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On polynomial approximations over Z /257
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Abstract

We study approximation of Boolean functions by low-degree polynomials over the ring
Z./2¥Z. More precisely, given a Boolean function F : {0,1}" — {0,1}, define its k-lift to be
F : {0,1}" — {0,251} by F(x) = 25 F() (mod 2F). We consider the fractional agreement
(which we refer to as 7, (F)) of Fy with degree d polynomials from Z/ 2k7 [x1,..., X

Our results are the following:

e Increasing k can help: We observe that as k increases, v, (F) cannot decrease. We give
two kinds of examples where 7, (F) actually increases. The first is an infinite family of
functions F such that yp42(F) — 734-11(F) > Q(1). The second is an infinite family of

functions F such that 7,1 (F) < 1 +0(1) —as small as possible —but v, 3(F) >  + Q(1).

o Increasing k doesn’t always help: Adapting a proof of Green [Comput. Complexity, 9(1):16—
38,2000], we show that irrespective of the value of k, the Majority function Maj,, satisfies

O(d)
i

In other words, polynomials over Z/2KZ for large k do not approximate the majority
function any better than polynomials over Z/2Z.

. 1
Yax(Maj,) < 5T

We observe that the model we study subsumes the model of non-classical polynomials in the
sense that proving bounds in our model implies bounds on the agreement of non-classical
polynomials with Boolean functions. In particular, our results answer questions raised by
Bhowmick and Lovett [In Proc. 30th Computational Complexity Conf., pages 72—87, 2015] that ask
whether non-classical polynomials approximate Boolean functions better than classical poly-
nomials of the same degree.

*A preliminary version of this paper appeared in Proc. 34th Annual Symp. on Theoretical Aspects of Comp. Science
(STACS), 2017 [BHS17].
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1 Introduction

Many lower bound results in circuit complexity are proved by showing that any small sized circuit
in a given circuit class can be approximated by a function from a simple computational model
(e.g., small depth circuits by low-degree polynomials) and subsequently showing that this is not
possible for some suitable “hard function”.

A classic case in point is the work of Razborov [Raz87] which shows lower bounds for AC[&],
the class of constant depth circuits made up of AND, OR and ¢ gates. Razborov shows that
any small AC"[@] circuit C can be well approximated by a low-degree multivariate polynomial
Q(x1,...,xy) € Fa[xq,...,xy,] in the sense that

Pr[Q(x) # C(x)] = o(1).

x~{0,1}"

The next step in the proof is to show that the hard function, on the other hand, does not have any
such approximation. Razborov does this for a suitable symmetric function, Smolensky [Smo87]
for the MODj,; function (for constant odd g), and Szegedy [Sze89] and Smolensky [Smo93] for the
Majority function Maj, on n bits.

Given the importance of the above lower bound, polynomial approximations in other domains
and metrics have been intensely investigated and have resulted in interesting combinatorial con-
structions and error-correcting codes [Gro00, Efr12], learning algorithms [LMIN93, KS04] and more
recently in the design of algorithms for combinatorial problems [Will14, AWY15] as well.

To describe the model of polynomial approximation considered in this paper, we first recall the
Razborov [Raz87] model of polynomial approximation. Given a Boolean function F : {0,1}" —
{0,1} and degree d < n, Razborov considers the largest y such that there is a degree d polynomial
Q € Fy[xq,...,x,| that has agreement at least v with F (i.e., Pry[Q(x) = F(x)] > 7). Call this
¥4(F). In this notation, Szegedy [Sze89] and Smolensky’s [Smo93] results for the Majority function
can be succinctly stated as

. 1 0(d)
¥4(Maj, ) < 5+ N

We consider a generalization of the above model to rings Z /2FZ in the following simple manner.
To begin with, we consider the ring Z/4Z. Given a Boolean function F, let F, : {0,1}" — {0,2} C
Z./47Z. be the 2-lift of F defined as F(x) := 227 (ie., F(x) := 0if F(x) = 0 and F(x) := 2
otherwise). Once again, we can define ,;,(F) to be the largest v such that there exists a degree
d polynomial Q, € Z/47Z[x,...,x,] that has agreement ¢ with F,. Note that ;,(F) > v4(F)
since if, for instance, Q(x) = x1x2 + x3 € Fa[xy,..., x,] has agreement v with F, then Q, :=
2(x1x2 + x3) € Z/4Z]x1,...,xy,] also has the same agreement ¢ with F,. Hence, proving upper
bounds for y,,(F) is at least as hard as proving upper bounds for y,(F).

More generally, we can extend these definitions to v, (F), the agreement of F, the k-lift of F,
defined as Fi(x) = 25-F() mod 2F, with degree d polynomials from Z/25Z[xy,...,x,]. It is not
hard to show that v,;,1(F) > v4x(F) and hence as k increases, the problem of proving upper
bounds on v, x(F) can only get harder.

Our motivation for this model comes from a recent work of Bhowmick and Lovett [BL15], who
study the maximum agreement between non-classical polynomials of degree d and a Boolean func-
tion F, which is similar to 7, 4(F) (see Section 5 for an exact translation between the above model



and non-classical polynomials). In particular, non-classical polynomials of degree d can be con-
sidered as a subset of the degree d polynomials in Z/29Z[x1, . . ., x,]. With respect to correlation!,
Bhowmick and Lovett showed that there exist non-classical polynomials (and hence polynomials
in Z/29Zx,...,x4)) of logarithmic degree that have very good correlation with the Maj, func-
tion. With respect to agreement, they show that low-degree non-classical polynomials can only
have small agreement with the Majority function. Their results stated in our language, imply that

1 0(d-29)

— _|_ _—,

2" T m

In particular, if d = Q(logn), this result unfortunately does not give any non-trivial bound on
the maximum agreement between non-classical polynomials of degree d and the Maj, function.
Bhowmick and Lovett, however, conjectured that this result could be improved and left open
the question of whether non-classical polynomials of degree d can do any better than classical
polynomials of the same degree in approximating the Majority function. More generally, they
informally conjectured that although non-classical polynomials achieve better correlation with
Boolean functions than their classical counterparts, they possibly do not approximate Boolean

functions any better than classical polynomials. Our work stems from trying to answer these
questions.

Y4,4(Maj,,) <

1.1 Ouwur results

We prove the following results about agreement of Boolean functions with polynomials over the
ring Z./ 2kz.:

1. We explore whether there exist Boolean functions for which agreement can increase by in-
creasing k. In particular, do there exist Boolean F such that 7, (F) > v41(F)?

It is not hard to show that this is impossible for 4 = 1. Further, it can be shown that if
Yar(F) >1— 2%, then v, (F) = 74,1(F). Keeping this in mind, the first place where we can
expect larger k to show better agreement is 7y, vs. 77,1. Our first result shows that there are
indeed separating examples in the regime.

(a) Fixd € N to be any power of 2. For infinitely many 7, there exists a Boolean function
F:{0,1}" — {0,1} such that y33_11(F) < 5/8+0(1) but 754,(F) > 3/4 —o(1).

Note that since F is Boolean, 7, (F) > 1/2 for any d, k. We then ask if there exist Boolean
functions F such that vy, (F) is more or less the trivial bound of 1/2, while 4 (F) is signif-
icantly larger for d’ < d and some k > 1. In this context, we show the following result.

(b) Fix any ¢ > 2. For large enough n, there is a Boolean function F : {0,1}" — {0,1} such
that v, 1(F) <1/2+40(1) but 743(F) > 9/16 —o(1), ford = 2/-1 + 272 <26 — 1.

2. We show that for Maj, , the majority function on n bits, and any d, k € Z™,
O(d)
v’

IThe correlation between F,G : {0,1}" — Z/ 2k7 is defined to be E, [wF (x)_G(x)] where w is the primitive 2%th root
of unity in C. If F, G are {0,251}-valued, then this quantity is exactly 2y — 1 where 1 is the agreement between F and
G. Otherwise, however, it does not measure agreement.

) 1
’)’d,k(Ma]n) < E +




2 by adapting a proof due to Green [Gre00] of a result on the approximability of the parity
function by low-degree polynomials over the ring Z/ p*Z for prime p # 2.

Coupled with the observation that the class of polynomials over rings Z /2FZ subsumes the class
of non-classical polynomials, part (b) of the first result provides a counterexample to an informal
conjecture of Bhowmick and Lovett [BL15] that, for any Boolean function F, non-classical polyno-
mials of degree d do not approximate F any better than classical polynomials of the same degree,
and the second result confirms their conjecture that non-classical polynomials do not approximate
the Majority function any better than classical polynomials.

1.2 Organisation

We start with some preliminaries in Section 2. In Section 3, we show some separation results.
Next, in Section 4, we prove upper bounds for 7v,x(Maj,). Finally, in Section 5, we discuss how
our model relates to non-classical polynomials, answering questions raised by Bhowmick and
Lovett.

2 Preliminaries

For x € {0,1}", |x| denotes the Hamming weight of x, and for i > 0, |x|; is the (i + 1)th least
significant bit of |x| in base 2. For d € IN, we use {0,1}", (resp. {0,1}" ) to denote the set of
elements in {0,1}" of Hamming weight at most d (resp. exactly d). We use F,, to denote the
collection of all Boolean functions defined on {0,1}".

2.1 Elementary symmetric polynomials

Recall that for f > 1, the elementary symmetric polynomial of degree t over Fp, S¢(x1,...,x,), is
defined as S¢(x1,...,Xn) = @1<4<..<a<n Xa, - - - Xa,- Here & denotes addition modulo two. This
may be interpreted as

Si(x1 ..., xn) = (";') mod 2. 2.1)

A direct consequence of Lucas’s theorem (see, e.g., [Knu97, Section 1.2.6, Ex. 10]) and Eq. (2.1)
is the following:

Lemma 2.1. For every ¢ > 0, Sye(x) = |x|s. More generally, S¢(x) = T1; |x|; where the product runs
over all i > 0 such that the (i + 1)th least significant bit of the binary expansion of t is 1.

The following result follows from the work of Green and Tao [GT09, Theorem 11.3], who build
upon the ideas of Alon and Beigel [ABO1].

Theorem 2.2 (Green-Tao [GT09], Alon-Beigel [ABO1]). Fix ¢ > 0. Then, for every multilinear polyno-
mial P € Fa[x1, ..., x,] of degree at most 2° — 1, we have Pry. g 131 [Sy (x) = P(x)] < 1/2+0(1).

Theorem 2.2 has a nice corollary:

2The constant in the O(-) is an absolute constant.



Corollary 2.3. For every fixed £ > 0, the functions {S,i(x) }o<i<¢ are almost balanced and almost uncor-
related, i.e.

o V0 <i<{|Pr[Sy(x) =0]—Pr[Sy(x) =1]| =o0(1)
o Vay,...,ap € {0,1}, | Pr [Ag<ics (Spi(x) = a;)] — 2/%| =o0(1).
Combining Corollary 2.3 with Lemma 2.1, we get another useful fact:

Lemma 2.4. Let x be uniformly distributed over {0, 1}". Then, for every fixed r > 1, the random variables
{|x|i Yo<i<r—1 are almost uniform and almost r-wise independent i.e.

e V0 <i<r—1,|Pr[|x]; = 0] — Pr[jx|; = 1]| = o(1).

o V(ag,...,ar-1) € {0,1}, | Pr[(|x]o, ..., |x],=1) = (a0,...,8r-1)] — 5| = o(1).

2.2 Boolean functions and polynomials over Z /27

Given an F € F, and k > 1, we define the k-lift of F to be the function F; : {0,1}" — 7/2k7
defined as follows. For any x € {0,1}",

[ 0 ifF(x)=0,
Fi(x) = { 2k=1 otherwise.

Ford € N and k > 1, P, will denote the set of multilinear polynomials of degree at most d
over the ring Z /2¢Z.

For functions F,G : D — R for some finite domain D and range R, the agreement between F
and G, denoted by agr(F, G), is defined to be the fraction of inputs where they agree, i.e.,

agr(F,G) = P%[F(x) = G(x)].
X~

We will consider how well multilinear polynomials of degree d can approximate Boolean func-

tions in the above sense. More precisely, for any Boolean function F € F;,, we define

Yax(F) = Jtnax agr(F, Q).

dk

Following [Gop08], we call a set I C {0, 1}" an interpolating set> for P, if the only polynomial
P € P4 that vanishes at all points in I is zero everywhere. Formally, for any P € P,

(Vx eI P(x) =0) = (Vy € {0,1}" P(y) =0).

We now state a number of standard facts regarding Boolean functions and multilinear polyno-
mials over Z/2%Z. The omitted proofs are either easy or well-known.
Unless mentioned otherwise, let 11, d, k be any integers satisfying n > 1,d > 0,k > 1.

Lemma 2.5. Any polynomial Q € Py satisfies the following:

1. (Schwartz-Zippel) If Q is non-zero, then Pry._(0 11:[Q(x) # 0] > 2.

3This is also called a hitting set in the literature.



2. Qs the zero polynomial iff Q(x) = 0 for all x € {0,1}".

3. (Mobius Inversion) Say Q(x) = Yjs|<q CsXs, where cs € Z./2*Z and xs denotes [1;cg x;. Then,
cs = Yres(—1)5I7TIQ(17) where 11 € {0,1}" is the characteristic vector of T.

4. ({0,1}2, is an interpolating set) Q vanishes at all points in {0,1}" iff Q vanishes at all points of
{0,1}" ;. By shifting the origin to any point of {0,1}", the same is true of any Hamming ball of
radius d in {0,1}".

Proof. Point 1: Write Q as Q(x) = 2/ - Q'(x), where £ < k is the largest power of 2 that divides the
GCD of the coefficients of Q. Projecting Q' to a non-zero polynomial over Z /2Z by dropping all its
coefficients modulo 2 and applying the standard Schwartz-Zippel lemma over Z/2Z completes
the proof.

Point 2 follows from point 1, and point 4 from point 3. ]

Lemma 2.6. Fix any F € F,.

1. yar(F) = %

2. Yajes1(F) = vax(F).

3. vax(F) >1— d:()’dk(F) Yaa (F).
4. 11x(F) = ma(F).

Proof. Point 1 is trivial since there is a constant polynomial that has agreement at least 1 with F.

Point 2: Say P € P, has agreement a with Fy. Then, 2 - P (interpreted naturally as a polyno-
mial in Py x11) has agreement a with F_;.

For point 3, consider a polynomial Q € P, that achieves the maximum agreement &« > 1 — zd
with Fy. Let Q' € P, be the polynomial obtained from Q by dropping all its co-efficients modulo
2k=1 Note that for any x, Q(x) € {0,251} implies that Q’(x) = 0 (in the ring Z /2¢~1Z). Hence,
the probability that Q' is zero is at least & > 1 — 217 Lemma 2.5 point 1 implies that Q" must be
the zero polynomial. Equivalently, all of the coefficients of Q are divisible by 2~! and hence Q
can be naturally identified with 2k=1. Q" for some Q" € Z/2Z[x1, ..., x,). Itis easy to check that
agr(Q”, F1) = wand hence we have ;1 (F) > 7,«(F). On the other hand, from point 2, we already
know that v, x(F) < 41(F). Hence we are done.

Point 4 follows from points 1 and 3.

3 Some separation results

3.1 Symmetric functions as separating examples

We know from Theorem 2.2 that, for every fixed £ > 2, vy _11(Sy) < 3 +0(1). In contrast, the
main result of this section shows that

Theorem 3.1. For every fixed { > 2, 743(Sy) > 1x — 0(1), whered = 2~ 42672,



Notice that 271 + 262 < 2¢ — 1 for ¢ > 2. This implies that, for £ > 2, S,/(x) is an example of
a function F for which there exist k,d € IN such that 741 (F) < 3+ 0(1) but yax(F) > 1 +Q(1)
for some d’ < d.

Proof of Theorem 3.1. Lemma 2.1 from Section 2 tells us that S, (x) = |x|,. Thus, Sy 3(x) € Z/8Z]x, ...

the 3-lift of Sy (x), is given by

4 if|xl, =1
S x) = 3.1
2%( ) {O otherwise 3-1)

Fix d to be 2/~1 + 2/=2. Consider the polynomial P(x) = Lpe(n) Iier xi in Z/8Z[x1,..., X
d

To prove the theorem, it suffices to show that

1
= >4
P P = Sy5()] 2 5+ ¢ —o(1)
Clearly, P(x) = <’§|) mod 8, and
0 ﬁ8||?
P(x) =

2] 2] (3.2)
4 ﬁ4]<d>bm8{<d>

The following theorem due to Kummer (see, e.g., [Knu97, Section 1.2.6, Ex. 11]) determines
the largest power of a prime that divides a binomial coefficient.

Theorem 3.2 (Kummer). Let p be a prime and N, M € IN such that N > M. Suppose r is the largest
integer such that p” | ( 1\]\/]1) Then r is equal to the number of borrows required when subtracting M from N
in base p.

Let B(x) be the number of borrows required when subtracting d from |x|. Rewriting Eq. (3.2)
in terms of B(x) using Kummer'’s theorem, we get

P@):{4 if B(x) =

2
0 ifB(x) >3 (3.3)

We will need the following lemma.
Lemma 3.3. P(x) = Sy 3(x) if either
1. |x|p2=0,0r

2. (|x|€—2/ ‘x|£—l/ ’x|f/ ’x|£+1) = (1/0/0/0)

Proof. Sinced = 2014 262 311 the bits of d exceptd,_1 and dy_; are zero. Thus, when subtracting
d from |x|, no borrows are required by the bits |x|;, 0 <i < ¢ — 3.

Using the above observation, the reader can verify that when (|x|;_o, [x]/—1, [x|¢, |X]r1) =
(1,0,0,0) the number of borrows required is at least 3 i.e. B(x) > 3, which in turn implies that
P(x) = 0. Since |x|; = 0, Sy 3(x) = 0. This proves the second part of the lemma.



To prove the first part, suppose |x|;_, = 0. Since dy_; = dy_, = 1, it follows that both |x|,_,
and |x|,_; will need to borrow when subtracting d from |x|. As argued before, no borrows are
required by the bits before (i.e. less significant than) |x|,_,, and thus the total number of borrows
required by the bits |x|;, 0 <i < /¢ —1,is 2.

Note that the bit |x|,_; borrows from |x|,. Consider the following case analysis:

e Case |x|; = 1: |x|, will not need to borrow since d; = 0. In fact, none of the bits after
(i.e. more significant than) |x|; will need to borrow, and thus B(x) = 2. This implies that
P(x) = 4. We also have S, 3(x) = 4 and hence P(x) = Sy 5(x).

e Case |x|; = 0: |x|, will require a borrow and this means B(x) > 3. This implies that P(x) = 0.
Since | x|, = 0, it follows that P(x) = Sy 5(x).

This completes the proof. O

By Lemma 3.3, we have
PrP(x) = Sy 5(x)] = Pr(|x|¢— = O] + Pr [([x[¢—2, [x]¢—1, |x[¢ [x]¢41) = (1,0,0,0)] (34)
Using Lemma 2.4 from Section 2, we have
Prlfali2 = 0] > 7~ o(1)
Prl(Jxle, el 2l [¥len) = (1,0,0,0)] > 22 —o(1)
which, together with Eq. (3.4), implies

3.2 A separation atk =2

Let d € IN be any power of 2. In this section, we show that there are functions F for which
7242(F) > 73a-1,1(F).

Theorem 3.4. For large enough n, there exists a function F € F, such that yy45(F) > 3 — o(1) but
Y3a-11(F) < § +o(1).

In particular, we see that 22 (F) > 721 (F). This result is notable, since it shows that there is a
separation at the first place where it is possible to have one (Recall that 1 x(F) = 1,1(F) for any

F € F, by Lemma 2.6).
Let us begin the proof of Theorem 3.4. We first define a family of Boolean functions on {0, 1}".

We denote the 2n variables by x1,...,x, and y1,...,y,. We use (‘;‘) to denote the dth elementary
symmetric polynomial from the ring Z/4Z[x;, ..., x,), i.e., (‘é‘) = Lge () Iies x4
d

We will need the following easy corollary of Theorem 3.2.

“We distinguish between (|Z|) and S;(x) since the former is from Z/4Z[xy,...,x,] and latter a polynomial in
Fax1,. .., Xn].



Corollary 3.5. Let d be a power of 2. Then, for N > d, the highest power of 2 dividing (Z] ) is equal to the
highest power of 2 dividing | Y |.

Let S = {(x,y) | (|Z‘), (|Z|) =1 (mod 2)}. Given any function H : {0,1}*" — {0,1}, we define
the Boolean function Fy(x1,...,Xu, Y1, ..,Yn) as follows:

0 if(*h-(¥hy=0 (mod4),
Fu(x,y) = 1 i (My=2 (mod 4),
H(x,y) otherwise.

Define P(x,y) = (‘;‘) : (|g|) € Z/AZ[x1,...,Xn, Y1, -.,Yn). Note that Fy(x,y) is defined so that
its 2-lift agrees with P(x,y) on points (x,y) where P(x,y) € {0,2}. Also Corollary 3.5 implies
that the following is an alternate equivalent definition of Fy in terms of elementary symmetric
polynomials modulo 2.

0 iSux) = Suly) =0,
) Saly) ifSi(x) =1and S,(y) =0,
Fu(y) = § soy(x)  if Sy(x) = 0 and Sy(y) = 1. (35)

H(x,y) otherwise.

We now begin the proof of Theorem 3.4. First of all, let us note that for any choice of H, we
have:

Lemma 3.6. 7242(Fy) > 3 —o(1).

Proof. Consider the polynomial P(x,y) € Py, defined above. From Eq. (3.5), it follows that the
probability that P(x,y) # Fy2(x,y)° is less than or equal to the probability that S;(x) = S4(y) =1,
which is } + 0(1) by Corollary 2.3. This gives the claim. O

The main lemma is the following.

Lemma 3.7. Say H : {0,1}?" — {0, 1} is chosen uniformly at random. Then,

Prigaia(Fi) > 2 +0(1)] = o(1).

This will prove Theorem 3.4. We will prove the above lemma in the following subsection.

3.3 Proof of Lemma 3.7

The outline of the proof is as follows. Fix any polynomial Q € Fa[x1,..., X, Y1, ..., Yn] of degree
at most 3d — 1. We need to show that agr(Fy, Q) < 2 + o(1) for arandom H : {0,1}*" — {0,1}.
The fact that H is random ensures that any Q cannot agree with H on significantly more than
half the inputs in S. For inputs outside S, we need a more involved argument, following Alon and
Beigel [ABO1]. We show that for any Q we can find somewhat large sets I and | of x and y variables
respectively such that when we set the variables outside I U J, we obtain a polynomial that is
symmetric in the variables of I U J. This is a Ramsey theoretic argument dla Alon-Beigel [ABO1].

5 Fp » denotes the 2-lift of Fyy.



Following this argument, we only need to prove the agreement upper bound for Q that is
symmetric in x and y variables. This can be done by reduction to a constant-sized problem, as we
show below. A careful computation to solve the constant-sized problem will finish the proof.

We begin with some notation that will be useful in the proof. Throughout, we work with
disjoint sets of x-variables and y-variables of equal size and consider polynomials over these vari-
ables. Let the x-variables be {x1, ..., x,} and the y-variables be {y,...,y,}. For I, ] C [n], the set
of IFy-polynomials Q over the variables {x; | i € I} and {y; | j € ]} is denoted IF>[x;, y;]. Similarly,
we use Q € IF>[x;] to denote the fact that Q is a polynomial only over the variables {x; | i € I}.

We use Aj to denote Boolean assignments o : {x; | i ¢ [}U{y; |j & J} — {0,1}. Given
F:F5" — Fyand 0 € Ajj, we use F|, € Fa[x], /] to denote its natural restriction to the variables
indexed by I U J.

We say that Q € F[xp, ;] is (x, y)-symmetric if it is a linear combination of the polynomials in
the set {S4, (x1) - Sg,(yy) | d1,d2 € IN}. We note that being (x, y)-symmetric depends on the sets
I, ] under consideration. This will be implicit when used.

Given a multilinear monomial m over the x and y-variables, its multidegree is defined to be
(i,7) if m multiplies i x-variables and j y-variables. Let D = {(i,j) | i +j < 3d — 1} be the set of
multidegrees of monomials of degree at most 3d — 1. We order D in ascending order according to
i+ j,i.e., fix a total ordering =< of D such that if iy + j; < ia + ja, then (i1, j1) =< (i2, j2) ©. Let (ig, jo)
be the largest element in the ordering <. We will define multdeg(Q) to be the largest (w.r.t. <)
multidegree of a monomial that has a non-zero coefficient in Q. For (7, ) such thati+j <3d —1,
we say that a polynomial Q € F;[x, ] is (x,y;1, j)-symmetric if we can write Q as

Q=019Q (3.6)
where multdeg(Q;) = (i,j) and Q» is (x,y)-symmetric. Note that if (i,j) = (io,jo), then any
polynomial of degree at most 3d — 1 is (x,y; iy, jo)-symmetric, since we can take Q; = Q and
Q2 = 0.

We also need the following variant of the function Fy defined above. Call a function ® &
Falx1,...,x,] (resp. ¥ € Faly1,...,yn]) d-simple w.r.t. x (resp. w.r.t. ) if it is a linear combination
of symmetric polynomials in x (resp. in y) of degree strictly less than d. Equivalently, we can say
that ®(x) only depends upon |x|o, ..., |x[ig4-1, and similarly for ¥ (y) w.r.t. y.

Given pairs of polynomials ® = (&1, D) € Fa[xy, ..., x| X Faxq1,...,x,],and ¥ = (¥1,¥2) €
Faly1, ..., yn] X Faly1, ..., Y], such that 1, P, and ¥y, ¥, are d-simple w.r.t. x and y respectively,
define

() O Haly) i S0y = 15,0 o Suly) = 101

S T 4 ifS;(x) =1 P1(x)and S =Y ,
Frox(B) =\ S oy ifSi(0) - ou()and Sy0) = 1o aly), O

H(x,vy) otherwise.

Also, define Sp v = {(x,y) | Sa(x) =1® D1(x),S4(y) =10 ¥1(y) }-
With the notation above, we are ready to state a claim that generalizes Lemma 3.7.

Lemma 3.8. Fixany d € IN. For (i,j) € Dand e € (0,1), there is an n(i, j, €) such that given any n >
n(i, j,€), for uniformly random H : {0,1}?" — {0,1}, we have for any ® = (®1,D;) € Fa[xy, ..., x4]?

o1f (i1, j1) # (ia, j2), but iy + ji = iy + jo, then the relation between (i1, j;) and (i, j) is fixed in an arbitrary manner.



and ¥ = (Y1, Y¥2) € Falyy, ..., yu)? such that ®,, @, are d-simple w.r.t. x, and Y1, ¥, are d-simple w.r.t.
Y,

PHr[HQ of degree < 3d — 1 that is (x,y; 1, j)-symmetric s.t. agr(Fp o¥, Q) > g +e¢] <e (3.8)
The statement of the above lemma for ® = ¥ = (0,0) and (i,j) = (io, jo) implies Lemma 3.7
since in this case Fyo,y = Fy and as noted above, any polynomial Q of degree at most 3d — 1 is
(x,y; io, jo)-symmetric.
The proof of Lemma 3.8 is by induction on the order <. The base case is the case when (i, ) =
(0,0), the minimal element of the ordering <.
Throughout, the parameter d is a fixed integer power of 2.

3.3.1 Base case of the induction: i =j =0

In this case, by Eq. (3.6), it is clear that Q is an (x, y)-symmetric polynomial. We show in this case
that bounding agr(Fy ¢ v, Q) reduces (for most H) to bounding the correlations between functions
on 5 inputs. A simple computation solves this problem.

Fix any bits ¢, € {0,1}2. Define the Boolean function f on 5 variables ay,by,a2,b2,z € F; as
follows. Notice the similarity to Egs. (3.5) and (3.7).

0 if&llchl,bl:lpl,
bz@lpz ifa1:1@¢1andb1:1p1,
a ® ¢y ifa; =¢rand by =1@ ¢y,
z otherwise.

fop(ai,az,b1,by,2) = 3.9)

Call a polynomial g € F»[ay,az, by, by, z] relevant if q is a linear combination of monomials from
the set {1,a1,a3,b1,by,a1b1}. Let R denote the set of relevant polynomials. Note that relevant
polynomials do not involve the variable z.

Given H,Q" € Fy[x1,...,Xn, Y1,...,Yn) and @, ¥ as in the statement of Lemma 3.8, we define
agrg(H, Q') tobe Pr(y ycs, [H(x,y) = Q'(x,y)].

We say that H : {0,1}?" — {0,1} is e-hard if for any Q" € Fa[x1,..., %4, Y1,...,Yn] of degree at
most 3d — 1, we have (H,Q) -} <e

We need the following property of arandom H : {0,1}*" — {0,1}.

Lemma 3.9. Forany e > 0, there is an no(e) € IN such that if n > ng(e), then for H : {0,1}?" — {0,1}
chosen uniformly at random Pry[H not e-hard] < e.

Proof. The proof is a trivial union bound. The number of polynomials Q' of degree at most 3d — 1
is at most 22" (there are Y L3 < (2n)* many possible monomials each has 2 possible
coefficients). For each such Q’, the expected number of locations x € Sgy where H(x) # Q'(x)
is |Se,¥|/2. By a Chernoff bound, the probability that this number is not in the range [|Sow|/2 —
e|Sov|, |Sow|/2+ €|Sey|] is exp(—Q(e?|Se,¥|)). By Corollary 2.3, it follows that |Se y| = Q(22"),
and hence the above probability can be upper bounded by exp(—Q(¢222")). A union bound over
all the possible Q' tells us that with probability 1 — exp((2n)3d Q( 2221)) over the choice of H,
every Q' of degree at most 3d — 1 satisfies agrs(H, Q') € [} —¢, 3 + ¢]. In particular, for any ¢, a
large enough n will ensure that the probability that H is not e-hard is at most e. O
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We will prove the following lemmas.

Lemma 3.10. Fix any ®, Y as in the statement of Lemma 3.8. For any & > 0, there is an n(0,0,e) € IN
such that for any n > n(0,0, ¢)

II){r[EIQ of degree < 3d — 1 that is (x,y)-symmetric s.t. agr(Fp o, Q) > rr71€ax¢ agr(foy,q) +¢ <e
qERP,

Lemma 3.11. max,cR ¢,y agr(fp,yp,q) < %.
The above lemmas clearly prove Eq. (3.8) in the case i = j = 0, which completes the base case.

Proof of Lemma 3.10. We choose 1(0, 0, €) during the course of the proof. First of all, we will assume
that 1(0,0,¢) > ng(e/2), so that we have

IID}‘[H not ¢/2-hard| < e/2. (3.10)

We now show that when H is €/2-hard, then for any Q that is (x,y)-symmetric of degree at
most 3d — 1, we have

agr(F, , < max agr(fey q) + e 3.11
gr(Fuoy, Q) Thax ag (fop,q) (3.11)

This will prove the lemma. Fix any ¢/2-hard H for the remainder of the lemma.
Since Q is (x, y)-symmetric, it follows that we can write

Q = @ r)/dlldzsdl(x) : Sdz (y) (312)
d],d21d1+d2§3d—1

for some choice of the 4, 4,5 from IF,.

Let z be a new variable taking values in IF,. We now define F € Fa[x1,...,Xu, Y1, .., Yn, 2] as
follows. We set F(x,y) = Fyow(x,y) for all (x,y) € Sow and F(x,y) = z for all (x,y) € So¥.
Note that we have agry(F, Q) = 1 since Q does not depend on the random variable z. Further,
since H is ¢/2-hard, we know that |agrq(Fuew, Q) — 3| < /2.

In particular, we see that |agry (Fy,e,¥, Q) — agrs(F, Q)| < &/2. Since F and Fyy o, v agree outside
So¥, this implies that

|agr(Fu,0,¥, Q) —agr(F, Q)| < /2. (3.13)

So to upper bound agr(Fy ¢, Q), we upper bound agr(F, Q). Assume d = 2°.
Consider Q. By Eq. (3.12), we have

Qx,y) = D 1S (x) Sa(y) = ) vyas [ TIxli-TTlvl; (314
dq,dy:dq+dp <3d—1 A,BCH0,...,(+1}: i€A JEB
Yiea 24X ep 2 <3d—1

where the 4 gs are in Fy, |x]o, ..., |x|s41 being the £ + 2 least significant bits of |x| (and similarly
for y) and we have used Lemma 2.1 for the final equality above.

Now consider F. By the definition of F above, Eq. (3.7), and once again using Lemma 2.1, we
have
0 if |x[; = @1(x), [yle = Faly),
Yl ©Yaly) if x|, = 1@ ®i(x) and |y[, = ¥1(y),
[xle2 @ Po(y) if |x|p = Pi(x) and |y|e = 1 © ¥1(y),
z otherwise,

F(x,y,z) = (3.15)
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where @1, ®,, being d-simple, are functions of |x|o, ..., |x|,_1, and similarly, ¥, ¥, are functions
of [ylo, - .- |yle—1-

Letwo, ..., ar41,Bo, - -, Bri1be2(¢ +2) new variables. Define g’ € Falao, ..., as41,Bo, - -, Brii)
by replacing |x|; by «; and [y|; by B; in Eq. (3.14) above. That is,

q/(‘)‘OI--~10‘£+1/ﬁ0/---/,32+1) = @ ’)/A,BH(XZ' H‘B] (316)
A,BC{O0,...,0+1}: i€cA jE€B
Yiea2+¥jep 2 <3d—1

and similarly define f* € Fa[ap,..., a1, Bo, - .-, Be+1, 2| by replacing |x|; by a; and |y|; by B; for
eachi,j € {0,...,¢+ 1} in the definition of F above. We have

agr(F,Q) = Pr [F(x,y,2) = Q(x,y)]

= Priff(xlo,- o xlet ylo o Wlesn 2) = 47 (xlor - el [lor - 1y les)]

By Lemma 2.4, we know that if n(0,0, ¢) is large enough, then for uniformly random x,y €
IF3, the tuples (|x|o, ..., |x|¢+1) and (|ylo, ..., |[y|e+1) are e/4-close to the uniform distribution (in
statistical distance) over 1F§+2. Note also that x, y, z are mutually independent. From this, it easily

follows that the final expression in the above display is §-close to agr(f’,q’). Thus, we get

lagr(F, Q) —agr(f',q')| < (3.17)

N m

Therefore, we analyze agr(f’, ¢'). Conditioning on any setting T of a, ..., a;_1,Bo, - .., Br—1, we
see that the functions @1, ®,, ¥1, ¥» (being d-simple) are fixed to some constants in IF, and hence f’
simplifies to a polynomial f” (ay, ap11, Br, Br+1). Similarly, g’ simplifies to some g” (ay, ap11, Be, Bos1)-
Further, note that by the constraints on sets A and B in Eq. (3.16), 4" must be a linear combina-
tion of monomials from the set {1, ay, y11, Br, Br+1, &¢Be}- Renaming variables ay, a1, By, Boi1 to
ay,az, by, by respectively, we see that agr(f”,q") < MaXgcR g pel? agr(fe,yp,q)- Since this is true of
any 7, the same upper bound holds for agr(f’,q’) as well.

Combined with Eq. (3.17) and Eq. (3.13), this yields agr(Fp,e,¥, Q) < maX,er, ¢,y agr(fo,p,q9) +
e. Since this is true for every e/2-hard function H, and the probability that a random H is (¢/2)-
hard is at least 1 — ¢/2, we are done. ]

Proof of Lemma 3.11. We prove the statement by a simple case analysis.

The first case is that the relevant polynomial 4 € R depends on at least one among {a,, b, }.
Without loss of generality, we assume that g depends on a,. Then, by the definition of R, we can
write ¢ = ay @ q’ where g’ € Fy[ay, by, by]. Consider any setting of (a3, by, by, z) such that (aq,b1) €
{(p1, 1), 1D ¢1,¢1), (1® ¢1,1 D ¢1)}. Under this restriction, fpy is a constant function whereas
g is a non-constant linear function depending on a;. Hence, when (a1,b1) € {(¢1,¢¥1), (1 &
$1,91), (1 ® 1,1 D 1)}, fpp and g can agree on at most half the inputs. Thus we get that
agr(fpq) < §-

The second case is that g depends on neither a, nor b,. In this case, consider any setting of
(a1,01) € {(p1, 1B y1), 1D 1, ¢1), (1D ¢p1,1 @ 1) }. Under each of these restrictions, 4 computes
the constant function (recall that g does not depend on z) whereas fj, is a non-constant linear
function. Thus, as before, we get that agr(fs ¢, q) < %. This proves the lemma. ]
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3.3.2 The induction case

We now induct. Let (7,j) € D be non-minimal and let (i/,j') be its predecessor w.r.t. <. As-
sume Lemma 3.8 for (x,y;i’,j')-symmetric polynomials. We now prove it for (x, y; 1, j)-symmetric
polynomials.

We will need the following basic Ramsey-theoretic statement. It is a straightforward general-
ization (to hypergraphs) of the fact that any large enough bipartite graph contains large bipartite
independent sets or complete bipartite subgraphs. Unfortunately we could not find exactly this
statement in the literature, so we provide a proof of the statement in Appendix A.

Let I and | be disjoint sets of size n each. A function ¢ : (}) x (D — {0,1} is said to be an

(i, j)-colouring of (I, ]). (Recall that () denotes the collection of all i-sized subsets of I.)

Lemma 3.12. For any i,j € IN and any r € IN, there is an ng(i,j,r) > 2" € IN such that for any
n > ngr(i,j,r), any disjoint n-sets 1, | and any (i, j)-colouring c of (I, ]), there are sets I' C I.and J' C |

with |I'| = |J'| = r such that the restriction ¢’ of ¢ to (11/) X (]]/) is a constant function.

We now prove the inductive case of Lemma 3.8. Let Q € Fa[x1,..., X, Y1, ..., Yn| be (x,y;1,)-
symmetric. By Eq. (3.6), we have

Q=0190=019Q,;5Q (3.18)

where Q; is (x, y)-symmetric, Q1 has multidegree at most (i, j), Q;j is the part of Q; of multidegree
exactly (i, ), and Q] is the part of multidegree strictly less than (i, j) (i.e. at most (7', ]')).

Use Q; ; to define an (i, j)-colouring ¢ of ([n], [n]) as follows. For A € ([?]) and B € ([’]ﬂ), we
define c(A, B) to be the coefficient of the monomial [Tsc 4 X5 - [T;ep ¥ in Q; ;. Applying Lemma 3.12
withr = n(i’,j,e/4), we see that if n > ngr(i,j,r), then there are I, ] € ([’ﬂ) and « € F, such that
forall A € (})and B € (5), we have c(A, B) = a.

Assume that Q is as in Eq. (3.18) and n > ng(i,j,r). We find I, ] as above. For any setting
o € Ay, we can write the polynomial Q; |- as Q; ; ® Qj; where Q; ; is the part of degree i + j, and
Qf; has degree strictly less than i +j.

Observe that
Q;/] = @ C(A,B)HXSHyt :D(SZ(XI)S](:V]),
Ae(l)Be() s€A  t€B

and is an (x, y)-symmetric polynomial (on the remaining variables x;, y;). Hence, by Eq. (3.18), we
get

Qle = Qile ® Qi ® Qi; ® Q2o
ij is (x,y)-symmetric. Further, it is easily checked that any restriction of an
(x,y)-symmetric polynomial continues to be (x, y)-symmetric on the remaining variables. Hence,
Q»|s is also (x,y)-symmetric. Further, note that Q}|, has multidegree at most (i’,j"). Also, by
definition, the degree of Q7 is strictly less than i + j and hence the multidegree of Q7; is at most

As observed above, Q

(7',7"). Altogether, this implies that Q| is a sum of an (x, y)-symmetric polynomial (i.e. Q;/j @ Qo)
and a polynomial of multidegree at most (i’,j") (i.e. Q}ls ® Q:/]) Thus, Q| is an (x,y;7,j')-
symmetric polynomial on r x-variables and r y-variables, where r = n(i’,j’, e/4).
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Now, we analyze agr(Fp ¢,v, Q). Note that choosing a random function H : {0,1}*" — {0,1} is
the same as choosing each of its restrictions H|, : {0,1}? — {0,1} independently and uniformly
at random.

We claim that for each ¢, by the induction hypothesis, we have

5 ¢

Prlagr(Fao¥|s, Qle) = 5 +

>+ <
Hlo 8 4

€
- 3.19
: (319)

Assuming the above, we show how to finish the proof. Let Y denote the number of ¢ such
that agr(Fyov|s, Qls) > % + £. The random variable” Yp is a sum of 22(n=r) independent 0-1
random variables with E[Yg] < 22("=7) . 7 Thus, by the Chernoff bound, we have

Pr[Yg > 22011 . £

€
PrlYg > 5) < PrlYg —E[Yg] > p2(n=1). 2 < exp(—Q (2221, (3.20)

In the event that Y < 22(n=r) .. $, we have Pry[agr(Fy,o,¥|0, Qlo) > % + 4] < 5. Hence, we see
that in this case

5 ¢ 5 ¢ 5 3¢
agr(Fiae, Q) = Elagr(Fivaelos Q)] < (5 + ) +Prlagr(Fuaylo, Q1) > (545 )1 < 5+
(3.21)

In particular, the probability that there is any Q € Fa[x1,..., X4, Y1, ..., Yn] of degree at most
3d — 1 such that agr(Fy o,¥, Q) > % -+ € can be upper bound bounded, using Eq. (3.20) and a union
bound over all such Q, by

on
82 —

220 exp(—Q(e2"77)) < exp((2n)31 — Q(22"7)) < exp((2n)31 — Q( :

)) <e.

Here, we have used the fact that the number of polynomials Q of degree at most 3d — 1 is equal
to the number of ways of choosing the coefficients (in IF») of (') + -+ + (35",) < (21)3*! many
monomials. The second inequality follows from the fact that n > ng(i,j,r) > 2". The final in-
equality is true as long n > n;(e) for some n;(¢) € IN.

Overall, we see that if we define n(i, j,e) = max{ng(i,j,r),n1(e)}, then for any n > n(i,j,e),
we have the statement of the lemma for (x,y;1,j)-symmetric polynomials. This completes the
induction.

It remains to prove Eq. (3.19). Fix any ¢ € Aj;. Let F' = Fyo¥|s,. We use u and v to denote
assignments to the variables indexed by I and | respectively and i and 7 to denote their natural
completions to an assignment to all the variables (i.e. the other variables are assigned by o).
Assume that d = 2.

By the definition of Fy ¢,¥ in Eq. (3.7) and using Lemma 2.1, we have

0 if |i]y = @1 (1), |0], = ¥1(9),

0] ¢11 @ ¥2(0) if |i], = 16 P1() and 3], = ¥1(9),
‘fl|g+1 @q)z(fl) if|ﬁ’g:q)1(ﬁ> and|z7|g=1@‘1"1(z7),
H|s(u,v) otherwise,

F(u,0,z) = (3.22)

where @1, ®,, being d-simple, are functions of |i|o, ..., |i|,_1, and similarly, ¥, ¥, are functions
of |3lo,...,|8]r1.

"Note that Y, is a random variable since it depends on the random function H.
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We would like to write the above in terms of the bits of |u| and |v|. This is done as follows.
Consider the case of |ii|;. Let |oy| denote the number of 1s assigned by ¢ to the x variables.
Note that |ii| = |u| + |ox|, and hence it follows that the function ®;(ii) = P1|,(u) is a function
of |ulo,...,|u|s—1 and hence d-simple w.r.t. u; similarly, ¥1|,(3) = ¥1|s(«) is d-simple w.r.t. v.
Similarly, we can also write ||, = |u|, ® @/ (u) for some d-simple @) (u) depending on c; also,
|3)¢ = |v]; ® Y] (v) for some d-simple ¥/ (v) depending on ¢.

Further elementary reasoning (left to the reader) allows us to deduce that there are d-simple
D) (1), ¥, (v) (depending on ¢) such that

|41 = [u]g11 © P5(u) when |il], = 1o (1) and [3], = 1 ¥1]o(0)
0]¢+1 = [0]e+1 & ¥2(0) when [iI|, = 1 & ®1]¢(u) and [8], = ¥1o(0).
The above along with Eq. (3.22) gives us
0 if |ul, = @ (u) and |0, = ¥7(v),
[O]s1 @ Y5 (0) if [uly = 1© D () and [o], = ¥} (0),

[uler & ®4(u) if [ul, = & () and Jo], — 16 ¥!(0),
H|s(u,v) otherwise,

F'(u,v,z) = (3.23)

where for each i € [2], ®/(u) satisfies @) = ®; @ @/, and is hence d-simple w.r.t. 1, and similarly
Y/ =Y; @Y, is d-simple w.r.t. v. Hence, we see that F' = Fyov|s = Fy, 0w (i.e. same as our
hard function, but on 2r inputs). Using the fact that » > n(i’,j’,e/4), the induction hypothesis
gives us

P‘r[EIQ” € Fa[xy, y] of degree < 3d — 1 and (x,y;7,j')-symmetric s.t. agr(F', Q") > g + 2] < 2
Hls
In particular, since Q|s is (x,y;i’,j')-symmetric, we have Pry [agr(F',Qls) > 2+ < g

which establishes Eq. (3.19) and completes the proof.

4 Upper bounds for v, (Maj, )

In this section, we show an upper bound on 7, x(Maj, ) where Maj,, denotes the Majority function
on 7 bits®

Theorem 4.1. Foranyk > 1,d € Z*, v,x(Maj,) < 5 + %.

The proof of Theorem 4.1 presented below is an adaptation of techniques appearing in a work
of Green [Gre00], who proved a similar result on the approximability of the parity function by
polynomials over the ring Z/p*Z, for prime p # 2.

We will need some definitions and facts about Py .

We use 7 to denote the unique ring homomorphism from Z /2¥Z to Z /2Z. Tts kernel 7=1(0) =
{a € Z/2"Z | 2"1a = 0} is the set of non-invertible elements in Z /2"Z.

We call aset S C {0,1}" forcing for Py if any polynomial P € P, that vanishes over S is
forced to take a value in 7771(0) at all points x € {0,1}". Formally,

(Vx €S P(x)=0) = (Vy € {0,1}" n(P(y)) =0).

8We define the majority function as Maj,, (x) = 1 iff |x| > n/2.
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Define the polynomial 7(P) € Z/2Z[x,...,x,| to be the polynomial obtained by applying the
map 7 to each of the coefficients of P. Since a multilinear polynomial in Z /2¥Z[x;, ..., x,] is the
zero polynomial iff it vanishes at all points of {0,1}" (by Lemma 2.5), we see that S is forcing iff
(Vx €S P(x) =0) = n(P)=0.

Note that any interpolating set for P, (see Section 2 for the definition) is forcing for P, but
the converse need not be true.

We now adapt the proof of Lemma 11 in [Gre00] to bound the size of forcing sets for P .

Lemma 4.2. If S is forcing for Py, then |S| > [{0,1}2,[ = (Z,).

Proof. Assume for the sake of contradiction that S C {0,1}" is forcing for P, and |S| < (,). The
latter implies the existence of a non-zero multilinear polynomial Q(x) € Qlxy,. .., x,| of degree at
most d satisfying Q(x) = 0forallx € S.

Let Q'(x) = Yrcpu cr [Tier xi be the polynomial in Z[x1, ..., x,] obtained by first clearing out
the denominators of the coefficients of Q(x), followed by dividing the resulting polynomial by
the GCD of all the coefficients. Finally, let P(x) = Y.rcp, c7[Tier xi be any polynomial in Py

satisfying ¢}, = cr (mod 2F). It follows that P is a non-zero polynomial of degree at most d such
that 7t(P) # 0, since 71(P) = 0 would imply that every coefficent of P (and thus every coefficent of
Q') is divisible by two, which is impossible since the coefficients of Q" have no common divisor.
To complete the proof, observe that P(x) = 0 for all x € S, and since S is forcing for P, this
implies that 77(P) = 0, which is a contradiction.
O

We now use Lemma 4.2 to prove Theorem 4.1.

Proof of Theorem 4.1. We assume throughout that 1 < d < ‘1/—(? ; otherwise, there is nothing to prove.

Let Maj, , : {0,1}" — Z/2"Z be the k-lift of the Maj, function. Let P € P, be arbitrary and let

Sp = {x € {0,1}" | P(x) = Maj, ,(x)}. We want to show that |Sp| < 2" (5 + %). We will argue
1 M)

by contradiction. So assume that |Sp| > 2" - (5 + )

Let Ep be the complement of Sp, i.e. the set of points where P makes an error in computing
Maj, ,. We have |Ep| < 2"(3 — %). We will try to find a degree D (for suitable D < |n/2|)
polynomial Q such that Q vanishes at all points in Ep but has the property that Q(x) is a unit (i.e.
(Q(x)) # 0) for some x € {0,1}". To be able to do this, we need the fact that Ep is not forcing

for Pp . By Lemma 4.2, if Ep is indeed forcing for Ppx, then

= ()=(E0)- 5 ()
> 2t (2l =) (1)

(1) 1)

where the last equality follows if we choose D = |n/2] — 2d. This contradicts our upper bound
on the size of |Ep|. Hence, Ep cannot be forcing for Pp . In particular, we can find Q that vanishes
on Ep and furthermore, 77(Q(x)) # 0 for some x € {0,1}".

v

16



We now claim that 71(Q(xo)) # 0 for some xo of Hamming weight > 7n/2. To see this, consider
the polynomial Q; = 71(Q). By construction of Q, we know that Q; is a non-zero polynomial of
degree D. Hence, by Lemma 2.5, Q; is non-zero when restricted to the Hamming ball of radius
D < n/2 around the all 1s vector. In particular, this implies that there is an input xg of Hamming
weight > 1/2 where Q1 (xg) is non-zero and hence 7(Q(xp)) # 0, or equivalently 25~1Q(xp) # 0.
Fix this xj for the remainder of the proof. Note that xy ¢ Ep since Q vanishes on Ep.

Now, consider the polynomial R(x) = Q(x) - P(x). We first show that R(x) = 0 for all x of
Hamming weight < n/2. Consider any x of Hamming weight < n/2. If x € Ep, then R(x) =0
since Q(x) = 0. On the other hand, if x ¢ Ep, then P(x) = Maj, ,(x) = 0 since x has Hamming
weight < n/2. Thus, R vanishes at all inputs of Hamming weight, <n/2.

Since the degree of Ris at mostdeg(Q) +deg(P) = D+d = (|n/2| —2d)+d < |n/2] —d and
R vanishes at all inputs of {0,1}" ,, this implies (by Lemma 2.5) that R must be 0 everywhere.
However, at xo, R(x9) = Q(x0)P(x0) = Q(x0)Maj, . (x0) = 2¥"1Q(x0) # 0. This yields the desired
contradiction. , O

5 Connection to non-classical polynomials

Let T = IR/Z denote the one dimensional torus. Observing that the additive structure of IF; is

isomorphic to the additive subgroup {0,1/2} < T, we can think of a Boolean function F : F; — F,

as a function F : F§ — {0,1/2}, and conversely, amap F : F; — {0,1/2} as a Boolean function.
Tao and Ziegler [TZ12] give a characterization of non-classical polynomials as follows:

Definition 5.1 (Tao and Ziegler [TZ12]). A function F : I[F; — T is a non-classical polynomial of degree
< d if and only if it has the following form:

€1 4
Coyyen kX1 -+ - X
2k

F(x1,...,xp) = a+
0<eq,...en<1k>1:};e;+(k—1)<d

(mod 1)

Herew € T, and c,,, o, x € {0, 1} are uniquely determined. w is called the shift of F, and the largest k such
that c,, e, 7 0 for some (e1, ..., e,) € {0,1}" is called the depth of F.

Since we are interested in the agreement of a non-classical polynomial with Boolean ({0,1/2}-
valued) functions, we will only consider polynomials with shift &« = 2, where k is the depth of the

?/
polynomialand A € {0,...,25 —1}.

Remark 5.2. Classical polynomials are non-classical polynomials with « € {0,1/2} and depth = 1. It
is easy to see that every classical polynomial corresponds to a Boolean function. It is also not hard to show
that every Boolean function can be represented as a classical polynomial.

The following lemma relates our model to non-classical polynomials:
Lemma 5.3. Let F be a Boolean function, and d, k € Z*,d > k.

1. If there is a non-classical polynomial P of degree d and depth k satisfying agr(F, P) = vy, then there
isa P € Py satisfying agr(Fy, P') = vy, where Fy is the k-lift of F.

2. Ifthereis a P € Py satisfying agr(Fy, P) = vy, then there is a non-classical polynomial P’ of degree
< d+k — 1 and depth k satisfying agr(F,P') = 1.
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Proof. Fix F, d, and k for the rest of the proof.

Proof of 1: Let P be a non-classical polynomial of degree d and depth k with agr(F,P) = . It
is not hard to verify that P can be written in the following form (See, e.g., proof of Lemma 2.2 in
[BL15]):

p(x) = L NzS«X) (mod 1)

where P"(x) € Z[x1,...,xy] is of degree d.
Suppose P"(x) = Ysc [y ¢s [Tics Xi- Choose P € Py, P'(x) = g €5 [ Lies i, satisfying

VS C [n], c5 = cs (mod 2).

By our choice of P/, we have that, for every x € {0,1}"and a € {0,...,2F -1},

a
P(x) = 5% & P'(x) =a.
It follows that agr(F, P') = 7.
Proof of 2: Let P € P, such that agr(F, P) = 7. Using arguments similar to above, we can
finda P € Z[x,...,x,] of degree d such that P”(x) = P(x) (mod 2¥), for all x € {0,1}".
Define P’(x) as

Py~ P

o (mod 1).

By comparing to the form in Definition 5.1, it is easy to see that P’(x) is a non-classical polynomial
of degree at most d + k — 1 and depth k. Furthermore, we have that, for all x € {0,1}" and
ac{0,...,28-1},

P(x)=a < P(x) = %

This completes the proof.

The first part of Lemma 5.3 implies the following corollary of Theorem 4.1:

Corollary 5.4. Let F : F} — T be a non-classical polynomial of degree d. Then,

P IMaj, (v) = F(x)] < 5+ 0 ().

This proves a conjecture of Bhowmick and Lovett [BL15] that non-classical polynomials of
degree d do not approximate the Majority function any better than classical polynomials of the
same degree.

The following is a consequence of Theorem 2.2 and the first part of Lemma 5.3:

Corollary 5.5. Let £ > 2. Then, for every classical polynomial P : F} — T of degree < 2¢ —1,
1
Pr [P(x) = Sy (x)] < 5 +0(1).

x~IF}

On the other hand, the second part of Lemma 5.3 and Theorem 3.1 imply
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Corollary 5.6. For every { > 2, there is a non-classical polynomial F : F — T of degree < 2/~1 +
272+ 2 and depth 3 such that

P[P = 520 > 2 —o(1)

Noting that 2/~ 4272 42 < 2¢ for ¢ > 4, Corollary 5.5 and Corollary 5.6 imply the following:

Theorem 5.7. There is a Boolean function F : F} — {0,1/2} and d > 1, such that for every classical
polynomial P of degree at most d, we have

P [F() = P()) < 5 +o(0),

but there is a non-classical polynomial P’ of degree d' < d satisfying

1
Pr [F(x) =P'(x)] > =+ Q(1).
x~TF} 2
This provides a counterexample to an informal conjecture of Bhowmick and Lovett [BL15] that,
for any Boolean function F, non-classical polynomials of degree d do not approximate F any better
than classical polynomials of the same degree.
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We prove by induction the following stronger statement. For any i,j € IN and any g, so, 71,51 €
IN, there is an mg (i, j; 7o, S0, 71,51) € IN such that for any n > mg (i, j; ro, S0, 1, 51), any disjoint n-sets
I, ] and any (i, j)-colouring c of (I, J), one of the following holds.

e Therearesets I' C I and J' C J with |I'| = rg and |]'| = sg such that the restriction c; of ¢ to

(IZ,) X (]]/) is the constant 0 function.

e There aresets I’ C I and J' C J with |I'| = r; and |J'| = s1 such that the restriction ¢; of ¢ to

(11/) X (]]/) is the constant 1 function.

Setting 9 = r1 = sp = s1 = r above clearly yields the lemma.

The proof is by induction on min{i,j}. Note that the statement is trivial when i = j = 0,
since a (0, 0)-colouring is by definition a constant function. So we can take mg(0,0;79,so,71,51) =
max{ro, S0, 71,51} for any ro,r1,50,51 € N.

Now consider the case when min{i,j} = 0 and max{i,j} > 1, w.l.o.g. assume j = max{i,j}.
In this case, the function c is essentially a colouring of ({ ) and hence the statement of the lemma
reduces to the case of the standard Ramsey theorem for j-uniform hypergraphs. Thus, we know
that mg (i, j; 70, S0, 71, 51) exists in this case. This completes the base case.

For the induction, assume the statement for any rg, so, 71,51 € IN and any (7, /') withmin{7, '} <
k for some k > 1. Consider the case of (i,) such that min{i,j} = k. Assume w.l.o.g. that
i = min{i,j} > 1. We now proceed by induction on t = rg + sg + r1 + 1.

The base case of the induction is when min{ry, so, 71,51} = 0, which is trivial as , j > 1. For the
induction case, assume that min{rg, so, 71,51} > 1 and we have the statement for smaller values of
t. W.Lo.g. assume that ry = min{ro, so, 71,51} > 1.

By the induction hypotheses, we know the existence of

my = max{mg(i,j;ro — 1,50,71,51), mr (i, j; r0, 50,71 — 1,51) }

and my = mg(i — 1, j; my, my, my, my ). We claim that mg (i, j; o, So, 71, 51) = ma + 1 has the required
properties.

To see this, consider any (i, j)-colouring ¢ of (I,]) with |I| = |J| > my + 1. Fix an arbitrary
a€landb € J. Note thatfor [; = I\ {a} and J; = J \ {b}, we obtain a (i — 1, ) colouring ¢, of
(I, J1) by setting c,(A, B) = c(A U {a}, B). Since |I;| = |]1| > ma, we know that there exist I C I;

and J> C J; of size m; each such that the restriction of ¢, to (; 521) X (]]2) is a constant. Equivalently,

there is an « € F, such that for each A € (1121) and B € (]].2), we have ¢c(AU {a},B) = a.
Assume a« = 0. Now, consider the restriction ¢, of ¢ to (112) X (]]2) Since || = |2| = my >
mg(i,j; 70 — 1,50, 71,51), we see that there exist I” C I, and J” C ], satisfying one of the following.

o |[I"| =rp—1and |]”| = sy, and the restriction ¢’ of ¢ to (I;/) X (]]/) is the constant 0 function.

e |I"| =ryand |J”| = s1, and the restriction ¢” of ¢ to (IZ.”) X (I]/) is the constant 1 function.

In the former case, we can take I’ = I U {a} and J' = ]J” to prove the inductive case. Note
that since ¢, is the constant 0 function on ( iI_/ /1) X (]]./), the restriction ¢’ of ¢ to (Ill) X (]]/) is also the
constant 0 function.

In the latter case, we just take I’ = I” and |’ = ]”, since we are guaranteed that the restriction
of c to (IZ,) X (I]/) is the constant 1 function.
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In the case that « = 1, we repeat the same proof except that we use the fact that m; >
mg(i,j; 10, 50,71 — 1,51) to prove that there exist I’ C I and J” C ], satisfying one of the following.

e |I"| =rpand |J"| = s, and the restriction ¢” of ¢ to (I;/) X (]]/) is the constant 0 function.

o |[I"| =ry —1and |]”| = s1, and the restriction ¢’ of ¢ to (I;/) X (]]/) is the constant 1 function.

This proves the inductive case, and hence completes the proof. ]
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