case that the number of variables n is as
in Lemma @ In that case, we present a different inductive argument, similar to the one in [5, Section
6], that establishes an exponential upper bound on /. This is the part in our argument in which we use the
relaxed base case.

9.1 The Parameter 9

In contrast to Section 8] the argument we present herein will not be able to preserve homogeneity and instead
will reduce degrees in a controlled manner. To facilitate that, we define a modification of the class F;, 4 &
as follows:

Definition 9.1. We define the class F, 4 as the class of functions F': I'" x ®" — C that are constant on
connected components and have effective non-embedding degree at least d.
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We now define a variant of the parameter 3 that is central to this section.

Definition 9.2. For integers n > d/, finite alphabets 3, T', ® and a distribution p over ¥ x T' x ® as in
Theorem|6.7] we define

Snarl] = sup ’E(r,y,Z)Nu‘@" [F(y, z)g(y)h(z)”

FEF, 4 1El2llgll2[[2]]2
g: I'—=C
h: ®"—C

When the distribution y is clear from context, we will omit it from the notation and simply write d,, .
With the parameter ¢,, » in hand, we can now state the main inductive statement of this section.

Lemma 9.3. For all m € N and o > 0 there is C > 0 such that the following holds. For integers n > d’
suchthatn < d'Aand A > 2, finite alphabets 3, T, ® and a distribution y over S xT' x ® as in Theorem|6.7]

we have that .
On,d' (n] < <1 - AC> On—1,ar—1[p]-

The rest of this section is devoted to the proof of Lemma[9.3] We first establish a singular-value decom-
position stated similar to Claim8.5]but for the case that F’ is not homogenous, and relate this decomposition
with the modest influences similarly to Claim[3.6]

9.2 The SVD Decomposition and Relation to Modest Influences

We are going to need the following two singular-value decomposition statements, and as usual we are going
to have a partition 7, J of [n] into |[I| = n — 1 and |J| = 1. The first statement addresses the functions g and
h:

Claim 9.4. Suppose g: I'"" — C has 2-norm equal to 1. Then we may write

9(W) = krgr(yn)gi(ys),

reR

where each k, > 0 and
1. Forr € R, F,: I'! = C is an orthonormal set of functions.

2. Forr € R, F!: T7 — C is an orthonormal set of functions.

3. Y k2=1
reR

Proof. The proof is similar to the proof of Claim and is simpler (no discussion of invariant spaces is
needed), and we omit the details. ]

The second singular-value decomposition statement addresses the function F:

Claim 9.5. Suppose F': '™ x ®™ — C has 2-norm equal to 1, is constant on connected components and
has effective non-embedding degree at least d'. Then we may write

F(ya Z) = Z¢tFt(y]aZI)Fg(yJ7ZJ)a
te’T

where each iy > 0 and
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1. Fort € T, Fy: T x ®! — C is an orthonormal set of functions.
Fort € T, F}: T7 x ® — C is an orthonormal set of functions.

Fort € T, F; has effective non-embedding degree at least d’ — 1.

R

Fort € T, the functions F; and F| are constant on connected components.

5. Y2 =1

teT

Proof. The proof is similar to the proof of Claim [8.5] and is simpler (no discussion of invariant spaces is
needed), and we omit the details. ]

The next statement relates the SVD decomposition of F' and the variance the F} have on Xodest With
the notion of modest influences. For that, we define the variance a function on X odest:

Definition 9.6. For a function f: ¥ — C we denote vary, . (f) = Eabey,oue [|f(a) - f(b)\Q]

With this definition, the following claim asserts that if a function has large modest influence, then the
corresponding parts F have significant variance on Xodest- More precisely:

Claim 9.7. If J = {j}, then letting f/: ¥ — C be such that F] = W f{ we have that

D URVAIS e (F7) Zoma Ty modess [ F.
t

Proof. Write F' = W f for f: X" — C, so that from the SVD decomposition of F' we get a similar SVD
decomposition for f with f;, f/ satisfying F; = W f;, F{ = W f{. Consider I; modest|[F'| = Ij modest[f], and
consider the distribution over (a, b) where a ~ i, and b ~ Modest a. Then by definition

Ij,modest[f] = E |:|f(33], a’) - f(CC[, b)|2}

1—1
zopd™ b

2
- B[S el - £o)
zeopEm L ab t
= >t S B (7 (@) = 5, @) (T (@) — T, 00)-

For t; # t2 we have (f:,, f,) = 0, so the last sum is equal to

SSUE [[fi(@) = O] Sam D vivars . () O
t ’ t

9.3 Proof of Lemma

We are going to have the following hierarchy of parameters in this section (we recall that A is in Lemma[9.3):

0<RI'< R3'< Ry'< Rl < e<a,m™ <1,
1 1 1

1
0<77:—AR4 <E=Tm <C:—AR2 <T=Tm

<1 (20)
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Fix n and d’ as in Lemma and let ' € F,, o and g, h be functions of 2-norm 1 so that

ona = E  [F(z)g(y)h(z)].
(xry’z)’\"/"®n
As Inodest|[F] = 2d’ by Fact it follows that there is j € [n] such that
Imodest[F] 2 27d/ 2 17
n n A
and we fix such j henceforth. We choose the partition / = [n] \ {j} and J = {j}, and then use the SVD
decompositions for g and h from Claim[9.4]and for F' as in Claim[9.3]to write

9W) =Y kegryn)ar(ys),  h(2) =Y pshs(uW(zs),  Fly,2) =Y eFiyr, 20)F{ (yr, 21)-

reER seS teT

Ij,modest[F} = (2D

Thus, using the notations of the previous section we have that

Onar = Z WekirpsFy(r, s)ﬁt'(T, s). (22)
teT,reR,s€S

9.3.1 Separating Out Coefficients Bounded Away From 0 and Coefficients Close to 0

The role of the parameters 7 and 7 above will be that none of the coefficients x,, ps and 1 will be in the
interval [n, 7). Formally, we show

Claim 9.8. We may find parameters as in (20) such that none of the coefficients k,, ps and 1, are in the
interval [n, T).

Proof. We start with some parameters as in (20). As long as there is a coefficient in the interval [, 7), we
take a new set of R’s by taking R = Ru, R} > R} > R/, > R/ and take the collection {R}}? ;. Note
that as R| > Ry the intervals we consider at each step are disjoint, and therefore after at most 3m iterations
we will get that none of the coefficients lie in the interval [, 7), and we are done. U

We assume henceforth that 7 < 7 that none of k,, ps, ¢, are in [n), 7). Define

T'={teT | >T1}, R ={reR|k =7}, S'={seS|ps=T1}.
Using we write
nar = Y. WikepsFy(r,s)F{(r,s) + > UikepsFi(r,s)F(r,s).  (23)
teT’,reR’,seS’ teT,reR,seS

tZT’ or r¢R' or s¢S’

(1)
(1)

The majority of our effort will go into bounding the contribution of (1) (which we defer to the rest of
this section), and we first bound the contribution of (1) by the following claim.

Claim 9.9. It holds that |(I1)| S 105n—1,d/—1-

Proof. By the triangle inequality, it suffices to upper bound each summand. For each 7, s, in the sum we
have that [¢1k,.ps| < 7, as at least one of them is at most 7 in absolute value, and the other two are at most
1. Also, | Ey(r, s)‘ < Op—1,4—1 and ‘ﬁt’ (r, s)‘ < 1, and the claim follows since the number of terms in the
3

sum is at most m>. O

97



9.3.2 A Naive Cauchy-Schwarz Bound on (/)

We now present a naive Cauchy-Schwarz based argument showing that |(I)| < 0,—1,4—1 which can be
used to recover the trivial bound d,, ¢ < 0,—1,4—1. The upshot of this argument is that by inspecting near
equality cases, the argument will allow us to say that unless near equalities in the pursuing applications of
Cauchy-Schwarz argument hold, we will successfully have shown that 6,, o < (1 —€)d,—1 —1. Hence, we
will be able to assume in the rest of the argument that all of the Cauchy-Schwarz applications were nearly
tight. To be more precise, by Cauchy-Schwarz

i<,/ ¥ we|Res) [ X w|Res)]

teT’ ,reR’,seS’ teT’,reR’,seS’

= X Y |Res [T Y |Fes
reR’ seS’ teT’

teT’ reR’ s€S’

‘ 2

~ 2
Frs)| < 3 vfas X

teT”’ reR!,seS’

We note that > 2 >
teT”’ reR!,seS’

Ft (7, 3)‘ < 1, and that
~ 2 ~ 2
> s = B [F@ewh)]

N > ﬁt(rvs)Ft
where F'(x) = \]ETAiz, which by the definition is at most 62, ,_,. Combining, we get that
> ‘Ft 7, | ’
teT’

Z 362 Ld, -1 Z %2 < 5n71,d’71-

reR,seS’ teT’
Inspecting the proof, we see that if we had that

Z wt"{ﬁrpsFtO’ S)F (7’ 3)

teT’!,reR’ ,seS’

<a-0,) X m2lEes, ] X e|Res)|

teT’,reR’',seS’ teT’,reR’,seS’

then we would get that [(I)] < (1 — {)¥p_1,4—1 and combining with Claim we get that 6, 4 <
(1 — €)0p—1,4—1 and the proof would be concluded. We henceforth assume that

Z @btﬁrpsFt(ra S)Ft,(ra 5)
teT’',reR!,seS’

>1-0,) ¥ mel|res|,] X w|Res] 4

teT’',reR! ,seS’ teT’!,reR! ,seS’
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~ 2
Also, we see that if we had that Y 2 ‘Ft’ (r, s)‘ < (1 —=¢) 3«2, then we would get that
teT" reR/,seS’ teT’

|(I)] < +/1—(0p_1,4/—1 and combining with Claimwe get that 6,, o < (1 —€)d,,—1,4—1 and the proof
would be concluded. We henceforth assume that

dou D] ]E’(r,s)\2>(1—<>2w3- (25)

teT!  reR/,scS’ teT!

~ 2
Lastly, if > k2p? | Fy(r, 3)) <(1=¢)8% ;41 > KZp? then once again we will be able
teT’ reR’ s€S' ’ reR’ ,ses’
to conclude that 6, 1 < (1 —€)0p—1,4—1, and thus henceforth we have that

~ 2
S ARG > 0-0% 0 Y wE (26)

teT' reR! s€S’ r€R! s€S’

9.3.3 The Random Pertubation Argument

Define M7 = > w2 and My = > p2. Below, we will consider complex-valued variables 7, and 6
reR’ s€S’
satisfying that

SolmPei=0M, > (002 = M. 27)

reR’ ses’

Eventually, we choose 7, 05 according to a distribution over the points satisfying these equalities. More
precisely, we choose the distribution of 7,’s so that the vector (K, 7, ),cg is distributed uniformly over
vectors in C®' with 2-norm equal to v/M;; similarly, we choose the distribution of f, so that the vector
(0575)scp is distributed uniformly over vectors in C* " with 2-norm equal to /Ms.

The point of these constraints is so that we can define the functions

g(y) = Z Hrﬂrgr(y)v ﬁ('z) = Z pseshs(z)v

reR’ seS’

and have that their 2-norms squared are equal to M; and Ms respectively.

The functions g, and h allow us to consider the lower order, n — 1 dimensional problems corresponding
g . _ X(Fugh)F
to F and g, h where ' = ———_ Indeed, we define the function

12

Xf:|(Ft7§h>|

Pimhen 0hes) =| B [F@)iw)h(z)] ’
(z,y,2)~p®0—1)

=" |(F3h)

t

By the first expression for p and definition, we know that |p({7, },er/, {0}scs’)| < 6721_1@,_1. In our

argument we will analyze the expectation of p(-) and show it is close to 53_1 4'—1-> from which it follows

that the value of p(-) is roughly constant. On the other end, we will analyze the variance of p(+) and lower

bound it, and combining these two facts will finish the proof. We now do each one of these steps in detail.
First, we establish the point-wise upper bound on p:

Claim 9.10. For all inputs satisfying we have that p({m, }rerr, {0}sesr) < 5721—1,d’—1'
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Proof. This is immediate by definition of d,,_1 ¢/_1. O

To compute the expectation and variance of p it will be useful for us to expand it out. We have:
— 2
U brer {0hes) = 3 |(Figh)|

t

= Z Z "?rpsﬂ'resﬁt(rv 3)
t

reR’ seS’

_ — o (ol ol

= E g Ky Fopr s P Ty Ty 050 Fy (1, 8) Fy (1! 8")
t rr'€R,ss'€S!

= Z Hr”r’ﬂswﬂrﬁeses’ <Vr,s> ‘/r/,s’>7 (28)

ror'€R/,s,s'€S’

2

where the vector V. ; € CT'l is defined as Vis(t) = ﬁt(r, s). We are also going to need the following claim
that gives us bounds on the norms of the vectors V; ;.

Claim 9.11. Forallr € R'and s € S', (1 — \@)572171@,71 < Vesll3 < 572171@/71.

Proof. Note that we may write @6) as Y. &2p2||V;5]13 = (1 — ()62, 4 M1 Mo, and so
reR’ seS’ ’

2 2,2 2 2
E ﬁrps((sn—l,d’—l - H‘/?“7S||2) < C(sn—l,d’—l'
reR’ seS’

Thus, all of the terms on the left hand side are non-negative and it follows that for all r € R’ and s € S’

2 o COon a1 COn i ay 9
Op1a—1 — IVislla < 22 < o < \/E5n71,d'71>
rr-s

and re-arranging gives the lower bound. As for the upper bound, note that for all » € R’ and s € S’ we

2
have that ||V} 4[|3 < 62_, ;. as this norm can be written as ’E(%y,z)wl‘@(n_l) [F'(x)gr(y)hs(2)]| where

S Fi(r,s)Fy
Fl(z) = &2 O

[ yﬁt(m)f'
teT!

9.3.4 Lower Bounding the Expectation of p and Upper Bounding the Variance of p

The following claim bounds the expectation of p.

Claim 9.12. Consider the distribution over v, and 05 as defined after 7). Then
E [p({m}rerrs (s} ses)] = a1 (1 = 3V/C).
Proof. We use (28)) and linearity of expectation. If (r, s) # (r/,s"), say r # 1/, then

E [777"7777“’08975’} =E [FTTT"]E [03973’] =0E [‘9595’} =0,
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as the distribution of 7, is invariant under multiplying any one of these numbers by a random sign. Thus,
only (r,s) = (r/, s") contribute to the expectation, and so

E [p({mbrers {0s}ses) = E | > wiplmel |65 [ Visll3
reR’ seS’

5721—1,d/—1(1 - \/E)E Z “ng |7rr|2 |95|2 )

reR’,seS’

WV

where we used Claim Using we get that the right hand side is at least M1 M202_ | , (1 — /<),
and lastly we note that

Mi=1- % m>1l—mp>1-C,
reT\T’

and similarly Ms > 1 — (, and the claim follows. O

Combining Claims[0.12]and 0.10|give a strong upper bound on the variance of p.
Claim 9.13. var(p({m, }rerr, {0s}ses')) S VCOp_1 ar_1-

Proof. By definition of variance it is equal to
E [p({mr}hrer {0s}ses)’] = Elp({m }rerr, {s}ses)] < 6n_y oot — Gy a—1(1 = 3V/C)%,

where we used Claim [9.10]to upper bound the first expectation and Claim [9.12]to lower bound the second
expectation. Simplifying finishes the proof. O

9.3.5 Lower Bounding the Variance of p

The rest of the argument is devoted to lower bounding the variance of p. Write p = p; + p2 + p3 + p4 Where

2 2079 2 — 2
b1 = § Ry PsPs’ ’Wr| 9865/<V;”,57 ‘/;“,s’>’ b2 = § Ry Kot Pg Ty Tyt |05| <‘/r’,57 ‘/T,S>7
reR’! s#s'€S’ r#r'eR!,se€S’
N 2 2 2 2 2
b3 = § Krﬂr’psps’ﬂ'rﬂ'ﬂeses’<V;“’,Sa V;“,s’>7 ba = § Ky Ps ’777" ‘93’ Hv;‘,s 2-
r#r'€R! s#s'€S’ reR/,seS’

Note that p,4 is almost constant, and close to E[p|. Indeed, by Claim

Bl —pal < Y mrpm P 1057 (52 v a1 — IVasl®) SV/Coa1wr D> wipd w105
reR’ seS’ reR seS’

2
< \/Z5n—1,d/—1-

Thus, we get that

var(p) = Ellp — Elp]|’]

Ellp1 + p2 + ps + pa — E[p]|?]

> Ellp1 + p2 + psl’] — El(p1 + p2 + p3) (pa — E[p])]
— E[(p1 + p2 + p3)(p4 — Elp))] + Ellpa — E[p][]-
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We have that E[|ps — E[p]|*] < ¢od | 4, as wellas

’E[(pl +p2 + p3)(ps — E[p])]‘ SE[CY? |pr 4 p2 +psl* + V2 ps — Elp))?]
and
‘E[(pl +p2 + p3)(pa — E[p])]‘ SE[CY? |p1 +p2 +ps)® + V2 |py - E[p][’]-

Therefore, we get that

var(p) > (1= O(V/Q)) Ellpr +p2 + psl’] = OV} ). 29)

Inspecting (29), we now calculate E[|p; 4 pa + p3|?]. We get diagonal terms E[|p1|*], E[|p2|*], E[|ps|?] as
well as off diagonal terms such as E[p1p32], and we claim the off diagonal terms are 0. Indeed, looking at
p1p2 for example, if we expand it out we will get that each term will be of the a multiple of the pattern
|93]2 Ty myOgrOgnr |70 |2 where r # 1’ (and s’ # s”), and in particular either r or 7' (or both) are different
from r” — say » — in which case the expectation of this pattern is 0 as the distribution is invariant under
multiplying 7, by a random sign. Therefore gives that

var(p) = (1= O(CY2)) Ellpr > + [ + [psf*) — O(v/C0_1 1) (30)

To use (30) effectively we must prove that at least one of the monomials p1, p2 or p3 has a significant 2-norm,
and towards this end we must show that some inner product (V; s, V; o) for (r,s) # (', s') is significant.
This is the content of the following lemma, whose proof is deferred to Section

Lemma 9.14. There are r,1’ € R’ and s,s' € S such that (r,s) # (', s') and

’ <‘/r,sv V;"’,s’>

2
> Cdn—l,d’l—l‘

Proof. The proof is deferred to Section We remark that this is the place in the argument in which the
relaxed base case is used. O

We can now lower bound the variance of p.

Lemma 9.15. var(p) =, 790 -1

Proof. By Lemma there are (r*,s*) # (r*', s*') such that ‘(VT*,S*, Vs go1)
split into cases.

Zm 05721717d,71, and we

The case 7* # r*/, s* # s*'. In this case we have by (30) that
var(p) > (1= 0(¢"/)) Ellpsl’] = O(V/Coi_1 1)
and we lower bound [E[|ps|*] by expanding. Indeed, it is equal to

E Ry Kyt Kt Kpt11 Pg P gt P!t P!t <‘/r’,s’ ‘/7,78/> <V;n///78//, ‘/7"//75///>E [77,,77,,/777,//777,///(9505/08//98///] .

r#r'€R/ s#s'€S’
TJ,#T//,ER/7S//¢S/,,€S,
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The expectation is 0 unless 7' = r"”/, r = r" and s’ = s"’, s = s”; this is because the distribution of each 7,
is invariant under multiplying each one of them by a random complex number of absolute value 1. We thus
get

2
Elpsl’ = Y w32olpd (Vi Vi) [P [ o P 16417 10
r#r'€R/ s#s'€S!
> K2R 22 [(Vesr g, Vi i) [P ([ (s 100 0,00

> o081 A (17 P s 00 10,07
— CTs(S;LL—l,d’—lE |:’7Tr*‘2 |7TT*/’2:|E |:|98*‘2 ‘95*/’2:| .
We now argue that
2 2 0121012l > 1
E (| [ [ ||, B {105+ |05 7| Zim

We show the argument for the first expectation and the second one is similar. Looking at (k, 7, ),crs, We

see that this is a random vector in C/#'| of 2-norm equal to 1, and so E [|nﬂrr ]2 | Ko T ]2} Zm 1forallr .

Hence, E Um*|2 |7TT*/’2:| > 1.
Overall, we get that var(p) > (qu(TS) — \/Z) 6371 &> hence var(p) > 795371 &1

The case r* = r*’, s* # s*/. Let E be the event that

50 1 50 1 50
|Kpx T | =4[ M7 — B0’ ‘ps*es*’ = E My — 50’ ’ps*’gs*’| P \ﬁ T 50
Then Pr [E] 2. 1, and if E happens then for every r # r*, s # s*, s* it holds that
5 5 5
|K/7”7T7’" </ M — |’€r*77r*‘ < —=0> |P595| < \/MZ - |ps*95*‘ - |ps*’95*’| < —=0>
m m

and it follows that

4 ™ 2
—m"—= max ||V, [|5.
md0 rs

<Vr*75*7 r*,s*’>

lp1| = |"5T*7T7‘*‘2 |ps+Os+| [psx1Ose/] 50

By the choice of 7*, s*, s* and Claim , the last expression is at least >c., 02, ;, ;. It follows that
E []plﬂ >em PT [E](s;lz—l,d—l Zem 5;11_17(1_1, and the proof is concluded by plugging this into (30).

~

The case r* # r*', s* = s*’. This case is very similar to the case above, except that we work with po
instead of p;. We omit the details. O

Combining Claim 0.13]and Lemma 0.15] gives contradiction to (20). The contradiction means that not
all of 24), (25), (26) can hold, and therefore as explained above the proof of Lemma[9.3]is concluded.
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9.3.6 Proof of Lemma[9.14; the Dimensionality Argument

Assume towards contradiction that Lemma[9.14]is false. We start with the following general lemma, which
quantifying the fact that ¢ vectors in an £ — 1-dimensional space cannot be all orthogonal.

Fact 9.16. Suppose that u., . .., u are unit vectors in C¥ where k < ¢ — 1. Then there are i, j such that
1
‘(ui7uj>| > R

Proof. Construct the Gram matrix M € C*** defined as M[i,j] = (u;,u;). Then M is Hermitian and

therefore it has non-negative real eigenvalues ay, .. ., a,s. As the rank of M is at most k, it follows that only
k of these eigenvalues can be non-zero, and without loss of generality these are a1, ..., ax. Thus, we have
that
i () (2
2 * 2 2
;|<ui,uj>| = tr(MM*) = ;a > (;a) = (M) = —-.

The summands where 7 = j contribute £ to the left hand side, and so

o Ll—FK) _ ¢
glwi,uﬁl >——0—">
1#]

It follows that there are i 7# j such that [(u;, u;)| > 7. O

Next, we show that F} has almost all of its mass on € R’ and s € S'.

Claim 9.17. For allt € T' it holds that ),
reR’,ses’

P, 3))2 S1- 2

Proof. First, note that

dDi=1- > izl-mpP=1-n

teT" teT\T"

Combining with 23] we get that
- 2
Suili- Y |Ree)| | <cen<
teT! reR!,ses'

As each summand on the left hand side is non-negative, it follows that for each ¢ € T” it holds that

" 2
3 ’Ft’(r,s) >1-% 51 /C O
reR! seS’

=
v

:

We can now show that for each r € R/, s € ', the function g/.h/, is close to be a linear combination of
F] fort € T'. Formally:

~ 2
Claim 9.18. Forallr € R' and s € S" it holds that " |FJ(r, 3)‘ >1-— ¢4
ter”
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~ 2
Proof. Assume this is not the case, so that for some r* and s* we have that >_ |F/(r*,s*)| <1 — (/%
teT’

we remark that for any other r, s this sum is at most 1. Summing Claim over t € T" gives:

1=-VOIT|< > Y |Fns)

reR’ seS' teT"

T (RIS - )41

Thus,

)

7] < (IR']]S'] - D1+ 0(/O) + (1= ¢ (1 +0(/Q) < | R| |s’\+0m(\/<)—%<1/4 <|R||s’

and as |T"| is an integer it follows that |7"| < |R/||S’| — 1. From Fact it follows that there are
(r,s) # (r', s") such that

V;",s Vr’,s’ i
Vesll2” Vi sll2"| = m2’

{

and by Claim we have ‘ (Viss Vir or)
Motivated by Claim[9.18] we define

2 . .
> cén_l, &—1- and contradiction. O

-
ZT’ Fi (T7 S)Ft/
te
s =
>
teT’

~/ 2°
Ft (T,S)‘

Thus, Fy ; has 2-norm 1 and by Claim

~ 2
E (R0 )] = |3 |F )] >1- ¢
(%y’z)"‘ﬂ tGT/

It follows that
F —g’h' 2<2C1/4. 31D
r,s r'slli2

Also, as each Fy is constant on connected components it follows that each Fy  is constant on connected
components and so it can be written as F ; = W f] . for f. ;: ¥ — C. Thus, as

E [/ s(2)g(y)hi(2)] S 1 (1A

(z,y,2)~p

>| E[F(y,2)g.()hi(2)]

(z,y,2)~p

it follows by the relaxed base case (Deﬁnition that vars .. (f.s) < (“forallr € R and s € S’. We
are now going to use Claim and (1)) to argue that each F} is close to a linear combination of Fy , and
hence has small variance on Y odest-

Claim 9.19. Forallt € T', write F] = W f] for f/: ¥ — C. Then for all t € T' we have

Varzmodest(fff) Sm CC/Z‘
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Proof. By Claim|9.18] taking F/ = Y F/(r, s)g.h, we have
reR’ seS’

E|RwaFw)] =] > |Frs

(z,y,2)~p reER’ ,s€S’

hence || F} — F}|2 < ¢!/*. Using (1) we get that

1E = > Fl(r,8)Fll2 Sm ¢4,

reR’ ,seS’

so by the triangle inequality

I = Y Fl(rs)Fll2 Sm ¢MV*
reR’ ,seS’

From the above it follows that

1= > Flrs) e Sm ¢4,

reR’,sesS’

and as vars, .. (fl,) < (“forallr € R, s € S it follows that varg, ... (f]) < (/2 as desired. O

By Claim we get that
Z q’bgvarzmodest(ft/) < CC/Q’

teT’

which contradicts the choice of the partition 7, .J as in (21)) and (20). This contradiction completes the proof
of Lemma O

9.4 Finishing the Proof of Theorem [7.23|
We are now ready to prove Theorem We will take the parameters
l<é<x Ol L t<am?t <.

Letn > d > d' and p be as in Theorem [7.23 _ Applying Lemma | if the first item holds we are done,
so assume otherwise. By the second item we get that there are n’, e and ¢ satisfying e > d/ 2 n’ < Le and
e > d’/2 such that £, g4 < By eer. Clearly, By cer < Ops e, and we now use Lemma Now that
¢ > % > %, and applying Lemma ¢/ /2 times we get that

1 1 e'/2
5n’,e,e’ <(1- W 5n’—1,e—1,e’—1 <...< (1= W 6’11/76//2,676//2,6/76//27

which is at most (1 — 57d—=)" ¢'/2 by the trivial bound &,/ 2 ¢t /2. e—r /2 < 1. It follows that

’
o2 B N
O/ eer < 2 <2LCEEC) <2 Qe \/g)7

concluding the proof.
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9.5

Finishing the Proof of Theorem [4.13; the Chain of Implications

We now note that Theorem has been proved, and below is the chain of implications:

1.

2.

10

We completed the proof of Theorem [7.23]in Section[9.4]

By Section[7.3.1]it follows that Theorem is true.

. By Claim[7.15] (namely, the content of Section [B) it follows that Theorem [6.7]is true.

. By Section[6.4]it follows that Theorem[6.5]is true.

. By Section[6.1.1]it follows that Theorem {.13]is true.

A Structural Results for / After Path Tricks: Proof of Theorem 3.18

In this section, we prove Theorem We start by giving a high level overview of the argument. Given a
distribution p and functions f: ¥" — C, g: I'™ — C and h: ®” — C as in the statement of Theorem [3.1§]
we perform the following steps:

1.

Softly truncating the high non-embedding parts: First, consider the high non-embedding degree

parts of f. g and h, namely (I - Tnon—embed,l—d)fa (I - Tnon—embed,l—d)g and (I - Tnon—embed,l—é)h-
We show that they give very little contribution to the 3-wise correlation, and hence conclude that

E [Tnon-embed,lftsf(‘7:)Tnon-embed,1769(y)Tnon-embed,lféh(Z)] = (32)

(%yaz)"“/i@n

| ™

Set f, = Tnon—embed,1—5f7 g/ = Tnon—embed,l—ég and b/ = Tnon—embed,1—6h9 so that almost all of the
mass of these functions lies on monomials with non-embedding degree which is constant.

Reducing the non-embedding degree to be 0: By random restriction, we show that with notice-
able probability, after a random restriction almost all of the mass of f’, ¢’ and A’ collapses to non-
embedding degrees 0 and (32) continues to hold (with some loss in parameters). We then use an
averaging operator that annihilates all of the mass of f/, ¢’ and h’ of non-zero non-embedding degree,
apply iton f’, ¢’ and h’ and show that (32)) continues to hold (with an additional loss in parameters).
We perform these steps (as opposed to harsher truncation-style operations) so as to arrive at functions
that have embedding degree which is O which are also bounded.

. Shifting to the uniform distribution over an equation on H: By another random restriction ar-

gument we switch from the distribution  to a distribution v, in which sampling (z,y,z) ~ v, the
distribution of (o(z),7(y), #(z)) is uniform over { (a,b,c) € H? ‘ a+b+c=0}. We argue that
moving to the distribution v, (32) continues to hold for the restrictions (again, with some loss in
parameters). Once we have shifted the distribution to be v, we can use a standard Fourier-analytic
computation showing that the restriction we chose for f has a significant Fourier coefficient. In our
case, this last assertion translates to the fact that the restriction of f” is correlated with a function of
the form y o o for some character y over H.
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4. Unraveling restrictions and averaging: The last part in the argument is to invoke a result that we
refer to as the restriction inverse theorem. Morally speaking, up until now we have shown that after
random restriction, with noticeable probability f’ is correlated with a function of the form x o o. Now
we would like to use this information to conclude a correlation result for the function f’ itself. The
restriction inverse theorem is a result asserting precisely that: for restrictions of a function f’ to be
correlated with a function of the form y o o with noticeable probability, it must be the case that f’
itself is already correlated with a function of the form L - x o o, where L is a low-degree function.

The restriction inverse theorem will be the subject of discussion in Section[I2] and for now we give a
special case of it (which is the version necessary for the current argument).

Theorem 10.1. Foralla > 0,7,m € N, p € (0,1) and £,0 > 0 there are d € N and €' > 0 such that the
Jfollowing holds. Suppose that ¥ is an alphabet of size at most m and p is a distribution over ¥ in which
the probability of each atom is at least . Suppose that (H,+) is an Abelian group of size at most r and
o: X — H is a map that has 0 in its image.

Suppose that . = pv + (1 — p)v/' for distributions v, V' in which the probability of each atom is at least
a. If f: (3", u®™) — C is a 1-bounded function such that

Pr [erﬁl,

1C,[n), @~ T

<f7—>537X © U)LQ(EI;VI) 2 €i| 2 6,

then there exists X' € H" and L: ¥ — C a function of degree at most d and ||L||y < 1 such that

|<f,LX/ OJ>} >€.
— log(1/¢)log(1/4)
Quantita[ively’ d = p0|ym,a <w) and & =2 pO|Ym,a( o )

Proof. Deferred to Section[12] O

10.1 Softly Truncating the High Non-embedding Parts: Applying Theorem 4.13]

The following lemma applies Theorem [4.13] along with a standard replacement argument to truncate the
high non-embedding degree parts of the functions f, g and h as explained above.

Lemma 10.2. For all m € N and o > 0 there is & > 0 such that the following holds for sufficiently small
e > 0. Let p be a distribution as in Theorem 3.18} and let f: ¥" — C, g: T™ — C, h: ®"* — C be
1-bounded functions such that

f(@)g(y)h(2)]] = e.

Then for § = (¢/20)%/¢ we have

>

DO | ™

( u® [Tnon—embed,l—5f(x)Tnon—embed,l—5g(y)Tn0n—embed,1—6h(z)]
T,Y,2 )~ n

Proof. Denoting f/ = Tnon—embed,l—éfa g/ = Tnon—embed,l—ég and b/ = Tnon—embed,l—dha we which f, g and
hto f’, ¢’ and I/ one step at a time. First, we claim that provided that £ is small enough it holds that

€

E U =MN@gwh)]| < 35

(x7y7z)wu®n
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Indeed, defining f” = %( — Thon-embed,1—5) f» we get that f” is 1-bounded and

NEStab1_51/3 (f//) < HTnon-embed,l—él/3 (I - Tnon—embed,l—d)fH?v

which is at most the largest eigenvalue of T . ped 1-51/3 (I — Thon-embed,1—5)- This eigenvalue can be
easily seen to be at most 6/3, so NEStab, _s1/5(f") < 6/3. Applying Theorem we get that

Thus |E(y.y..)pen [(f — f/)(@)g(y)h(2)]| < §5 and by the triangle inequality

E  [f'(x)g(y)h(z)]

(@,y,2)~p®m

=z —.
10

Continuing in this way, we apply the same argument to replace g into ¢’ and h into /' to get that

Te
[f'(@)g' (nF ()] =
and the proof is concluded. O
10.2 Reducing the Non-embedding Degree to be 0
Let f, g, h be as in the setting of Lemma|10.2} and take
f/ = Tnon—embed,lféfa g/ = Tnon—embed,lféga B = Tnon-embed,lféh-

Choose I C,; [n] where k = 10&, sample (Z,7, %) ~ p! and define

"o el "o /

= fT—mE’ 9 =915y n hI—>z
Also, let
f L Tnon—embed,Of ”7 gﬁ - Tnon—embed,Og”a hﬂ = Tnon—embed,Oh//

in other words, f¥ is the part of f” of non-embedding degree 0, ¢* is the part of ¢’ of non-embedding degree
0 and g is the part of ¢ of non-embedding degree 0

Claim 10.3. In the above setting,

e[l -rg) <5 Ello-dB <5 B[ -#B] <5

\Z

Proof. We prove the first inequality, and the other two are analogous.
For a fixed I and Z, the norm || f” — f*||3 is the mass of f” on monomials of non-embedding degree at
least 1. Expanding

() = > f'(w)v(z),

ve (Bembed UBnonfembed UBmodest)n
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we have that

(" = f))(2) = > > (v, u)o(@) | u(x).

ue (Bembed UBhon—embed UBmodest)I ve(Bembed UBnon—embed UBmodest )T

Thus, for fixed I we have

E (I - 3] =

(]

ue(BembedUBnonfembed UBmodest)I

2
<Z f/ u U ) 1nedeg(u)>1

f/ ) nedeg(u)>1

I
(]
) @M Sl

ue (Bembed UBhnon—embed UBmodest)I

f/(v)21nedeg(v|1)21

]

ve(Bembed UBron—embed UBmodest)n

f(v)2(1 i 5)2nedeg(v) 1

I
(]

nedeg(v|r)>1
7JE(Bembed UBnon—embed UBmodest)n

Taking expectation over I gives

E (I - FI3] < > Fp (1= 67" 9ER [Loageg(o)121]

ve (Bembed UBnon —embed UBmodest)n

< > F(0)*(1 = 8 =50)r: - nedeg(v),

ve (Bembed UBnonfembed UBmodest)"

where we used the union bound. Looking at the function P: [0,00) — [0, c0) defined by P(s) = xs(1 —
§)?4, its maximum is achieved at s = m < % and hence is at most . O]

Next we analyze the triple correlation of f”, ¢” and h” and show that with noticeable probability it
remains significant.
] S

Proof. Consider the real valued random variable V (I, %, 7, 2) = ’E(w,y,z)wﬂ [f”(m)g”(y)h”(z)]‘. Then by
the triangle inequality

Claim 10.4. In the above setting

Pr
L,z,9,z

E [f(@)g" (k" (2)]

(I7yaz)NuI

=~ ™
=~ M

=

€
E [VIIz| E | E [f'@)¢"yh"()] ‘ = E [f@)gdWh)] =3,
szvyzz szvyvz (x,y,Z)N},LI (17?],2)'\‘#” 2

and as 0 < V' < 1 it follows by an averaging argument that Pr [V > ¢/4] > €/4, as required. O

We now combine the last two claims to conclude that the triple correlation of f f, g% and hf remains
significant with noticeable probability.
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Lemma 10.5. In the above setting

Pr
L,z,9,z

Proof. Let F; be the event that ‘E(m’yyz)w‘z [f”(x)g”(y)h”(z)]‘ > £ and let E); be the event that each one

of || f" — f*|13, |lg” — h*||3 and ||g" — h*||3 is at most 123%. By the Union bound, Claim [10.3{and Markov’s
inequality we have that

E [f@ew)n:)

(x7y7z)NlLI

oo ™

5
>-| >
8]

g
Pr|Ey =1—Pr[By] >1—3—
r (B r [ B] 100

soPr[EyNEy] > § — 1?6—50 > ¢. We argue that when E1 N Ej holds, we have that

E[F@ew)n:)

(z7y72)N/‘LI

>

| ™

To do so, we start with ’E(a:,y,z)Nuf [f”(a:)g”(y)h”(z)]‘ > £ and replace f”, g” and b by f*, g* and h* one
step at a time. Note that by the triangle inequality and 1-boundedness

100x €
<Hﬂ—fW1<Lﬁ—sz<¢iﬁ<Hm

hence ‘E(gj,w)wuz [fH(2)g" (y)W' (2)] ‘ > § — 155- Continuing in this way we get that

E [0 =@g w)n')]

(x7y7Z)N!’LI

E[F@d@hi)]| > S -85> ¢

(x7y7z) NMI

as required. O

The functions f*, g* and h* are now only functions of o'(x), ¥(y) and ¢(z), and abusing notations we will
also think of them as functions defined over H'. As the distribution of (¢(x),y(y), ¢(z)) is fully supported
on { (a,b,c) € H? ‘ a+b+c= 0} we expect the 3-wise correlation

[F@dwrE)] = B [FeE)daw)ne:)]

(z,y,2)~p
to be related to the correlations of f¥, g% and hf. Indeed, examples for this include Roth’s theorem [37, 29]
as well as the analysis of the Blum-Luby-Rubinfeld linearity test [7, [1, 24]]. However, as the distribution
of (o(x),7(y), ¢(2)) is not uniform over { (a,b,c) € H? } a-+b+c=0} our case is more closely related
to the analysis of biased versions of this test and the straightforward Fourier-analytic argument does not
work. This point was part of our motivation in [6], and the argument below generalizes that argument to our
setting.
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10.3 Shifting to the Uniform Distribution over an Equation on /7

Fix I and Z, § and Z for which the event in Lemma[10.5]holds.

We may write p = U + (1 — %) p/ where U, 1/ are distributions over ¥ x I' x ®, and sampling
(z,y,2) ~ U, the distribution of (¢(x),¥(y), ¢(2)) is uniform over { (a,b,c) € H? } a+b+c=0}. We
then take J C, /o I, (Z',7',2") ~ w7 and set

/

It _ 4 It
ff = frosa g = Ing—ar W = Wi

The following claim asserts that the triple correlation remains large with noticeable probability after passing
to fﬁ/, gﬁl and h¥'.

Claim 10.6. In the above setting

Pr
Jzy' 2

Proof. Consider the real valued random variable V (J, 7/, ¢/, Z') = ‘E(x7y7z)NUJ [fﬁ,(ac)gﬁ,(y)hﬁ,(z)} ‘ Then
by the triangle inequality

E @ n ()]

(z,y,2)~UJ

/ ! ! €

E _VI>| E [ |7 @) ()1 <z>}] ‘ = B [f@dwre)]| >,

J g J&g' 2 | (wy,2)~U7 (@,y,2)~p! 8
and as 0 < V' < 1 it follows by an averaging argument that Pr [V > £/16] > £/16, as required. O

Next, we have the standard Fourier analytic computation that handles 3-wise over U, showing that they
can be significant only when f ¥ has a significant Fourier coefficient.

Claim 10.7. If J, 7/, ¢ and Z' satisfy the event in Claim then there exists x € H” such that

00| =

Proof. Expand f ﬂ/, gﬁ, and k¥’ into Fourier basis over H:

A= 3 Fooxe@),  ¢#m= 3 #0060,  HE= 3 N @),

xeH X' eH x'eH7

and plug this into the expectation to get

E [Fodorre] = X FrdOr ) E [xe@) 6w (@)

(m,y,Z)NU‘I X’X/7X//€HJ (x’yyz)NUJ
Using the fact that ¢(z) = —o(z) — y(y) to write the expectation on the right hand side as

E  [0a")(@(@) ) ®)] = L=y
(2.9,2)~U
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we conclude that

/ / . 7 o,
E [ @ e = | 3 F 00 00r (0] < max| 7 00] 30 [e 00| 100
(x7yvz)NUJ X 3
xe€H xeH’
and using the fact that ‘ ‘hﬁ ‘ 1 which follows by Cauchy-Schwarz and Parseval, we get
EHJ

that

€ / / / 2

R (7 @) ()0 ()] | < max| £/ ()

16 |(@y,2)~07 X
concluding the proof. 0

10.4 Unraveling Restrictions and Averaging: Applying the Restriction Inverse Theorem

Summarizing, we have shown that after a sequence of restrictions, averaging and further restriction, our
function f has correlation with a function of the form y o ¢ with noticeable probability. We next unravel
this operations to deduce a result about f itself.

Claim 10.8. Suppose that f*, g* and h! satisfy the event in Lemma Then there is x € H! and an
embedding function L: X1 — C with || L||2 < 1 and degree at most d, such that

‘(fﬁ,L'XO@) >

where d = poly,, ,, (log(1/¢)) and &' = 9—POly, o (log(1/¢)).
Proof. By Claims[10.6][10.7} we conclude that

e

g 9
Pr (e, [(fnommxon)> o] = 5

16
where we think of functions as being defined over H. Applying Theorem [10.1]the conclusion follows. [

Note that by definition of f*,

<fﬁ’L, XOO'>‘ = ‘(Tnon—embed,OfH7L ’ XOUM = }<f”aTn0n—embed,O(L ’ XOU)>‘ = ‘(f”,L 'XOU> )

where we used the fact that Thonembed,0 15 Hermitian and that L - x o o is an embedding function and so
it is an eigenfunction of Thon-embed,0 Of eigenvalue 1 (see Fact[4.7). Thus, we conclude from Claim [10.§]
that if f”, g” and h” satisfy the event in Claim then there are L and y as in Claim such that
("L xo0) > <.

Define /" = f"”X o0, and observe that the above means that |( ", L)| > &' provided that f”, g” and
h" satisfy the event in Clalm- 4 Thus, by Cauchy-Schwarz W g[f'1”] > |(f", L)|* > &2, and we now
use random restrictions to show that after a suitable restriction, f”/ has significant average.

Lemma 10.9. Suppose that F: (X!, u!) — C is a 1-bounded function. Then choosing (I',x') by including

each i € I in I' with probability 1/2d and sampling ' ~ '\, we have that
WealF] WealF]
P Fpopoa|l > < > —sdn ]
I/,JI,:, ‘E[ I\I —T ] 26 26
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Proof. Define the random variable Vs v = E[Fp\ /], and note that

2

_ 1
E [|[Virw|’] = > F=(a)lscnr =E | _IF=*51scnr | = ~W<alF).
I’ ! m/N#I\I’ 520 S e
As }Vp,m/ 1 always, it follows that with probability at least 5 we have ‘V[/ P 2% O

Applying Lemma on F' = f", we conclude that provided that f”, ¢” and h” satisfy the event in
Claim[10.4] we have that

2
’E ”’ , ] > i > i
N\I'—a’ \/% %%
Noting that E| f}’\’ pwr) = (1 I\ X © o|p\r—a), We conclude that after random restriction f” is cor-

related with a function x’ o o for X' € H"'. Thus, we are now in a position again to apply the restriction
inverse theorem and conclude the proof of Theorem [3.18]

Claim 10.10. Theorem is true.
Proof. Fixing f, g, h and p as in Theorem [3.18] we conclude by Claim that

]25,
4

E  [f(x)g"(y)h" (z)]

(1‘7y7z)~u[

=

HU-U

=~ m

r
I,z,7,

Z

which by the above discussion implies that

2
Pr [Hxleﬁ]l7 ‘<f”[\p_m,,xloa>‘ > e ] 2582/'
P, V2e e

Recalling the definition of f”, this means that

<f 7_>j 7X,OU>
JAVAEE =4

Pr [Elx' e H' /,
Iigs

[l / y

and we now apply Theorem [T0.1] First, note that the restriction we are doing above fits the pattern therein;
indeed, another way of Viewing this restriction is as writing 1 = 551 + (1 2—’2) . Theorem now
implies that there is y € H™ and L: ¥" — C with ||L||2 < 1 and degree at most &’ = ¢~ 9m.=(1) guch that

|{(f,L-xo0o)| >¢e" where

1og(1/g’))

" —poly,, o P __ o—pol 1/e
=2 ( 72 ) = 97 PWma(l/e)

concluding the proof. O

11 Deducing the Structural Result for f: Proof of Theorem

In this section we use Theorem to prove Theorem At a high level, the argument proceeds as
follows:
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1. Applying Theorem [3.18] Starting with a distribution y and functions f, g, h as in Theorem we
use path tricks (and more specifically, Lemma to upper bound the 3-wise correlation of f, g
and h over p by the 3-wise correlation of functions F, G and H over a distribution y/, where values
of F' correspond to product of values of f (as in Lemma [3.9) and G and H are arbitrary (but 1-
bounded) functions. We are then in a position to apply Theorem [3.18]to conclude that the function
F is correlated with a function of the desired form, namely L - x o o/, where L is a low-degree

. master
function, x € H is a character and o7, ., is part of the master embedding of /.

2. Unraveling products. Ignoring the low-degree part for a moment, we have that the function F' is a
product of values of the function f, and as (by Lemma the master embedding o7, ., can be
written as by an alternating sum of values of o master (Which is part of the master embedding of p),
we have that x o 0/, . can also be written as product of values of X © omaster. Combining these
facts, we conclude that F' - x o 0} ,qer Can be written as product of values of f - x © Omaster, and

we know that the expectation of this value over some distribution is significant. In applying the path

tricks appropriately, we have made sure that the distribution of points on which we take product over is
good enough (and more precisely, connected) so that this is only possible whenever f - x © Cmaster have
significant mass on the low-levels (see Lemma . Thus, we are able to conclude that f - x © Omaster

is correlated with a low-degree function, which is the result we are aiming for in Theorem [T.4]

3. Applying the restriction inverse theorem. To formalize this more precisely we must address the
“ignoring the low-degree function L” part of the argument. For that, we apply random restrictions.
Intuitively, a low-degree function becomes constant after random restrictions, and thus we would
indeed be able to deduce that after random restriction, F' is correlated with a function of the form
X © Omaster- The rest of the argument proceeds in the same way, and we indeed manage to conclude
that random restrictions of f - X © Omaster are correlated with low-degree polynomials with noticeable
probability. After further random restrictions we conclude that f is correlated with a function of the
form x © Omaster, and to lift this information back to information about the function f itself we use the
restriction inverse theorem, namely Theorem (10.1

We now proceed to the formal argument.

11.1 Applying Theorem [3.1§]

Let f, g, h and p be as in Theorem and let (O master, Ymaster, Pmaster) be a master embedding of p into an
Abelian group (H, +) of size at most 7 = r(m) € N as constructed in Lemma By Lemmawe may
apply the path trick on y at most 7' = T(m) times to get a distribution p/ over ¥/ x I x &', where ¥/ = %71,
I CT'2, @' C ®%5 and 11,15, T5 are odd numbers that depend only on m. In addition, for future reference
we will look at the marginal distribution of 4 on its first coordinate as (z(1),...,2(71)) ~ ', and remark
that by the construction in Lemma it follows that the marginal distribution of each x(j) is p.
Following the evolution of the master embedding as in Definition|[3.11] we see that a master embedding
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/ / / / . :
Of K (UmasteH ’Ymasterﬂ ¢master) 18 glven by

T
U:naster(w(l)v cee 7x(T1)) - Z(_l)jJrlamaSter(x(j))v
j=1
Ty .
’Yﬁnaster(y(l)7 Tt y(TQ)) = Z(_l)]+1'}/master(y(j)),
j=1
Ty A
Brmaster (2(1); -+, 2(T3)) = Y (= 1) Gmaster (2(7)). (33)
j=1
Using Lemma 3.9 we that for F': '™ — C defined by
T
F(Z,.... &) = [[ 7o f@(i)1, . a(i)n), (34)
j=1

where C7 represents the operation of applying complex conjugate if j is even and else applying the identity,
there are 1-bounded functions G: I'" — C and H: " — C such that

M

E [f(x)g(y)h(z)] [F(X)G(Y)H(2)]|,

(@y,2)~pn

<

E
(XY, Z) ™

where M = M(m) € N. By the premise of Theoremwe get [E(x.y, 2y~ [F(X)GY)H(Z)]| = eV,
hence we are in a position to apply Theorem Using it, we get that there are x € H"and L: ¥ — C
such that:

1. {F,L-xoo; )| > & where &’ = 9P a(2).

master

2. |IL]2 < 1.

3. L has degree at most d = poly,,, ., (%)

11.2 Unraveling Products

We now get rid of the low-degree part L via random restrictions, and then use the product structure of F' and
of X © Ofpaster tO convert the information regarding the correlation between them to information about the
correlation between restrictions of f and restrictions of y © Omaster. Let D be the marginal distribution of p’
on X’. Choose (I, Z) a random restriction by including in I each i € [n] with probability 1/2d and taking

i~ Dl By Cauchy-Schwarz we have that

- - 2 2
Wéd[F “X© Uﬁnaster] > ‘<F X © U:nasteru L>’ = ‘<F7 L- X © Jr/naster>‘ > 5/2

hence by Lemma |10.9|it follows that

12
° ] > (35)

Pr [‘E[F|[_>5C "X © O-:nasterh—xﬁ] >
1,7~DT
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Whenever this event holds we get that

5l

’<F|T_>§;) X © U:naster|7—>5g>| > ?6 (36)

We denote F' = Fl; _,;» and thus get that if 7,7 are such that (35) holds, then there is X € H! such
that |(F, X' 0 0/ acter)| = \/E% Each coordinate of the restriction of Z, namely each Z;, is an element in

> = %71 and we will view it as a vector length 7%, #; = (Z(1)s, . . . ,Z(T1);). Thus, foreachj =1,...,T}
we denote

With this notation, we get from (34)) that

Ty
' r) = H ¢ o ff_xz(j)(x(j))' (37)

J=1

The following claim asserts that after further random restriction, with noticeable probability the function
i 1) is correlated with a character.

Claim 11.1. Let I and & be such (36) holds. Then there is D = Oq, ,(log(1/€")) such that choosing J C I
by including each element with probability 1/2D and sampling &' ~ DI we have that

P}" EXEﬁJv <f T—i(1) 7XOUmaster> =
J,a’

I\NJ— (1)

6'2 8/4
— > .
100 1000

Proof. Note that by (37), we may write F” as

T
"(x) =[] €7 0 £5(2(4)), (38)
where f; = f7 ;- By we have
T ‘
O-:naster(‘r) = Z(_l)j+10%aster((m(j))a
j=1
and so .
1
X © Taster(@) = [ [ €7 0 x 0 Ofpaseer(2(4). (39)
j=1

Plugging and into yields that

DI HCJ Of] C]Jrl OXOGmaster(x(j)) Z
Let ¥ = X711 and define Q: ¥/ — C by

H C] © f] O]+1 X© U:naster(w(j))7
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then we get that ‘E(x’w)wz [f1(z) - C o x 00l aster(T) - Q(w)]‘ > jﬁ where v is the marginal distribution
of D on the first coordinate viewed as an element in & x 3. Consider the distribution / over 2 where we
sample (z,w) ~ v, then (z', w’) ~ v conditioned on w’ = w, and then output (x, 2’). By Cauchy-Schwarz
it follows that

2
5/2
276 < ( H;: 7 [fl(x) ’ COXO O-:naster(:ﬂ) ’ Q(w)]
< ( /I)E o |:f1($) -Co Xo© O-:naster(x) : fl(x/) -Co Xo© O-,master(x/)] '

= ’<f1 : COXOUmasteryRI(fl -Co Xoo'master)>

)

where R: Lo(3;v,) — Lo(X;v,) is the averaging operator corresponding to v/ defined by Rp(a) =
E(zanew [P(2') |2 = a].

As the support of 1/ on the first coordinate is full we get that the support of 2/ on .2 is full, hence R is
connected. Also, the probability of each atom is at least o/ = o/ (a, m) > 0, so by Lemmawe conclude

that for D = Oq 1, (log(1/¢’)) we have that W< p[fiX © Omaster] = %. The proof is now concluded by
Lemma O

11.3 Applying the Restriction Inverse Theorem
Combining and Claim [T T.T] gives that

~ " 6/2 6/2 5/4 6/6
Pr |3xe H, H1) > > - .
rapr |7X 1 s N Omaster)| Z 150 | 3¢ 7000 ~ 2000¢
J,:z‘/NDI\J

We now appeal to the restriction inverse theorem, Theorem [T0.1] to finish the proof. Towards this end, we
note that the sequence of restrictions can be viewed as a standard restriction: note that the distribution of
Z(1) where & ~ D is p,, so the above restriction amounts to choosing K C [n] by including each element
with probability ﬁ, and then restricting the coordinates outside K to be 2’ ~ p*. Thus, we may appeal
Theorem [10.1} and the result follows.

12 The Restriction Inverse Theorem

The main goal of this section is to prove the restriction inverse theorem, Theorem We begin by
presenting a few notions that will be necessary for the statement of the theorem, give a formal statement
of a slight generalization of Theorem [10.1] and then present some tools necessary for the proof. Finally, in
Section[I2.4 we give the formal proof.

12.1 Product Functions and Classes of Product Functions

The restriction inverse theorem is concerned with functions that, after random restriction, are correlated with
product functions, defined as follows.
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Definition 12.1. We say f': X" — C is a product function if there are functions p1,...,pn: X — C that
are 1-bounded such that

flay,. .. zpn) = le(azz)
i=1

We denote by P(n, X) the collection of all product functions over X", and denote P(X) = |, en P(n, X).

We will need the notion of a class of product functions, which is a sub-collection of functions closed
under restrictions. For technical reasons, this closure will be up to multiplying by a complex number of
absolute value 1.

Definition 12.2. We say F(X) C P(X) is a class of product functions if for all f" € F(X), say f': ¥" — C,
forall I C [n] and for all x € X1 it holds that there is § € C of absolute value 1 such that 0f; ., € F(2).

We also need the notion of separateness of product functions. Intuitively, this says that any two univariate
functions in the class either have correlation 1, or else the correlation is bounded away from 1.

Definition 12.3. Suppose X is a finite alphabet, 1 is a distribution over Y and consider the inner product
spaces Lo(X", u®™). For T > 0, we say a collection of product functions F(X) C P(X) is T-separated if
for any uni-variate functions p,p’ € F(X) it is either the case that p = p/, or else |(p,p')| < 1 — 7.

An important class of functions for us will be the class of functions arising from Abelian embeddings.
Suppose that we have an Abelian group (H, +) and a map o: ¥ — H. Then in this setting, we may define
the collection

Fo(X,n) = {f(xl,...,:vn) = HXZ‘(O'(Q?Z‘)) xi € HVi= 1,...,n}.
i=1

The following fact asserts that the collection Fo(X) = |, o F (2, n) is a class of product functions which
is separated.

Fact 12.4. For all m € N and o > 0 there is T > 0 such that the following holds. If ¥ is an alphabet of size
at most m and p is a distribution over X in which the probability of each atom is at least o, then collection
F»(X) is a class of product functions which is T-separated.

Proof. 1t is clear that each function in F,(X) is a product function. Also, when we restrict a set of vari-
ables, the corresponding terms give a constant factor 6 with absolute value 1, hence F,(X) is closed under
restrictions.

For the 7-separatedness, fix univariate functions p,p’ € F,(X) and suppose that p # p’. We note that
|(p,p)| < 1: otherwise, Cauchy-Schwarz would be tight, hence p and p’ would be proportional. However,
as 0 € H is in the image of omaster We may find x such that omaster () = 0, and so p(z) = 1 = p/(z), and
in conjuction with the fact they are proportional we would get that p = p/'.

Multiplying p by a constant of absolute value 1, we may assume that (p,p’) > 0, hence (p,p’) =
1 — 1||p — p'||3. By definition of H, we may find T = T'(m) > 0 and X of absolute value 1 such that the

values of p and p’ take the forms AeT 2™ and ¢ 727 respectively, where L, L' are integers.
As p and p’ are not proportional there are a,b € X such that p(a) # p’(a) and b such that p(b) #
ez 2wy (b). Writing A = €™ we have
Ly+0T, . L Lo+0T
T

2mi —Hori 2mi

pla)=e"T ™ pla)=eT™,  pb)=e , P =e

Lh+1/2_ .
2;/27rz
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for integers L1, Lo, L3, L4. Then

lp —p'I13 > a|p(a) — p'(a)]” + a|p(b) — p'(b)]?,

and we argue that the right hand side is at least Q(a/T"?). Indeed,

LY—Ly—6T_ . Lh—Lo—6T+1/2_ .
|p(a) _p/(a)} _ 6%27” —1], |p(b) _p/(b)‘ _ e%%ﬂ —1],
so if both are at most ﬁ then each one of —07T and —0T + % is %—close to be an integer, but by the
triangle inequality this is impossible. O

12.2 Statement of the Restriction Inverse Theorem
With the above set up, we are now ready to state the restriction inverse theorem.

Theorem 12.5. Forall a7 > 0, m € N, p € (0,1) and € > 0 there are d € N and &' > 0 such that the
following holds. Suppose that 3. is an alphabet of size at most m and p, v,V are a distribution over . in
which the probability of each atom is at least o and j = pv + (1 — p)v'. Suppose further that F(X) is a
class of product functions that is T separated.

If f: (2", u®") — Cis a 1-bounded function such that

Pr [Elfle‘}—(z)"<ff_>j>f/>‘ 25] 257

1C,[n)@~pl
then there exist f' € F(X), as well as L: 3™ — C a function of degree at most d and ||L||2 < 1, such that

|(f, L] =<

o pol log(1/¢)
Quantitatively, d = poly,,, , . (%) ande' =27 "° ym"”( » )

We note that Theorem |12.5|immediately implies Theorem [10. 1
Claim 12.6. Theorem|[I2.5|implies Theorem[10.1]
Proof. Using Fact [12.4] the collection F,(X) satisfies the properties required by Theorem [12.5] and so
applying Theorem|12.5|on it gives translates to the statement of Theorem [10.1 O
12.3 Tools for the Proof of Theorem 12.3]
In this section we give the key ingredients for the proof of Theorem [I2.5] Throughout this section, we
denote by [R]S" the set of vectors over [R] of length at most 7.
12.3.1 The Direct Product Theorem

First, we need a suitable direct product result. A function F': ({0,1}", u5™) — [R]S" is called a direct
product function if there is f: [n] — [R] for which F[A] = f|4 for all A. Here and throughout, 1,
represents the p-biased distribution, in which A ~ u?” is sampled by including each element independently
with probability p. The goal in direct product testing is to design a randomized test that queries a few
locations at the function I, performs a test on them and then accept or reject accordingly. The tester should
have the following properties:
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1. Completeness: if F' is a direct product function, the tester must accept with probability 1.

2. Soundness: if the tester accepts with noticeable probability, then F' is somewhat correlated with a
direct product function. By that, ideally one would like to say that if the tester accepts with probability
g, then there is a direct product function G such that F[A] = G[A] with probability at least § =
d(e) > Oover A ~ u?". We will not be able to guarantee that type of soundness, and instead
settle for something slightly weaker: with probability at least § over the choice of A, we have that
A(F[A],G[A]) < r, where A(z,y) measures the Hamming distance between two strings z,y € [R]*
and r = r(¢) € N. In words, F[A] and G[A] agree on all but constantly many coordinates

For our application we need to consider a particular test, which is also the most natural direct product
tester one may think of. Given parameters p, v, 8 € (0, 1) and oracle access to F': ({0,1}", ®") [R]S™
thought of as mapping A to F[A] € [R]4, perform the following test, referred to as the DP(p, a, ) test:

1. Sample C' ~ ,u, " and sample A, B ~ u®" independently conditioned on A, B D C.
2. Sample T' Cg [n].
3. Check that F[A] |CQT = FI:B”C[‘]T.

Roughly speaking, we sample A and B that have pa of their elements in common. Then, we choose
a subset ' Cpg [n] so that 7N C contains roughly (3 fraction of their shared elements, and check that
the assignments F'[A] and F'[B] are consistent on C' N 1. It is clear that the tester DP(p, c, 3) has the
completeness property, and the following result addresses the soundness of DP(p, «, 3):

Theorem 12.7. For all C > 0 there is c > 0 such that the following holds for sufficiently large n and
e > 27", Suppose that ; / o <a,f< 10 and p € (0,1); then there are v € N and & > 0 such that if

log(1/)
F: ({0,137, u8") — [R] S™ is an assignment as above that passes the DP(p, «, 3) test with probability at
least €, then there exists f: [n| — [R| such that

Pr [A(F[A] fla) <7] > €'

AN/L?"

Quantitatively, we have r = p~0c(M) 1og(1/£)0¢ (V) gnd &' = £0clos(1/p)?),

Proof. Deferred to Section U

12.3.2 Stability and Level d Inequalities

We record here a few basic notions from analysis of Boolean functions over product domains that we need;
we refer the reader to [32] for details. First is the notion of noise stability, for which we first define the
standard noise operator:

Definition 12.8. For a finite probability space (X, 1), p € [0,1] and x € %, we define the distribution over
p-correlated inputs with x, denoted by T ,x, to be: take y = x with probability p, otherwise sample y ~ .

8We remark that this is the best soundness one may hope to get in general. Indeed, for essentially all direct product testers and
in particular the one we consider, it is the case that slight perturbations of legitimate direct product functions pass the test with
noticeable probability. Namely, taking a direct product function F' and taking F” such that A(F[A], F'[A]) < r for at least ¢
fraction of the A’s, one typically has that F’ passes the direct product tester with probability at least g2270),
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As usual, we may associate with T, an averaging operator T,: Lo(3, ) — La(X, 11), as well as tensor
it to get an operator acting on n-variate functions.

Definition 12.9. For a finite probability space (3, 1), p € [0,1] and f: ¥ — C, we define the p-noise
stability of f as Stab, = (f,T,f).

The following fact asserts that if a function f has significant noise stability, then it has significant weight
on the low-levels.

Fact 12.10. Suppose that (X, ) is a finite probability space, f: X" — C is a function with 2-norm at most
1 and Staby_(f) = 0. Then W_z1050/5) [f] = S

n

Proof. Writing f = > f=° according to the Efron Stein decomposition on (X", u®") and noting that

SC|n]
Tf?”fzs = pl81 =5 we get that

Stabio(f) = > (1—&)*IJI/~53.
SC[n]
The contribution from |S| > 2log(1/d)/e is at most

(1—epiest/Oe 37 <) < 2
|S|>21og(1/8)/e

N S

and the contribution from [S| < 21log(1/4)/¢ is at most Wa1og(1/5)/[f]. It follows that Wo16g(1 /) /e [f]+
% > 9, and the proof is concluded by re-arranging. O

The following fact is known as the level d inequality; it asserts that a Boolean function with small
average may only have very small weight on low levels.

Fact 12.11. Let X be a finite alphabet and let p be a distribution over 3 in which the probability of each
atom is at least ov. If F': ™ — {0, 1} is a function with B, [F] = s, then Weg[F] < 29 3/2 for all d.

Proof. This is a standard consequence of the hypercontractive inequality, asserting that there is C'(«) > 0
such that ||g||s < C(a)?||g||2 for all functions g of degree at most d; see [32, Theorem 10.21]. Thus, by
Holder’s inequality

WealF] = (FS F) < |F<|4]|Fllazs < C@) =2l Fllags = C()\/ WealFIIIF llay3

and re-arranging gives W 4[F| < C(a)QdHFHZ/b, = C(a)?s3/2, O

12.3.3 Some Averaging Arguments

Our argument makes use of several standard probabilistic facts which we collect here. The first of which as-
serts that if we have functions f and g that are somewhat correlated and g is 1-bounded, then with noticeable
probability they remain somewhat correlated after a random restriction.

Fact 12.12. Let ¥ be a finite alphabet, |1 be a distribution over ¥ and let f,g: X" — C be functions such
that g is 1-bounded and || f||2 < 1. Forall I C [n], if |{f, g)| = n, then sampling & ~ !, we have that

n
P { Y 27} > L
iw;ﬁf |<f1az glazﬂ 2 4
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Proof. Denote the event in question by E, and note that

Ig[“ffaiﬂ’%%i"”] z E |:<f7~>:%’-¢1~>:%>] = ’<f’ g>’ 2 1.

T

On the other hand,

Ii,E H<f7azi7gfa5c>u =E [1E ‘<f7ﬁ5c7gfﬁ5c>u +Ig‘ [1E|<f7a5c7gfa5c>|]7

T

() (11)

and we upper bound each term as follows. For (1) we have by Cauchy-Schwarz that

(D) < \PrIE) B [ l] < PrIEL fR DA alB) = e BN <\ fPrEL

Here, we used the fact that g is 1-bounded. For (/1) we have by definition of E we have |(I1)] < 7.

Combining, we ge that n < \/Pr [E] + %, hence Pr [E] > %.

O

The second fact asserts that if X, Y are independent random variables and F(X,Y") is an event with
noticeable probability, then sampling x1,...,x;x ~ X and y1,...,ys ~ Y independently we have that all
of E(x;,y;) occur with noticeable probability.

Fact 12.13. Let X, Y be independent random variables and let E be an event depending only on X, Y, and
suppose that Pr [E] > 6. Then

k¢

Pr [ E(ziy;)| =67
T1yee T~ X |1
YiyenYe~Y LW

Proof. We have that Ex~x y~y [1E(zy)] = Pr[E] > 6, so raising to the power k and using Holder’s
inequality gives

k
k k
#< B loew) = B | B (bnl] < B | B (o)

=k Ll,...%kfvx [10?:1 E(xi,wH :

Raising to the power ¢ and using Holder’s inequality again gives

5M< E |: E [1 ,’f_lE(xmy)HZ: E E [1 f_lE(mi,y)H

y~Y | X1~ X 1T~ X (Y~Y

¢

< E E [1 f_lE(zi,y)H

1T~ X (Y~Y

- E E [1@,]- E(:m,yj)H’

Tl @~ X Y150, Ye~Y

as desired. O

123



12.4 Proof of Theorem

We now proceed to the proof of Theorem [I2.5] The argument we present is similar to an argument from [6]
with some differences. In the setting therein, the class of product functions was the collection of all mul-
tiplicative characters over [Fo and the underlying measure was uniform, hence any two distinct product
functions were orthogonal. Such orthogonality properties were used multiple times, and most importantly
it implies that a given function f: ¥ — C with 2-norm at most 1 could be n-correlated with at most ?7%
product functions. In the current setting we do not have these orthogonality properties. To circumvent that,
we consider nets, which are small collections of product functions that in some sense capture all of the
product functions correlated with f. Stated simply, while there could be many product functions that are
correlated with f (their number could depend on the dimension n for example), we argue that one could
choose a short list of product functions that are correlated with f, so that any other product function that is
correlated with f must be close to a product function from the list. With this change, we can use the main
ideas from argument in [6] (which still requires some non-trivial but more minor adaptations).

Throughout this section we will use the following notation:

n

Definition 12.14. For a product function p: X" — C given as p(x1,...,x,) = [] pi(x;) and T C [n], we

=1
define p|r: X1 — C by p|r(y) = I1 pi(yi).
€T

Next, we define the action of this operation on a collection of functions in the natural way.

Definition 12.15. For a collection of product functions W C {p: X" — C | p is a product function} and
T C [n] we define W|r = {plr |p € W}

We also note that by the 7-separatedness of F, it follows that the number of univariate functions in F ()
is at most some finite number R = R(7), and we fix this R henceforth. We will identify between [R] and
univariate functions in F(3), and thus also between n-variate product functions in F(X) and [R]".

12.4.1 The Net of Product Functions and the Symbolic Distance

Fix ¥, a distribution p over ¥ and a class F = F(X) as in Theorem We will consider various domains,
and to make the notations more precise we will denote by F (X, I') the subset of F consisting of functions
whose domain is ¥/

For a function f: (X", u") — C and parameter ¢ > 0, denote

List.[f] ={p € F[[{f,p)] = €}.

As discussed earlier, there need not be a bound on the size of List.[f] in terms of ¢; it may well be the case
that its size grows with the dimension n. Nevertheless, the following lemma states that within List.[f], we
may find a short list whose size is bounded in terms of ¢ that essentially captures all of List.[f].

Lemma 12.16. Fix X, a distribution ji over X and a class F = F(X) as in Theorem[I2.5] let f: (X", u") —
C be such that ||fl|2 < 1, and let ,6 > 0 be parameters satisfying that 6 < 2. Then one may find
ShortList. s5[f] C List.[f] such that:

1. |ShortList, 5[f]] < ﬁ.

2. Forall p € List.[f] there is p' € ShortList. s[f] such that |(p,p)| = 4.
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Proof. The proof is by a greedy algorithm. Starting with ShortList. 5[f] = 0, so long as there is p € List.[f]
that is at most J-correlated with all functions in ShortList. s[f], we add it to ShortList. 5[ f].

We show that the above process terminates after less than k = ﬁ steps. Indeed, otherwise we would
be able to find p1,...,pr41 € Listc[f] whose pairwise correlations are at most 5. Write (f,p;) = 6;p;
where p; > 0 and ¢; has absolute value 1; then we have that p; > . We get that

k k k
k<07 (fp) = ()07 ) < 12l D 05wl
j=1 j=1 J=1

Using || f||2 < 1 and the fact that

k+1
IIZQ "pil3 —lepgllerZ Ipjllp; < k+ k(k—1)6
J#5’
gives ke < Vk + k26, and simplifying finishes the proof. O

Note that the short-list found in Lemma is not unique, and indeed there may be several choices
for it. We will want to think of some canonical short-list that is associated with a given function f. This
may be achieved in several ways; for instance, we may fix a total ordering among all product functions,
and then consider some induced ordering (say, lexicographic ordering) induced on collections of functions,
and define the canonical short list of f to be the short list which is first according to this ordering. Thus,
henceforth when we write ShortList. s[f], we refer to the canonical short list of f.

Lemma gives us a rather satisfactory answer in the sense that we get a short list of product func-
tions that, in a sense, encapsulates within it the entire list of product functions correlated with f. We will
want to imagine this short list as the center of Hamming balls, and of this property as saying that any product
function correlated with f is inside a ball of small radius around some product function from the short list.
To facilitate that, we define the symbolic distance between product functions.

Definition 12.17. Fix ¥, a distribution p over ¥ and a class F = F(X) as in Theorem For two
n n

functions p,p" € F over n-variables p,p’: " — C written as p(x) = [[ pj(z;) and p'(x) = [] pj(z; ),
j=1

j=1
we define the symbolic distance between p and p’ as:

Asymbohc(py ‘{] G ‘pj 75]);}‘ .
The following lemma asserts that products functions that are correlated are close in symbolic distance.

Lemma 12.18. Fix ¥, a distribution  over ¥ and a class F = F(X) as in Theorem which is T-
separated. Then for any n € N and any n-variable functions p,p’ € F we have that

[(p,p)] < (1 = 7)Pmoic(#),

n

n
Proof. Writing p(x) = 'H1 pj(z;) and p'(x) = 1_[1 pj(x;), we have that
j= j=

n n
P = H(pj,pj H pj,p]
j=1 j=1

For j such that p; = p; the inner product is 1, and for any other j the absolute value of the inner product is
at most 1 — 7. The result follows. O

125



12.4.2 Local Structure
Fix 3, p distribution over ¥, F = F(X), f and the parameters in Theorem We will use the parameters

Iy <s,Clwr,mta<l,

take L L
0K n=cor <(=e2r <E=eV/ <1,

and
e =¢ log(1/p)?/ea (40)

Throughout, we denote by I C [n] a set which is picked by including each ¢ € [n] in it with probability
p. For I C [n] and z € %7 define

WI,Z = LiSté‘[fT‘}Z]a WI,Z = LiStE/2[f7~)z]7

and
SWr . = ShortListEﬁz/lO[fj_}z], ST/VI,Z = ShortListE/ZEz/loo[f7_>z].

We will now be interested in looking at I’ C, /2 [n]. An equivalent way of sampling such [ " is by first
AV

taking I C, [n], and then taking I’ C, /2 1. As for restrictions, we can also first take 2 ~ ' then 2/ ~ v
and concatenate them to get fz7_, . ...

For fixed I and z, if we have that p(z) = [] pi(z;) is in SW ., then by Fact|12.12|we get that
i€l

| ™

‘<fﬁ%zoz’7p|f\]’—>z’>| =

with probability at least %, in which case we get that p|;s € Wp,zoz/, so that in a formula the above says

that

2
= 9

Pr [ plr € Wro | € SWie| > T (1)

2,2

This gives us some interesting information: while the identity of the original product function p may depend
on both I and z, the function p|; depends only on I, I’ and z and not on 2’. This suggests that on average,
the identity of p itself should also only depend on I (the set of live variables) and not really on the value that
we restrict outside them. To formalize this we use (1)) in conjunction with Fact[I2.13]to get that

16

- ~ - - €
][?g p|1’ € WI/,zozi N W[’,zozév p|I” € WI”,zozi’ N WI”,zozé’ pE SWI,2:| = 47 (42)
I'0"Cy ol

/ "o 11
21,21 29,25

We note that in particular, this inequality means that with noticeable probability, the short-lists of I’, z o 2]
and I’, z o 2}, contain two elements that have symbolic distance at most C'-log(1/¢). Indeed, as p|;~ is in the
list of these two restrictions, it follows by definition of the short-lists that for each one of this restrictions,
the corresponding short list contains a product function that has correlation at least £2/100 with it, at which
point we can use Lemmato say that p|;~ is close in symbolic distance to an element in each short list.

Take T C [n] randomly by including each element in it with probability § = m, and define the
following events:
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1. Let E1(p) be the event that p|;np € SWI',zozg I N SWIQZOZ% |7

2. Let EQ(p) be the event thatp|[//mT € SWI//,ZOzi’|T N SWI”,ZOZ&’|T‘

3. Let E(p) be the event that p € SW ..
With these notations, the inequality gives that

516
> —.
Eg [E1(p) N E2(p) [ E(R)] 2 17 (43)
I07Cy ol
27,27 2,2l
TCgln]

Define D = — /p 75 V41 /p 75» and note that choosing I, I’ and z, 2’ as above, the distribution of z o 2’
is exactly D. Let

WI/,T = {p S ]:(E’I/ ﬂT) ’ PI‘i/ |:p|1’ﬂT S SWI’,Z‘T} > C} .

2~DI

Claim 12.19. For all I' and T we have that

_ br [3]0 € Wiur1 zox |1 N Wi zozn |1, p & WI',T] <WVE
T=TU(I\I")
z Zl Z//

Proof. Foreachp € F(X,I' N T), define X,, = {z ex!’ ‘p € SW1/7Z|T}. Note that the condition that
p & Wp r is equivalent to D(X,) < ¢, and also that

SLISRID S S RINRS S B O BT C
P pEF(S,I'NT) =

where we used the fact that the short-lists as defined above have size at most O(1/£2). Now consider the
distribution over z o 2’ and z o 2’ as in the claim, and note that it is a product distribution /" which has
full support and the probability of each atom is at least 2(p). Thus, denoting by T the averaging operator
corresponding to ji, we get by Lemmathat X2(T) < 1 = Qum(p). Thus, noting that D is a stationary
distribution for T and using the Efron-Stein decomposition we get that the probability of the left hand side
of the claim can be written as

n
> g, M= Y S AR IR < Y S s
PEW pEW 1 p d=0 pQWI’,T d=0

Setting D = % log(1/¢), we get that for d < D the contribution is at most

D
S Y NEES Y B Y 2% <O Y i) < U

pQWI/’T d=0 p%Wﬂy ngI/,T pQWI/’T

where we used Fact[I2.11] Parseval and (44)). For d > D, the contribution is at most

-2 3 S IR < 0 0an()” 3 13 < (1Ol >>D0(82)\§

pgWr o d=D pEWr

where we used Parseval and (44)) again. The proof is thus concluded by summing up the two inequalities. [
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Note that the premise of the theorem says that with probability at least € over the choice of I and z we
have that W , is non-empty, and hence by the definition of short lists we get that Pr [Ip, E(p)] > €. In
conjunction with (43) we conclude that

17
P dp, E NnE NE Z —.
Igplfn] [3p, Ex(p) N E2(p) (p)] e

I'I"Cq ol
TCg[n]

By Claim|12.19} sampling T C [n], the probability that £ (p) holds but p|nr & Wy  is at most /€ and
similarly for F(p), so we get that

17

£
Pr [3p, EWp),plrar € Wi, plinar € Wing] > YT 2\/€ > '8, (45)
IC,[n],z~v'! €
P
PG ol
TCg(n]

12.4.3 Designing the Direct Product Function

We are going to use (43)) to define a strategy for the direct product test. Towards this end, we first define the
collection of I”’s on which we are going to assign a value which will give us a decent acceptance probability.

Definition 12.20. We say I' is good if there is p € F (X, I') such that Prypc ;) [plror € Wer] 2 €
The following claim asserts that there is a significant fraction of good I'’s.
Claim 1221. Pryc i [I' is good) > &5

Proof. Note that by (@3), with probability at least £'¥ /2 over the choice of I, I’ and z we get that

18

g
Pr [3p, E(p), plyor € Wip| > —,
i [3p, E(p), plrar € Wi r] 5

and as there are at most O(1/¢2) product functions p for which E(p) holds we get that there is p such that

Pr [plrer € Wir] = Q™) > ¢,
TCp[n]

hence I’ is good. O
Define the following randomized strategy F' for the direct product test. For each good I’:
e Choose 2/ ~ DI’

e Samplep € S W 1, uniformly among the p’s satisfying that Proyc [p\ nT € WIQT} > ¢ and set
F[I'] = p.

For I’ which is not good, we choose F'[I'] as a random string in [R]. We now show two claims. The
first of which asserts that in expectation, the above randomized strategy passes the direct product test with
significant probability.

Claim 12.22. E [Pr [F passes DP(p,1/2, B)]] = Q(e2°¢?) > ¢3.
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Proof. Note that the left hand side of the claim can be written as

E E E 10 are goodlyflp=p|s]
Ig/)[n]ngﬁ[n] p'GSWI/Yz/
I'1"Cq oI /= QY
/ P GSWI//’Z/

l "
Z/NDI ,zNNDI

Looking at (@3], we get that with probability at least £'® /2 over the choice of I, z and I’, I" it holds that

18

€
Pr [3p, E(p),plror € We . pliver € Winr] 2 —,
TCpln] 2

so as in the proof of Claim [I2.21]there is p such that

Pr [plrar € Wi r,plinar € Winr] = Q(e?),
TCg(n]
and in particular I’ and I"” are good. Also, it follows that p is a candidate for both F[I’] and F[I"] in the
above randomized strategy, and by definition of W 7 we get that p’ chosen in the randomized strategy
satisfies that p’|7 = p|pnr with probability at least (; the same goes for p”. Hence under the randomness
of the choice of I the test passes with probability at least (2. The conclusion follows. 0

The second claim asserts that the contribution of the assignment F' on non-good parts to the agreement
of F' with any direct product function is small.

Claim 12.23. Forallr < n/2,
1
f;r dg: [n] — [R], 131’/1" [I' not good and A(g|p, F[I') < r] > 55’ <27

Proof. Fix g: [n] — [R]. Note that for each I’ which is not good, the probability that A(g|;/, F[I']) < r
is at most n” R"~". Let Z be the indicator random variable of this event, so that Z are independent and
each of them has expectation at most n”m"~". Thus, we get by Chernoff’s inequality that

Pri Y ZI/>%s’N < 279EN)

1’ not good

where N is the number of I’ which are not good. Taking a union bound over g, we get that the probability
in question is at most R"2~2('N) < 2=2'N) < 97 a5 required. O

12.4.4 Applying the Direct Product Theorem

We are now in a position to invoke the direct product theorem to finish the proof.

By Claim|12.22|and an averaging argument, with probability at least ¢3/2 over the choice of F' we have
that F' passes the direct product test with probability at least (/2. Hence, by Claim and the union
bound we have that with probability at least (3/2 — 27" > (3/4 it holds that F' passes the direct product
test with probability at least (3 /2 and the contribution of the not-good I”’s to the agreement of F with any
direct product function is at most %5’ . We fix such choice of F'.
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Using Theorem we conclude that there is g: [n] — [R] such that

Pr [A(glp, FIT) < 7] >

for r = poly (%) and &’ as in (@0). Thus, we get that Pry/ [I" is good, A(g|p, F[I']) < r] > €' /2.

Let p, € F(3,[n]) be the product function corresponding to g. We note that for any good I’ such
that A(g|p, F[I']) < r, by the definition of the randomized strategy we have that choosing T' C [n] and
T C, s T it follows that F/[I 'l € Wy with probability at least £, and that conditioned on 7" we have that
glrar = F[I']|7 with probability at least (1). Hence both events hold with probability at least (), and
we fix such choices of 7" and 7" henceforth. -

By definition of Wy r we get that as F[I'] € Wy r, choosing z ~ D! we have F[I']|7 = p.|r for
some p, € SW 1> with probability at least ¢. For such z it holds that ‘(pz, I Z)‘ > ¢/2, and so by
Fact we get that choosing 2’ ~ v/ \T it holds that

IS

>

(pz\ror, f 7, )
I'\T—z'

with probability at least £2/16. In this case we get

(FIr, f 7., )| =

=
I'\T—2'

= M

Choosing 2" ~ uT\T", we get by Fact|12.12|that

(FUNrovgr o [ 7. )| 2
I'\T—2'
T\T'—2"

oo ™

with probability at least €2 /64, in which case it follows that

(pglrs f 7, )| 2
I'\T—2'
T\T' 2"

| ™

In conclusion, we get that

2
pylrs [ 7 > e'ece”.
1/77;71:/, < g‘ ’ [’{i]ﬁjzl> ~
Z,2°,2 T\T’—}z”

Thus, looking at G' = p, f we get that

2
/ 2
E_|Stabyy |G 7. > E ||EIG 7, ]| | R€EE
TT I'\T—z' rTT I'\T—z'
2,2 2" T\T'—2z" 2,2 2" T\T'—=z"



We now consider the distribution over the restriction, and note that it is equivalent to a restriction that

chooses J Cp 51 [n] and fixes J according to (D')”, where D’ is some mixture of the distributions D and
2 r

v. Thus, re-writing the above inequality we get that

E [Stabl i (Gjﬁy)] > Jlece?,

Jggg%[n]

y~(D")7

Using Lemmawe get that the left hand side is at most Stab;_ 4.,3/,(G) where A depends only on «
and m = |X|, s0 Staby_ 4.5/, (G) 2 €’£¢e?. Tt follows from Fact|12.10|that W_ , rosti/erece) [G] 2 g'¢Ce?,
SATT

s rlog(1/eece) .
where A’ depends only on o and m. Thus, L = (pg f)gA 0B is a function of degree at most

A %/;/5(5) and 2-norm 1 such that

<f7 EL> = <G7 L> = WgA,.rlog(lgslggs) [G] Z 5/£C527
P

and we are done. OJ

13 Proof of the Direct Product Theorem

In this section, we prove Theorem[I2.7] This result improves can be seen as a quantitative improvement over
the direct product theorem from [6]]. To prove this result, we will first present and analyze a uniform version
of this direct product tester; by that, we mean that we are going to be given an assignment to sets of size
precisely £ = pn, and that the various intersection sizes in the set are all replaced with exact intersection
sizes. In Sections[13.3]and [I3.4] we will show how to derive the direct product theorem when the underlying
distribution is a product distribution as required for Theorem |12.7] using the well known trick of “going to
infinity and back”.

Notation. Fix an alphabet [m] = {0,1,2,...,m — 1}. Given a string = € [m]™ and a subset S C [n], we
use the notation z|g to denote the part of the string x restricted to the set S. Given z,y € [m]", we use the
>t <t

notation x # y to denote that the set {i € [n] | x; # y;} is of size at least ¢. Similarly, we use x # y to
denote that the strings « and y differ in at most ¢ locations.

The set up for the direct product testing. Fix ¢,¢' € (0,1) such that ¢ < ¢ and an integer ¢t € N. Let

q¢" = q — ¢'. Suppose we are given a table F : ([q’;]) — [m]9" where F'[S] € [m]9" can be thought of as
assigning a symbol from [m] to every element in S’ (by associating some fixed ordering on the elements of
[n]). Consider the agreement test (Agreement-Test) parameterized by (g, ¢, t) given in Figure|13| Let D, »
be the distribution associated with the pair (Ag U By, Ag U By) in the test.

It is clear that if the table F' comes from a global string a € [m]™, in the sense that there is a vector a
such that F'[S] = a|g for all S, then the test accepts with probability 1 (even when ¢ = 0). The following
result is an inverse type result to this statement in the small soundness regime, and as discussed in the
introduction in this case there are several challenging examples. In the following theorem, we prove that the
type of assignments discussed in the introduction are essentially the only assignments that pass the test with

non-negligible probability.
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Given F : (["}) — [m]1",
e Pick a random set Ay U By of size gn where |Ag| = ¢'n

e Select a random set By C [n] \ Ay of size ¢"n

<t
o Check if F[AO @] Bo”AO #+ F[AO U Bl]|A0

Figure 1: Agreement-Test with parameters (q, ', t).

Theorem 13.1. There exists ¢ > 0 such that the following holds for su]ﬁczently largen € Nand e > 2 ne
Fix an alphabet [m| and ¢y > 0 be any constant. For alle > 0, 0 < ¢’ < q < 1 such that ¢’ < and

T= (loggﬁ)co’ suppose that F ([q’g) [m]7" satisfies

<T
P F[|S FIS >
(51752)£Dq,q/ |: [ 1“51052 # [ 2”51QSQ c

Then there exists a function g : [n] — [m] such that for at least an € O(log(1/q')? ) fraction of S € ([n]) we
o(1)
have |{i € S | F[S]; # g(i)}| < (Tloggl/e>> '

We start by giving a high level overview of the proof of Theorem The overall argument is similar
to the one from [6], and in order to improve upon the quantitative bounds therein we require a more careful
analysis, as well as more explicit quantitative bounds small set expansion result on the multi-cube graph
(which plays an important role in our proof)

1. Getting a local structure: Suppose the table F' passes the Agreement-Test with probability at least
e. For a pair (A, B), we define a function g4 g : [n] — [m] by taking the plurality vote among
F[AU B']|; where (A, B') is such that F[A U B]| 4 agrees with F'[A U B’]| 4 on all but ¢ coordinates.
We then show that for a typical (Ag, By), the function g4, g, agrees with the table F'[Ay U B’], on
all but poly(t) coordinates, for at least €?(!) fraction of the B’s. Since in this step we can only show
that g4, B, only agrees sets of the form Ay U B’, which only constitutes exp(—n) fraction of the sets

from (g ]) we somehow need to make sure that these different g4, g,s indeed agree with each other.

2. Establishing consistency between various local views: In this step, we show that for a typical pairs
(Ao, By) and (Aj, BY)), the functions g4, g, and g A1, By agree with each other on all but t°) many
coordinates. We show this in two steps. In the first step, we study a slightly different test that we call
the Modified-Test. The purpose of analyzing this test is to conclude that for a typical pair (A, By), if
we select a pair (Ag7 Bj{)), where Apis a correlated copy of Ap and B}, in independent of (A, By), then
with noticeable probability the functions g4, g, and g ; o,y Agree on all but t9) many coordinates.

In the second step, we show how to break the correlation between Ap and Ag. Here, we appeal to the
small set expansion property of a graph defined over a multi-slice in [3]". Towards this end, we think
of (A, B) as an element = € [3]" in the following way: x; = 1ifi € A, 2; = 2ifi € Bandx; = 0
otherwise. The edges of the graph are given by the distribution on the pairs (Ao, By) and (Ag, BY).
We show that this graph is a small-set expander using techniques from [9]. As every small set in this
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graph expands, we use this to show that for typical pairs (Ao, By) and (Aj, By), the functions g4, 3,
and g4 p agree with each other on all but poly(n) many coordinates. Finally, this means that there
exists a pair (A*, B*) such that g4~ p~ satisfies the conclusion of Theorem 13.1]

3. From uniform setting to a product distribution: We take NV which is significantly larger than n,
and attempt to simulate the g-biased distribution over {0,1}" by the uniform distribution over g\
sized subsets of [N]. More precisely, given a function G : (P[n], u®") — [m]S", we define a map
G : (EIJJ\G) — [m]9V as follows: for S € (g]\@) define G(S)|srpy = G(S N [n]) and G(S)|s\(n) =
01\["Il. We note that taking a random ¢ sized set S from [N], the distribution of A = S N [n] is
very close to being of a random subset of [n] in which each coordinate is included with probability
q. Thus, we are able to relate the performance of the (uniform sized set) direct product tester of G,
and the performance of the (g-biased) direct product tester of G. Applying the uniform sized direct
product testing result on G, we are quick able then to conclude Theorem-

13.1 Preliminaries
13.1.1 A Sampling Lemma

Consider the bipartite inclusion graph G(n,¢) = G([n] UY, E) between [n] and ¥ = ([ ]) for some
1 < £ < n, in which the edge set consists of pairs (i, A) such that i € A. The following sampling lemma
from [28] will be useful for our analysis.

Lemma 13.2. Let G(n, ) be the inclusion graph for 1 < { < n. Let Y' C'Y be any subset of measure
p < 1/2. For any constant 0 < v < 1, we have that for all but at most O,, (%) fraction of vertices
x € [n],

Pr EY'—‘gv.
yeN(z)[y | —p| <vp

Here, N(x) is the neighbors of the vertex x in G.

13.1.2 A Small Set Expansion Result
For a graph G(V, E), let T (G) be the Markov operator associated with G. Also, let

= i P S € S].
Pel) = B i P ES e S
ISI<alV ()]

Note that if every subset of size at most 4 in G expands, then ¢ (p) is large. For any linear operator 7', its

p — ¢ norm is defined as ||7'||,—q := max,o HH H”q We will need the small set expansion property of a

graph G,, defined below.

The graph G,,. Consider the graph G,, induced on the set of vertices {(4,B) | A,B C [n],ANB =
0,|Al = ¢'n,|B| = (¢ — ¢')n} as follows, defined using a parameter c (that is to be thought of as an
absolute but small constant). A random neighbor (A’, B’) of (A, B) in this graph is a pair where A’ is
distributed uniformly conditioned on |A'| = ¢'n , | = c¢¢'nand B’ C [n] \ A’ is a uniformly random
set of size (¢ — ¢')n. An alternative view of this game (which will be crucial for us in order to derive small-
set expansion results) proceeds by viewing it as a graph over the multi-slice — namely the set of strings in

133



{0, 1, 2}" with prescribed number of coordinates equal to 0, 1 and 2. Indeed, we map the vertex (A, B) to
the string = € {0,1,2}" where x; = 1ifi € A, x; = 2ifi € Bandz; = 0ifi € [n]\ (AUB). The edges of
the graph G,, then naturally translate to edges over strings: a random neighbour of = € {0, 1,2}" is a string
resulting from choosing a subset of size c¢'n of the 1’s in z, and re-sampling the rest of the coordinates so
that the number of coordinates equal to 0, 1 and 2 is as required. By abuse of notation we shall denote this
graph also as G,,.

The following result from [9] in order to give the following bounds on the expansion of G,,.

9q

Lemma 13.3. Foreveryc > 0,0 < ¢ < q < 1 such that ¢’ < 10

has

and p > 0, the graph G, defined above

1
¢g, (1) =1 — MQ<W),

We give a proof of this lemma in Section [13.

13.1.3 From Uniform Size Distributions to Biased Distributions

We need the following two claims from [6] to move from the uniform setting to the product setting.
Claim 13.4. Fixq € (0,1), t < nand N = w(n*). We have,
N—
(qN—’r:f)
N
(qN)

where the o(1) factor can be taken as 2~

=q¢'(1-q)" (1 £0(1)).

Proof. The proof proceeds by a direct calculation and is deferred to Section D] O

With Claim[13.4]in hand, we can now show a coupling between the uniform distribution over subsets of
[N] of fixed size, and a distribution close to g-biased subsets of [n].

Claim 13.5. Fixq € (0,1) and N = w(n*). Consider the following two distributions on P(|n]):
e Dj: Select a subset A C [n| by including i € [n] to A with probability q for each i independently.
e Dy: Select a random subset S C [N] of size ¢N and output S|,
n

Then, the statistical distance between D1 and D5 is at most e~ ™.

Proof. We will compare the point-wise probabilities pq, p2 : P([n]) — R assigned by the two distributions
D; and D, respectively. Fix any set A C [n] of size . We have p;(A4) = ¢'(1 — ¢)"~t. Now, in order to
sample A from Do, it must be the case that S| [n] = A and therefore, we have

(v
p2(A) = <0577,
(qN)
which is ¢(1 — ¢)"~%(1 £ e™™) using Claim O
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13.2 Direct Product in the Uniform Setting: Proof of Theorem [13.1]

Throughout this section, we use € to denote the passing probability of the Agreement-Test. Since there is
almost a black-box reduction from non-binary alphabet setting to the binary alphabet setting, we first focus
on the binary alphabet for simplicity and prove Theorem [13.1| when m = 2. In Section [13.2.6] we show
how to generalize the result for non-binary alphabet by keeping all the parameters asymptotically the same.

13.2.1 Parameters

Throughout this section, we are going to use the parameters
1< O3k Oy

O<e<v=e<y=¢" (46)

Cco _
T <10g(1//5)) <h— C’lTlo%;(l/s) <R—W~— Coh i
q q

and¢" =q—¢.

13.2.2 Local structure

In this section, we prove the local structure stated in Lemma [13.9]below. We need a few definitions to state
the lemma.

Consider selecting a random set of size gn as follow. First sample a subset A C [n] of size ¢'n and then
select aset B C [n] \ A of size (¢ — ¢')n uniformly at random. Output (A, B). We need the following few
definitions that are similar to the definitions from [28]], adapted towards analyzing the Agreement-Test.

Definition 13.6. (consistency) Fix a set (A, B). A subset B’ C [n]\ A is said to be t-consistent with (A, B)
<t
if F[A, B]|a # F[A, B']| . Let Consi (A, B) be the set of all the sets that are t-consistent with (A, B).

We say that (A, B) is good if Cons;(A, B) has a significant size. More precisely,

Definition 13.7. (goodness) A set (A, B) is called (¢/2,t)-good if

P B’ A, B)| >¢/2.
B'g[i]\A[ € Consi(A,B)] > ¢/

We next define the notion of excellence, for which we need to describe an auxiliary distribution over
sets (F, D1, D2). Given A C [n], select two random subsets By, Ba C [n] \ A independently, each of size
¢"n and let F be a random subset of By N By of size ¢"n/R. We take D1 = By \ F'and Dy = By \ E. We

remark that the probability that | By N Bz is smaller than ¢"n/R is at most exp(—¢"?n), hence so long as

v = w(exp(—q?n)) it will be absorbed into  in the definition below.

Definition 13.8. (excellence) A set (A, B) is called (¢/2,t, R, h,)-excellent if it is (¢/2,t)-good and

>h
L Pr((E.Di) € Consy(A, B) fori=1.2 A FIA,E,Dillp # FIA,E, Dal|g] <.
1,172
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Fix any (¢/2,T, R, h,v)-excellent pair (Ag, By). We define a function g4, B, : [n] = {0, 1} based on
the majority vote of the table F' restricted to the sets in Cons; (Ao, Bp). More formally, for z € [n] \ Ay, we
set

9Ag,Bo(T) 1= Majority  F[Ao, B]|s.
BeConst(Ap,Bo)|Box
If there is no such B that contains x then we set g, g, (z) = 0. We also set g,.5,(A0) = F[Ao, Bol|a,-

Based on these definitions, we prove the following local structure, which is the main lemma from this
subsection. This is called a local structure as the functions g4, B, enjoy strong consistency (similar to what
we need for the global function in Theorem but it is weaker: the consistent is only guaranteed to be
local, namely within Cons;(Ag, By).

Lemma 13.9. Forall e > 0, if (Ao, By) is (¢/2,T, R, h,~y)-excellent then

>W?2

BGConsTIEAO,BO)[ [ 0 HB 7 gAO7BO( )} v

Furthermore, a random pair (A, Bo) is (¢/2,T, R, h,~y)-excellent with probability at least 5 — 2_:(}” >

>

For notational convenience, in the remaining part of this subsection, we call a pair (A, B) good if it
is (¢/2,T)-good. Similarly, we call a pair (A4, B) excellent if it is (¢/2,T, R, h,~y)-excellent. We start by
showing that a random pair is good and excellent with noticeable probability.

<T
Claim 13.10. IfPr 4, g, B, [F'[A0, Bolla, # F[Ao, Bi]|4,] = €, then a random (Ay, By) is (¢/2,T)-good
with probability at least € /2.

Proof. The proof is by a simple averaging argument. O
The next claim shows that almost all the good pairs are excellent.

Claim 13.11. It holds that

9—(h)

P

b [(Ao, Bo) is (¢/2,T)-good but not (¢/2,T, R, h,~y)-excellent] <
0,50

Proof. Consider the following two events.

1. Event Z;: (Ao, Byp) is good but

>h
EEI‘D [(E, DZ) S COnST(A(),Bo) fori=1,2 A F[Ao,E,Dl]‘E ;é F[Ao,E,DQHE] > 7.
/1,172

2. Event Zy: (Ag, By) is good, (E, D;) € Consy (A, By) fori = 1,2 and

Sh/2
F[Ao, E,Dil|agur # F[Ao, E, Da)|a,uE-

We wish to upper bound Pr[Z], and towards this end we write:

PI‘[Zl] = Pr[Zl VAN ZQ]/PI‘[ZQ ‘ Zl] § PI‘[ZQ]/PI‘[ZQ ‘ Zl],

136



and we give an upper bound on the numerator as well as a lower bound on the denominator. Note that
Pr[Zy | Z1] > ~, and we now upper bound Pr[Z5]. The sets from the event Z, can be equivalently sampled
as follows. First, sample a random subset A’ of [n] of size ¢'n + % (which is to be thought of as Ag U E),

" >h/2
and then pick random sets D1, D2 C [n]\ A’ of size ¢"n — 4%, conditioned on the event F'[A’, D] #
F[A’, Do]|ar. Let A” C A’ be the set of coordinates € A’ where F[A’, D1](x) # F[A’, Do](x), so that

|A”| > h/2. Taking Ag to be a random subset of A" of size ¢n and setting E = A"\ Ay. If (E,D;) €

<2r
Consy (Ao, By) fori = 1,2, we get that F[Ag, E, D1]|a, # F[Ao, E, D2]|a, and hence |A” N Ag| < 2T
On the other hand, the expected size of |A” N Ag| is at least h/4, and so by Chernoff’s inequality the
probability that |A” N Ag| < 27 is at most 2~ (), O

Next, the following claim asserts that for an excellent pairs (A, By), the function g4, B, enjoys strong
agreement with F' inside Consy(Ag, By).

W2

>
Claim 13.12. If (Ao, Bo) is excellent then Pt pccons; (Ao, Bo) [F[A0s BllB #  9a0,8,(B)] < v.
Before proving Claim[I3.12] we first note that it implies Lemma[I3.9]

Proof of Lemmal[I3.9] The lemma is immediate by Claims[I3.10} [[3.1T]and [13.12] O

The rest of this section is devoted to the proof Claim[I3.12] and for that we introduce additional notations
and prove some auxiliary claims claims. Fix an excellent pair (Ag, By), and let

Cons} = {B € Consr (Ao, By) | € B};

we note that this set is used to define g4, B, () in the majority voting step. Also, for x € [n] we denote by
B, the collection of all B C [n] \ Ag such that |[B| = (¢ —¢)nand x € B

Claim 13.13. For at least 1 — O (hl 1/5> fraction of x € [n] \ Ao, we have 2¢|B,| > |Consy| > ¢|B|.

q//n
Proof. This claim follows from the sampler property of the inclusion graph by invoking Lemma for
the graphs G((1 — ¢')n, ¢"n). O
We are now ready to prove Claim|(13.12

Proof of Claim[13.12] Fix Ay, By as in the claim and assume towards contradiction the statement is false;
then as Consp (Ao, By) consists of at least £/2 fraction of B C [n] \ Ay of size (¢ — ¢')n, we get that

>C? ve
Bg[}r)z]r\Ao [B S COhST(Ao,Bo) A F[A07B”B 75 9Ao,Bo (B)} > ? 48)

Denote the above event by Z, and sample B conditioned on Z. Let X C B be the set of coordinates x € B
for which F'[Ag, B]|z # 94,,B,(x). We have the following claim:

Claim 13.14. For all but O <1nq1,,/ 6) many x € [n]\ Ao, we have

!

q
p € B A — F[4o, B]|.] > L.
precons (A0.50)” 9a0.50(x) = FlAo, Blle] > {5
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Proof. Immediate by Claim|13.13 O

Let Xj; C Xp be the set of coordinates for the inequality in Claim [13.14 m 41holds. Note that given the
Bl =Xl -0 <lnq1/€) W?/2, so we may pick a subset of X/, of size W?/2; without loss
of generality we assume X is already of that size. Picking B’ € Consy (Ao, Bo) randomly, by Clalmm
the expected size of Y/ := {z € B’ | v € X3 & ga,,B,(z) = F[Ao, B]|;} is at least %WQ. Therefore ,
by an averaging argument, as |Yp/| < 22 always, with probability at least qlol we have |Yp/| > &5 VV2
Also, picking B’ € Consy (Ao, By) at random, we have by Chernoff’s bound that | B N B’| > ¢°n 15 with
112

probability at least 1 — exp(—(¢”“n)). Therefore, by union bound, with probability at least % %, we have

L {z € B[z € X & gag,5,(z) = F[Ao, Bll2}|| = W

|B ﬂ B/| = 1010
Taking arandom £ C BN B’ of size ¢"n/ R, with probability at least 1/2, we get that |[ENYp/| > 5d55 W2,
Removing the conditioning on B’ € Consy(Ag, Bp) and the above three conditions, we get
Pr (B, B’ € Consr(Ao, By) A F|Ao, Bl| ~aopt” Flao Blp) > 2. L5 ]
s € Cons , , , > — === >
B,BIQ[IT‘“L]\AO T(A0, Do 0 E 0 E 5 30 2 2 Y
ECBNB’
Since %WZ > h, this is a contradiction to the fact that (Ay, By) is (¢/2, T, R, h, 7)-excellent. O

13.2.3 Global Structure: the Modified Test

Now that we have a function g, g, for every excellent pair (Ao, By), the last step is to show that these
functions are similar to each other and hence there is a global function g that (almost) agrees with at least
d(e) fraction of the entries from the table F[-]. We follow the same proof strategy as appeared in [6],
however, we will use an explicit bound on the small-set expansion property of a certain graph.

For ¢ € (0, 1), consider selecting a random set of size gn as follows. First, sample a subset A C [n] of
size ¢'n and then select a set B C [n] \ A of size (¢ — ¢')n uniformly at random. Select a random subset of
A of size c¢'n and call it D. Let E = A\ D. Output (D, E, B), where A = D U E. Consider the modified
agreement test (Modified-Test) given in Figure[13.2.3]

Note that Modified-Test is similar to the agreement test Agreement-Test that we wish to analyze, except
that the we change the parameters from (¢’, g, T') to (cq'n, ¢, 2T') for ¢ € (0, 1). Another (minor) difference
is that we require the sets £ and E’ to be disjoint in the above distribution, whereas in the Agreement-Test,
the sets By and B; are uncorrelated. As the distribution of (E’, B’) depends on (D, E), for notational
convenience, we denote this marginal distribution by D(D, E).

We now relate the two tests Agreement-Test and Modified-Test in order to show the consistency between
the functions g4 g. Towards this, we define the notion of consistency, goodness, and excellence tailored to
Modified-Test.

Definition 13.15. (consistency) Fix a set (D, E, B) where A = D U E. A subset (E', B') in the support

of D(D, E) is said to be consistent with (D, E,B) if F|D, E, B]|p =4 F[D,E' B'l|p. Also, we let

newConsor (D, E, B) be the set of all the sets (E', B') that are consistent with (D, E, B).
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Given F : (")) — {0, 1},

e Pick a random set (D U E'U B) of size gn where | D| = ¢¢'n,
(¢ —q')n.

E|=(1-c¢)¢nand |B| =¢"n =

e Select a random subset £/ C [n] \ (D U E) of size (1 — ¢)¢'n.

e Select arandom set B C [n] \ (D U E') uv.a.r. where |B'| = (¢ — ¢')n.

e Checkif F[DUE UB]|p 2 F[DUE'UB|p.

Figure 2: Modified agreement test Modified-Test

Definition 13.16. (goodness) A set (D, E, B) is called (*/2,2T)-good if

Pr [(E', B") € newConsyr (D, E, B)] > £2/2.
(E'",B")~D(D,E)

Definition 13.17. (excellence) A set (D, E, B) is called (¢? /2, 2T, R, h,~)-excellent if it is (% /2, 2T')-good
and

>h
Pr F[DUEluBIHE/ #* F[DUEQUBQ”E/ und:| < .
(El,Bl),(EQ,BQ)N'D(D,E) (Ei,Bi)EnewConszT(D,E,B)fori =1,2
EIQ(E1UB1)Q(E2UB2)
|B|=¢"n] R

The following claim shows that if the Agreement-Test passes with probability at least €, then the test
Modified-Test passes with probability at least 0.99¢2.

Claim 13.18. If Pra, p,.B, [F[Ao, Bol| 4, & F[Ay, Bi]|a,] = ¢, then there is ¢ € [%, 27‘1,} such that the

test Modified-Test passes with probability at least 0.99¢%. Consequently, a random triple (D, E, B), with
|D| = cq'n, is (¢2/2, 2T)-good with probability at least 0.49¢>.
Proof. Consider the following distribution.

e Select S C [n] of size gn u.a.r.

e Select A, A’ C S each of size ¢'n u.a.r.

e Select B C [n] \ A of size (¢ — ¢')nu.ar.

e Select B’ C [n] \ A of size (¢ — ¢)nu.ar.

We observe the following properties of the above distribution.

1. The pairs (A, S\ A) and (A, B) are distributed according to the test distribution Agreement-Test. The
same holds for the pairs (A’, S\ A’) and (A", B')

2. For a fixed S, the pairs (A4, B) and (A’, B') are independent.
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Note that

1

S
S,(A,B),(A’,B’) F[S”A # F[AvB”A F[S]IA’ #F[AlﬂB/]|A’

—F E [1 or 1 or ]
S (AvB)’(A/vBI) F[S”A 7£ F[AvB”A F[SHA’ 75 F[AlﬂBl“A’
2
=E| E [1 <r } (Property 2. above)
S |(A,B) L F[S]|la # F[A,B]|a
2
Z|E| E [1 <T } (Jensen’s inequality)
S (A7B) F[S”A 7£ F[AvB]IA
=2,

<T <T
Note that the events F'[S]|4 # F[A, B]|aand F[S]|a» # F|[A’, B']| 4 together imply that F[A, B]| ana <&

F[A’, B']| onas. Therefore, we have

<L2T
P F|A,B / 3 A/ B/ , 2 2.
(A:B),(I;l’,B’)[ [A, Bllanar # FIA, Blana] 2 €

Based on how the sets A and A’ are distributed, we have with 1 —exp(—n) probability, the size of AN A’

/ /
} . Thus, there exist ¢ € [g—q, 27‘1] such that

q/2n 2(]/271
2¢° ¢

lies in [

P FIA, Bllana = FIA', B anar] > €2 — exp(—n) > 0.992.
(AB)’(A,’B,)ﬁAmA,|:Cq,n[ [A, Bl[ana [ Jlana] xp(—n)

Now, ifwelet D = ANA', E= A\ Dand E' = A"\ D, then the pairs (D, E, B) and (D, E’, B') are
distributed according to the distribution in Modified-Test. Hence, the acceptance probability of Modified-
Test is at least 0.99¢2. The claim now follows from the averaging argument similar to the one in the proof

of Claim 0

The following claim shows that a random good set is excellent with high probability.

Claim 13.19. A random (g% /2,2T)-good set (D, E, B) is (¢2/2, 2T, R, h,~y)-excellent with probability at

Proof. The is along the same lines as the proof of Claim[I3.T1] and we prove it here again for completeness.
Consider the following two events.

1. Event Z;: (Dy, Ey, By) is good but

(E;,B;)enewConsor (Do, Fo,Bg) fori = 1,2
Pr >h
(E1,B1),(E2,B2)~D(D,E) | AF[DoUEIUB1]|gr # F[DoUE2UB2]| g
Elg(ElLJBl)ﬂ(EQUBQ)
|E|=q"n/ R

> 7.

2. Event Zy: (Dy, Ey, By) is good, (E;, B;) € newConsar(Dy, Ey, By) for i = 1,2 such that |(E; U
Bl) N (E2 U BQ)’ > q”n/R, E C (E1 U Bl) N (EQ U Bg) of size q”n/R and

Sh/2
F[Dy, E1, Bil|pyurr # F[Do, E2, Ba]|p,ug-
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We wish to upper bound Pr[Z;], and towards this end we write:
Pr[Z1] = Pr[Z1 N Z5]) Pr[Zs | Z1] < Pr[Zs)/ Pr[Z2 | Z1],

and we give an upper bound on the numerator as well as a lower bound on the denominator. Note that
Pr[Zy | Z1] > ~, and we now upper bound Pr[Z]. The sets from the event Z5 can be equivalently
sampled as follows. First, sample a random subset D’ of [n] of size cq’'n + % (which is to be thought of
as Dy U E’), and then pick random sets Hy, Hy C [n] \ D’ of size gn — cq'n — 4’n  conditioned on the
>h/2
event F[D' U Hy||p 75/ F[D' U Hs]|p and the event that the distribution of (D" U Hy), (D’ U Ha) is
consistent with the distribution of (Do U Eq U By), (Do U Ey U Bs) from event Zy . Let D” C D’ be the
set of coordinates « € D’ where F[D’, H||, # F[D’, H3]|,, so that | D"| > h/2. Take Dy to be a random
subset of D’ of size c¢'n and set E' = D'\ Dy. If (E;, B;) € newConsor (Do, Fo, By) fori = 1,2, we get

<4T
that F'[Dy, Ev, B1]|p, # F[Do, E2, Bs]|p, and hence |D” N Dy| < 4T. On the other hand, the expected
size of | D” N Dy is at least h/4, and so by Chernoff’s inequality the probability that | D" N Dg| < 4T is at
most 272, O

Similar to the previous analysis, for an (¢2/2, 2T, R, h,~)-excellent triple (Dg, Eqg, By), we define a
function gp, g,,B, : [n] — {0,1} based on the majority vote of the table F' restricted to the sets in
newConsaor( Dy, Ey, By). More formally, for 2 € [n] \ Dy, we set

9Do.Eo.Bo (T) == Majority F[Dy, E, B]|.
(E,B)enewConsyr (Do, En,Bo)|
EUB>zx
If there is no such £ U B that contains = then we set gp, i, B,(z) = 0. We also set gp, E,.B,(*) =

F[Dy, Ey, Bo|, for x € Dy. The following claim is analogous to Claim [13.12} saying that the local
function gp, £, B, strongly agrees with the table ' on newConsyr (D, Ey, By).

Claim 13.20. If (Do, Eo, Bo) is (€2/2,2T, R, h, y)-excellent then

>W?2

P F|Dy, E, B E. B)| <.
(E,B)EnewConng(Do,Eo,Bo)[ [ 0, L&, HE7B # gDO,EO,BO< ) )] v

Proof. The proof of this claim is analogous to the proof of Claim|13.12] Fix an excellent pair (Dy, Eq, Bo).
We write newConsyp for newConsyp( Dy, Ey, By) for convenience. We begin with the following claim.

Claim 13.21. For at least 1 — O (hl Ua) fraction of © € [n] \ Dy,

q//n
1
Pr [(E,B) € newConsar| > — Pr [(E, B) € newConsar|.
(E,B)~D(Dy,Ey), 100 (E,B)~D(Dy,Eo)
reEUB

Proof. The proof follows essentially from the sampler property of an inclusion graph. In this case, the
distribution of (F, B) is not uniform among all the sets of size (¢ — c¢¢’)n of [n] \ Dy. Therefore we cannot
apply Lemma13.2]directly. However, similar proof works here and we include it below.

For succinctness, let D be the distribution D(Dy, Ey) and let D, be the distribution D conditioned on
x € E'U B. The way we sample (F, B) ~ D, the marginal distribution on € E U B is not the same.
However, for every x € [n]\ (DU E)), the marginal distribution is identical. Same is true for every x € Ej.
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lnl/s

We will show that at most O ( ) many = € [n]\ (DyU Ej), the claimed inequality dos not hold. Similar

poof shows that for at most O ( nql/ E) many x € Ej, the inequality does not hold.

We know that Pr(g 5).p[(E, B) € newConsyr] = € > €2/2. Letn' = n — |Dg| — |Eo| = (1 — ¢')n
and Z = {z € [n] \ (Do U Ey) | Prgp~p,[S € newConsyr|] < £/100}. We need to show that

1Z| = O (1“1/€> For = € [n] \ (Do U Ey), let p be the probability that = € (E U B) when (E, B) is

q
= C’mT}/é for a large C > 0.

sampled according to D. Note that p = Q(q”). Suppose for contradiction,
By the definition of the set Z we have,

Z| & Cl(1/8) 2
P 7N (E,B l2r. e _ ¢ln{d/e) e 4
semnl i ioun ® € £ N (B B) € newConsyr] < - 305 100p(1 — ¢')n “49)
(E,B)~Dy

If we sample a random (F, B) ~ D, then by Chernoff’s inequality, £ U B contains at least % In(1/¢)
elements from Z with probability at least 1 — exp(—(C'In1/€)) > 1 — £/10. Therefore, we have
Pr |(E, B) € newCons /\\(EUB)HZ]>gln(1/é) >%

Conditioned on the above event, if we sample a random z € (E'U B) \ Ej, then = € Z with probability at

least %w Therefore, combining with the above event, we have
9C'In(1/¢)é
Pr [x € Z A (E,B) € newConsar] > M
(E,B)~D 40pn
CCE(EUB)\E()
Assuming ¢’ < 9/10, this contradicts (49) O

We now proceed to proving the claim. Assume towards contradiction the statement of the claim is
false; then as (E, B) € newConsyr(Dy, Eo, By) with probability at least £2/2 when sampled according to
D(Dy, Ey), we get that

>W? ve?

P E,B) e C Dy, Ey, By) N F[Dy, E,B E.B)| > '
(E,B)NDIEDO,EO)[( , B) € newConsyr (Do, Eo, Bo) [Do, B, Bl|g,s # 9Do,E0,B,(E, B)] 5

(50)

Denote the above event by Z, and sample (E, B) conditioned on Z. Let Xp g C E U B be the set of
coordinates € E U B for which F[Dy, E, B|; # 9p,,Ey,B, (). We have the following claim:

Claim 13.22. For all but O (hl 1/5) many z € [n] \ Dy, we have

!

P E'uB' A = F[Dy, E', B']|,] > .
(E’,B’)EnewCOnggT(Do,Eo,Bg)[x < 90.0,50 () (Do, &, Bl 2000

Proof. Immediate by Claim|13.21|and the fact that gp, g, B, () Was set according to the majority vote. [J

Let X le g € Xg, p be the set of coordinates for the inequality in Claim|13.22|holds. Note that given the
event Z, | X | = [Xg Bl — O <lnq1,/a) > W?/2, so we may pick a subset of X p of size W2 /2; without
loss of generality we assume XJ/E,B is already of that size. Picking (E’, B') € newConsyr(Dy, Ey, By)
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randomly, by Claim [13.22|the expected size of Y/ g := {x € E'UB’ | = € XJ’E,B & 9py.Eo,By (%) =

. " . 2 .
F[Dy, E',B']|;} is at/least sasg W2, Thereforfl:/ , by an averaging argument, as ’YE/7 B| < WT always, with
probability at least ;55 we have |Yir pi| > J)WWQ.

Also, picking (E', B') ~ D(Dy, Ey) at random conditioned on (E', B") € newConsar(Dy, Ey, By),
we have by Chernoff’s bound that [ EUB)N(E'UB’)| > 1010 & with probability at leastl exp(—Q(q"n)),

as £2/2 < exp(—£(q"*n)). Therefore, by union bound, with probability at least we have

5000 ’

{re B'UB" |z € X}QB &gDo,Eo,Bo( z) = F[Do, E',B'[s}| | > 400()VV2

2. [BNB/| > 4.

Taking a random E C (E U B) N (E" U B’) of size ¢"n/R, with probability at least 1/2, we get that
|ENYgp p| > %W? Removing the conditioning on (E’, B’) € newConsyr(Dy, Ey, By) and the
above three conditions, we get

V82 q// 82

(E,B),(E/,B/)EnewCOnSQT(Do,Eo,BQ) 1
2 5000 2 2

Pr w2

> 8000R
(E.B).(E'.B)~D(Do.Bo) | A F[Do,B,Bllp % F[Do,' Bl
EC(EUB)N(E'UB’)

> 7.

Since %WZ h, this is a contradiction to the fact that (Dy, Ey, Bo) is (¢2/2, 2T, R, h,~y)-excellent.
[

13.2.4 Consistency Between the Functions g4 p via newCons

In this section, we use the local structure result proved in the previous section (but with different parameters)
and show a relationship between these local functions. To do so, we introduce a variant of the “Cons” set
which allows us to compare the local functions g4 p and g4/ s for A and A’ that are correlated (but not the
same).

Let ¢y be the constant from Theorem|13.1|and take ¢ € [g—;, %q,} from Claim|13.18

Definition 13.23. For an (c2/2,2T, R, h, v)-excellent triple (Dy, Eq, By), let newConsjy» (Do, Eo, By) C
<w?
newConsyr (Do, Eo, Bo) consist of all (E, B)’s such that F[Dy, E,Bl|g. g # 9Dy Eo,B,(E,B)]. Simi-

larly, for an (2/8,2W2, R, h, ~)-excellent pair (Ao, Bo), let Cons3yy2 (Ao, Bo) € Consyyy2 (Ao, Bo) con-

<W?2

sists of B’s such that F[Ag, B]|p \75 9Ao.Bo (B).

Remark 13.24. Note that in the definition above we look at Consay2 (Ao, By), which are the same as the
“Cons” sets considered in previous sections except that the parameter T is replaced by the parameter 2W?2.
To compensate for that, we have adjusted the excellence parameters accordingly and have taken Rand h
instead of R and h from the previous section.

Note that by Claims [13.18}[13.20} for every excellent triple (Dy, Ey, Bp), we have

g E', B') € newConsyy» (Do, Eo, Bo)] > /4. 51
(ElaB/)NDr(DO,EO) [( ) new OnSW2( 0 0 0)} 5/ ( )

Definition 13.25. Fix (Dy, Eo, By) that is (2 /2,2T)-good. A pair (E,B) € newConsy»(Dy, Eo, By) is
called a dense pair, if Prp/c i\ (pour) [(E, B') € newConsjy» (Do, Eo, Bo)] > €2/8.
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The next claim shows that many sets (£, B) in newConsj;,» (Do, Eo, By) when we pair it with Dg as
(Do U E, B), then the pair (D U E, B) is excellent for Agreement-Test.

Claim 13.26. Let (Dy, Eo, Bo) be an (£2/2,2T, R, h,~)-excellent triple; then,

Pr [(E, B) is dense A (Do U E, B) is (£2/8,4W?, R, h, ~)-excellent] > 2 /16.
(E,B)EnewCons;VQ(DO,EO,BO)

Proof. Since (Dy, Ey, By) is excellent, by using (51)) and an averaging argument we have that at least £2/8
fraction of (E, B) € newConsjy» (Do, Ey, By) are dense pairs. We will show that for such pair (E, B),
(Do U E, B) is (¢2/8,2W?)-good.
Fix any such (E, B). By the definition of a dense pair, we have
<2w?
Pr gDo,Eo,Bo(D()UE) #* F;[DmE;B”DOuE and 2 82/8.
B'C[n\DoUE gDo,EO,BO(DOUE)<27‘£V FIDoEH by

Note that the first event in the above probability follows from the fact that (£, B) € newConsj;» (Do, Eo, Bo)
(W? accounts for the possible disagreement on E and another W?2 > 2T accounts for the disagreement on
Dy) and the second event follows from the fact that for a random B’, (E, B") € newConsj;,» (D, Eo, Bo)
with probability at least £2/8, as (E, B) is a dense pair. It follows that

2

<4W
Pr F[D07E7B]|D0UE 7é F[D07E7-B/]D0UE 252/87
B'C[n]\DoUE

and hence (Do U E, B) is (¢%/8,4W?)-good. By Claim |13.11]at least 1 — v fraction of the (¢?/8,4W?)-
good pairs are (£2/8,4W?2 R, h,v)-excellent, it follows that at least £2/8 — O(v/e%) > £2/16 of the pairs
(E, B) € newConsjy» (Do, Ey, Bo) it holds that (Dy U E, B) is excellent, concluding the proof. O

Claim|13.26| will help us to relate the functions gp, g, B, and gp,ur,z Where (Dy, Ey, By) is excellent
and (E, B) is a typical pair from newConsj,» (Do, Eo, By). Since the functions gp,,£,,B, and gp,uE,B are
defined based on their respective “Cons” set, we need to make sure that the sets in Consgwg and newCons?,W
are correlated. The following claim (and in particular the third item) shows that this is indeed true.

Claim 13.27. Fixany (¢2/2,2T, R, W, ~)-excellent triple (Do, Ey, Bo). When (E, B) is sampled according
to the distribution D(Dy, Ey), then with probability at least Q(*), we have:

1. (E, B) € neWCons’IjVQ (D(), Eo, Bo)
2. (DU E, B) is (¢2/8,4W?2, R, h, v)-excellent.

3. There is at least an Q(e?) fraction of B' C [n)\(DoUE) such that (E, B') € newCons},»(Dy, Eo, By)
and B’ € Cons}y2(Do U E, B).

Proof. Using Claim|13.26/and (5T)), for a random (E, B) ~ D(Dy, Ey), with probability at least Q(e*), we
have

@) (E, B) S neWCons;VQ (Do, Ey, Bo),

(i) (Do U E, B)is (¢2/8,4W?2, R, h,~)-excellent, and
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(i) Prpcip(pour) (B, B') € newCons} 2 (Do, Eo, Bo)] = Q(e?).
The condition (i) above implies

<2W2
9Do,Ee,Bo(DoUEUB) # F[DyUFEUB]J, (52)

where the additional W2 > 2T accounts for the possible disagreement on Dy. Using the condition (iii)
above, we also have

<L2W?
gDO,EO,BO(DOUEUB/) 75 F[D()UEUB/] (53)

for at least 2(£2) fraction of B’ C [n] \ (Do U E). Using (52)) and (53), for at least 2(£?) fraction of B’ we
<42
getthat F[Dy U EU B||p,ue # F[DoU E U B']|p,ur, in which case B’ € Consyy2(Do U E, B) and

the claim follows. O

Using the above claim, we show that for every (Dy, Ey, By) that is excellent, the functions gp,. £, B,
and gp,uE, B are very close to each other in hamming distance for many pairs (£, B).

Claim 13.28. Fix any (2/2,2T, R, h,y)-excellent triple (Dy, Ey, Bo). Then

W3 A
r 9Do,Eo,Bo 7 YDoUE,B] % € -
(EvB)ND(Do,Eo)[ 00 0 Iz

Proof. Select a pair (E, B) according to the distribution D(Dy, Ey). Using Claim [13.27| with probability at
<L2W? - -
least Q(e%), we have gp, g,.5,(DoUFEUB) # F[DyUEUB],(DyUE,B)is (¢2/8,4AW?% R, h,v)-
<3W?
excellent and gp,up,B(Do U E U B) # F[DyU E U B]. Note that in the last condition, we used

the fact that if (Dg U E, B) is excellent and if B’ € Cons}y;»(Dg U E, B), then (D U E, B’) is also
excellent and furthermore the functions gp,ug,p and gp,uE,p’ are the same as they are defined using the
set Consyy2 (Do U E, B) = Consjy,2 (Do U E, B).

Combining these events and Claim we get that over the randomness of (F, B), with probability
at least (), the following happens:

1. (DU E, B) is (¢2/8,4W?2, R, h,~)-excellent,

<42
2. gDo,Eo,BO(DOUEUB) ;é gDOUE’B(DOUEUB),and

3. Prpicp)\(pour) (B, B') € newConsyy,» (Do, Eo, By) A B’ € Consjy,»(DoUE,B)] 2 €2,

<42
From the third point we can conclude that Pr g/ )\ (DouE) [9D0,50,80(B')  #  9pyuE,B(B')] 2 2. Using
S16W2/q”
Claim |13.29} we get that gp,, £y, B, |[n)\(DoUE) #* 9DoUE,B|n)\(DouE)- Combined with the second

item above saying that gp, g, B, and gp,uE,p differ on at most AW? elements from Dy U E, we get that
9Dy, Eo,Bo and gp,uE, B differ on at most W3 elements. ]

Claim 13.29. Forany q € (0,1), a > 1 and § > e~9%/8, given two functions f, g : [n] — {0, 1} such that
<a
Prociiisi=gnlf(S) # 9(5)] = 6, then [{i € [n] | f(i) # g(i)}| < 4a/q.
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Proof. Let £ = {i € [n] | f(i) # ¢(4)}, and suppose towards contradiction |£| > 4a/q. Sample a subset
S C,/2 [n]; by the Chernoff’s bound |S| < gn with probability at least 1 — exp(—£(¢?n)). Furthermore,
the expected size of S N & is 2a. Now, again by the Chernoff’s bound, the probability that |S N £| is at most

<a
a is at most e~9%/4, This implies Procin)isi=gnlf(S) # g(9)] < ¢~9%/8 which is a contradiction. O

Claim [13.28| allows us to relate functions defined used “Cons” and functions defined using “newCons”,
and using it along with an application of the Cauchy-Schwarz inequality we conclude relations between
functions defined using “Cons” (but with different Ay’s).

Claim 13.30. There exists a constant dy € (0, 1) such that for ¢ = dyc, we have the following. For at least
Q(e'?) fraction of excellent pairs (Ao, By),

<2W3

Pr [gap.By # 94,8l €
(AO,B)[ 0,50 AO,B]

12

Ag N Ay| = d¢nand B C [n]\ Ay of size

Here, Ay is distributed uniformly conditioned on |Ao\ =4qn,
(¢ —q')n.

Proof. Since §2(¢?) fraction of the triples (Do, Eo, By) are (¢2/2,2T, R, h,~)-excellent, we have the fol-
lowing from Claim [13.28

Q%) < E 1 <3 .
(Do, Eo,Bo) (E,B)~D(Do,Eo) | gp,.Ey.B, # IDyuE.B

Note that (Do U E, B) being (¢2/8,4W?2, R, h,~)-excellent is implicit in the event. Squaring and applying
Cauchy-Schwarz we get that

12
Qe )g( E ) (B.5) IE( : 1 <3 1 <3
Do,Eo,Bo) (E,B)~D(Do,Eo 9Dy,Eq,By 7 9DgUE,B  9Dg,Eg,Bg 7 9 /g
(E/,B/)ND(D(),EO) L 0,520,520 0 ’ 0,£0,50 DyUE’,B

S (DouboB0) (BB (Do) | <r
DO7E07BO EyB ~D DO7EO gp, E.B 75 g =Y
(E'.B')~D(Do,Eq) - ~ 00 DovELB

Now letting Ay = Dy U E', By = B/, flo = Do U E and B = B, we see that with probability at least
1 — exp(—Q((cq’)?n)), we have |E N E’| = O(q"?n). Therefore, there exists a constant dy such that when
we condition the above distribution on |Ay N flo| = docq'n, the expectation at still least Q2('2). The claim
now follows from an averaging argument. O

13.2.5 Applying Small-set Expansion

Intuitively, Claim asserts that after re-randomizing By and perturbing A, the functions g4, B, remain
basically the same with noticeable probability. In the next lemma we appeal to small set expansion type
results to show that there is a single function g such that g4, g, is very close to g with noticeable probability,
hence concluding the proof of Theorem [13.1]for m = 2.
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<T
Lemma 13.31. If Pr(a,up,,40uB,)~D, [F[Ao, Bol|la, # F[Ao,Bi]la,] = & then there exists a pair
(A%, BY) which is (€2/8,2W?, R, h, ~)-excellent such that

<o

gaz.B;(T)  # F[T]| 29,

where § = ¢Olog(1/¢)?)

Proof. We first note that if two functions f, g : [n] — {0, 1} differ at O(a) locations and a < /n, then for
a random subset S C [n] of size n/a the probability that f(S) = g(5) is at least 2(1). Using this fact and
Claim [13.30} and by letting W’ = 2W3, we have the following

1 E 1 o 259(1),
SCn)S|=7 [(AmBo),(AO,B) [ 9Ag,Bo () 9A0,B(5)]]

where (Ao, B) is distributed as in Claim [13.30/ Note that the event 1 implicitly implies

940,80 (5)=9.4,,5(5)
that the pairs (Ao, Bo), (Ag, B) are excellent. By an averaging argument, at least Q(®()) fraction of the
sets .S are such that

> O,

E gAO,BO(S):gAO,B(S):| ~

G
(A(),Bo),(Ao,B)

Given such a set S, we define a partition of (gﬂ) based on the value g4 g(S). In other words, we have parts
identified by strings in {0,1}"/W"; (A, B) and (4, B') belong to the part S if 9a,B(S) = gar.p(S) =T.
We claim that there exists a 7 such that [S;| = 7(,,), for some 1 = n(e, ¢') = £O(log(1/4")?)

Consider the graph G,, induced on the set of vertices {(A, B) | |A| = ¢'n,|B| = (¢ — ¢')n} as follows:
a random neighbor (A’, B’) of (A, B) in this graph is sampled conditioned on the fact that A’ is distributed
uniformly conditioned on |A’'| = ¢'n, |[AN A'| = d¢'nand B’ C [n]\ A’ is a uniformly random set of size
(¢ — ¢")n. Using the small set expansion property of G,, from Lemma if all the parts were of size at
most § (;L) , then

Pr  [(Ag, Bo), (Ag, B) € S, for some 7] < 501/ 10g(1/4)%)
(A07B0)7(A07B)

We conclude that there must be a part 7%(S) whose fractional size is at least 7. Therefore, for any such S
we get that

2
E |1 - E |1 s]] =
(Ao, 4y Bp) L2020 024() <<AO,BO>,(A6,33> 90,80 (H=r(S)] | 21

0

Taking expectation over S yields that

K [1 o ] > 02,
Sg[n]||5|=<% [(Ao,Bo),(Aé,Bé) ngqBo(S) QAO,BO(S) n
This implies, i
B [1 o ] > 612
(Ao,Bo), (4}, B)) lsqnnm:;g 940,50 (=040, (5] | !
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and so by an averaging argument for at least Q(c®)n?) of pairs (Ao, By), (Aj, Bj)) we have that

E [1 o }ze@ﬂ) 2
SQ[n}||S|:<%2 949,8,(5) 9AO,BO(S) n
Using Claim|13.29| we get that
<w’o)
P C o | > e®Mp2,
(AO,BO)fAé,Bé) [ng,Bo # 9A0,30] Z e vn

This means that there exists an excellent pair (Ag, B) such that

<W/O(1)

Pr lgaspy # 9A6,B6]ZE®(1)772~

(46.80)

Now consider selecting a random set T' of size qn and select a random subset A of T' of size ¢'n and let
B =T\ A. Select a random set B’ C [n] \ A. Using the above inequality, with probability Q(£®1)5?),

gW’O(l) <w!
gaz.B;  #  gap and with probability at least Q(e?), B € Consjyyy2(A, B') and hence g4 p/(T) #
F[T]. Combining all these events, we have

gwlO(l)

Pr \gasp;(T) # F[T]

> 0,2 . 2 Olog(1/4)?)
re()

and the claim follows. OJ

13.2.6 Extending the Result to Large Alphabets

In this section, we prove the direct product result with similar conclusion but for larger alphabet.

Theorem 13.32 (Restatement of Theorem [13.1)). There exists ¢ > 0 such that the following holds for
sufficiently large n € N and ¢ > 27", Fix an alphabet [m] and co > 0 be any constant. For all ¢ > 0,

Cy
0<q¢ <q<landT = (%) 0, suppose that F : (gﬁ) — [m]?" satisfies

<T
p F[S FIS >
(SI7SQ)£IDq’q/ |: [ 1“»91052 # [ 2]|51ﬁ52 I3

Then there exists a function g : [n] — [m)] such that for at least an ¢©(1°8(1/ ) fraction of S € (["]), we

qn
have |{i € S | F[S); # g(i)}] < (ﬂ%}/@)om.

The proof of this theorem follows the same lines as the proof of the binary case. In the binary case, the
only place we used the fact that the alphabet is binary is when deriving the local structure, i.e. LemmalI3.9]
Given such a local structure for larger alphabet the rest of the proof goes through as is. Thus, to prove the
case m > 3 it suffices to prove a local structure lemma in this setting, and we show it via a reduction to
the binary case (Lemma [13.9). We remark that this type of argument already appeared in [28]], and we
reproduce it here for the sake of completeness.
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The definitions of goodness and excellence still makes sense, and we use the same parameters as in the
binary case. It is also easy to observe that Claim [I3.10]and Claim [I3.TT|follow in this setting as is. Fix an
excellent pair (A, By), we can define the function g4, B, : [n] — [m] as follows:

JAg.By(T) == Plurality F[Ay, B]|-
BeConst(Ao,Bo)|B>x

We have the following claim, which is a substitution for Lemma|13.9

Claim 13.33. Fix an alphabet [m] and ¢y > 0 be any constant. For every e > 0, and q,q € (0, 1), suppose
atable F : (["]) — [m]9™ passes the Agreement-Test with parameters (q,q’,n) with probability at least ¢.

mn

If (Ao, Bo) is excellent then

p FlA. B >10W?2 B )
< 2w
BGCOHSTI&A(),B()) [ [ O’ HB # ngvBO( )] 14

>10W2
Proof. Let Z C Consr (Ao, Bo) be the such sets B such that g4, g,)(B) #  F[Ao, B]|p. Select n
random functions f1, fa,..., fn : [m] — {0,1}. Define a table G : (E;i) — {0, 1}9" as follows: For a

given tuple S = (i1,12,...,iqn) € (Zﬁ), if F(S) = (a1, a2, ..., aq4,) then set

Gf(s) = (fn (Cll), fiQ(CL?)a PR fiqn(aqn))'

The reason for doing this is that whenever sets (A4, B) and (A, B’) agree on A w.r.t. the table F, then they
also agree on A w.r.t. the map G . Therefore, for any fixed set of functions f;’s, if (Ao, Bo) is excellent with
respect to the table F’ then, the same pair (Ao, By) is also excellent with respect to the map G . Therefore,
by Lemma there is a function gy defined by the majority votes from Consy such that for at most a v

SW2

fraction of the sets in B € Consy, we have G ¢[Ag, B] /;/EV g¢(B). Let Z; be thecollection of such sets in
B € Consy. We will show that if B € Z, then almost surely B € Z;. Since we know that the density of Z
in Consy is at most v, this will show that the density of 2 in Consy is also roughly v and this will conclude
the proof.

Towards showing this, fix a B, fix a2 € B and consider a u € [m/] such that u # g4, p,(x). We first
show that with probability at least 1/4 it holds that g¢(x) # f.(u). Indeed, let us change the value of f, at
wand at g, B, («) for a moment to both be L, and define

b= Majority GrlAo, B]s-
BeConst(Ap,Bo)|B>x
G¢[Ao,Blla#L

Now consider defining f, once again on u and g4, g,(x) by uniform {0, 1} independently chosen assign-
ments, and the affect of that on the value of b. With probability 1/4, f, maps g, B,(z) toband uto 1 —b,
in which case as g4, g, () is more popular than u, the majority value above will be unchanged and equal to
gf(x). In this case we get that g¢(z) # fo(u).

>10W?2
Fix B € Z so that g4, B, (B) # F[Ao, B]|p. On each coordinate * € B where the disagree-

]
ment occurs, letting u = F[Ag, B]|g(x) we have g¢(x) # f.(u) with probability at least 1/4. However,
Gf[Ao, B]ls = fz(u) by definition and hence gr(x) # G¢[Ao, B]|, with probability at least 1/4. For
each coordinate x € B of disagreement these events are independent (as f, are independently chosen), so
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by Chernoff’s bound with probability 1 — 2-2"?) the function gy disagrees with G ¢[Ag, B]|p on at least
212 coordinates, in which case B € Z [

By linearity of expectation we conclude that the expected density of Z inside Consr is at least half the
density of Z; thus, as the density of Z; in Consy is at most v it follows that the density of Z in Consr is at
most 2v and the proof is concluded. O

13.3 Direct Product Testing: From Sets to Product Distributions

In this section, we move from the uniform setting to a product setting. Consider the g-biased measure over
P([n]), ie. pi™(A) = g1 — @) 14, and let G: (P[n], ug™) — [m]<" be an assignment that to each
A € P([n]) assigns a string G[A] € [m]I4] in a locally consistent manner. Namely, for o € (0, 1), consider
the distribution D, , over A, A’ C [n] that results from by taking, for each ¢ € [n] independently, ¢ to in
A N A’ with probability «g, to be in A\ A’ with probability (1 — «)q and to be in A’ \ A with probability
(1 — «)q. Suppose that
<T ,
P GlA / GJIA n| > e.

VL [ [All(anay # GIAT(ana )} £

Using Theorem [13.1] we show that G must be correlated with a global S € [m]".

Corollary 13.34. For all C,co > O there is ¢ > 0 such that the following holds for sufficiently large n € N
ande > 27", .
0
Fix the alphabet [m|, ¢ € (0,1), T = (%) and suppose that 0.9 > o > m. If
G: (P[n], pg™) — [m]S" satisfies

<T
P |Gl 7 6l > e

Then there exists a string S € [m]" such that Pr 4. 1) [A(G[A], S|a) < 7] = 0, where § = £Olog(1/9)?)
o(1)
(teet2) ),
q

andr =
Proof. Fix N = w(n*). Given a function G : (P[n], u®") — [m]S" where G(A) can be thought of as

EIJX}) — [m]Y as

follows. For a set S € (EIJX}), define G(S)|Sm[n] = G(SN|[n]) and G(S)]S\[n] = 0IS\[ll, We know that

a string in [m]l4 by specifying a fixed arbitrary ordering on [n], we define a map G : (

<T
p G[A n # GA n =e.
(AvA,)fJqua[ [Allanany # GIA|(anan] = €
Instead of checking consistency on A N A’, we select a set A” C A N A’ by independently including
i€ An A’ to A” with probability ¢’ /«q. This can only increase the acceptance probability, and hence

<T
Pr G|Al| o G A/ " Z e. 54
LR (Gl # Gl 54
AN g ANAY
We denote the overall distribution on (A, A’, A”) from the above probability by D. Now consider
selecting the pairs (Ao, Bo) and (Ao, B1) according to the Agreement-Test with parameters (g, ¢', 1) for the
table G. Let A = AgUByN[n], A’ = AgUBi1N[n]and A” = AgN[n]. We use D to denote the distribution

on (A, A’, A”). We show that the statistical distance between the distributions D and D is at most o(1).
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Claim 13.35. The statistical distance between the distributions D and D is at most e=*") when aq =
/ + (q_q,)2
¢ =y

Proof. Deferred to Section D] O

~ <T ~ ~
Using Claim|13.35|and (54), we conclude Pr[G[A]| ;» # G[A']| 5] = ¢ — 274", Since G(S)|; = 0
for every ¢ > n and S 3 4, we have

<T
p G[Ao, B G[Ao, B O}
(onBo%(er,Bﬂ[ [40, Bolla, # GlAo, Bil|a,]

Therefore, using Theorem [13.1] we conclude that there exists a global function g : [N] — [m] such that

s s 7 4(s) > 5

where 7 and § are as in Theorem Furthermore, based on how we came up with the global function g,
we have (i) = 0 forall i € (n, N]as G(S)|; =0forall S € ([q]X;) andi € S. If welet g : [n] — [m] be
the function g restricted to the domain [n], we have

<r

Pr [G[A] £ g(A)] > 5 — 275,
Anp®m

Here, we used Claim that shows the statistical distance between the distribution u;@” and the distribution
on S|, where S is a uniformly random set from (g}f\;) is at most 2™ This concludes the proof. O

13.4 Getting the Final Direct Product Theorem: Proof of Theorem

In this section we analyze the main direct product test from Theorem which is a slight variant of the
test given in Corollary [13.34] Let G: (P[n], ™) — [m]<" be an assignment that to each A € P([n])
assigns a string G[A] € [m]|A|. We show that if (G passes this test from Theorem with probability at
least £ > 0, it also passes the test from Corollary with probability at least /2 and hence we get the
same global structure.

Given G': (P[n], ug") — [m]s",
e Sample (A, A’) from the distribution D, 4.

e Select a random subset Ag C A N A’ by adding each i € A N A’ to Ay with probability 3
independently.

e Check if G[A]| 5, = G[A']| 5,

Figure 3: Subset-Agreement-Test with parameters (q, a, 3).

We first analyze the Subset-Agreement-Test given in Figure In comparison to Corollary [13.34] in
this test we check for complete agreement (i.e., 7 = 0), but only on a subset of coordinates from A N A’.
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Theorem 13.36. For all C,cy > 0 there is ¢ > 0 such that the following holds for sufficiently large n € N
ande > 27",

Suppose that o, > L

log®(1/¢)’
the Subset-Agreement-Test with parameters (q, c, 3) with probability at least €, then there exists a string

S € [m]™ such that

o < 1 and further suppose that G: (P[n], ud™) — [m]<" passes

[A(GIA], S|a) < 7] =,

r
Arvg[n]
where § = £0008(1/0?) gnd r = (%)0(1).

Proof. Let ¢g > C. We show that if G passes the Subset-Agreement-Test with parameters (q, o, ) with
probability ¢, then it also passes the the test from Corollary [13.34] with respect to the distribution D, ,, and

[¢ >n
n= (ﬁ) O, with probability at least /2. Let E, be the event that G[A]|snar # G[A']|anar, and Eg,)

<
be the event that G[A]|anar # G[A']|anar. Let ps, and p<,, be the probability of events E, and E<,
respectively. We have

_ . _ . I .
e < P Ol = GlAg = pey | Pr [GlAll, = GlA 5, | B
A})N/}AﬁAl A0~5AOA/

(Gl 5, = G415, | Ba)

. Pr
(4,4)~D4
AONB ANA’

This shows that p<,, > €/2 and hence G passes the test from Corollary [13.34] with probability at least /2.
We can now apply Corollary [I3.34]on G to get the conclusion.
We are now ready to prove Theorem (12.7

Proof of Theorem The distribution in the test DP(p, a, 8) can be simulated by the Subset-Agreement-
Test with parameters (q, &, 3) where ¢ = p, &q = pa + (p — ap)? and Baq = Bap. Therefore, the proof
follows from Theorem [13.36

13.5 Small-set Expansion Property of the Graphs over a Multi-slice

In this section, we show the small set expansion property of the graph as stated in Lemma|13.3

Recall the graph G, that we defined on the set of vertices{(A4,B) | A,B C [n],ANB = 0,|A| =
¢'n,|B| = (¢ — ¢')n}. A random neighbor (A’, B) of (A, B) in this graph is sampled conditioned on the
fact that A’ is distributed uniformly conditioned on |A’| = ¢'n, |[AN A'| = ¢¢'nand B’ C [n]\ A’ is a
uniformly random set of size (¢ — ¢')n. In this section, we deduce the small-set expansion property of the
graph G,,. We can view the vertices of the above graph G,, as the multi-slice of {0, 1,2}" — map the vertex
(A,B)tox € {0,1,2}" where z; = 1ifi € A, z; = 2ifi € Bandz; = 0ifi € [n]\ (AU B). Let us
denote the multi-slice by U,,.

One can view the multi-slice Uy, as a quotient space Sy /(S(1—qn X Sgn X S(q—q)n), Which is useful
in lifting the standard representation-theoretic decomposition of functions over .S,, to decompositions of
functions over U,,. In order to state the relevant lemmas from [9], we need the following few definitions.
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Definition 13.37. A function f : S, — R is called a d-junta if there exists a set of coordinate A C [n] of
size at most d such that f(7) = g(n(A)) for some function g : [n]* — R.

For two function f, g : S, — R, define the inner product (f, g) as E [f(7)g(m)].

Definition 13.38. For d = 0,1,...,n we denote by V(S,) C {f : Sn, — R} the span of d-juntas. Also,
define V:d(5n> = Vd<5n> N Vd,1<Sn)J‘.

Therefore, we can write the space of real-valued functions as V_¢(S,,) ® V=1(Sp) & ... ® V_,_1(Sn),
and thus write any f : S, — R uniquely as f = 327"} =/ where f=' € V_;(Sy). Let Vayq(Un) (Vea(Uy))
be the span of functions over U/, whose degree is at least (at most) d.

We say a distribution x over ([3] x [3])" commutes with the action of S, if the following distributions
are the same for all 7 € S,, and = € [3]": a) 2/, where (z,2") ~ p conditioned on x = 7(x), and b) 7(z'),
where (x,2') ~ p conditioned on z = z. The following claim shows that the operator 7 that commutes
with S, preserves the degree of the functions.

Claim 13.39. (Claim 3.6 from [9]) Suppose T is an operator that commutes with the action of S, on
functions over the multi-slice U,. Then for each 0 < d < n, we have that T (V_q(Uy,)) C V_gq(Uy).

We observe the following few properties of the multi-slice I, and the operator 7 (G,,).

1. In a multi-slice, every symbol appears the same number of times in every element of the multi-slice.
If we let k; be the number of times the symbol ¢ appears, then the multi-slice is called a-balanced if
k; > an for every i. The multi-slice U, is a-balanced for o = min{¢’, (¢ — ¢'), (1 — ¢)}.

2. The edge distribution of the graph G, is a distribution on the multi-slices U,, x U,,. A distribution
won U, X U, is called a-admissible if a) the distribution is symmetric under S,,, and b) for all
(a,b) € {0,1,2} x {0, 1,2}, the quantity Pr, ,y~icn] [2i = a & y; = b] is either at least a or 0. It
can be easily observed that the edge distribution of G,, is a-admissible for o = Q((cq’)?).

3. A distribution p on U,, X Uy, also called connected iff the bipartite graph (V; U V;, E') where a) V;
is the corresponding support of the marginal distribution of y, and b) (z,y) € E iff (x,y) is in the
support of y, is connected. Here again, it is easy to observe the connectedness property of the edge
distribution of the graph G,,.

4. Finally, the operator 7 (G,,) commutes with the action of S,,.

One of the important characteristic of a-admissible and connected distributions, as shown in [9]], is that
it can be replaced by a certain product distribution v®™ as far as low-degree functions are concerned. Thus,
this gives a way to prove analytical results for a multi-slice by invoking the corresponding results over a
product distribution.

The following lemma from [18} [17] gives an upper bound on ||Pc4||2—4, Where P, is the projector
operator into the space Vq(Uy,). It crucially uses the fact that U4, is a-balanced.

Lemma 13.40 (Lemma 29 from [18])). Forallc > 0and0 < ¢ < qg<landd € N, if f : U, — Risa
0(d)
function of degree at most d, then || f||4 < (ch'> Il f 12
Finally, we need the following lemma that bounds the eigenvalues of the operator 7 (G,,). This lemma
uses the fact the the edge distribution is a-admissible and connected.
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Lemma 13.41 (Lemma 3.11 from [9]). There are constants C > 0 and 6 > 0 such that for all ¢ > 0
and 0 < ¢ < q < 1 such that ¢ = Q(q), forall d € N, if f € Voq(U,), we have || T(Gn)f|l2 <

d
C(1+0) e/ | f2.

We note that the Lemma 3.11 from [9] gives a bound of the form ||7(G,)fll2 < C(1 4 &)~ f|l2,
where the parameters C' and ¢ depend on the parameters ¢’, ¢, or more generally the parameter « from the
a-balancedness and a-admissible property. The dependence of a on & can be as bad as § ~ o~ ! and such a
bound will give us || T(Gn) fll2 < C(1+68)~%4(@)? £||2 which is not sufficient for our purpose. We observe
that a slight adjustment of their proof gives a better quantitative bound as stated in the lemma in our current
setting. We first describe the difference between our setting and the setting in [9]] and then briefly sketch
the proof of Lemma|l3.41

The a-admissible property is used to get bound the second eigenvalue of a graph H defined as follows:
The vertex set is {0, 1,2} and for a, b € {0, 1, 2}, the weight of the edge (a, b) is

/
w(a,b) = (z,:p’)Fan,ie[n} [z; =b | x; = a].
Therefore, if the edge distribution of G,, is a-admissible, then the non-zero weight of an edge in the graph H
is at least o, and hence Ao (H) < 1 — /2. In our case, the stationary distribution of H is given by v where
v(0) =¢,v(1) =(¢g—¢)and v(2) = (1 — q). As ¢ = Q(q), in our case, we have \o(H) = 1 — Q(1).
Therefore, we do not lose much in the final bound. We now sketch the proof and assume readers to be
familiar with the concepts from [9].

Proof sketch of Lemma[13.41; For convenience we write 7' := 7 (G,,) and let @ = Q((cq’)?). Suppose
f € Vauq(Udy). We can write the function f in as the sum of eigenvectors fi, fa,... of the operator 7.
Therefore, it is enough to given an upper bound the eigenvalue of 1" corresponding to the functions f;,
ITfill2 < C(1 + 6)~%|fil|2. Let 6 be the eigenvalue corresponding to the function f;. In [9], the authors
show # < C(1 + 6)~? using the trace method as follows: suppose the multiplicity of 6 is 7, then using the
fact that the trace of an operator is the sum of its eigenvalues, we have

mb < Tr(T).
This gives a bound 6 < % In order to get a reasonable bound, instead of bounding the trace of 7', in
[9]], the authors work with 7" for some h > 1 and get

Tr(Th)

eh

N

Since the degree of f was at least d to begin with, using this fact one can show that m > cg, for some
absolute constant cg > 1. Therefore, it is enough to bound Tr(7"). Note that if we show Tr(T") < (1+£)7,
¢ is an absolute constant and 1 + £ < ¢g , then we get § = (1 + &)~ %", Therefore, if we can show that
Tr(T") < (1 + €)? when b = O(log(1/cq’)), then this will be enough to prove Lemma We show
this is indeed the case when \y(H) < 1 — Q(1).

The crucial point is that as A2(H) < 1 — Q(1), we have the following claim which gives a stronger
quantitative bound on h with respect to €.

Claim 13.42. Foralle > 0 and h = O(log(1/¢)) such that for all vi € [3]

Pr [vp, = a] —v(a)| < e.
V2,V3,..-,Uh
random walk on H from v;
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Proof. Using the standard spectral argument, the left-hand side quantity can be upper bounded by Ao (H )"
and since A\o(H) < 1 — Q(1), the claim follows. O

In order to give a concrete bound on the trace of 7" using combinatorial analysis, the proof goes by
writing the operator 7" as a sum of operators of the form R where 7 = (ra,b)mbe[;;] that sum to n. The
operator R corresponds to the distribution on (x,y) where x € U, is uniform and y is sampled according
to T" conditioned on the statistics if (x,y) being 7. Thus, we can write

Th = Zp;RF.

Call 7 e-reasonable |14, — nv(a)v(b)| < 3en for all a,b € [3]; otherwise call 7" unreasonable. Claim
3.15 from [9] shows that } " econable #P7 < 100 Le—os™n, Therefore, we can focus on reasonable 7.
The actual argument is based on weather d > yn for some constant v of d < yn. Since we do not care
about the constants in the exponent, we can focus on the latter case when d < yn.

As shown in [9], when d < ~yn, one can assume that n = 3d in order to compute the trace of the operator
R7 (and hence the trace of T"). Unraveling the quantitative bounds, the Claim 3.24 from the paper shows
that

Te(Ry) < (140 (%))d

Therefore if we set ¢ = O, (a?), then using Claim [13.42] we get Tr(T") < (1 + &)9 for h =
O(log(1/cq’)) as required, ignoring the unreasonable 7 as their total weight is < (1 + &), O

We are now ready to prove the small-set expansion property of the graph G,,.

Lemma 13.43 (Restatement of Lemma [13.3). For everyc > 0,0 < ¢ < ¢ < 1 and p > 0, the graph G,
defined above has

1
¢g, (1) =1 — ;LWW),

Proof. Fix any set S C V(G,,) of density at most u. Let f : U, — {0, 1} be the indicator function of
S. As stated at the begining of the section, we can write f as f = Z:‘L:_ol f=% where f=' € V_;(U,). Let
f = f1 + f2, where the component f; = Z?:o f~Pand fo = Z?;dl 1 /=" for some d to be fixed later. By
letting 7 := T (Gy), we have

d6,(8) =1- LTI

d
By letting 7 := C(1 + ) =(1/ed) from Lemma|13.41} we can bound

(f, Tf)={f,Tf)+{fo, T f2) (Using Claim [13.39|and orthogonality of spaces V_;(i,))
<Al + 7l f2113 (Using Claim [T3.4T)
< full3 + Ta

Therefore,
1113
$g, (S) = 1—T—T- (55)
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If we let P4 be the projector operator into the subspace V4(Uy, ), then we have

[P<agllz o [P<afllz _ lIf1ll2

| P<dll4/3—2 = max > = .
B2 7000 Malas =~ Wfllas 1 Tays

Since || fl4/3 = /%, we have || f1[13 < [P<all? /5, - 132

we get || f1]13 < [1P<all3_y - 12

. Using the fact that ||P<d\|i/3ﬁ2 = || P<dll34

. Therefore,
G, (S) 21 =7 — [Peall3oy - 4/, (56)

Finally, using Lemmal13.40} we can bound || P<4||3_, ; as follows.For any function g, let g; be the component
of g from V¢4 and g2 := g — g1 be orthogonal to g;.

IP<agl? g1 113 g1 113 NO(d
P<d 2.4= max = = max < max < (1/cq (d)
IPallz-sa = o012 4o lgll3 — g=ate galls + llg2ll3 ~ orevea llgnll3 ()™

where the last inequality uses Lemma[I13.40] Plugging this into (56), we get

o (1) > 1= C(1 +6) 0/ — (1/eq)O@ . 12,

1
If we choose d = O (15?((11/;;/)) ), then it is easy to observe that ¢¢, (1) > 1 — ,uQ<log<1/cq’)2 ) O
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A Missing Proofs

A.1 Merging Symbols: Proof of Lemma5.5]
Consider T': Lo(3; ptz) — La(I' x ®; 1y ) defined as

Tf(y) Z) = E(m’,y’,z’)wu [f(I/) ’ y/ =Y, 7 = Z},

and let S = T*T. Note that S can also be viewed as a Markov chain over ¥, and for a € ¥ we denote by
Sa the distribution over ¥ of the neighbours of a according to this Markov chain. Let G = (X, E) be the
graph in which the edges are the support of the Markov chain S, and note that y, z imply z if and only if
the number of connected components of G is exactly |X|. Thus, we assume that the number of connected
components is £ < |3, and we write them as C; U ... U C,.

Note that S is a symmetric operator, hence we may diagonalize it on each connected components sep-
arately. Namely, we may find functions x; ;: ¥ — Rfori = 1,...,fand j = 0,...,|C;| — 1 that are an
orthogonal basis of Lo (3; i1, ) and furthermore:

1. x;,; is only supported on Cj.
2. Xi,0 is constant on Cj.

3. xi,; are eigenfunctions of S with eigenvalue A; ;.

Thus, for all 7 we have \; o = 1, and for j > 0 we have as in Lemma that \; ; < 1 — Qg (1), and
Aij = 0as S is positive semi-definite.

n
We consider the orthonormal basis x; > now over Ly(X", p&™) defined by X;5(x) = k]_[ Xig,jr (Tk)-
=1

The non-merged degree of a monomial X7 is defined to be the number of £’s such that jy, > 0. Thus, we
can write

fla)=>" @ )xi(x), where  f(7,7) = (£, X37) Lo
ij

Take d = W log(1/6) for a parameter W = W (a, m) > 0 to be chosen later, and write f = f; + f2 where
f1 is the part of f with non-merged degree less than d, and f5 is the part of f with non-merged at least d.
Then

E [f(x)gwh(x)]l= E [fil@)gyh(x)]+ E [fa(z)g9(y)h(2)], (57)

(z,y,2)~p (z,y,2)~p (z,y,2)~p

() (1)
and we upper bound each term on the right hand side separately.

/

Bounding (/7). For fs, we have by Cauchy-Schwarz that
2

E  [f@g@h)]| =|Gh Th,.|" < ITfall3,, . = (T2, Tfa)py, . = (Sf2s f2)pa-

(x7y7Z)N“®/n/

To upper bound the last expression, we note that

~o |2
(Sfar fo)ue = 3 FER| TT M < (0= Qam(1)! <5,
i k=1
non-merge degree at least d

for appropriately chosen V. Hence, we get that (/1) < V0.
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Bounding (/). Here, we are going to use random restrictions so that almost all of the mass of f; will
collapse to monomials of non-merged degree 0, at which point we could truncate off the part of non-merged
degree exceeding 0 and get a function that does not distinguish between the distribution ;4 and the distribution
1. More precisely, let s = 6/3 /d and choose J C [n] by including each element in it with probability s,
sample (#, 7, Z) ~ p”’ and define

fi= ()75 9="(9)7.5 h=(h)7_s
Let n > 0 be from Theorem [4.13|for 1/, and define the events:
1. Ey: || fi]l2 = 6~ /10,
2. Ey: NEStaby_s/5(3; 11y) < 0%/3, where K = K (m, o) > 0.
3. E3: The mass of fl on monomials of non-merged degree more than 0 exceeds § 1/6,

Let E = E; N Ey N E3; we show that Pr[E] > 1 — 367 for 5/ = min(n/5,1/6). We do so using the
union bound. For F;, we have that the expected value of || f1 |3 is || f1]|3 < 1, hence by Markov’s inequality
Pr [E1] < 6"/°. For E,, we have by Lemmathat E [NEStabl,K(;/s(g; fty)] < NEStaby_s(g; pty) < 6
for suitably chosen K, hence by Markov’s inequality Pr [Ep] > 1 —§ 1/3. For E3, we have

}E~ Z f (; j) 1X;,]—.has non-merge degree at least 1 :I§ |: Nl(; ) 1{k€[n] |7 >1}NJ#0
* e g il j
= Z A, 3)2@ [Lg ken] |>13n520)
ielgr.j
< Y A ))ds
i€lqn.j

and so by Markov’s inequality Pr [E3] < 61/6. We write

= E [1geafiam)|+ E [166,(f1,9.0)]

J,2,9,% J&,9,2

-~

(I11) (IV)
where 6u(f1,3, h) = Euy oy |1 (@)3(0)0(2)|.
Bounding (/7). For (III) we have that

< P B (oufoa e < BB B (1A1] = PR

which is at most \/35”,/2.
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Bounding (IV). For (IV), the point is that after random restriction the function f; barely notices the

difference between the distributions y and y’/, and so we can try to upper bound ¢( f1,4, fz) by appealing to

Theorem over the distribution p’. The only two issues is that fl still has a slight mass on monomials

with non-merge degree greater than 0, and secondly that f; is not bounded, and we next address these issues.
Let fo be the part of fl of non-merge degree 0. Then

V)= E [eoulh—foa W]+ B _[1e6u(fo3.)].

J?j7g72 "’E7g’2

(V) (V1)
Bounding (V). For (V') we clearly have that

WVI< B _[telfi— folls] < /2

J£,9,2

as the event F5 fails.

Bounding (V' I). For (VI), we first note that ¢, ( fo, ,h) = b ( fo, @, h), namely we can switch from the
distribution p to its z-merge p’. Secondly, note that for fixed J, Z, § and Z, defining

(@) = Egr gy 2oy [ WA |2 = x}

it holds that

7o |2 3 //2 121 £72 —n/10 i
[ lforg )| = [(For £ < IAolI3NS" 13 < 287706, (F7, 5. ),
Thus, if the event £ holds we may use Theorem on 4’ to get that ¢, (", 3, iL) < M7, hence
2
(%,(fo,g, h)‘ < 2M6%7/10 and so |(VI)| < /2R 697/,

Therefore, we get that |(IV)| < M'6" for M’ > 0 depending only on M and ¥ > 0 depending only
on 7, hence |(I)| is upper bounded by the same type of bound, and using the proof is concluded.

A.2 Merging Symbols: Proof of Lemma 5.6|

The proof here is very similar to the proof of Lemma [5.5] but as the roles of « and y in Theorem [4.13] are
not symmetric we give it in detail.
Consider T': Lo(I'; ptyy) = Lo(X x ®; puy ) defined as

Tg(z,z) = E(or o 2ot [g(y’) ’x' =z,7 = z},

and let S = T*T. Note that S can also be viewed as a Markov chain over I', and for a € I we denote by
Sa the distribution over I" of the neighbours of a according to this Markov chain. Let G = (T, E) be the
graph in which the edges are the support of the Markov chain S, and note that x, z imply y if and only if
the number of connected components of G is exactly |I'|. Thus, we assume that the number of connected
components is ¢ < |I'|, and we write them as C; U ... U Cy.

Note that S is a symmetric operator, and we may diagonalize it on each connected components sepa-
rately. Namely, we may find functions y; j: ¥ — Rfori =1,...,fand j = 0,...,|C;| — 1 that are an
orthogonal basis of Lo (I; 11,,) and furthermore:
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1. xi,j is only supported on Cj;.
2. Xi,0 is constant on C;.
3. xi,; are eigenfunctions of S with eigenvalue A; ;.

Thus, for all 7 we have \; o = 1, and for j > 0 we have as in Lemma that \; ; < 1 — Qg (1), and
/\i,j > 0 as S is positive semi-definite.

We consider the orthonormal basis x; ; now over Ly (I'", pi’™) defined by x;+(y) = H Xix,jr, (Yx)- The

non-merged degree of a monomial Xij is defined to be the number of £’s such that jj > 0 and denoted by
non-merge-deg(x; ~) Thus, we can write

Z 3 XﬁJ where ?(;7 ; )= (%X;ﬁuy
7]

Take d = W&~ 1/2 for a parameter W = W (a, m) > 0 to be chosen later. We now would like to carry out
the argument which splits g into high and low non-merged degrees, however we need to be more careful
now so as to preserve boundedness. E] Indeed, the argument below is morally the same, except that we apply
a softer type of such split.

Consider the Markov chain R on I that on y € T, takes 3y’ = y with probability 1 — 1/d, and otherwise
we take the connected component C; in which y lies, and then sample y' ~ p,, conditioned on v’ € C;.
Then Rx;o = Xi, for all 4, and for j > 0 we have that Ry;; = (1 — 3) x;,;. Write g = g1 + g where
g1 = R®"g and go = (I — R®")g. Then

E [fl)gwh(z) = E [f@)a@h(z)]+ E [f(x)g2y)h(z)], (58)

(z,y,z)w,u, (mﬂy’z)"/ﬂ (m,y,z)Nu
(€] (1

and we upper bound each term on the right hand side separately.

Bounding (/). For gs, we have by Cauchy-Schwarz that

2

E  [f@)g)h)]| = |(Fh Tg),.|" <

(x7y7Z)N/“’L®n

HT92H%;MZ,Z = <T927T92>um,z = <S.92792>My'

To upper bound the last expression, we note that

1 non—merged—deg(x;j) n
(S92, 92) Z’gw ’ < (1—d) )H%j

e
< max (1 _ <1 _ ;)) (1= Qam(1))". |

For r > Wlog(1/0), the second term is at most ¢ (for appropriately chosen 1), and for r < W log(1/4)
the first term is at most r/d < 6/ for sufficiently small &y, hence |(I1)| < §'/4.

°In Section we didn’t really care about boundedness as we were able to gain it back later on by changing the function f.
However, in this case we cannot afford to change the function g because we need to preserve its non-embedding stability to be
small.

162



Bounding (/). Here, we are going to use random restrictions so that almost all of the mass of g; will
collapse to monomials of non-merged degree 0, at which point we could truncate off the part of non-merged
degree exceeding 0 and get a function that does not distinguish between the distribution ;4 and the distribution
1. More precisely, let s = 6/3 /d and choose J C [n] by including each element in it with probability s,
sample (#, 7, Z) ~ p”’ and define

F=Wgoe  G=(07.5 h=07,:

Let M € N and n > 0 be from Theorem for /. We will prove the statement for ” = 1/20 and
M’ = M + 3. and define the events:

1. By NEStab;_ /(15 py) < 62/3, where K = K (m, ) > 0.
2. Es: The mass of §; on monomials of non-merged degree more than 0 exceeds /6.

We show that the probability of E = E; N Es is at least 1 — 26'/61og(1/6); to do that, we use the union
bound and bound the probability of E; and of E.

The event F/;. For the event E, let V; be the space of functions spanned by monomial of non-embedding
degree exactly . We claim that V} is an invariant space of R®". Indeed, to see that it suffices to show that if
x: I' = Cis orthogonal to all embedding functions (that is, univariate functions in Embed., (1)), then Rx
is orthogonal to all embedding functions. Indeed, if x’ is an embedding funciton then

Rx,x") = (6 R™X) = 06 RX) = (6 x) =0,

where we used the fact that R is self adjoint as it is an averaging operator corresponding to a reversible
Markov chain. Thus, writing g = > g—; where g—; is in V;, we get that
¢

NEStab; _5(g1) = NEStab;_5() “R®"g—;) = > (R®"9—p, Tnonembed,1-sR""g—t)
t

tt!

=Y (R¥"g—y, (1 - 6)'R®"g-y),
tt

where we used the fact that R®"g_; € V; and the fact that V} is an eigenspace of Thon-embed,1—5 Of eigenvalue
(1 — §)t. The inner product is O for all ¢ # ¢/, hence we get that this is equal to

D (=0 IR g3 < D (1 —6)"lg=l|3 = NEStaby_5(9) < 6,
t t

so NEStab;_s(g1) < 0. Thus,byLemmaitholds that £ [NEStab; _¢s/5(g1; pty)] < NEStaby_s(g1; 1)) <
§ for suitably chosen K, hence by Markov’s inequality Pr [E5] > 1 — §/3.
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The event E5. The expected weight of g; on monomials of non-merged degree more than 0 is at most

}a E g1 (Z J ) 1)(; 7 has non-merge degree at least 1
7| ,
i€lg’.j

=E > G100 L ke 130720
ielqn.j

7 1
= Z '9(7’7])2 <1 - g

)I{ke[n} l7x>1}
i€,y

E [1{keln) ljx>1)n0)

Denoting S = |{k € [n] s

hence the last sum is at most

, we have that the expectation in consideration is equal to 1 — (1 — s)

max <1 - ;)S (1— (1 —5)5).

For S > dlog(1/4), the first term is at most § hence it is at most d, and for S < dlog(1/6) the second term
is at most sS < log(1/ 5)61/ 3. Overall we get that the expected weight of §; on monomials of non-merged
degree more than 0 is at most log(1/8)8"/3. Hence by Markov’s inequality Pr [E»] < 6%/%1log(1/6).

We write

(I)= E [1E¢u(f79~1,ﬁ)}+ E [1E¢>u(fag~1,71)}

Z,Y,% J&,9,2

(ITI) (Iv)

where ¢,,(f, 61 1) = By s [F@)01(0)A(2)].
Bounding (II1). For (I1T) we have that |(II1)| < Pr [E] which is at most 6" .

Bounding (IV'). For (IV),let gi': I/ — C be defined by
a'ly) = E [g1()],
Y~y
where y' is distributed as: for each coordinate ¢, sample y; according to j, conditioned on it being in the
connected component of y;. In words, we average over the connected components. Then the value of g1’ is

constant on all connected components, and we also have that ||§; — ¢1'||3 is the mass of §; on monomials of
non-merge degree at least 1, hence it is at most § 1/6 1t follows that

NEStab; _ g5 (615 tty) < NEStaby _es/s(d1; 11y) + O(llgi — 61'[l2) < O(5"'2) < 61/,
hence by Claimwe have NEStab, s1/20(g1’; 1) < 6/2°. We get that

i< B [efetfanh)|]| < E[te (|oulF a2 + 00l - 37112)]

J2,9,%
= & [te([6w(7.0)] + 00~ 1)),

J&,9,2

Jigé

where in the last transition we used the fact that ¢’ is constant on connected components hence ¢, ( f , g1, fz) =
Gy (FL G0 1)- A |60 (F, 1" B)| < MOV and g — 1'll2 < 8Y/12, we get that |(1V)] < (M +1)6/.
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Finishing the proof. Together, we get that |(I)| < (M + 2)6" ; combining with the bound on (IT) and
plugging into (58) finishes the proof.

B Theorem Implies Theorem

In this section we show that Theorem Implies Theorem The argument here is analogous to the
argument in [5, Section A], with one important difference. Therein, we used the fact that ;4 has some sub-
distribution that has no Abelian embedding, and this was used in the “soft truncation” steps (to argue that
terms with mis-match of degrees have negligible contribution). Here, we no longer have this property, and
instead we appeal to the maximality property of the same sub-distribution of p (which we have ensured
in our case). This is ultimately the reason we have to introduce the additional complication that comes to
accommodate the notion of maximality.

The argument proceeds by first splitting g into soft non-embedding homogenous parts, which are func-
tions that have most of their {5 mass of characters of roughly the same non-embedding degree and are still
bounded. Then, we softly truncate the non-embedding degree of f to be of at most roughly of the same
order (while keeping boundedness), and truncate the effective non-embedding to be roughly at least that
same order (while keeping boundedness). Finally, once all of this is done we will be able to apply harsh
truncations on the resulting replacements of f and g function and consider the homogenous parts, then do
the same for h, and then appeal to Theorem [7.14]to upper bound each one of these homogenous terms.

Let f, g, h be as in Theorem andletp; =1 — 2775, We take & = £(m, ) > 0 to be small enough.

B.1 Softly Splitting g into Softly (non-embedding) Homogenous Parts

By the triangle inequality

f(@)g(y)h(2)]] <

[f(x)Tnon—embed,pog(y)h(z)]

(:Jc,y,z)~u®"

(o)

>
7=0

(r7y’z)N“®n

[f(aj)(Tnon—embed,ijrl - Tnon—embed,pj )g(y)h(z)} . (39)

(xzyvz)'\’“(gn

For the first term, as f, h are 1-bounded we have that it is at most

HTnon-embed,pog(?/)H < \/ E [|Tnon-embed,p09(y)’2} =4/ NEStabpg (9) < \/ NEStab,, (9),

(%va)NH@”

(‘T,yvz)NM@"

which is at most v/3 by assumption; in the last inequality we used Claim For the second term on the
right hand side of (59) we show:

Claim B.1. There are M, 6y > 0 and n > 0 depending only on m and o such that for all 0 < § < dg

[f(x)(Tnon—embed,pj+1 - Tnon-embed,p]-)g(y)h(z>] < M(l - pj)n-

($7y7Z)NM®n

165



Given Claim B.1] the proof is quickly concluded. Summing up over j yields that the second term above

1s at most
1

(57]
1—2-n""

M Z 2-INgN < M
§=0

hence |E(, ) pon [f(2)g(y)h(2)]| < M'6" as desired.

The rest of this section is devoted to the proof of Claim[B.T] and we fix some j > 0.

B.2 Softly Truncating the (non-embedding) Degree of f from Above

For the simplicity of notation we write p = p; and T = T'ron-embed, pis1 — T hon-embed, P Thus,

E  [f(@)T'g(y)h(z)]] <

(9071172’)“’#@"
E [(I - Tnon—embed,l—p1+§)f(x)T/g(y)h(z)] + E [Tnon—embed,l—p“fﬁf(x)T,g(y)h(Z)] :
(z,y,2)~p®m (z,y,2) ~ou®n
(1) (I

(60)

Claim B.2. There are M, 6y > 0 and n > 0 depending only on m, o and & such that for 0 < 6 < &y it holds
that (I) < Mp".

Proof. We may upper bound |(])| by

( Ig—?d © [(I - Tnon—embed,lfpl“'&)f(x)Tnon—embed,l—pg(y)h(z)] ‘
x,Y,2)~pen

+ E [(I - Tnon—embed,lfpl“'i)f(x)Tnon—embed,lfp/Zg(y)h(z)] .

(m7y7'z) N/"L®n

Each one of these terms is upper bounded in the same way, and we demonstrate it on the first. We re-interpret
it as

E [(I - Tnon-embed,17p1+5)f(x)g(y)h(z)]

(3?731,2)N/1'®"

)

where the distribution ;' is defined by first sampling (z',%/, 2") ~ p, then y ~ Thon-embed,1—py’ and out-
putting (2/,y, 2’). A somewhat annoying feature of 4 is that there are atoms whose probability is of the
order of p, and to circumvent it we write 1/ = 5" + (1 — &) i/ where p” and p/” are distributions as
follows : (1) Recalling property 6b from Theorem 6.7, we take Y/, T and ®’ from there; the support of p”
is {(z,y,2) € supp(p) |z € ¥,y € IV, z € &'}, (2) each atom in p” has probability at least o/ (a)) > 0.
Write f/ = (I - Tnon—embed,l—p“rf)f'

Pick J C, /5 [n], let (Z,9, 2) ~ p

f// = (f/)j—m?’ g/ = (9)7—>gj7 W = (h)7—>2‘

"J and define

166



Then sampling (2, v/, ') ~ u’ we have

[f'@)gh(z)] = E E Lf"(@")g ()W (2)] |,
(T,y,2) '@ J(&,g,2)~p7 | @y 2 )~
) )
'@)gyh(z)]| <  E E [f"(@")g (y)W (2)]|]-
(@,y,2)~p'®n J(&,5,5)~pT | | @y 2 )~

Define the event E that NEStab, ¢/a(f") < p%/8, and write

nJ

L7 («")g (y)W (z)] u =

@y 2 )~p

E L7 (2")g (y)I (2)] ‘

("le 7y/7zl)NMIIJ

E
J(&5,2) "

J7(i7g72)N/'L//J

E llE

L7 (2")g (y)I (2)] u :

("le 7y/7zl)NHIIJ

(IIT) (Iv)

Upper bounding (IV). We will show that the probability of E is close to 0. First, we estimate the non-
embedding stability of f:

NEStabl—p1+§/2 (f/) < HTnon-embed,l—p1+§/2 (I - Tnon—embed,lfpl‘*'f)fH?v

and as the eigenvalues of T, cined 1—p1+¢/2 (L — Thon-embed,1—pt+¢) are (1 — pITE2)A(1 — (1 — pltE)d,
it follows that the last 2-norm is at most the maximum of that over d € N. If d > p_(1+0'755), then
(1 — plt€/2)d < e=2p™") < 48/4 for small enough &y. If d < p~ (140759, then by Bernouli’s inequality
1— (1 —p't&)d < pl*éd < p/4. Thus we get that NEStab; _i4e/2(f') < p&/4,

Appealing to Claim 4.9 we get that

E [NEStabl_pg/4< f”)] < NEStab,_uve/a(f")

where ¢ > 0 is a constant depending only on m and o, and as cp't¢/4 > p'*¢/2 for sufficiently small
5o we get from Claimthat NEStab;_,1+¢/4 (f) < NEStabl_pHg/z(f’) < p*/*. Hence, by Markov’s

inequality Pr [E} < p¢/8, and by 1-boundedness of the functions

[(IV)| < Pr [E] < p/8.

Upper bounding (/7). Fix J and (Z, g, Z) for which F holds. Here, we are going to appeal to maximality
conditions. Recall property 6b in Theorem the condition there roughly said that we can embed in a
subset of

{(z,y,2) esupp(p) |z €X' yecl’ 2}

a maximal distribution v, and the point is that in our ;” we will be able to embed a distribution 2/ on X/ x I" x

®’ whose support strictly contains v (and in which the probability of each atom is at least o’ (a, m) > 0).
Indeed, take the mapping a and the distribution  as in property 6b in Theorem [6.7] which we denote

by v for notational convenience. Let v/ be the distribution of (x”,y"”, 2”) sampled as follows: first sample

167



(2,9, ") ~ u", sample 2" ~ a~!(2') uniformly and take 3" = ¢/ and 2" = 2. Also, define f"'(z") =
1" (a(z)); then
(rn=_— € [f"@")d' )N ("] ©61)
(@ " 2" )~

Thus, the right hand side is an expectation as in Theorem over a distribution ¢/, Itis clear that »/ satisfies
all of the conditions of Theorem[d.13| Also, if (u,v,w) € supp(v), then (a(u),v,w) € supp(y”), and so
by definition of 2/ we have that (u, v, w) € supp(v’), hence supp(v) C supp(2/). Next, we argue that this is
a strict containment. Indeed, by property 6b(vi) there are distinct v, v" € T such that y(v) = v(v) (here 7 is
the master embedding of y). We take u,u’ € X" and w,w’ € ®' such that (u, v, w), (v/,v",w’) € supp(v),
and note that as in v the value of any two coordinates implies the last, it follows that (u,v’, w) & supp(v).
However, by definition of 1 we have that as (a(u),v,w) is in the support of p, and as y(v) = v(v') it
follows that (a(u),v’, w) is in the support of u, hence (a(u), v, w) is in the support of 1" and so (u, v’ w)
is in the support of /.

It follows that the expectation on the right hand side of (61]) is an expectation with respect to a distribution
v/ whose support strictly contains the support of a maximal distribution. Also, by Claim[4.§]

NEStabl_pg/sW/(f”/; I/;) < NEStabl_p5/4’V/(fm; V:/n) = NEStabl_pg/z;,Mu(f//; /Lg) < p5/8,

hence we get that we may apply Theorem and get that |(I1T)| < Mp"¢/® for some M and n > 0
depending only on m and «. 0

B.3 Softly Truncating the Effective (non-embedding) Degree of f from Below

Looking at (I7), we write f' = Ty embed,1—pt+¢f and g’ = T’g. By the triangle inequality we get

(II) = E [Enon—embed,lfpl—ff/(x)g/(y)h(z)]
($9y7Z)NM®"
V)
+ [(I - Enon—embed,l—p1*5)f/(w)gl(y)h(z)] i (62)
(z,y,2)~p®m

V1)

Claim B.3. There are M, 6y > 0 and n > 0 depending only on m, « and € such that for 0 < 6 < &y it holds
that (V') < Mp".

Proof. We re-interpret the expectation in (V') as

[f'(@")g' (y)h(2)],
(a'y 2" )~ Er

where the distribution y' is defined as first sampling (z,y,2) ~ u, then 2/ ~ Eron-embed, 1—pt—¢2 and
outputting (2’, vy, 2’) where y’ = y and 2’ = z. Again, a somewhat annoying feature of 4 is that there are
atoms with probability p'~¢, and to circumvent it we again use random restrictions.

More precisely, we write i/ = $p' 4" + (1 — £p17%) 1" where /" and 1" are distributions as fol-
lows: (1) Recalling property 6b from Theorem we take X' and @’ from there; the support of p” is
{(x,y,2) €supp(p) |z € ¥/, z € &'}, (2) each atom in " has probability at least o/ («) > 0.
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Pick J C ey [n], let (%, 7, 2) ~ 4" and define

"= (f/)j—>5c’ g” = (g,)j—n)’ W= (h)j—)é‘

Then sampling (2,4, 2') ~ p”/ we have

(@)’ (yh(z)] = E f"(@g" () (2)] |,
(,y,2)~p'®" J(&,5,5)~opT | (&Y' 2" )~
SO
E @) Wh(z)]|<  E L7 () g" () (2)]]]- (63)
(z,y,2)~p/®" J(&,5,5)~pT | | @y 2 )~

Our goal is to use the maximality property from 6b in Theorem [6.7]to bound this. Towards this end, first
note that

NEStablfpl—U2 (g/) = <g/>Tnon—embed,17p1—5/29,> < HTnon—embed,lfpl—U?g/||27

where the last inequality is Cauchy-Schwarz (and using the fact that ¢’ has 2-norm at most 1). Recalling the
definition of ¢/,

||Tnon—embed,17p1—5/2-g,||2 = ||Tnon—embed,lfpl—f/2 (Tnon—embed,l—p/Z - Tnon-embed,l—p)g”%

which is at most the largest eigenvalue of T\, empbed,1— p1-¢/2 (Tnon-embed, 1—p/2 — Tnon-embed,1—p)- The eigen-
values of this operator are (1 — p'=¢/2)" ((1 — p/2)" — (1 — p)") for r € N, and we argue they are all at
most p$/%. Indeed, if 7 > p*~¢/4 then the first term is at most that (and the second one is at most 1), and
otherwise the first term is at most 1 and the second one is at most (1 — (1 — rp)) < 7p = p&/*.

Hence we get that NEStab; ,1-¢/2(g") < p¢/%. Let E be the event that NEStab; _¢/4(g") < p4/%; by
Claim .9 we get that

}[-1 [NEStabl_ng(g”)} < NEStabl_Cp173§/4(g/) < NEStabl_p17§/2 (g') < P£/4
Y

(where we used Claim and also that p is sufficiently small as &g is sufficiently small), so by Markov’s
inequality Pr [E] > 1 — p/%. Hence, splitting the right hand side of (63]) according to whether E holds or
not, we get that it is at most

E 1E' ]E f”(az/)g”(y)h'(z)] 4 E 1E E [f//($,)g//(y)h/(2)] .
J (2 ' 2 )~ J (z' 2" )~
(fvgj)’\‘/ﬂhl (:Evgvg)’\‘uﬁj
(VII) (VIIT)

We have |(VIII)| < 4Pr [E] < 4p/® (as f” and ¢ are 2-bounded and 4/ is 1-bounded).

For (VII) we use maximality. Take the mapping a and the distribution v as in property 6b in The-
orem and let / be the distribution of (z”, 3", 2") sampled as follows: first sample (2,v/,2") ~ u”,
sample 2" ~ a~'(z') uniformly and take y"" = ¢/ and 2" = 2’. Also, define f"”'(2") = f"(a(z")); then

(VII) = E L/ (&g ("W (2")]. (64)

($//’y//7zl/)NV/J

169



Thus, the right hand side is an expectation as in Theorem over a distribution /. It is clear that v/
satisfies all of the conditions of Theorem[4.13] Also, if (u,v,w) € supp(v), then (a(u), v, w) € supp(n”),
and so by definition of v/ we have that (u, v, w) € supp(¢’), hence supp(r) C supp(v’). Next, we argue
that this is a strict containment.

Take distinct u, v’ € Emodest and Upre € a1 (u), u Upe € a7 L(u"), and take v,v" € T and w,w’ € &’
such that (upre, v, w) and (upe, v', w’) are in supp(v). Then (up., v, w) & supp(v) as in v it is the case that
the value of two coordinates implies the third. On the other hand, it holds that (u’, v, w) € supp(x”) and so
(Upre, U, W) € supp(v/).

Thus, for every J and Z, 7 and Z such that E hold we have that (V1) is an expectation with respect
to a distribution satisfying the conditions of Theorem whose support strictly contains the support of a
maximal distribution, hence |(VII)| < M'p"/® for n = n(a, m) > 0.

O

B.4 Harsh Truncations

Claim B.4. There are M and &y, dg > 0 depending only on m and o such that if 0 < £ < g and 0 < § < g,
1
then |(VI)| < M2 o710,

Proof. Set f" = (I — Eonembed,1—pi—¢)f’- Let gy be the part of g’ of non-embedding degree at most

dy = pl%g, g4 be the part of ¢’ of non-embedding degree at least do = pl%& and g4 be the part of ¢’ of

non-embedding degree between d; and dz. Then ||gjll2 < (1 — p/2)% — (1 — p)4 < dip < p¢ and
lghll2 < (1 = p/2)% — (1 — p)® < p&, hence

(VDI <20 +| E [f"(@)g5»h(2)]].

(z,y,2)~p®m

Similarly, let f7 be the part of f” of effective non- embedding degree at most d3 = /)1%25, 2 be the part of

f" of non-embedding degree more than dy = P 15¢ and fY be the part of f” of effective non-embedding
degree at least d3 and non-embedding degree at most ds. We have || f1 |2, | fo/]l2 < p* hence

E [f"(x)g5(y)h(z)]

(z,y,2)~p®m

E  [f3(x)g5(y)h(2)]

x,Y,2)~pEn

< 7 Nl2llgsll2 + 11£2 ll=llg5]12 +

<254+ E [ @)d(y)h(2)]

(:E7y’z)N/’l‘®n

hence

(VDI<4p*+|  E  [fi@)gsm)h(=)]].

(x7y7Z)NH®"/

We now partition f3, g5 and h according to embedding degrees, non-embedding degrees and effective de-

grees. Denoting by D = (D), ;; @ sequence representing embedding degrees, we write f3' = > f ?’)’ B
Dy

where f' 5 " . s the part of f” of a-embedding degree equal to D, for all a € H, effective non-embedding

of degree exactly i and non-embedding degree exactly i’. We also write g5 = Z g3 J,; Where 93 b is
D'j
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the part of g5 of a-embedding degree exactly D,, for all a and non-embedding degree exactly j. Finally, we

write h = Z h g, & where h 3, & is the part of h of a-embedding degree equal to D! for all a € H and
D"k

non—embeddlng degree exactly k. Then

>

dy da
D ﬁ/7ﬁ// i,i'/=d3 j=d1 k

n

[£5 (@) g5(y)h(2)] fo 5.0 @95 5 ;W (2)].

E E [
(@y,2)~pu®n o (@y,2)~pem

In the rest of the argument, we upper bound the absolute value of the sum on the right hand side.

The contribution is zero unless embedding degrees nearly match. We first claim that unless | D, — D]
and |D, — D! are each at most 10d, for all a, this expectation is 0. To do so, we are going to expand each
function according to the monomials, multiply this out and consider a term in this resulting expression.

Suppose that there is an a € H such that |D, — D.| > 10dy, say D, > D!, + 10dy, then there must
be at least D/, — (D!, + do) — d% > 1 coordinates j such that the term contains x;(x;)X}(y;)x (2;) where
Xj = a, Xj = a' for some a’ € H different from a, and xj is an embedding function (may be constant). By
independence it suffices to argue that

E  [ie)(y)x;(z)] =0,
(T5,Y5,25)~p

and this is clear as it is equal to

E [alo()d () (z)] = B |aGu)ad (1(:)ale()x] ()| = (@, a) (] a),
(2j.95.2) (25,95.25)

where in the last equality we used independence of y and z. The case D/, > D, + 10d4 is nearly identical

as well as the case that |D, — D//| > 10dy.

Next, note that if & > ' + j, then E(, , o) pon [fé’j ; i,(m)gé’ij(y)hK,k(z)} = 0; this is true because
looking at h'(2) = By .y pen [fé’i 2 ()5 ;(y) ‘ 2= z} , we get that 2/ is a function of non-embedding
degree at most i’ + j, and the expectation is (h, h’).

Denoting by D the set of tuples of degree sequences (D, D', D") such that | D, — D’,|,|D, — D!| <
10d*, we get that

[£3(x)g3(y)h(2)] |

(z,y,2)~pu®n
dy do do+ds
DD

(D,D’,D")eD isi'=d3 j=d1 k=0

dy da da+dy

S 2 22D Buawlllf s allelgy g el

([j[)’[j epi,i'=d3 j=d1 k=0

(%,y,2)~p®n

[f;iﬁ,i,i’ (1‘)9;’5/’] (y)hD_‘//7k(Z)j| |

where by abuse of notation we denote by D, D’ and D" the sum of entries in D, D’ and D" respectively.
By Theorem we get that provided that £ is small enough it holds that £, ; i+ [1] < (1 + c)_ik%, and
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plugging that above yields that

E  [f5(x)gs(y)h(z)]

(z,y,2)~pu®n
dg d2  do+dy
< SN S TN s el 5l o
(D, D", Dryep isi'=ds j=di k=0
dg da2  da+ds

_il-2¢
< Y S Y T R lallgl ol

(D,D',D")ep i:i'=ds j=d1 k=0

where f” is the part of f4 of embedding degrees D, and similarly g B and h z,,; here used Parseval. We

D// ’
get that the above is at most

dy da do+dy

<D0 My plallgy pllalihgillz Do D0 DT e

(D,D,D"eD i,i'=d3 j=d1 k=0

&=

[f3 (2)g5(y)h(2)]

(@,y,2)~p®m

the inner sum is at most M (1 + c)‘déif for M depending only on c, and

Z £ 5ll2g5 s ll2llollz < D13 502 > 195 112

(D,D",D")eD D D',D":(D,D’,D")eD

< Dossl3 D0 > gy 5112
5 5 \B,5n(B.5",Bryep

< (20dy)!] ZHf” Z ||9;)75/:J||%

(D,D’,D")eD
H
< (20dy)2 \/Zuf;(ﬁn%\/xnggﬁllé
5 D

= (20d2)* 1 £51121195 12,

which is at most (20d4)?H . We used Cauchy-Schwarz multiple times, the fact that once we fix D there
are at most (20d4)2| degree vectors D', D" such that (D, D’, D") € D; in the end we also used Parseval.
Plugging above, we conclude that

E  [f@)dsh(z)]] < (20d)2™ - M"(1+¢)™% 5 < M"(14 )%

(z,y,2)~p®m

where M", ¢ and ¢ depend only on m and «, and we are done. O

B.5 Proof of Claim B.1]

We are now ready to prove Claim Fixing m and «, we take My, & and 1 from Claim We take
¢ = min(&;,1/100), then Mo, 62 and 7y from Claim [B.2]and Ms, 03, 772 from Claim [B.3] Finally we pick
M = M; 4+ My + M3, n= min(m, 2, 1/100) and 6 = min(él, 02, 03, 1/100).
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Using (60)), we upper bound the absolute value of left hand side of Claim by (I) + (II), and by
Claim B.3| we have that (1) < Msp". Using (62) we bound (I1) < (V) 4+ (V1) and by Claim B.3| we have
(V') < Myp". Finally, by Claim [B.4] we have that (VI) < M;p" and the proof is complete. O

C SVD Decompositions Proofs

In this section, we prove the claims establishing the SVD decompositions. We remind the reader that
throughout, 7, .J is a partition of [n] where |I| =n — 1 and |J| = 1.

C.1 Homogeneity and Singular Value Decompositions

The proof of our singular value decomposition will require a basic connection between such decompositions
and the various notions of homogeneity. This will be used multiple times, and therefore we abstract below.

Definition C.1. Let By,...,B; C {g: I' — C} be orthonormal sets and suppose that By U ... U By is an
orthonormal basis. Then we may write any g: I — C as

9= E Qg i Vin @ Viy @ ... @ vy,
vi17-~~7vin€Blu...UBe

Then the degree of vy, @ v, @ ... ® v;, with respect to Bj is defined to be the number of iy’s such that
v;, € Bj. Furthermore, we say that g is degree d homogenous with respect to Bj if for each monomial
Vi, @ Vi, @ ... Q v;, in it with non-zero coefficient it holds that the degree of that monomial with respect to
Bj isd.

Claim C.2. Let B,...,B;, C {g: r — (C} be orthonormal sets and suppose that B1 U ... U By is an
orthonormal basis. Given a function g: T x T/ — C define the matrix M € Cr =T gs M (a,b) = g(a,b),

and consider the matrix MM* € CI/*T7
If g is degree d homogenous with respect to Bj, then Span(B;) is an invariant space of M M*.

Proof. For notational convenience, we assume that J = {n} and m = |I'|. Let v € B}, and write

(MM*v)g =Y (MM*)qpv(b) =Y > Mla,y|M*[yr,blo®) = > Y g(yr,b)g(yr, a)v(b)

b b yIGFI b yIGFI

— Z 9(yr,a) va(b)
b

yrer!

Expanding g according to the basis (B U ... U By)®" we may write

gur,b) = Y Guly)V' () + > Gur(yn)v” (b),

v’ €B; v ZB;

where g, is the part of g in which the coordinate in .J contributes the vector v’. Plugging this above, we get
that

Zg(y;,b)v(b) =m Z gv’(y1)<v,av> + Z gv”(y1)<vllav> =m Z gvl(y[)<’vl,’l}>,
b

”L},GBJ' ’U"€B]' 'U/EBJ'
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as v and v” are orthogonal. Plugging this above further, we conclude that

(MM*U)G =m Z g(yDQ) Z gv’(y1)<vl7v> =m" Z <9J%a7§v’><vl’v>'

yrer! v'EB; v'€B;

Expanding ¢ again, we have gj,, = Y. gz?'(a)+ >, gz9"(a), and so
¥'€B; ' ¢B;

<gJ—>aagv Z gv 791} + Z (@5/,,§U/>17”(a).
€B;

V'¢B;

@x

Note that for v’ € Bj, the function g, is degree d — 1 homogenous with respect to B;, whereas for
v"” ¢ B; the function gy~ is degree d homogenous with respect to Bj, and so (gy7,Gy) = 0. Thus,

(97=asGv) = . (Ga,Gu )V (a), and plugging that above (and re-arranging) we get that
f)’GBj

MM* =Y |m" > (Gs Guw)(v',v) | & € Span(By) O

ﬁlij ’U’GBJ'

C.2 Proof of Claim

Proof. Recall that marginal distribution of y on y is uniform, and we denote m = |I'|. We think of g as a
matrix M in C”*I" | whose (a,b) entry is g(y; = a,yr = b). The decomposition stated by the claim is an
appropriately chosen singular-value decomposition of M ; below are the details for completeness

Looking at MM* € CI/xI e see that it is an m x m Hermitian matrix, hence we may find an
eigenbasis ¢}, ..., g, of R with real non-negative eigenvalues Ay, ..., Ay = 0. We will use Claim
to find a more structured eigenbasis.

By Claim we conclude that each one of span({x o v}) for x € H , as well as span(Brnon—embed )

are invariant spaces of M M*. Therefore we may choose an an orthonormal eigenbasis ¢/, . . ., g/, in which
each g, is from one of these spaces, and we choose this. We also let «, be the eigenvalue corresponding to
gr.. To choose g1, ..., gm, define g, = M*g; first we note that g, are orthogonal:

(Gry Gy = (M* g, M*g.) = (MM*g., grr) = tr(gr, gp) = KrLyzy

This means that if we look only at the set R of 7’s such that x, # 0, then we get that {g, }.cr is orthogonal,
and we choose g, = g, /+/k, (which has 2-norm equal to 1).
We prove that

M = Z \/EQT(Z/I)M'

reR

Define M’ = Y \/krg-(y1)9.-(ys), and note that for all » € R we have Mg. = M'g.. = \/krgr # 0. As
reR
for r € R, gl is in the kernel of M and also in the kernel of M’, and so Mg, = 0 = M’g!.. This implies

that M = M’.
Next, we observe that

IDICEED IS T S ray, = 3 =1.

mn
b
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Now we argue about the homogeneity properties of the g.. All of these arguments are basically the
same. For x € H, if r is such that g. is in span( o 7), then by definition again

m —
1)=—=E [ J ],
9r(yr) N 9W)g:(y.1)
and expanding g we note that on the right hand side only monomials in g in which the variable from J
gives the embedding function y o 7y give non-zero contribution, and we see that g, is completely embedding
homogenous and non-embedding homogenous.
If r is such that g/. is in span(Byon—embed )> then by definition again

9r(yr) = ——E {@gi(yJ)],

VErys

and expanding g we note that on the right hand side only monomials in g on which the variable from J give
a non-embedding function can contribute (the rest give 0), hence g, is completely embedding homogenous
and non-embedding homogenous. O

C.3 Proof of Claim

We run the same argument as in the proof of Claim [8.4]) and we sketch it below. Let P = I' x ®. Recall
that marginal distribution of x4 on y, z is uniform, and we denote m = | P|. We think of F' as a matrix M in
CP'*P' ‘whose (a, b) entry is F((ys, zj) = a, (yr, z1) = b).

Looking at M M* € C” TxP J, we see that it is an m X m Hermitian matrix, and by Claim we
conclude that each one of span({WW oy oc}) for y € H, as well as span(Bon—_embed ), are invariant spaces
of M M*. Hence we may choose an an orthonormal eigenbasis F7, ..., F;, in which each F is from one of
these spaces, and we choose this. All of the items follow exactly in the same way, except that we also argue
about the non-embedding degrees.

Indeed, defining F}; analogously to there, we get that

m [
Fy(yr, z1) = ﬁyEJ [Ft(yI,ZI)FZ(yJ,ZJ)]

Expanding F' we note that if ;, € span(x o o) for some x € H, then only monomials in F in which
the variable from J gives the embedding function y o o give non-zero contribution, so F; is completely
embedding homogenous and non-embedding homogenous of degree d. Otherwise, if F} is a non-embedding
function, then only monomials in F' in which the variable from J gives a non-embedding function give non-
zero contribution, so F; is completely embedding homogenous and non-embedding homogenous of degree
d — 1. Also, the effective non-embedding degree drops by at most 1, hence the effective non-embedding
degree of F} is at least d’ — 1. O
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D Missing Proofs: the Direct Product Theorem

D.1 Proof of Claim 13.4
Expanding the left-hand side,

(V7)) (N —n)l(gN)I(N — gN)!
(q%) ~ NI(gN —t)(N —gN —n +1t)!
_gN-(gN—=1)---(gN —t+1)-(N—-qN)-(N—gN —1)---(N —gN —n+t+1)
B N-(N—-1)---(N—-n+1)
e _q)nftN(N_ 1/q)---(N—(t—-1)/q) - NIN-1/(01-¢q))---(N—-(n—t—1)/(1—q))
N(N—=1)---(N—(n—1))
nt(—1/gN)---(1-(—-1)/qN)- (1 -1/(1—¢q)N)---(1—(n—t—1)/(1 —q)N)
(1-1/N)---(L=(n—1)/N)
e—O(t2/aN) | o=O((n—1)?/(1—q)N)
= qt(l _q)n—t : o—O(n2/N)
=q¢'(1-¢)" (1 £0(1)),

and the claim follows.

=4¢'(1-q)

D.2 Proof of Claim [13.35

For simplicity, consider the following distribution which is a refinement of the distribution D. Fix 0 <
P1,D2,P3, P4 < 1suchthat ). p; < 1. For each ¢ € [n] independently, i € A\ A’ with probability p; and
i € A"\ A with probability py, i € (AN A")\ A” with probability ps, and i € A” with probability ps. Note
that by choosing p1 = p2 = (1 — )¢, p4 = ¢’ and p3 = aq — ¢', we recover the given distribution D and
hence we will fix these values of p; throughout the claim.

Fix a triple (A4, A’, A”). Let p and p be the probability masses given to (A, A’, A”) by the distributions
D and D, respectively. Leta = |[A\ A'|, b= |A’\ A|,c=|(AN A’)\ A”| and d = |A”|. We have

p=pf-pb-p§-pf (1— (p1+pa+ps+pa)" @Foretd
We can compute p as follows:
ﬁ = Pr [A[)‘[n} = A”, B[)‘[n] =A \ A”, Bl‘[n] = A’ \ AH]

= Pr [Aolpy = A"] - Pr [Bolpy = A\ A" | Aol = A"] P [Bily = A"\ A" | Aol = A"]
—n N—¢'N—(n—d N—q¢'N—(n—d
(o570 (amgn—tare) | (amaon—(ore)
N —q' —q'
(o) (o) (G-

- —Qm)\ sdpy  n-d (14— 4 ate 11 _g\mlaterd) g g\be s o\ nm(bretd)
— (14272 . (1 — gy / / _ / , |

where the last equality follows from Claim It can be shown that p = p with the following setting of

pis ! /2
(q—¢)(1—q) (¢—4q") /
pP1=p2 = ,P3 = ,andpy = q .
(1-¢) (1-4¢)
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(¢=¢')?
(1-¢')”
ps = aq — ¢'. This finishes the proof of this claim. [

Therefore, when ag = ¢’ + the above identities hold along with p; = po = (1 — a)q, p4 = ¢’ and
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