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NEAR-OPTIMAL LOWER BOUNDS ON THE THRESHOLD
DEGREE AND SIGN-RANK OF ACY

ALEXANDER A. SHERSTOV AND PEI WU

ABsTrRACT. The threshold degree of a Boolean function f: {0,1}™ — {0,1} is
the minimum degree of a real polynomial p that represents f in sign: sgnp(z) =
(—=1)7(®)_ A related notion is sign-rank, defined for a Boolean matrix F = [Fj;]
as the minimum rank of a real matrix M with sgn M;; = (—=1)Fii. Determining
the maximum threshold degree and sign-rank achievable by constant-depth
circuits (AC®) is a well-known and extensively studied open problem, with
complexity-theoretic and algorithmic applications.

We give an essentially optimal solution to this problem. For any ¢ > 0,
we construct an ACY circuit in n variables that has threshold degree Q(n!~¢)
and sign-rank exp(Q(n!'~¢)), improving on the previous best lower bounds of
Q(v/n) and exp(Q(+v/n)), respectively. Our results subsume all previous lower
bounds on the threshold degree and sign-rank of AC? circuits of any given
depth, with a strict improvement starting at depth 4. As a corollary, we also
obtain near-optimal bounds on the discrepancy, threshold weight, and thresh-
old density of ACO, strictly subsuming previous work on these quantities. Our
work gives some of the strongest lower bounds to date on the communication
complexity of ACC.
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1. INTRODUCTION

A real polynomial p is said to sign-represent the Boolean function f: {0,1}" —
{0,1} if sgnp(x) = (—1)7@ for every input x € {0,1}". The threshold degree of
f, denoted deg (f), is the minimum degree of a multivariate real polynomial that
sign-represents f. Equivalent terms in the literature include strong degree [4], voting
polynomial degree [28], PTF degree [34], and sign degree [10]. Since any function
f:{0,1}™ — {0,1} can be represented exactly by a real polynomial of degree at
most n, the threshold degree of f is an integer between 0 and n. Viewed as a compu-
tational model, sign-representation is remarkably powerful because it corresponds
to the strongest form of pointwise approximation. The formal study of threshold
degree began in 1969 with the pioneering work of Minsky and Papert [32] on limita-
tions of perceptrons. The authors of [32] famously proved that the parity function
on n variables has the maximum possible threshold degree, n. They obtained lower
bounds on the threshold degree of several other functions, including DNF formu-
las and intersections of halfspaces. Since then, sign-representing polynomials have
found applications far beyond artificial intelligence. In theoretical computer science,
applications of threshold degree include circuit lower bounds [28], (29, 42} 19} [7], size-
depth trade-offs [37) 53], communication complexity [42] 19, [44] 39, 7, 53], 51], struc-
tural complexity [4, 0], and computational learning [26], 25| 85} [3, 47} [49] T3], 50, 56].

The notion of threshold degree has been especially influential in the study of AC?,
the class of constant-depth polynomial-size circuits with A, V, - gates of unbounded
fan-in. The first such result was obtained by Aspnes et al. [4], who used sign-
representing polynomials to give a beautiful new proof of classic lower bounds
for AC®. In communication complexity, the notion of threshold degree played a
central role in the first construction [42] [44] of an ACP circuit with exponentially
small discrepancy and hence large communication complexity in nearly every model.
That discrepancy result was used in [42] to show the optimality of Allender’s classic
simulation of AC® by majority circuits, solving the open problem [28] on the relation
between the two circuit classes. Subsequent work [I9, [7, 53] [51] resolved other
questions in communication complexity and circuit complexity related to constant-
depth circuits by generalizing the threshold degree method of [42] [44].

Sign-representing polynomials also paved the way for algorithmic breakthroughs
in the study of constant-depth circuits. Specifically, any function of threshold degree
d can be viewed as a halfspace in (g) + (Tf) +ee+ (g) dimensions, corresponding
to the monomials in a sign-representation of f. As a result, a class of functions
of threshold degree at most d can be learned in the standard PAC model under
arbitrary distributions in time polynomial in (j) + (7) + -+ + (§}). Klivans and
Servedio [26] used this threshold degree approach to give what is currently the
fastest algorithm for learning polynomial-size DNF formulas, with running time
exp(O(n'/3)). Another learning-theoretic breakthrough based on threshold degree
is the fastest algorithm for learning Boolean formulas, obtained by O’Donnell and
Servedio [35] for formulas of constant depth and by Ambainis et al. [3] for arbitrary

depth. Their algorithm runs in time exp(O(n2" " =D/@"=DY) for formulas of size

n and constant depth &, and in time exp(O(y/n)) for formulas of unbounded depth.
In both cases, the bound on the running time follows from the corresponding upper
bound on the threshold degree.

A far-reaching generalization of threshold degree is the matrix-analytic notion of
sign-rank, which allows sign-representation out of arbitrary low-dimensional sub-
spaces rather than the subspace of low-degree polynomials. The contribution of
this paper is to prove essentially optimal lower bounds on the threshold degree and
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sign-rank of AC®, which in turn imply lower bounds on other fundamental com-
plexity measures of interest in communication complexity and learning theory. In
the remainder of this section, we give a detailed overview of the previous work,
present our main results, and discuss our proofs.

1.1. Threshold degree of AC®. Determining the maximum threshold degree of
an AC? circuit in n variables is a longstanding open problem in the area. It is
motivated by algorithmic and complexity-theoretic applications |26} [35] 27, 39 [13],
in addition to being a natural question in its own right. Table|l|gives a quantitative
summary of the results obtained to date. In their seminal monograph, Minsky and
Papert [32] proved a lower bound of Q(n'/3) on the threshold degree of the following
DNF formula in n variables:

nl/3 p2/3

f(z) = /\ \/ Ty

i=1 j=1

Three decades later, Klivans and Servedio [26] obtained an O(n'/3logn) upper
bound on the threshold degree of any polynomial-size DNF formula in n vari-
ables, essentially matching Minsky and Papert’s result and resolving the problem
for depth 2. Determining the threshold degree of circuits of depth k£ > 3 proved
to be challenging. The only upper bound known to date is the trivial O(n), which
follows directly from the definition of threshold degree. In particular, it is consis-
tent with our knowledge that there are AC? circuits with linear threshold degree.
On the lower bounds side, the only progress for a long time was due to O’Donnell
and Servedio [35], who constructed for any & > 1 a circuit of depth k + 2 with
threshold degree Q(n'/3 log2k/3 n). The authors of [35] formally posed the prob-
lem of obtaining a polynomial improvement on Minsky and Papert’s lower bound.
Such an improvement was obtained in [50], with a threshold degree lower bound

Depth Threshold degree Reference

2 Q(n'/3) Minsky and Papert [32]

2 O(n'/?logn) Klivans and Servedio [26]
k+2 Q(n'/310g?*/* n) O’Donnell and Servedio [35]
k Q(n 2kk:ll) Sherstov [50]

4 Q(v/n) Sherstov [52]

3 Q(v/n) Bun and Thaler [17]

k Q(n%) This paper

Table 1: Known bounds on the maximum threshold degree of A, V, —-circuits
of polynomial size and constant depth. In all bounds, n denotes the number of
variables, and k denotes an arbitrary positive integer.
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of Q(n*~1/k=1)) for circuits of depth k. A polynomially stronger result was ob-
tained in [52], with a lower bound of Q(y/n) on the threshold degree of an explicit
circuit of depth 4. Bun and Thaler [I7] recently used a different, depth-3 circuit
to give a much simpler proof of the Q(,/n) lower bound for AC®. We obtain a
quaélratically stronger, and near-optimal, lower bound on the threshold degree of
AC™.

THEOREM 1.1. Let k > 1 be a fized integer. Then there is an (explicitly given)
Boolean circuit family {f,}52,, where f,: {0,1}" — {0,1} has polynomial size,
depth k, and threshold degree

Moreover, f, has bottom fan-in O(logn) for all k # 2.

For large k, Theorem essentially matches the trivial upper bound of n on the
threshold degree of any function. For any fixed depth k, Theorem subsumes
all previous lower bounds on the threshold degree of AC®, with a polynomial im-
provement starting at depth k = 4. In particular, the lower bounds due to Minsky
and Papert [32] and Bun and Thaler [I7] are subsumed as the special cases k = 2
and k = 3, respectively. From a computational learning perspective, Theorem
definitively rules out the threshold degree approach to learning constant-depth cir-
cuits.

1.2. Sign-rank of AC°. The sign-rank of a matrix A = [A;;] without zero entries,
denoted rky (A), is the least rank of a real matrix M = [M,;] with sgn M;; = sgn A;;
for all 4,j. In other words, the sign-rank of A is the minimum rank of a matrix
that can be obtained by making arbitrary sign-preserving changes to the entries of
A. The sign-rank of a Boolean function F': {0,1}™ x {0,1}™ — {0,1} is defined
in the natural way as the sign-rank of the matrix [(—1)F®@¥)], . In particular,
the sign-rank of F' is an integer between 1 and 2. This fundamental notion has
been studied in contexts as diverse as matrix analysis, communication complexity,

Depth Sign-rank Reference

3 exp(Q(n'/3)) Razborov and Sherstov [39]
3 exp(Q(n?/5)) Bun and Thaler [15]

7 exp(Q(y/n)) Bun and Thaler [I7]

3k exp(ﬁ(nl_ki11 ) This paper

3k+1 exp(Q(n'~ TS ) This paper

Table 2: Known lower bounds on the maximum sign-rank of A, V, —-circuits
F:{0,1}" x {0,1}" — {0,1} of polynomial size and constant depth. In all
bounds, k£ denotes an arbitrary positive integer.
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circuit complexity, and learning theory; see [39] for a bibliographic overview. To a
complexity theorist, sign-rank is a vastly more challenging quantity to analyze than
threshold degree. Indeed, a sign-rank lower bound rules out sign-representation out
of every linear subspace of given dimension, whereas a threshold degree lower bound
rules out sign-representation specifically by linear combinations of monomials up
to a given degree.

Unsurprisingly, progress in understanding sign-rank has been slow and difficult.
No nontrivial lower bounds were known for any explicit matrices until the break-
through work of Forster [21], who proved strong lower bounds on the sign-rank of
Hadamard matrices and more generally all sign matrices with small spectral norm.
The sign-rank of constant-depth circuits F': {0,1}"x{0,1}™ — {0, 1} has since seen
considerable work, as summarized in Table[2] The first exponential lower bound on
the sign-rank of an AC? circuit was obtained by Razborov and Sherstov [39], solv-
ing a 22-year-old problem due to Babai, Frankl, and Simon [5]. The authors of [39]
constructed a polynomial-size circuit of depth 3 with sign-rank exp(Q(n'/3)). In
follow-up work, Bun and Thaler [I5] constructed a polynomial-size circuit of depth 3
with sign-rank exp(Q(n?/%)). A more recent and incomparable result, also due to
Bun and Thaler [I7], is a sign-rank lower bound of exp(Q(y/n)) for a circuit of
polynomial size and depth 7. No nontrivial upper bounds are known on the sign-
rank of AC’. Closing this gap between the best lower bound of exp(Q(y/n)) and
the trivial upper bound of 2™ has been a challenging open problem. We solve this
problem almost completely, by constructing for any € > 0 a constant-depth circuit
with sign-rank exp(2(n'=¢)). In quantitative detail, our results on the sign-rank of
ACY are the following two theorems.

THEOREM 1.2. Let k > 1 be a given integer. Then there is an (explicitly given)
Boolean circuit family {F, }2° 1, where F,: {0,1}"x{0,1}" — {0, 1} has polynomial
size, depth 3k, and sign-rank

rky (F,,) = exp (Q (nlfk%l . (logn)_%)) .

As a companion result, we prove the following qualitatively similar but quantita-
tively incomparable theorem.

THEOREM 1.3. Let k > 1 be a given integer. Then there is an (explicitly given)
Boolean circuit family {G,}22,, where Gy, : {0,1}™ x {0,1}" — {0,1} has polyno-
mial size, depth 3k + 1, and sign-rank

rky (G,,) = exp (Q (nlfﬁ . (logn)f%)> .

For large k, the lower bounds of Theorems [I.2] and [I.3] approach the trivial upper
bound of 2" on the sign-rank of any Boolean function {0,1}" x {0,1}" — {0,1}.
For any given depth, Theorems [I.2] and subsume all previous lower bounds
on the sign-rank of AC’, with a strict improvement starting at depth 3. From a
computational learning perspective, Theorems and state that AC® has near-
maximum dimension complexity [41, 43, 39, [17], namely, exp(Q(n!~¢)) for any
constant € > 0. This rules out the possibility of learning AC circuits via dimension
complexity [39], a far-reaching generalization of the threshold degree approach from
the monomial basis to arbitrary bases.
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1.3. Communication complexity. Theorems imply strong new lower
bounds on the communication complexity of AC’. We adopt the standard ran-
domized model of Yao [30], with players Alice and Bob and a Boolean function
F: X xY —{0,1}. On input (z,y) € X x Y, Alice and Bob receive the arguments
x and y, respectively, and communicate back and forth according to an agreed-upon
protocol. Each player privately holds an unlimited supply of uniformly random bits
that he or she can use when deciding what message to send at any given point in
the protocol. The cost of a protocol is the total number of bits communicated in a
worst-case execution. The e-error randomized communication complexity R.(F') of
I is the least cost of a protocol that computes F' with probability of error at most
€ on every input.

Of particular interest to us are communication protocols with error probability
close to that of random guessing, 1/2. There are two standard ways to formalize
the complexity of a communication problem F' in this setting, both inspired by
probabilistic polynomial time PP for Turing machines:

UPP(F) = _inf o R.(F)
Le<

and

PP(F) = inf {RE(F) + log, (1 1_ 6) } .

0<e<1/2 5

The former quantity, introduced by Paturi and Simon [38], is called the communi-
cation complexity of F with unbounded error, in reference to the fact that the error
probability can be arbitrarily close to 1/2. The latter quantity is called the com-
munication complexity of F with weakly unbounded error. Proposed by Babai et
al. [5], it features an additional penalty term that depends on the error probability.
It is clear that

UPP(F) < PP(F) <n+2

for every communication problem F': {0,1}"x{0,1}™ — {0, 1}, with an exponential
gap achievable between the two complexity measures [I0, 41]. These two models
occupy a special place in the study of communication because they are more pow-
erful than any other standard model (deterministic, nondeterministic, randomized,
quantum with or without entanglement). Moreover, unbounded-error protocols
represent a frontier in communication complexity theory in that they are the most
powerful protocols for which explicit lower bounds are currently known. Our re-
sults imply that even for such protocols, ACY has near-maximal communication
complexity.

To begin with, combining Theorem with the pattern matriz method [42], [44)
gives:

THEOREM 1.4. Let k > 3 be a fized integer. Then there is an (explicitly given)

Boolean circuit family {F, 152, where F,,: {0,1}"x{0,1}"™ — {0, 1} has polynomial
size, depth k, communication complezity
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and discrepancy

k—2

disc(Fy,) = exp (—Q (n% . (logn)_ki}#l[T—”.¥J)) )

Discrepancy is a combinatorial complexity measure of interest in communication
complexity theory and other research areas; see Section [2.8]for a formal definition.
As k grows, the bounds of Theorem [.4] approach the best possible bounds for any
communication problem F,: {0,1}" x {0,1}" — {0,1}. The same qualitative be-
havior was achieved in previous work by Bun and Thaler [I7], who constructed,
for any constant ¢ > 0, a constant-depth circuit Fj,: {0,1}™ x {0,1}" — {0,1}
with communication complexity PP(F,) = Q(n!=¢) and discrepancy disc(F,) =
exp(—Q(n'~=¢)). Theorem strictly subsumes the result of Bun and Thaler [17]
and all other prior work on the discrepancy and PP-complexity of constant-depth
circuits [42, 10, 44, 50, 52]. For any fixed depth greater than 3, the bounds of
Theorem are a polynomial improvement in n over all previous work. We fur-
ther show that Theorem [T.4] carries over to the number-on-the-forehead model, the
strongest formalism of multiparty communication. This result, presented in detail
in Section uses the multiparty version [5I] of the pattern matrix method.

Our work also gives near-optimal lower bounds for AC? in the much more power-
ful unbounded-error model. Specifically, it is well-known [38] that the unbounded-
error communication complexity of any Boolean function F: X x Y — {0,1} co-
incides up to an additive constant with the logarithm of the sign-rank of F. As a

result, Theorems and imply:

THEOREM 1.5. Let k > 1 be a given integer. Let {F,}52, and {G,}32, be the
polynomial-size circuit families of depth 3k and 3k + 1, respectively, constructed in
Theorems and [L3l Then

UPP(F,) = Q (nl—%ﬂ . (1Ogn)—%) ,
2
UPP(Gy) = Q (n'~ 775 - (logm) 777 ).

For large k, the lower bounds of Theorem essentially match the trivial upper
bound of n+ 1 on the unbounded-error communication complexity of any function
F: {0,1}" x {0,1}™ — {0,1}. Theorem strictly subsumes all previous lower
bounds on the unbounded-error communication complexity of AC?, with a poly-
nomial improvement for any depth greater than 2. The best lower bound on the
unbounded-error communication complexity of AC? prior to our work was Q(\/ﬁ)
for a circuit of depth 7, due to Bun and Thaler [17]. Finally, we remark that The-
orem [L.F] gives essentially the strongest possible separation of the communication
complexity classes PH and UPP. We refer the reader to the work of Babai et al. [5]
for definitions and detailed background on these classes.

Qualitatively, Theorem [L.5] is stronger than Theorem [I.4] because communica-
tion protocols with unbounded error are significantly more powerful than those
with weakly unbounded error. On the other hand, Theorem is stronger quanti-
tatively for any fixed depth and has the additional advantage of generalizing to the
multiparty setting.

1.4. Threshold weight and threshold density. By well-known reductions,
Theorem [I.I] implies a number of other lower bounds for the representation of
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ACY circuits by polynomials. For the sake of completeness, we mention two such
consequences. The threshold density of a Boolean function f: {0,1}" — {0,1},
denoted dns(f), is the minimum size of a set family ./ C #({1,2,...,n}) such
that

sgn (Z )\S(—l)ziesxi) = (_1)f(x)

Ses

for some reals Ag. A related complexity measure is threshold weight, denoted W (f)
and defined as the minimum sum » gy 5,y [As| over all integers Ag such that

.....

sgn Z Ag(=1)Xies i | = (=1)F@),
SC{1,2,...,n}

It is not hard to see that the threshold density and threshold weight of f correspond
to the minimum size of a threshold-of-parity and majority-of-parity circuit for f,
respectively. The definitions imply that dns(f) < W(f) for every f, and a little
more thought reveals that 1 < dns(f) < 2" and 1 < W(f) < 4™. These complexity
measures have seen extensive work, motivated by applications to computational
learning and circuit complexity. For a bibliographic overview, we refer the reader
to |50l Section 8.2].

Krause and Pudlak |28, Proposition 2.1] gave an ingenious method for transform-
ing threshold degree lower bounds into lower bounds on threshold density and thus
also threshold weight. Specifically, let f: {0,1}" — {0, 1} be a Boolean function of
interest. The authors of [28] considered the related function F': ({0,1}")3 — {0,1}
given by F(z,y,2) = f(...,(Z Ax;) V (2 Ayi),...), and proved that dns(F) >
2deg+(f) In this light, Theorem implies that the threshold density of ACY is
exp(Q(n'~¢)) for any constant e > 0:

COROLLARY 1.6. Let k > 3 be a fized integer. Then there is an (explicitly given)
Boolean circuit family {F,}22,, where F,: {0,1}" — {0,1} has polynomial size
and depth k and satisfies

W(F,) > dns(F,)
= exp (Q (n% . (logn)_ﬁ(%1 L%J)) _

For large k, the lower bounds on the threshold weight and density in Corollary
essentially match the trivial upper bounds. Observe that the circuit family {F},}22 ;
of Corollary has the same depth as the circuit family {f,}>2; of Theorem
This is because f,, has bottom fan-in O(logn), and thus the Krause-Pudlak transfor-
mation f, — F,, can be “absorbed” into the bottom two levels of f,,. Corollary [I.6]
subsumes all previous lower bounds [28], [I3] 50, 52), I7] on the threshold weight and
density of AC?, with a polynomial improvement for every k > 4. The improvement
is particularly noteworthy in the case of threshold density, where the best previous
lower bound [52], [17] was exp(Q(y/n)).
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1.5. Previous approaches. In the remainder of this section, we discuss our
proofs of Theorems [I.1 The notation that we use here is standard, and we de-
fer its formal review to Section [2] We start with necessary approximation-theoretic
background, then review relevant previous work, and finally contrast it with the
approach of this paper. To sidestep minor technicalities, we will represent Boolean
functions in this overview as mappings {—1,+1}" — {—1,+1}. We alert the reader
that we will revert to the standard {0,1}™ — {0, 1} representation starting with
Section 2

Background. Recall that our results concern the sign-representation of Boolean
functions and matrices. To properly set the stage for our proofs, however, we
need to consider the more general notion of pointwise approximation [33]. Let
f+{-1,41}™ — {—1,+1} be a Boolean function of interest. The e-approzimate
degree of f, denoted deg.(f), is the minimum degree of a real polynomial that
approximates f within e pointwise: deg.(f) = min{degp: ||f — plleo < €}. The
regimes of most interest are bounded-error approximation, corresponding to con-
stants € € (0,1); and large-error approzimation, corresponding to € = 1 — o(1).
In the former case, the choice of error parameter € € (0,1) is immaterial and af-
fects the approximate degree of a Boolean function by at most a multiplicative
constant. It is clear that pointwise approximation is a stronger requirement than
sign-representation, and thus deg (f) < deg (f) for all 0 < € < 1. A moment’s
thought reveals that threshold degree is in fact the limiting case of e-approximate
degree as the error parameter approaches 1:

deg(f) = lim deg, (£) (L1)

Both approximate degree and threshold degree have dual characterizations [44],
obtained by appeal to linear programming duality. Specifically, deg (f) > d if
and ounly if there is a function ¢: {—1,+1}" — R with the following two proper-
ties: (@, f) > €||¢|l1; and (¢, p) = 0 for every polynomial p of degree less than d.
Rephrasing, ¢ must have large correlation with f but zero correlation with every
low-degree polynomial. By weak linear programming duality, ¢ constitutes a proof
that deg.(f) > d and for that reason is said to witness the lower bound deg,(f) > d.
In view of , this discussion generalizes to threshold degree. The dual charac-
terization here states that deg, (f) > d if and only if there is a nonzero function
¢: {—1,41}" — R with the following two properties: ¢(z)f(x) > 0 for all z; and
(¢, p) = 0 for every polynomial p of degree less than d. In this dual characteriza-
tion, ¢ agrees in sign with f and is additionally orthogonal to polynomials of degree
less than d. The sign-agreement property can be restated in terms of correlation,
as (¢, f) = ||¢|l1- As before, ¢ is called a threshold degree witness for f.

What distinguishes the dual characterizations of approximate degree and thresh-
old degree is how the dual object ¢ relates to f. Specifically, a threshold degree
witness must agree in sign with f at every point. An approximate degree witness,
on the other hand, need only exhibit such sign-agreement with f at most points,
in that the points where the sign of ¢ is correct should account for most of the ¢,
norm of ¢. As a result, constructing dual objects for threshold degree is significantly
more difficult than for approximate degree. This difficulty is to be expected because
the gap between threshold degree and approximate degree can be arbitrary, e.g.,
1 versus O(n) for the majority function on n bits [36].
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Hardness amplification via block-composition. Much of the recent work on approx-
imate degree and threshold degree is concerned with composing functions in ways
that amplify their hardness. Of particular significance here is block-composition, de-
fined for functions f: {—1,+1}" — {—1,+1} and g: X — {—1,+1} as the Boolean
function fog: X™ — {—1,+1} given by (f o g)(x1,...,2n) = f(g(x1),...,9(xn)).
Block-composition works particularly well for threshold degree. To use an al-
ready familiar example, the block-composition AND,,1/s o OR,,2/s has threshold
degree Q(n'/3) whereas the constituent functions AND,,1/s and OR,,2/5 have thresh-
old degree 1. As a more extreme example, Sherstov [49] obtained a lower bound
of Q(n) on the threshold degree of the conjunction hy A hy of two halfspaces
hi,hy: {0,1}™ — {0,1}, each of which by definition has threshold degree 1. The
fact that threshold degree can increase spectacularly under block-composition is
the basis of much previous work, including the best previous lower bounds [50, 52]
on the threshold degree of AC?. Apart from threshold degree, block-composition
has yielded strong results for approximate degree in various error regimes, includ-
ing direct sum theorems [47], direct product theorems [46], and error amplification
results |46, [13], 56] [14].

How, then, does one prove lower bounds on the threshold degree or approximate
degree of a composed function fog? It is here that the dual characterizations take
center stage: they make it possible to prove lower bounds algorithmically, by con-
structing the corresponding dual object for the composed function. Such algorith-
mic proofs run the gamut in terms of technical sophistication, from straightforward
to highly technical, but they have some structure in common. In most cases, one
starts by obtaining dual objects ¢ and @ for the constituent functions f and g,
respectively, either by direct construction or by appeal to linear programming du-
ality. They are then combined to yield a dual object ® for the composed function,
using dual block-composition |47, 31]:

n

D(x1,x9,...,2,) = d(sgno(xy1),...,sgnp(xy,)) H [ ()] (1.2)

i=1

This composed dual object often requires additional work to ensure sign-agreement
or correlation with the composed Boolean function. Among the generic tools
available to assist in this process is a “corrector” object ¢ due to Razborov and
Sherstov [39], with the following four properties: (i) ¢ is orthogonal to low-degree
polynomials; (ii) ¢ takes on 1 at a prescribed point of the hypercube; (iii) ¢ is
bounded on inputs of low Hamming weight; and (iv) ¢ vanishes on all other points
of the hypercube. Using the Razborov—Sherstov object, suitably shifted and scaled,
one can surgically correct the behavior of a given dual object ® on a substantial
fraction of inputs, thus modifying its metric properties without affecting its orthog-
onality to low-degree polynomials. This technique has played an important role in
recent work, e.g., [15] [16], [T}, [17].

Hardness amplification for approximate degree. While block-composition has pro-
duced a treasure trove of results on polynomial representations of Boolean functions,
it is of limited use when it comes to constructing functions with high bounded-
error approximate degree. To illustrate the issue, consider arbitrary functions
f{-1,41}" — {-1,+1} and g: {—1,+1}"* — {—1,+1} with 1/3-approximate
degrees ni' and ng?, respectively, for some 0 < oy < 1 and 0 < ag < 1. It
is well-known [48] that the composed function f o g on mine variables has 1/3-
approximate degree O(n{'n$?) = O(nyng)™>{@.22} This means that relative to
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the new number of variables, the block-composed function f o g is asymptotically
no harder to approximate to bounded error than the constituent functions f and
g. In particular, one cannot use block-composition to transform functions on n
bits with 1/3-approximate degree at most n® into functions on N > n bits with
1/3-approximate degree w(N®).

Until recently, the best lower bound on the bounded-error approximate degree
of AC? was Q(n?/3), due to Aaronson and Shi [I]. Breaking this n?/3 barrier
was a fundamental problem in its own right, in addition to being a hard pre-
requisite for threshold degree lower bounds for ACY better than Q(n?/3). This
barrier was overcome in a brilliant paper of Bun and Thaler [16], who proved,
for any constant € > 0, an Q(n'~¢) lower bound on the 1/3-approximate de-
gree of AC’. Their hardness amplification for approximate degree works as fol-
lows. Let f: {—1,+1}" — {=1,41} be given, with 1/3-approximate degree n®
for some 0 < a < 1. Bun and Thaler consider the block-composition F =
J © ANDg(iogm) © OR,y,, for an appropriate parameter m = poly(n). As shown in
earlier work [47, [I3] on approximate degree, dual block-composition witnesses the
lower bound deg; ;3(F) = Q(deg;,3(OR;,) degy /3(f)) = Q(v/mdeg; /3(f)). Next,
Bun and Thaler make the crucial observation that the dual object for OR,, has
most of its ¢; mass on inputs of Hamming weight O(1), which in view of
implies that the dual object for F' places most of its £; mass on inputs of Hamming
weight O(n). The authors of [I6] then use the Razborov-Sherstov corrector object
to transfer the small amount of ¢; mass that the dual object for F' places on inputs
of high Hamming weight, to inputs of low Hamming weight. The resulting dual
object for F is supported entirely on inputs of low Hamming weight and therefore
witnesses a lower bound on the 1/3-approximate degree of the restriction F’ of F to
inputs of low Hamming weight. By re-encoding the input to F”, one finally obtains
a function F” on O(n) variables with 1/3-approximate degree polynomially larger
than that of f. This passage from f to I is the desired hardness amplification for
approximate degree. We find it helpful to think of Bun and Thaler’s technique as
block-composition followed by input compression, to reduce the number of input
variables in the block-composed function. To obtain an £2(n!~¢) lower bound on
the approximate degree of ACY, the authors of [16] start with a trivial circuit and
iteratively apply the hardness amplification step a constant number of times, until
approximate degree Q(n!=¢) is reached.

In follow-up work, Bun, Kothari, and Thaler [11] refined the technique of [16] by
deriving optimal concentration bounds for the dual object for OR,,. They thereby
obtained tight or nearly tight lower bounds on the 1/3-approximate degree of sur-
jectivity, element distinctness, and other important problems. The most recent
contribution to this line of work is due to Bun and Thaler [I7], who prove an
Q(n'~¢) lower bound on the (1 —2-"""")-approximate degree of AC® by combining
the method of [I6] with Sherstov’s work [46] on direct product theorems for approx-
imate degree. This near-linear lower bound substantially strengthens the authors’
previous result [16] on the bounded-error approximate degree of AC?, but does not
address the threshold degree.

1.6. Our approach.
Threshold degree of AC°. Bun and Thaler [17] refer to obtaining an (n!~¢) thresh-

old degree lower bound for AC® as the “main glaring open question left by our work.”
It is important to note here that lower bounds on approximate degree, even with the
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error parameter exponentially close to 1 as in [I7], have no implications for thresh-
old degree. For example, there are functions [49] with (1 — 2~©(")-approximate
degree O(n) but threshold degree 1. Our proof of Theorem is unrelated to the
most recent work of Bun and Thaler [I7] on the large-error approximate degree
of AC? and instead builds on their earlier and simpler “block-composition followed
by input compression” approach [I6]. The centerpiece of our proof is a hardness
amplification result for threshold degree, whereby any function f with threshold
degree n® for a constant 0 < o < 1 can be transformed efficiently and within ACO
into a function F’ with polynomially larger threshold degree.

In more detail, let f: {—1,+1}" — {—1,+1} be a function of interest, with
threshold degree n®. We consider the block-composition foMP,,, where m = n©®)
is an appropriate parameter and MP,, = AND,, o OR,,2 is the Minsky—Papert
function with threshold degree Q(m). We construct the dual object for MP,,, from
scratch to ensure concentration on inputs of Hamming weight O(m) By applying
dual block-composition to the threshold degree witnesses of f and MP,,,, we obtain
a dual object ® witnessing the Q(mn®) threshold degree of f o MP,,. So far in
the proof, our differences from [I6] are as follows: (i) since our goal is amplifica-
tion of threshold degree, we work with witnesses of threshold degree rather than
approximate degree; (ii) to ensure rapid growth of threshold degree, we use block-
composition with inner function MP,,, = AND,,, o OR,,,2 of threshold degree ©(m),
in place of Bun and Thaler’s inner function ANDg10g m) © OR,;, of threshold degree
O(logm).

Since the dual object for MP,,, by construction has most of its £; norm on inputs
of Hamming weight O(m), the dual object ® for the composed function has most
of its /1 norm on inputs of Hamming weight O(nm) Analogous to [16, 11, [17], we
would like to use the Razborov—Sherstov corrector object to remove the £; mass
that ® has on the inputs of high Hamming weight, transferring it to inputs of low
Hamming weight. This brings us to the novel and technically demanding part of
our proof. Previous works [I6, [IT), [I7] transferred the ¢; mass from the inputs
of high Hamming weight to the neighborhood of the all-zeroes input (0,0,...,0).
An unavoidable feature of the Razborov—Sherstov transfer process is that it ampli-
fies the ¢; mass being transferred. When the transferred mass finally reaches its
destination, it overwhelms ®’s original values at the local points, destroying ®’s
sign-agreement with the composed function foMP,,. It is this difficulty that most
prevented earlier works [16, [I1], [I7] from obtaining a strong threshold degree lower
bound for AC°.

We proceed differently. Instead of transferring the ¢; mass of ® from the inputs
of high Hamming weight to the neighborhood of (0,0,...,0), we transfer it simul-
taneously to exponentially many strategically chosen neighborhoods. Split this way
across many neighborhoods, the transferred mass does not overpower the original
values of ® and in particular does not change any signs. Working out the details
of this transfer scheme requires subtle and lengthy calculations; it was not clear
to us until the end that such a scheme exists. Once the transfer process is com-
plete, we obtain a witness for the Q(mn®) threshold degree of f o MP,, restricted
to inputs of low Hamming weight. Compressing the input as in [I6] 1], we ob-
tain an amplification theorem for threshold degree. With this work behind us, the
proof of Theorem for any depth & amounts to starting with a trivial circuit and
amplifying its threshold degree O(k) times.

Sign-rank of AC°. Tt is not known how to “lift” a threshold degree lower bound in
a black-box manner to a sign-rank lower bound. In particular, Theorem [I.I] has no
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implications a priori for the sign-rank of AC®. Our proofs of Theorems and
are completely disjoint from Theorem and are instead based on a stronger
approximation-theoretic quantity that we call y-smooth threshold degree. Formally,
the y-smooth threshold degree of a Boolean function f: X — {—1,+1} is the largest
d for which there is a nonzero function ¢: X — R with the following two properties:
o(z)f(x) = v |loll1/1X]| for all x € X; and (¢,p) = 0 for every polynomial p of
degree less than d. Taking v = 0 in this formalism, one recovers the standard dual
characterization of the threshold degree of f. In particular, threshold degree is syn-
onymous with 0-smooth threshold degree. The general case of y-smooth threshold
degree for v > 0 requires threshold degree witnesses ¢ that are min-smooth, in that
the absolute value of ¢ at any given point is at least a « fraction of the average
absolute value of ¢ over all points. A substantial advantage of smooth threshold de-
gree is that it has immediate sign-rank implications. Specifically, any lower bound
of d on the 279 _smooth threshold degree can be converted efficiently and in a
black-box manner into a sign-rank lower bound of 2% using a combination of
the pattern matrix method [42] [44] and Forster’s spectral lower bound on sign-
rank [21], [22]. Accordingly, we obtain Theorems and by proving an Q(n'~¢)

lower bound on the 2=°("9)_smooth threshold degree of ACY, for any constant
e>0.

At the core of our result is an amplification theorem for smooth threshold de-
gree, whose repeated application makes it possible to prove arbitrarily strong lower
bounds for AC®. Amplifying smooth threshold degree is a complex juggling act
due to the presence of two parameters—degree and smoothness—that must evolve
in coordinated fashion. The approach of Theorem is not useful here because
the threshold degree witnesses that arise from the proof of Theorem are highly
nonsmooth. In more detail, when amplifying the threshold degree of a function f
as in the proof of Theorem two phenomena adversely affect the smoothness
parameter. The first is block-composition itself as a composition technique, which
in the regime of interest to us transforms every threshold degree witness for f into
a hopelessly nonsmooth witness for the composed function. The other culprit is the
input compression step, which re-encodes the input and thereby affects the smooth-
ness in ways that are hard to control. To overcome these difficulties, we develop a
novel approach based on what we call local smoothness.

Formally, let ®: N — R be a function of interest. For a subset X C N” and
a real number K > 1, we say that ® is K-smooth on X if |®(z)| < K1#='|®(2')|
for all z,z’ € X. Put another way, for any two points of X at ¢; distance d, the
corresponding values of ® differ in magnitude by a factor of at most K?. In and
of itself, a locally smooth function ® need not be min-smooth because for a pair
of points that are far from each other, the corresponding ®-values can differ by
many orders of magnitude. However, locally smooth functions exhibit extraordi-
nary plasticity. Specifically, we show how to modify a locally smooth function’s
metric properties—such as its support or the distribution of its £; mass—without
the change being detectable by low-degree polynomials. This apparatus makes
it possible to restore min-smoothness to the dual object ® that results from the
block-composition step and preserve that min-smoothness throughout the input
compression step, eliminating the two obstacles to min-smoothness in the earlier
proof of Theorem [I.I] The new block-composition step uses a locally smooth wit-
ness for the threshold degree of MP,,,, which needs to be built from scratch and is
quite different from the witness in the proof of Theorem [I.1
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Our described approach departs considerably from previous work on the sign-
rank of constant-depth circuits [39, (15, [I7]. The analytic notion in those earlier
papers is weaker than «-smooth threshold degree and in particular allows the dual
object to be arbitrary on a v fraction of the inputs. This weaker property is accept-
able when the main result is proved in one shot, with a closed-form construction
of the dual object. By contrast, we must construct dual objects iteratively, with
each iteration increasing the degree parameter and proportionately decreasing the
smoothness parameter. This iterative process requires that the dual object in each
iteration be min-smooth on the entire domain. Perhaps unexpectedly, we find -
smooth threshold degree easier to work with than the weaker notion in previous
work [39] [I5, I7]. In particular, we are able to give a new and short proof of the
exp(Q(n'/3)) lower bound on the sign-rank of AC, originally obtained by Razborov
and Sherstov [39] with a much more complicated approach. The new proof can be
found gn Section where it serves as a prelude to our main result on the sign-rank
of AC".

2. PRELIMINARIES

2.1. General. For a string z € {0,1}" and a set S C {1,2,...,n}, we let z|g
denote the restriction of 2 to the indices in S. In other words, z|s = z;, z;, . . - Tipg)s
where 17 < iy < -+ <ig| are the elements of S. The characteristic function of a
set S C {1,2,...,n} is given by

1 ifxzesS
1 = ’
s(@) {0 otherwise.

For a logical condition C|, we use the Iverson bracket

1[C] =

1 if C holds,
0 otherwise.

We let N = {0,1,2,3,...} denote the set of natural numbers. The following well-
known bound [24] Proposition 1.4] is used in our proofs without further mention:

k
Z(?) < (%)k k=0,1,2,....n, 2.1)

=0

where e = 2.7182 ... denotes Euler’s number.

We adopt the extended real number system R U {—o0, 00} in all calculations,
with the additional convention that 0/0 = 0. We use the comparison operators in
a unary capacity to denote one-sided intervals of the real line. Thus, <a, <a, >a,
>a stand for (—oo,a), (—o00,al, (a,0), [a,0), respectively. We let Inx and logz
stand for the natural logarithm of z and the logarithm of x to base 2, respectively.
We use the following two versions of the sign function:

-1 if
ifz<0, (-1 ifz<o,
sgnx =<0 if z =0, sgnx = 1 fr>0
1 ifz>0, e
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The term Fuclidean space refers to R™ for some positive integer n. We let e; de-
note the vector whose ith component is 1 and the others are 0. Thus, the vectors

e1,€s,...,e, form the standard basis for R™. For vectors z and y, we write = < y
to mean that z; < y; for each ¢. The relations >, <, > on vectors are defined
analogously.

We frequently omit the argument in equations and inequalities involving func-
tions, as in sgnp = (—1)/. Such statements are to be interpreted pointwise. For
example, the statement “f > 2|g| on X” means that f(x) > 2|g(z)| for every
x € X. The positive and negative parts of a function f: X — R are denoted
pos f = max{f,0} and neg f = max{—f,0}, respectively.

2.2. Boolean functions and circuits. We view Boolean functions as mappings
X — {0,1} for some finite set X. More generally, we consider partial Boolean
functions f: X — {0,1,x}, with the output value * used for don’t-care inputs.
The negation of a Boolean function f is denoted as usual by f = 1 — f. The
familiar functions OR,,: {0,1}" — {0,1} and AND,,: {0,1}" — {0,1} are given
by OR,(z) = V., #; and AND,,(z) = A._, z;. We abbreviate NOR,, = —OR,,.
The generalized Minsky—Papert function MP,, .: ({0,1}")™ — {0,1} is given by
MP,, (z) = N2, Vj=y ij. We abbreviate MP,, = MP,, .2, which is the right
setting of parameters for most of our applications.

We adopt the standard notation for function composition, with f o g defined by
(fog)(x) = f(g(x)). In addition, we use the o operator to denote the component-
wise composition of Boolean functions. Formally, the componentwise composition
of f:{0,1}" — {0,1} and ¢g: X — {0,1} is the function fog: X™ — {0,1}
given by (fog)(‘rlvx27 cee 717”) = f(g(xl)mg(xQ)a s ,g(ll?n)) To ﬂluStratea MPm,T’ =
AND,,, o OR,.. Componentwise composition is consistent with standard composi-
tion, which in the context of Boolean functions is only defined for n = 1. Thus, the
meaning of f o g is determined by the range of g and is never in doubt. Compo-
nentwise composition generalizes in the natural manner to partial Boolean functions

f:{0,1}™ = {0,1,*} and g: X — {0, 1, «}, as follows:

(fog)(l‘l,...,l‘n) =

f(g(x1)7 te vg(xn)) if Tly...yTn € g—l(o U ]-)7
* otherwise.
Compositions f1 o fo o--- o f of three or more functions, where each instance of
the o operator can be standard or componentwise, are well-defined by associativity
and do not require parenthesization.
For Boolean strings z,y € {0,1}", we let @ y denote their bitwise XOR. The
strings x Ay and x V y are defined analogously, with the binary connective applied

bitwise. A Boolean circuit C in variables x1, %o, ..., z, is a circuit with inputs
T1, T, T2, T2, . .., Ty, T, and gates A and V. The circuit C' is monotone if it
does not use any of the negated inputs —xq, -xa, ..., x,. The fan-in of C is the

maximum in-degree of any A or V gate. Unless stated otherwise, we place no
restrictions on the gate fan-in. The size of C is the number of A and V gates.
The depth of C' is the maximum number of A and V gates on any path from
an input to the circuit output. With this convention, the circuit that computes
(z1,22,...,2,) — x1 has depth 0. The circuit class ACY consists of function
families {f,}52, such that f,: {0,1}" — {0,1} is computed by a Boolean circuit
of size at most ¢n® and depth at most ¢, for some constant ¢ > 1 and all n. We
specify small-depth layered circuits by indicating the type of gate used in each
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layer. For example, an AND-OR-AND circuit is a depth-3 circuit with the top
and bottom layers composed of A gates, and middle layer composed of V gates. A
Boolean formula is a Boolean circuit in which every gate has fan-out 1. Common
examples of Boolean formulas are DNF and CNF formulas.

2.3. Norms and products. For a set X, we let RX denote the linear space of
real-valued functions on X. The support of a function f € R¥ is denoted supp f =
{zx € X : f(z) # 0}. For real-valued functions with finite support, we adopt the
usual norms and inner product:

1flloo = max | f(z)],
Iflh="> If@)l
zE€supp f
(o= >, flg)
xE€supp f Nsupp g

This covers as a special case functions on finite sets. The tensor product of f € RX
and g € RY is denoted f®g € R¥*Y and given by (f®g)(z,y) = f(x)g(y). The ten-
sor product f@f®---®f (n times) is abbreviated f®". For a subset S C {1,2,...,n}
and a function f: X — R, we define f®%: X® — R by f®%(zy,29,...,7,) =
[I;cs f(xi). As extremal cases, we have f®? = 1 and felL2n} — @& Tepgsor
product notation generalizes naturally to sets of functions: F @ G ={f®g: f €
FogeGtand FO" = {f1® 2@ @ fn : f1, fo,---, fn € F}. A conical combination
of f1, fa,..., fr € R¥ is any function of the form Aifi + Aafo + - -+ + A fi, where
A1, A2, ..., A\, are nonnegative reals. A convex combination of fi, fa,..., fu € RX
is any function Ay f1 + Aafo + - 4+ Ak fx, where A1, Ao, ..., Ay are nonnegative re-
als that sum to 1. The conical hull of F C RX, denoted cone F, is the set of all
conical combinations of functions in F. The convezx hull, denoted conv F', is defined
analogously as the set of all convex combinations of functions in F. For any set of
functions F' C RX, we have

(conv F)®™ C conv(F®"). (2.2)

Throughout this manuscript, we view probability distributions as real functions.
This convention makes available the shorthands introduced above. In particular,
for probability distributions g and A, the symbol supp u denotes the support of p,
and p ® A denotes the probability distribution given by (u ® A)(x,y) = pu(z)\(y).
If i is a probability distribution on X, we consider p to be defined also on any
superset of X with the understanding that p = 0 outside X. We let D(X) denote
the family of all finitely supported probability distributions on X. Most of this
paper is concerned with the distribution family ®(N™) and its subfamilies, each of
which we will denote with a Fraktur letter.

Analogous to functions, we adopt the familiar norms for vectors x € R™ in
Euclidean space: ||z]|oc = max;—1,.. n |z;] and ||z[1 = Y., |z;|. The latter norm
is particularly prominent in this paper, and to avoid notational clutter we use |z|
interchangeably with [|z||;. We refer to |z| = ||z||1 as the weight of x. For any sets
X CN" and W C R, we define

Xlw={zreX:|z|cW}
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In the case of a one-element set W = {w}, we further shorten X/, to X|,. To
illustrate, N"|<,, denotes the set of vectors whose components are natural numbers
and sum to at most w, whereas {0,1}"|, denotes the set of Boolean strings of
length n and Hamming weight exactly w. For a function f: X — R on a subset
X CN" we let f|w denote the restriction of f to X|y . A typical instance of this
notation would be f|<,, for some real number w.

2.4. Orthogonal content. For a multivariate real polynomial p: R" — R, we
let degp denote the total degree of p, i.e., the largest degree of any monomial of
p. We use the terms degree and total degree interchangeably in this paper. It will
be convenient to define the degree of the zero polynomial by deg0 = —oo. For a
real-valued function ¢ supported on a finite subset of R™, we define the orthogonal
content of ¢, denoted orth ¢, to be the minimum degree of a real polynomial p for
which (¢, p) # 0. We adopt the convention that orth ¢ = oo if no such polynomial
exists. It is clear that orth¢ € N U {co}, with the extremal cases orth¢ = 0 <
(¢,1) # 0 and orth ¢ = 0o < ¢ = 0. Our next three results record additional facts
about orthogonal content.

PRrROPOSITION 2.1. Let X and Y be nonempty finite subsets of Fuclidean space.
Then:

(i)  orth(¢ + ) > min{orth ¢, orth v} for all p,v: X — R;
(ii)  orth(¢ ®¢) = orth(¢) + orth(¢)) for all ¢p: X - R and v: Y — R;
(ii)  orth(¢®™ —¢®") > orth(¢ — ) for all ,vv: X — R and alln > 1.

Proof. Ttem is immediate, as is the upper bound in For the lower bound
in simply note that the linearity of inner product makes it possible to restrict
attention to factored polynomials p(x)q(y), where p and ¢ are polynomials on X
and Y, respectively. For use a telescoping sum to write

¢®n _ ¢®n — nz_:l((ﬁ@(nfz) ® w@i _ ¢®(nfi71) ® ¢®(i+1))
=0
n—1
= Ve (9 - ) @y

=0

By each term in the final expression has orthogonal content at least orth(¢—1).
By then, the sum has orthogonal content at least orth(¢ — 1) as well. I

PROPOSITION 2.2. Let ¢g,¢1: X — R be given functions on a finite subset X of
Euclidean space with orth(¢1 — ¢o) > 0. Then for every polynomial p: X" —
R, the mapping z — (Qi_; ¢=,p) is a polynomial on {0,1}" of degree at most
(degp)/ orth(é1 — ¢o).

Proof. By linearity, it suffices to consider factored polynomials p(z1,...,2z,) =
[T, pi(x;), where each p; is a nonzero polynomial on X. In this setting, we have

<® ¢zi7p> = H <¢Zi7pi> . (23)
=1

i=1
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By definition, (¢o,p;) = (¢1,p;) for any index i with degp; < orth(¢; — ¢). As a
result, such indices do not contribute to the degree of the right-hand side of
as a function of z. The contribution of any other index to the degree is clearly at
most 1. Summarizing, the right-hand side of is a polynomial in z € {0,1}" of

degree at most |{i : degp; = orth(¢1 — ¢o)}| < (degp)/ orth(dr — o). [

COROLLARY 2.3. Let X be a finite subset of Fuclidean space. Then for any func-
tions ¢o,¢1: X = R and ¢: {0,1}" — R,

orth | Y 9(2)X)¢-, | = orth(v) - orth(gy — o).
=1

z€{0,1}n

Proof. We may assume that orth(¢)-orth(¢1 —¢g) > 0 since the claim holds trivially
otherwise. Fix any polynomial P of degree less than orth(t)) - orth(¢; — ¢g). The
linearity of inner product leads to

< > w(z>®¢zmp>— > w(z)<®¢>zi,P>.

z€{0,1}n z€{0,1}"

By Proposition [2:2] the right-hand side is the inner product of ¢ with a polynomial
of degree less than orth and is therefore zero. I

Observe that Corollary gives an alternate proof of Proposition [2.1{(iii)] Our
next proposition uses orthogonal content to give a useful criterion for a real-valued
function to be a probability distribution.

PROPOSITION 2.4. Let A be a probability distribution on a finite subset X of Eu-
clidean space. Let A: X — R be given with A > 0 and orth(A — A) > 0. Then A is
a probability distribution on X.

Proof. By hypothesis, A is a nonnegative function. Moreover, ||/~\|J1 = </~X,1> =
(A1) — (A=A, 1) = (A, 1) = 1, where the third step uses orth(A — A) > 0. [

2.5. Sign-representation. Let f: X — {0,1} be a given Boolean function, for
a finite subset X C R™. The threshold degree of f, denoted deg, (f), is the least
degree of a real polynomial p that represents f in sign: sgnp(z) = (—1)/® for each
x € X. The term “threshold degree” appears to be due to Saks [40]. Equivalent
terms in the literature include “strong degree” [4], “voting polynomial degree” [28],
“polynomial threshold function degree” [35], and “sign degree” [10]. One of the first
results on polynomial representations of Boolean functions was the following tight
lower bound on the threshold degree of MP,,, due to Minsky and Papert [32].

THEOREM 2.5 (Minsky and Papert). deg, (MP,,) = Q(m).

Three new proofs of this lower bound, unrelated to Minsky and Papert’s original
proof, were discovered in [50]. Threshold degree admits the following dual charac-
terization, obtained by appeal to linear programming duality.
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Fact 2.6. Let f: X — {0,1} be a given Boolean function on a finite subset X of
Euclidean space. Then deg (f) = d if and only if there exists : X — R such that

(1) @) > 0, z e X,

orthy > d,

Y # 0.
The function ¢ witnesses the threshold degree of f, and is called a dual polynomial
due to its origin in a dual linear program. We refer the reader to [4], B35 [47]

for a proof of Fact 2.6] The following equivalent statement is occasionally more
convenient to work with.

Fact 2.7. For every Boolean function f: X — {0,1} on a finite subset X of Eu-
clidean space,

deg.(f) = max, orth((—=1)7 - ). (2:4)

We now define a generalization of threshold degree inspired by the dual view in
Fact For a function f: X — {0,1} and a real number 0 <y < 1, let

degs(f,7)=  max  orth((=1)f - p). (2.5)
HED(X):
w2v/|X] on X

We call this quantity the y-smooth threshold degree of f, in reference to the fact
that the maximization in (2.5)) is over probability distributions p that assign to
every point of the domain at least a ~ fraction of the average point’s probability.

A glance at (2.4]) and (2.5|) reveals that deg, (f,~) is monotonically nonincreasing
in 7, with the limiting case deg (f,0) = deg, (f).

Fact 2.8. For every nonconstant function f: X — {0,1},

1
deg:l: (f7 2) 2 1.

Proof. Define u = %uo + %yl, where p; is the uniform probability distribution on
f71(i). Then clearly orth((—1)7 - ) > 1 and p > § max{po, 1} > ﬁ on X. [

As one might expect, padding a Boolean function with irrelevant variables does not
decrease its smooth threshold degree. We record this observation below.

PROPOSITION 2.9. Fiz integers N > n > 1 and a function f: {0,1}" — {0, 1}.
Define F: {0,1}Y — {0,1} by F(x1,72,...,2Nn) = f(21,22,...,2,). Then

deg:l:(FafY) >degj:(f,’7)a 0<"Y<1
In particular,

deg (F) > deg (f)-
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Proof. Fix 0 < v < 1 arbitrarily. Let A be a probability distribution on {0, 1}" such
that A\(z) > 427" for all x € {0,1}", and in addition orth((—1)7 - \) = deg, (f,7)-
Consider the probability distribution A on {0,1}" given by A(zy,2s,...,2x5) =
2N\ (2, 29, . .., 2,). Then A(x) > 27N+n . 427" = 427N for all z € {0,1},
and in addition orth((—1)F - A) = orth((—=1)f - \) = deg(f, 7). [

2.6. Symmetrization. Let S, denote the symmetric group on n elements. For a
permutation o € S,, and an arbitrary sequence x = (x1, 2, ...,x,), we adopt the
shorthand o = (2,(1), T (2)s - - -, To(ny)- A function f(x1,z2,...,2,) is called sym-
metric if it is invariant under permutation of the input variables: f(x1,xa,...,2,) =
J(Zo(1), Z(2)s -+ > To(n)) for all x and o. Symmetric functions on {0,1}" are inti-
mately related to univariate polynomials, as was first observed by Minsky and
Papert in their symmetrization argument [32].

PROPOSITION 2.10 (Minsky and Papert). Let p: R™ — R be a given polynomial.
Then the mapping

t— E
z€{0,1}" |+ p(x)

is a univariate polynomial on {0,1,2,... n} of degree at most deg p.
Minsky and Papert’s result generalizes to block-symmetric functions:

ProrPOSITION 2.11. Let ny,...,ng be positive integers. Let p: R™ x .- x R™ — R
be a given polynomial. Then the mapping

ti,to, ..., tk) — E E E T1,29,...,T
Brter ) o mactomaly svetommely, PO &

is a polynomial on {0,1,...,n1} x {0,1,...,no} x --- x {0,1,...,n,} of degree at
most deg p.

Proposition 2.I7] follows in a straightforward manner from Proposition [2.10] by
induction on the number of blocks k, as pointed out in [39, Proposition 2.3]. The
next result is yet another generalization of Minsky and Papert’s symmetrization
technique, this time to the setting when x1, 2o, ..., x, are vectors rather than bits.

PROPOSITION 2.12. Let p: (R™)™ — R be a polynomial of degree d. Then there is
a polynomial p*: R™ — R of degree at most d such that for all x1,22,...,2, €

{617 €2,...,€Em, Om}7

Ue:Eé p(x0(1)71'0(2)7 e ,xg(n)) = p*(xl + 20+ -+ xn)

Proof. We closely follow an argument due to Ambainis |2, Lemma 3.4, who proved
a related result. Since the components of zi1,xs,...,z, are Boolean-valued, we

have x; ; = 27 ; = x}; = --- and therefore we may assume that p is multilinear.

T,
By linearity, it further suffices to consider the case when p is a single monomial:

p(x1, X2, ..., Tp) = H H Tij (2.6)

j=1li€A;
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for some sets Ay, Ag, ..., Ay C{1,2,...,n} with Z;nzl |A;| < d. If some pair of sets
Aj, Ay with j # j’ have nonempty intersection, then the right-hand side of
contains a product of the form z; jx; j for some ¢ and thus p = 0 on the domain
in question. As a result, the proposition holds with p* = 0. In the complementary
case when Aq, Ao, ..., A, are pairwise disjoint, we calculate

Uesnp(xo(l)axo'@): 7xa(n))

=T

a'gsn H Lo (i),5 H To(i),5° = 1 for all j/ <j
! i€A; i€A

(.’L‘l,j +-T2,j —+ +l’n,j> (n - |A1| — |A2| . — |Aj—1|)_1
A 1451

<.
Il

L

1

J

Expanding out the binomial coefficients shows that the final expression is an m-
variate polynomial whose argument is the vector sum z; + 22 + --- + z, € R™.
Moreover, the degree of this polynomial is 3 |4,] < d. [

COROLLARY 2.13. Let p: (R™)™ — R be a given polynomial. Then the mapping

v E p(x) (2.7)
QCE{OM',@] 1627~~-7em,}":
Ty +Tote L, =0

is a polynomial on N™ |, of degree at most deg p.

Minsky and Papert’s symmetrization corresponds to m = 1 in Corollary

Proof of Corollary 213] Let v € N™|¢,, be given. Then all representations v =
x1+x2+ -+, with 21, 29,...,2, € {0™, €1, €9,...,e,} are the same up to the
order of the summands. As a result, (2.7 is the same mapping as

v E p(o(er,...,e1,€2,...,€2, ..., €m,. .., €m,0M 0" . .. 0™)),
c€eSy ——— ——

U1 U2 Um N—V]——Upm
which by Proposition [2.12]is a polynomial in

e1t o terteat o teat o temt e, 0" 4+ +0" =0

U1 V2 Um N—V1——VUm

of degree at most deg p. I

It will be helpful to define symmetric versions of basic Boolean functions. We
define AND;,OR: {0,1,2,...,n} — {0,1} by

1 ift=n 0 ift=0
AND’ (¢) = ’ OR (t) = ’
n(t) {O otherwise, n(t) {1 otherwise.

The symmetric variant of the Minsky-Papert function is MP, . = AND,, o OR;.
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2.7. Communication complexity. An excellent reference on communication com-
plexity is the monograph by Kushilevitz and Nisan [30]. In this overview, we
will limit ourselves to key definitions and notation. We adopt the standard ran-
domized model of multiparty communication, due to Chandra et al. [I8]. The
model features ¢/ communicating players, tasked with computing a Boolean func-
tion F': X7 X Xox---xX; — {0,1} for some finite sets X7, Xo, ..., Xy. A given input
(x1,22,...,2¢) € X1 X Xg X ---x X, is distributed among the players by placing x;,
figuratively speaking, on the forehead of the ith player (fori =1,2,...,¢). In other
words, the ¢th player knows the arguments zi,...,2;-1,%;y1,...,2¢ but not z;.
The players communicate by sending broadcast messages, taking turns according
to a protocol agreed upon in advance. Each of them privately holds an unlimited
supply of uniformly random bits, which he can use along with his available argu-
ments when deciding what message to send at any given point in the protocol. The
players’ objective is to compute F(x1,2a,...,2¢). An e-error protocol for F is one
which, on every input (z1, 2, ..., z¢), produces the correct answer F'(x1,xa,...,x¢)
with probability at least 1 — e. The cost of a protocol is the total bit length of the
messages broadcast by all the players in the worst caseE| The e-error randomized
communication complexity of F, denoted R.(F'), is the least cost of an e-error ran-
domized protocol for F'. As a special case of this model for £ = 2, one recovers the
original two-party model of Yao [58] reviewed in the introduction.

Our work focuses on randomized protocols with error probability close to that
of random guessing, 1/2. There are two natural ways to define the communication
complexity of a multiparty problem F' in this setting. The communication complez-
ity of F with unbounded error, introduced by Paturi and Simon [38§], is the quantity

UPP(F) = inf R(F). (2.8)

Here, the error is unbounded in the sense that it can be arbitrarily close to 1/2.
Babai et al. [5] proposed an alternate quantity, which includes an additive penalty
term that depends on the error probability:

aY o

This quantity is known as the communication complexity of F with weakly un-
bounded error.

PP(F) = Ogleriflﬂ {RE(F) + log %

2.8. Discrepancy and sign-rank. An /-dimensional cylinder intersection is a
function x: X7 X Xo x -+ x Xy — {0,1} of the form

14
X($1,$27. .. ,:L‘g) = Hxi(ml, ey L1, T4y - - .,ng),
=1

where x;: X%+ xX; 1 xX; 1% -x Xy — {0,1}. In other words, an /-dimensional
cylinder intersection is the product of £ functions with range {0, 1}, where the ith
function does not depend on the ith coordinate but may depend arbitrarily on the
other £—1 coordinates. Introduced by Babai et al. [6], cylinder intersections are the

I The contribution of a b-bit broadcast to the protocol cost is b rather than £ - b.
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fundamental building blocks of communication protocols and for that reason play
a central role in the theory. For a Boolean function F': X7 x Xo x --- x X, — {0,1}
and a probability distribution P on X; X X5 X -+ X Xy, the discrepancy of F' with
respect to P is given by

discp(F) = max E (—1)" @ P(z)x(z)],
X
rzEX1 XXX+ XXy

where the maximum is over cylinder intersections y. The minimum discrepancy
over all distributions is denoted

disc(F) = mlin discp(F).

The discrepancy method [20, [6], [30] is a classic technique that bounds randomized
communication complexity from below in terms of discrepancy.

THEOREM 2.14 (Discrepancy method). Let F: X7 x X x -+ x Xy — {0,1} be an

L-party communication problem. Then
2R£(F) 2 1_26 )
disc(F)

Combining this theorem with the definition of PP(F') gives the following corollary.

COROLLARY 2.15. Let F': X1 X Xo x---x Xy — {0,1} be an £-party communication
problem. Then

The sign-rank of a real matrix A € R™*™ with nonzero entries is the least rank
of a matrix B € R™™ such that sgnA4; ; = sgn B, ; for all 4,j. In general, the
sign-rank of a matrix can be vastly smaller than its rank. For example, consider
the following nonsingular matrices of order n > 3:

1 1

1 o 1 o

These matrices have sign-rank at most 2 and 3, respectively. Indeed, the first matrix
has the same sign pattern as [2(j — ) 4 1]; ;. The second has the same sign pattern
as [(vi,v;) — (1 — €)]ij, where v1,v2,...,v, € R? are arbitrary pairwise distinct
unit vectors and € is a suitably small positive real, cf. [38, Section 5]. As a matter
of notational convenience, we extend the notion of sign-rank to Boolean functions
f: XxY — {0,1} by defining rky (f) = rky (My), where M; = [(=1)f @] cx ey
is the matrix associated with f. A remarkable fact, due to Paturi and Simon [3§],
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is that the sign-rank of a two-party communication problem fully characterizes its
unbounded-error communication complexity.

THEOREM 2.16 (Paturi and Simon). Let F: X x Y — {0,1} be a given communi-
cation problem. Then

logrky (F) < UPP(F) < logrky (F) + 2.

As Corollary [2.15 and Theorem [2.16] show, the study of communication with
unbounded and weakly unbounded error is in essence the study of discrepancy and
sign-rank. These quantities are difficult to analyze from first principles. The pattern
matriz method, developed in [42] [44], is a technique that transforms lower bounds
for polynomial approximation into bounds on discrepancy, sign-rank, and various
other quantities in communication complexity. For our discrepancy bounds, we
use the following special case of the pattern matrix method [5I, Theorem 5.7 and
equation (119)].

THEOREM 2.17 (Sherstov). Let f: {0,1}™ — {0,1} be given. Consider the (-party
communication problem F': ({0,1}"™)¢ — {0,1} given by F = f o NOR,,, o AND,.
Then

)

Y, deg, (f)/2
)

where ¢ > 0 is a constant independent of n,m, £, f.

disc(F) < (

We note that the case £ = 2 of Theorem [2.17] is vastly easier to prove than the
general statement; this two-party result can be found in [44] Theorem 7.3 and
equation (7.3)]. For our sign-rank lower bounds, we use the following theorem
implicit in [45].

THEOREM 2.18 (Sherstov, implicit). Let f: {0,1}™ — {0, 1} be given. Suppose that

deg, (f,v) = d, where v and d are positive reals. Fixz an integer m > 2 and define
F:{0,1}™ x {0,1}™ — {0,1} by F = f o OR,, 0o ANDs. Then

/2

ke (F) > | 5]

For the reader’s convenience, we include a detailed proof of Theorem in Ap-
pendix [A]

3. AUXILIARY RESULTS

In this section, we collect a number of supporting results on polynomial approxi-
mation that have appeared in one form or another in previous work. For the reader’s
convenience, we provide self-contained proofs whenever the precise formulation that
we need departs from published work.

3.1. Basic dual objects. As described in the introduction, we prove our main
results constructively, by building explicit dual objects that witness the correspond-
ing lower bounds. An important tool in this process is the following lemma due to
Razborov and Sherstov [39]. Informally, it is used to adjust a dual object’s metric
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properties while preserving its orthogonality to low-degree polynomials. The lemma
plays a basic role in several recent papers [39, [15] [16], (111 [I7] as well as our work.

LEMMA 3.1 (Razborov and Sherstov). Fiz integers d and n, where 0 < d < n. Then
there is an (explicitly given) function ¢: {0,1}"™ — R such that

supp ¢ C {0,1}"<a U {1"},
1" =1,

n
[tqP <1+2d<d>,
orth{ > d.

In more detail, this result corresponds to taking k = d and { = (—1)™g in the proof
of Lemma 3.2 of [39]. We will need the following symmetrized version of Lemmal[3.1]

LEMMA 3.2. Fiz a point w € N™ and a natural number d < |u|. Then there is
Cu: N™ = R such that

supp ¢, C {uU{v e N" v < u and |v] < d}, (3.1)
Cu(u) =1, (3.2
feth < 1+2("%), (33
orth ¢, > d. (3.4)
Proof. Lemma gives a function ¢: {0,1}/*l — R such that

supp ¢ € {0, 1}/ <q U {11},

¢y =1, (3.6)
<] < 1+2d<|2|>’ (3.7)
orth¢ > d. (3.8)

Now define (,: N* — R by

Culv) = > > (1. 20),

zie{0,1}al], o e e{0, 1 ]

where we adopt the convention that the set {0,1}° = {0,1}°]p has as its only
element the empty string, with weight 0. Then properties (3.1)—(3.3) are imme-
diate from (3.5)—(3.7)), respectively. To verify the remaining property (3.4), fix a
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polynomial p: R® — R of degree at most d. Then

(Cu,p) = Z Z Z C(xy .. my) | p(V1,-. . 00)

vost \ere o], anefonpienl, |

vivsu mle{ovl}‘ul“\ml :E,,,G{O,l}\“n|||vn|

x1€{0,1} w1l z,€{0,1}lunl
= ()7

where the last step uses (3.8)). [

When constructing a dual polynomial for a complicated constant-depth circuit,
it is natural to start with a dual polynomial for the OR function or, equivalently, its
counterpart AND. The first such dual polynomial was constructed by Spalek 571,
with many refinements and generalizations [12] [50} 52} [16], [TT] obtained in follow-up
work. We augment this line of work with yet another construction, which delivers
the exact combination of analytic and metric properties that we need.

THEOREM 3.3. Let 0 < e < 1 be given. Then for some constants ¢/, ¢’ € (0,1) and
all integers N =2 n > 1, there is an (explicitly given) function v¢: {0,1,2,..., N} —
R such that

1—c¢
¥(0) > ——,
] =1,
orthvy > ¢'v/n,
sgny(t) = (—1)7, t=0,1,2,...,N,

/
1

()] € > t=0,1,2,...,N.

(t + 1)2 2c"t//n’ c/(t + 1)2 9c't//n |’
A self-contained proof of Theorem [3.3]is available in Appendix
3.2. Dominant components. We now recall a lemma due to Bun and Thaler [16]

that serves to identify the dominant components of a vector. Its primary use [16] [11]
is to prove concentration-of-measure results for product distributions on N".

LEMMA 3.4 (Bun and Thaler). Let v € R™ be given, v # 0™. Then there is S C
{1,2,...,n} such that

[[ollx
2[vllee”

|S| >

[[ollx

S|min |v;| > —— L
[STmin vil > 5570
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Proof (adapted from [16]). By renumbering the indices if necessary, we may as-
sume that |v1| = |va| = -+ = |v,| = 0. For the sake of contradiction, suppose that
no such set S exists. Then

<ol
T 2(1+1nn)
for every index i > 2”2”1 . As a result,

n

lolh= Y Jul+ > |vil
i<ats i=[ o |
~ 1 vl
1
< E E R |
h el ol Lol i 2(l+Inn)
<3l i:“nvnio]
[[v]l1 ol 1
< p—
p * 2(1+1nn) ; i
< v,

where the final step uses
"1 1 " di
Z -1 Z<1 — =1+Inn.
}:i +§:i +A - +1Inn

We have arrived at ||v]|1 < ||v||1, a contradiction. [

We will need a slightly more general statement, which can be thought of as an
extremal analogue of Lemma [3.4]

LEMMA 3.5. Fiz 6 > 0 and let v € R™ be an arbitrary vector with ||v||1 > 0. Then
there is S C {1,2,...,n} such that

o]l
S| > : (3.9)
2[|vllo
min |v;| > — 0 (3.10)
ies 7S] 2(1+1nn)’ '
D vl <6 (3.11)

igS

Proof. Fix n, v, and 0 for the remainder of the proof. We will refer to a subset

S C{1,2,...,n} as regular if S satisfies (3.9) and (3.10). Lemma along with

|lv]|1 = 6 ensures the existence of at least one regular set. Now, let S be a mazimal
regular set. For the sake of contradiction, suppose that (3.11) fails. Applying
Lemma to v|g produces a nonempty set 7' C S with

1 0

inlo|> —  —F .
minlol 2 o S
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But then S UT is regular, contradicting the maximality of S. (]

Lemma [3.5] implies the following concentration-of-measure result for product dis-
tributions on N™; cf. Bun and Thaler [16].

LEMMA 3.6 (cf. Bun and Thaler). Let A1, s, ..., A\, € D(N) be given with

Cat
(t+1)%

Ai(t) < teN, (3.12)

where C 20 and 0 < a < 1. Then for all > 8Cen(1 + Inn),

P ol >0 <a®

VAL XA X e X

Proof (adapted from [16]). For any vector v € N™ with ||v]|; > 6/2, Lemma

guarantees the existence of a nonempty set S C {1,2,...,n} such that
1 0
inlv| > — ————, 3.13
minlol 2 i 30 (3:13)
0
> lul < (3.14)
¢S

If in addition |jv||; > 6, the second property implies

> vl > g (3.15)

i€S

In what follows, we refer to the combination of properties and by
saying that v is S-heavy. In this terminology, every vector v € N™ with [[v]; > 0 is
S-heavy for some nonempty set S.

Now, consider a random vector v € N™ distributed according to Ay X Ay X - - - X Ap.
We have

P[||v]|1 = 0] < P[v is S-heavy for some nonempty 5]

< Z P[v is S-heavy]

SC{1,.2,...,n}
S#o

, C
< Z ¥ Z (=

SC{1,2,....n} > k- 1

15|

SAo

IS|
E 0/2 il
S @ (C/1 0 t2>
n} I

SC{1,2,..., S| 4(1+Inn)
S+
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3 a9/2<05|~4(1+lnn))|sl
0
}

5C{1,2,..,n
SAo

(Z) 02 (CS-4(2+lnn)>S

o0/ (en ' C’5~4(1+1nn))
s 0

<

- 11-

@
Il

2

)

Q
~ =

< 6

where the first inequality holds by the opening paragraph of the proof; the sec-
ond step applies the union bound; the third step uses 0 < o < 1 and the upper
bound @ for the \;; and the last two steps use and the hypothesis that
0 > 8Cen(1 + Inn), respectively. [

3.3. Input transformation. We work almost exclusively with Boolean functions
on N"|¢p, for appropriate settings of the dimension parameter n and weight pa-
rameter #. This choice of domain is admittedly unusual but greatly simplifies the
analysis. Fortunately, approximation-theoretic results obtained in this setting carry
over in a black-box manner to the hypercube. In more detail, we will now prove that
every function on N"|<p can be transformed into a function in O(flogn) Boolean
variables with similar approximation-theoretic properties. Analogous input trans-
formations, with similar proofs, have been used in previous work to translate results
from {0,1}"|g or {0,1}"|<g to the hypercube setting [I6, [IT]. The presentation be-
low seems more economical than previous treatments.

Recall that ey, e, ..., e, denote the standard basis for R™. The following encod-
ing lemma was proved in [52], Lemma 3.1].

LEMMA 3.7 (Sherstov). Let n > 1 be a given integer. Then there is a surjection
g: {0, 1}6Mos(n+DT 5 107 e1 es,...,e,} such that

E p= E p= E »p
g=t(om) g~ (e1) g7 1(e2) g7 (en)

for every polynomial p of degree at most [log(n+1)]. Moreover, g can be constructed
deterministically in time polynomial in n.

Observe that the points 0", eq,€es,..., e, in this lemma act simply as labels and
can be replaced with any other tuple of n + 1 distinct points. Indeed, this result
was originally stated in [62] for a different choice of points. A tensor version of
Lemma [3.7] is as follows.

LEMMA 3.8. Let g: {0,1}6M08(n+DT 5 £07 ¢1 e5,...,e,} be as constructed in
Lemma , Then for any integer 0 > 1 and any polynomial p: (]Rwog("+1ﬂ )Y — R,
the mapping

Y1,Y2,---,Y9) —
(1,92, ) g~ Hy1)xg~ (y2) x - xg~(ye)

is a polynomial iny € {07, e1,ea,...,e, 0 of degree at most (deg p)/[log(n+1)+1].
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Proof. By linearity, it suffices to prove the lemma for factored polynomials of the
form p(z1,22,...,29) = p1(x1)p2(22) - - - po(2s), Where pi,pa, ..., ps are real poly-
nomials on R6Meg(»+DT For such a polynomial p, the defining equation simplifies
to

(3.16)

n

g7 (y1) x g™ H(y2) X+ x ye) 1(zn

=1

We now examine the individual contributions of pi,ps,...,pe to the degree of the
right-hand side as a real polynomial in y. For any polynomial p; of degree at most
[log(n + 1)], Lemma ensures that the corresponding expectation Ey-1(,,) p; is
a constant independent of the input y;. Thus, polynomials p; of degree at most
[log(n 4 1)] do not contribute to the degree of the right-hand side of (3.16]. For
the other polynomials p;, the expectation Eg-1(,,)p; is a linear polynomial in y;,
namely,

g*l(yi)pl Yi1 971(61)271 +yz,2 gil(ez)Pz + +yz,n g-1(en)

1—2%,] _1]1;‘()” Dis

where we are crucially exploiting the fact that y; € {0",e1,e2,...,e,}. Thus,
polynomials p; of degree greater than [log(n + 1)] contribute at most 1 each to
the degree. Summarizing, the right-hand side of is a real polynomial in
Y1,Y2,--.,Yg of degree at most

‘ degp
sdegp; > [1 1 < =,

[{i : degp; > [log(n +1)] + 1} Tog(n + 17 +1

as was to be shown. 0

We have reached the claimed result on input transformation.

THEOREM 3.9. Let n,0 > 1 be given integers. Set N = 6[log(n + 1)]6. Then there
is a surjection G: {0,1} — N"|<q such that:

(i)  for every polynomial p: RN — R, the mapping v Eg-1(v)p is a polyno-
mial on N™|<p of degree at most (degp)/[log(n + 1) +17;

(ii)  for every coordinate i = 1,2,...,n, the mapping © — ORy(G(x);) is com-
putable by an explicitly given DNF formula with O(On®) terms, each with
at most 6[log(n + 1)| variables.

Applying Theorem [3.9|to a function f: N"|<s — {0, 1} produces a composed func-
tion foG: {0,1}6Mos(»+11¢ _, 10 1} in the hypercube setting. The theorem ensures
that lower bounds for the pointwise approximation, or sign-representation, of f ap-
ply to f o G as well. Moreover, the circuit complexity of f o G is only slightly
higher than that of f. This way, Theorem [3.9] efficiently transfers approximation-
theoretic results from N"|<p (or any subset thereof, such as {0,1}"|<s or N"|g) to
the traditional setting of the hypercube.
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Proof of Theorem [3.9} Define G': ({0, 1}6Mos(r+ D10 _ N"|p by
G(z1,22,...,20) = g(x1) + g(22) + - + g(9),

where g: {0,1}6M08(+DT 5 {0" e, ey,...,e,} is as constructed in Lemma
The surjectivity of G follows trivially from that of g. We proceed to verify the
additional properties required of G.

For v € N"|¢g, we have the partition

G ) = U 97 (1) x g (y2) X -+ x g (a)- (3.17)

y€{0™ e1,€2,....en }7:
y1ty2+--+ye=v

All representations v = y; + yo2 + -+ + yo with y1,y2,...,99 € {0™,e1,€2,...,€,}
are the same up to the order of the summands. As a result, each part g=1(y;) x
g (y2) X --+ x g7 (yg) in the partition on the right-hand side of has the
same cardinality. We conclude that for any given polynomial p,

E p= E E p. 3.18
G=1(v) ye{0™,e1,ea,..en}?: 97 (Y1) X9 (y2) X - x g (ye) ( )
Yy1t+y2+---+ye=v

Recall from Lemma[3.§] that the rightmost expectation in this equation is a polyno-
mialin y1,¥2,...,ys € {07, e1,€2,...,e,} of degree at most (degp)/[log(n+1)+1].
As a result, Corollary implies that the right-hand side of is a polynomial
in v of degree at most (degp)/[log(n + 1) + 1].

Fix an index 7. Then

0
OR;(G(@)) = \/ Tlgla,) = e

Each of the disjuncts on the right-hand side is a function of 6[log(n + 1)] Boolean
variables. Therefore, ORj(G(z);) is representable by a DNF formula with O(6nS)
terms, each with at most 6[log(n + 1)] variables.

4. THE THRESHOLD DEGREE OF ACP°

This section is devoted to our results on threshold degree. While we are mainly
interested in the threshold degree of AC?, the techniques developed here apply to a
much broader class of functions. Specifically, we prove an amplification theorem that
takes an arbitrary function f and builds from it a function F' with higher threshold
degree. We give analogous amplification theorems for various other approximation-
theoretic quantities. The transformation f — F is efficient with regard to circuit
depth and size and in particular preserves membership in AC°. To deduce our main
results for AC?, we start with a single-gate circuit and iteratively apply the ampli-
fication theorem to produce constant-depth circuits of higher and higher threshold
degree. We develop this general machinery in Sections [{.IHL.3] followed by the

applications to AC? in Sections and

4.1. Shifting probability mass in product distributions. Consider a prod-
uct distribution A on N™ whereby every component is concentrated near 0. The



THE THRESHOLD DEGREE AND SIGN-RANK OF AC° 33

centerpiece of our threshold degree analysis, presented here, is the construction of
an associated probability distribution A that is supported entirely on inputs of low
weight and cannot be distinguished from A by a low-degree polynomial. More for-
mally, define B(r, ¢, ) to be the family of probability distributions A on N such
that

supp A ={0,1,2,...,7"}

for some nonnegative integer r’ < r, and in addition

cttt 1

e SAN) < o
(t41)22o ®) c(t +1)22o

t € supp A (4.1)
Distributions in this family are subject to pointwise constraints, hence the symbol
B for “bounded.” Our bounding functions are motivated mainly by the metric
properties of the dual polynomial for OR,,, constructed in Theorem [3.3]

In this notation, our analysis handles any distribution A € B(r, ¢, a)®™. It would
be possible to generalize our work further, but the lower and upper bounds in
are already exponentially far apart and capture a much larger class of probability
distributions than what we need for the applications to AC°. The precise statement
of our result is as follows.

THEOREM 4.1. Let A € B(r,c,a)®" be given, for some integer r > 0 and reals
c>0and a > 0. Let d and 0 be positive integers with

6> 2d, (4.2)
den(1 + Inn)

0>

. (4.3)

Then there is a function A: N" = R such that

supp A C (supp A)| <2, (4.4)
orth(A — A) > d,
d
. 8
IA—A| < (?) 9= 10/r1—al0/2]+2 5 on N"| op. (4.6)

In general, the function A constructed in Theorem may not be a probability
distribution. However, when 6 is large enough relative to the other parameters, the
pointwise property forces |A — A| < A on the support of A, and in particular
A > 0. Since orth(A — /~\) > 0 by construction, Proposition guarantees that A
is a probability distribution in that case.

Proof of Theorem [A.1]. For ¢ > 1, we have B(r,¢,a) = & and the theorem holds
vacuously. Another degenerate possibility is » = 0, in which case A is the single-
point distribution on 0", and therefore it suffices to take A = A. In what follows,
we treat the general case when

c € (0,1],

=
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For every vector v € N™ with ||v]l; > 0, let S(v) C {1,2,...,n} denote the
corresponding subset identified by Lemma [3.5] To restate the lemma’s guarantees,

|S(v)| > g, v € (supp A)|>20, (4.7)

lglsl(lll)) v, = 25’(v)|(01+1nn)’ v € (supp A)|>20, (4.8)

oIyl <. v € (supp A)|>26. (4.9)
Property implies that

[o]s@)lls >0, v € (supp A)|>20, (4.10)
and in particular

[ols()llL > d, v € (supp A)|>20. (4.11)

For each i = 1,2,...,n and each u € N¥|- 4, Lemmagives a function ¢,: N* = R
such that

supp ¢, C {uU{v e N’ : v < u and lv| < d}, (4.12)
Culu) =1, (4.13)
I¢ull < 1+2d<”?ﬁil), (4.14)
orth(, > d, (4.15)

and in particular

1Culloo < max{|Cu(w)], [|Cull — [Cu(u)[}

< il
("

< 2fuls. (4.16)

The central object of study in our proof is the following function (: N* — R,
built from the auxiliary objects S(v) and (, just introduced:

(@)= Y AW G, @) Talsmy = vl (4.17)

ve(supp A)|>20

The expression on the right-hand side is well-formed because, to restate (4.11)), each
string v|g(,) has weight greater than d and can therefore be used as a subscript in

Cols(oy - Specializing and ,

orth G5,y > d, v € (supp A)|>20, (4.18)

o < 2(nr)d, v € (supp A)|>20. (4.19)

HCU\S<U>
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Property (4.12) ensures that Gy, (#]s(v)) IMW = ’U|W] # 0 only when = < v.
It follows that

supp ¢ C U {r eN":z < v}
vEsupp A

= supp A, (4.20)

where second step is valid because A € B(r, ¢, a)®".
Before carrying on with the proof, we take a moment to simplify the defining
expression for ¢. For any v € N"|599, we have

Cv|s(1,)(x|3(v)) [$|5(v) U|5(U}
= Golsoy (s ) I2]5(0) = VIs(0) OF 2|30 11 < d] X[z[5755 = vlgn]
= Gulsw (@ls) Tz|s@w) = vls@w)] + Illz]sw 1 < d)zlgay = vise]
= ol s (Tl 5(0) ) X[z = V]
+ Golsy (@ls@)IlZ]s () I < d] Lzl5my = vlgg]
= Iz = o] + Guj (@ls@) 2] s0) 11 < d] zlgrmy = viggl,

where the first, second, and fourth steps are valid by (4.12)), , and (4.13),
respectively. Making this substitution in the defining equation for ¢,

(@)= > AOGs, @lse)lzlswh < dIzlsgy = visg)
vE(supp A)|>20

+ ) AWz =], (4.21)

vE(supp A)[>20
We proceed to establish key properties of (.

STEP 1: ORTHOGONALITY. By Proposition each term in the summation
on the right-hand side of (4.17)) is a function orthogonal to polynomials of degree
less than orth Cﬂ|s(u)' Therefore,

orth¢ > min orth ¢,
vE(supp A)|>20

> d, (4.22)

[s(v)

where the first step uses Proposition and the second step applies (4.18).

STEP 2: HEAVY INPUTS. We now examine the behavior of { on inputs of weight
at least 20, which we think of as “heavy.” For any string v € (supp A)|>2¢, we have
x € Nn|>29 S5 ||$||1 >d+ 60
= zlswl>d vV lzlggyllh >0
= lzlswlh >d vV x5y # vlgey
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where the final implication uses (4.9). We conclude that the first summation
in (4.21)) vanishes on N"|599, so that

((z) = A(z), z € N[5 (4.23)
This completes the analysis of heavy inputs.

STEP 3: LIGHT INPUTS. We now turn to inputs of weight less than 26, the most
technical part of the proof. Fix an arbitrary string = € (supp A)|<2¢9. Then

<@ A)
- > /\Ex)Cvls(u)(QTlS(v)) 1l syl < d Izlgr; = vlgg)]
vE(supp A)| 20
Av
< Z AEI;KvIs(u)(ﬂCS(v)H I[||2| s 1 < d] IMW _ U|W]

vE(supp A)[>20

A(v)
<2nr)? Y Az) Illz[swlh < dzl557 = vlgm]
vE(supp A)|>2¢

—ont Y Talsh<d Y AWy oy

A(z)
SC{1,...,n}: vE(supp A)|>2¢:
[S|=6/r S(v)=5
Av)
<2nr)t > I[alslh < d] > A Iz|g = vlg],
SC{1,....,n}: veN™:
[S|=6/r Diesvi=t,

in. > 60
minies Vi 2 araTafmn)

(4.24)

where the first step uses (4.21)); the second step applies the triangle inequality; the
third step is valid by (4.19)); the fourth step amounts to collecting terms according
to S(v), which by (4.7) has cardinality at least 6/r; and the fifth step uses (4.8)
and .

Bounding requires a bit of work. To start with, write A = @, A; for
some A1, Ag, ..., A\, € B(r,c,«). Then for every nonempty set S C {1,2,...,n},

1 (s + 1)2 200
Iffjz|s]lr < d] H ED) <Iflfzs]l < d] H BT
ies TV i€s

9 Eiesmi
= felsll < a1 ()7 T+ 12
€S

9a 2 Ziesﬂﬁi
<elslh < a s (25 )
C

20 2\ ¢
< ISl <e> : (4.25)
C
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where the first step applies the definition of 9B (r, ¢, &), and the third step uses the
bound 1 + ¢ < ¢ for real t. Continuing,

A(v)
Z A(z) I[z[5 = v[5]
veN™:
2ies viz0,
min;egs vi?W

veN™: €S
ZiES v; 20,
min;es Uz‘?W’
v,=x; for i¢S

pOIPRTIY | (R E
c(v; + 1)2 X (x;
et ieg Clvi +1)2 ()
Yiesvizh,
minieS”i?WV
v;=x; for i¢S

>
c(v; +1)2; (x;
Z 1 RS VONEY
mlnies”i>2\s\(1+1nn)v

v;=x; for i¢S

N

N

5]

oo

. 1 1
=2 ' Z C(f + 1)2 H )\l(l‘z)

i€S

t=| a0y |

S|
—a > dt 1
< 2 ' (A 0 C??) H /\1($1)

WW i€s

oo (21811 +1nn)\ 7 1
2 (———) ][+ 4.2
<2 ( Ll Y (4.26)

cf ()’

where the first step uses A = ®ZL:1 i, and the second step applies the definition of
B(r, ¢, a).
It remains to put together the bounds obtained so far. We have:

()] oo (21811 +1nn)\ 7 1
Rl <oyt ¥ Tlalslh < a2 (2R 11

SCHL,...,n}: cd i)
18120/r
<ot Y geo (2SN S 2o\
S nr T -
SC{1,...,n}:
|S1=20/r
S
(e?nr/c)? 2|S|(1+1nn) !
S 2 et Yo (T
SC{1,...,n}:

15]=20/r
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s=[0/r]
(e®*nr/c)d & en 2s(1+1nn)\’
<2 2al0/2] Z e 20
S*W/ﬂ
(e?nr/c)? s
<2 “9al6/2] Z 2”
s=[0/r]
B (e?nr/c)?
7 9af6/214[6/r]”

where the ﬁrst step follows from and (4.26); the second step substltutes the

bound from , the third step uses , and the next-to-last step uses
In summary, we have shown that

6277/]" C d
@l <t Gl ). ve(upp Az (127)

STEP 4: FINISHING THE PROOF. Define A = A — ¢. Then the support prop-
erty (4.4)) follows from (4.20) and -, the analytic indistinguishability prop-

erty (4.5 follows from (4.22); and the pointwise property (4.6)) follows from (4.20)

We record a generalization of Theorem [£.] to translates of probability distri-
butions in B(r, ¢, )®”, and further to convex combinations of such distributions.
Formally, define B(r, ¢, a, A) for A > 0 to be the family of probability distributions
A on N such that A(t) = N (¢t — a) for some X € B(r,c,a) and a € [0, A]. We have:

COROLLARY 4.2. Let A € conv(B(r, ¢, o, A)®") be given, for some integersr, A > 0
and reals ¢ >0 and o > 0. Let d and 0 be positive integers with

0 > 2d, (4.28)
4en(1 +1
0> en(i—g—rL?z)’ (4.29)
C
8 d
9T60/r1+al0/2] 5 4 ( ’”‘) | (4.30)
C

Then there is a probability distribution A such that

supp A € (supp A)| <204 ma, (4.31)
orth(A — A) > d. (4.32)

Proof. We first consider the special case when A € B(r,c, o, A)®™. Then by def-
inition, A(t1,...,t,) = A'(t1 — a1,...,t, — ay) for some probability distribution
AN € B(r,c,a)®" and integers ay,...,a, € [0,A]. Applying Theorem to A’



THE THRESHOLD DEGREE AND SIGN-RANK OF AC° 39

yields a function A’: N” — R with

supp A’ C (supp A')| <20, (4.33)
orth(A' —A') > d, (4.34)
A= A| <A on supp A’ (4.35)

The last property implies in particular that A isa nonnegative function. As a re-
sult, and Proposition guarantee that A’ is a probability distribution. Now
the sought properties and follow from and , respectively,
for the probability distribution A(ty, . .. ) = Nty —aq,... ty —ap).

In the general case of a convex combination A = A\;Aj+- - -+ Ay Ay of probability

distributions A1, ..., Ar € B(r,c,a, A)®" one uses the technique of the previous
paragraph to transform Ay, ..., Ay individually into corresponding probability dis-
tributions Aq,..., Ak, and takes A = A\yAq + -+ + A Ag. I

4.2. A bounded dual polynomial for MP. We now turn to the construction
of a gadget for our amplification theorem. Let B*(r,c,«) denote the family of
probability distributions A on N such that

supp A = {0,1,2,...,7"}
for some nonnegative integer r’ < r, and moreover

¢ < A1) < ! t € supp A
—_— _— su .
(t+ 1220t =S g 1)2 0t PP
In this family, a distribution’s weight at any given point is prescribed up to the
multiplicative constant ¢, in contrast to the exponentially large range allowed in
the definition of B(r, ¢, ). For all parameter settings, we have

B*(r,c,a) T B(r,c,a). (4.36)

Indeed, the containment holds trivially for ¢ < 1, and remains valid for ¢ > 1
because the left-hand side and right-hand side are both empty in that case. As
before, it will be helpful to have shorthand notation for translates of distributions
in B(r,c,a): we define B*(r,c,a, A) for A > 0 to be the family of probability
distributions A on N such that A(t) = N (¢t — a) for some X € B*(r,¢,a) and
a € [0,A]

As our next step toward analyzing the threshold degree of ACY, we will construct
a dual object that witnesses the high threshold degree of MP:W and possesses
additional metric properties in the sense of *. To simplify the exposition, we
start with an auxiliary construction.

LEMMA 4.3. Let 0 < € < 1 be given. Then for some constants c1,c2 € (0,1) and all
integers R > r > 1, there are (explicitly given) probability distributions Ao, A1, A2
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such that:
supp Ao = {0}, (4.37)
supp\; = {1,2,..., R}, 1=1,2, (4.38)
A\ € B* (R,ch\c;;,l), i=0,1,2, (4.39)
orth((1 —€)Xo + €Aa — A1) = 1/ (4.40)

Our analysis of the threshold degree of AC? only uses the special case R = r of
Lemma [£.3] The more general formulation with R > r will be needed much later,
in the analysis of the sign-rank of AC .

Proof. Theorem constructs a function ¢: {0,1,2,..., R} — R such that

£
2

¥(0) > —=, (4.41)
Y]l =1, (4.42)
orthe > ¢'v/r, (4.43)
[(t)] € ¢ ! t=0,1,...,R, (4.44)

(t—|—1)2 et/ /T’ C’(t—|—1)2 oct/\r |7

for some constants ¢’,¢’ € (0,1) independent of R,r. Property makes it
possible to view |¢)| as a probability distribution on {0,1,2,..., R}. Let pg, 1, 2
be the probability distributions induced by |¢| on {0},{t # 0 : ¢(t) < 0}, and
{t #0:9(t) > 0}, respectively. It is clear from that the negative part of 1) is
a multiple of p1, whereas the positive part of ¢ is a nonnegative linear combination
of po and po. Moreover, it follows from (¢,1) = 0 and ||¢||; = 1 that the positive
and negative parts of ¢ both have ¢;-norm 1/2. Summarizing,

1-94§ 1

1)
- Z 4.4
P = D) Ho 2u1+2u2 (4.45)

for some 0 < ¢ < 1. In view of (4.41), we infer the more precise bound

0<s< % (4.46)
We define

Ao = fo, (4.47)

A = %;‘jm +4- f_;;ug, (4.48)

A = 6(16_‘;2%1 s 6(11—?2)“2' (4.49)
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It follows from 0 < 0 < € that A\; and Ay are convex combinations of py and ps and
are therefore probability distributions with support

suppA; € {1,2,..., R}, i=1,2. (4.50)

Recall from that || = %,ul—l—%,ug on {1,2,..., R}. Comparing the coefficients
in [¢)| = p1 + Sp2 with the corresponding coefficients in the defining equations for
A1 and Ao, where 0 < § < €/2 by (£.46), we conclude that Ai, s € [¢”|], [¢]/c"]
on {1,2,..., R} for some constant " = ¢"’(¢) € (0,1). In view of (4.44), we arrive
at

" 1
Al(t) e 17 ) 1 )
(t+ 1)2 oc't/\/r C'C”/(t—i- 1)2 oct//r
i=1,2 t=12... R (4.51)

Continuing,

orth((1 — €)Ao + €eAa — A1) = orth (2 A 7; <125/l0 - %#1 + gm))

1
1—e€
—orth(2-15w>

>V, (4.52)

where the first step follows from the defining equations (4.47 7, the second
step uses , and the final step is a restatement of (4.43)).

We are now in a position to verify the claimed properties of Ag, A1, A2 in the
theorem statement. Property (4.37)) follows from (@ , whereas property (4.38
is immediate from (4.50) and (4.51). The remaining properties (4.39) and ({4.40
for ¢y = ¢ and a small enough constant ¢; > 0 now follow from (4.51)) and (4.52]
respectively.

We are now in a position to construct our desired dual polynomial for the Min-
sky—Papert function.

THEOREM 4.4. For some absolute constants c1,co € (0,1) and all positive integers
m and r, there are probability distributions Ao, A1 such that

Xm
C2 .
A; € conv <%* (7‘, c1,—,1 , 1=0,1, (4.53)
T

supp A; € (MPy, )7 (d), i=0,1, (4.54)
orth(A; — Ag) = min{m, c11/7}. (4.55)

The last two properties in the theorem statement are equivalent, in the sense of
linear programming duality, to the lower bound deg, (MPy, ) > min{m, c¢;/r} and
can be recovered in a black-box manner from many previous papers, e.g., [32] 42} [50].
The key additional property that we prove is , which is where the newly
established Lemma [L.3] plays an essential role.
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Proof of Theorem [£:4] Take e = 1/2 and R = r in Lemma[£.3] and let Ao, A1, A2 be
the resulting probability distributions. Let

A= E AF9295,
SC{1,2,....,m}
|S| odd
—_\®
Ay =AP™.

Then (4£.53) is immediate from (4.39), whereas (4.54) follows from (4.37) and (4.38).

To verify the remaining property (4.55)), rewrlte

Ag=27"F1 3T AF5 P

SC{1,2,....m}
S| odd

1 1.\%" 1 1.\
- (2)\0 + 2)\2> - <_2>\0 + 2)\2> .
Observe that
orth(A; — A;) > 1, i,j=0,1,2, (4.56)

which can be seen from (\; — A;,1) = (\;,1) — (A;,1) =1 —-1=0. Now

OI‘th(Al — AQ)

1 1 \%" 1 1o\®™
= orth (XIX)m - (2/\0 + 2)\2) + <—2)\0 + 2/\2) >
®m 1 am 1 1 @m
> min q orth [ A7™ — )\0 + )\2 ,orth —5)\0 + 5)\2

1o 1 1 1.\%"
> min {orth ()\1 5 2)\2) ,orth <<—2)\0 + 2/\2) ) }
1 1 1 1
= {orth ()\1 5 2/\2> ,morth (—2)\0 + 2/\2>}
> min {orth < 1)\0 — 1)\2> ,m}
2 2

> min{c;/r, m},

where the last five steps are valid by Proposition [2.1(1)] Proposition [2.1)(iii), Propo-
sition | equation 1| and equation 1' respectively. 0

4.3. Hardness amplification for threshold degree and beyond. We now
present a black-box transformation that takes any given circuit in n variables with
threshold degree n!~¢ into a circuit with polynomially larger threshold degree,
Q(n'~7%). This hardness amplification procedure increases the circuit size addi-
tively by n®1) and the circuit depth by 2, preserving membership in AC. We
obtain analogous hardness amplification results for a host of other approximation-
theoretic complexity measures. For this reason, we adopt the following abstract
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view of polynomial approximation. Let Iy, I1, I, be nonempty convex subsets of the
real line, i.e., any kind of nonempty intervals (closed, open, or half-open; bounded
or unbounded). Let f: X — {0,1,*} be a (possibly partial) Boolean function on a
finite subset X of Euclidean space. We define an (Iy, Iy, I.)-approzimant for f to be
any real polynomial that maps f~1(0), f=1(1), f~1(*) into Iy, I1, I, respectively.
The (Io, I1, I.)-approzimate degree of f, denoted deg;, ;, ;. (f), is the least degree
of an (Iy, I, I.)-approximant for f. Threshold degree corresponds to the special
case

degy = deg(g,00),(—00,0),(—00,00) - (4.57)

Other notable cases include e-approximate degree and one-sided e-approrimate de-
gree, given by

degs = deg[—e,s],[1—6,1—}-6],[—6,1—1—5]7 (458)

deg: = deg[—e,e],[l—e,o@),(—o@,oo)7 (459)
respectively. Our hardness amplification result applies to (1o, I1, I, )-approximate
degree for any nonempty convex Iy, I1, I, C R, with threshold degree being a special

case. The centerpiece of our argument is the following lemma.

LEMMA 4.5. Let c1,co > 0 be the absolute constants from Theorem , Let
n,m,r,d,0 be positive integers such that

0520 (4.60)
6> 4enm(1 J;ln(nm))’ (4.61)
Sl
. NG <dlog (8nmr> N 2) ' (4.62)
C2 C1

Then for each z € {0,1}", there is a probability distribution A, on N™™ such that:

(i)  the support of A, is contained in (ITi=y (MP;, )~ (26)) | <264nms
(ii)  for every polynomial p: R™ — R of degree at most d, the mapping z —
Ej_p is a polynomial on {0,1}" of degree at most m - deg p.

Proof. Theorem constructs probability distributions Ay and A; such that

XKm
A; € conv <%* <7", e, % 1) ) , i=0,1, (4.63)
supp A; € (MP}, )7 (i), i=0,1, (4.64)

orth(A; — Ag) = min{m, c1v/r}. (4.65)
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As a result, the probability distributions A, = @, A, for z € {0,1}" obey

®@m @n
c
A, € (conv (%* (r, c1, %, 1) >>
Cs RKnm
C conv | B* (r, c1, W, 1)

Rnm
C conv (% (T, c, \c—}, 1) > , (4.66)
r

where the last two steps are valid by (2.2)) and (4.36), respectively. By (4.60)-(4.62),
1| and Corollarym there are probability distributions A, for z € {0,1}" such
that

supp A C (supp A)| <204 nm, (4.67)
orth(A, — A) > d. (4.68)

We proceed to verify the properties required of A,. For (i), it follows from
and that each A, has support contained in ([T/_, (MP, )~ (2:))|<20+nm-
For (ii), let p be any polynomial of degree at most d. Then (4.68)) forces Ez_p =
Ex, p, where the right-hand side is by and Proposition a polynomial in
z € {0,1}™ of degree at most degp/ orth(A; — Ag) < degp/ min{m, c1/7}. [

At its core, a hardness amplification result is a lower bound on the complexity
of a composed function in terms of the complexities of its constituent parts. We
now prove such a composition theorem for (Iy, Iy, I, )-approximate degree.

THEOREM 4.6. There is an absolute constant 0 < ¢ < 1 such that

. ) ct
degy, 1,1, ((f o MP7,)|<o) > min {Cm degr.n.n () nogmm) ”} )
. ) ct
degy, 1,1, ((f © =MP7,)|<o) > min {Cm degr.rn s oty "}

for all positive integers n,m, 0, all functions f: {0,1}™ — {0, 1, %}, and all nonempty
convex sets Iy, I1, I, C R.

Proof. Negating a function’s inputs has no effect on the (Iy, I1, I, )-approximate
degree, so that f(z1,22,...,2,) and f(-x1,—xa,...,x,) both have (Iy, I, L,)-
approximate degree deg;, ; ;. (f). Therefore, it suffices to prove the lower bound
on degy, 1, 1. ((f o MP},)|<p) for all f.

Let ¢ € (0,1) be an absolute constant that is sufficiently small relative to the
constants in Lemma For § < % -nmlog(n + m), the lower bounds in the
statement of the theorem are nonpositive and therefore trivially true. In the com-
plementary case 6 > % -nmlog(n + m), Lemma applies to the positive integers
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n',m',r",d 0, where

n' =n,
!/
m' =m,
r/:mQ’
0 0 —nm
= 5 ,

? = gt

We thus obtain, for each z € {0,1}", a probability distribution A, on N"™ guch
that:

(i)  the support of A, is contained in (IT, (MP2) 71 (=) | <03
(ii)  for every polynomial p: R" — R of degree at most d’, the mapping z —
E; pis a polynomial on {0,1}" of degree at most — - deg p.
A cm

Now, let p: R"™ — R be an (Iy, I, I..)-approximant for (f o MP} )|<¢ of degree at
most d’. Consider the mapping p*: z — E A, P, which we view as a polynomial in
z € {0,1}". Then (i) along with the convexity of Iy, I, I, ensures that p* is an
(Lo, I1, I)-approximant for f, whence degp* > degy, ;, ;. (f). At the same time, (ii)
guarantees that degp* < % - deg p. This pair of lower and upper bounds force

degp > emdegy, 1, 1. (f)-

Since p was chosen arbitrarily from among (Io, I, I..)-approximants of (foMP} )|<s
that have degree at most d’, we conclude that

degy, 1, 1. ((f o MP},)|<p) = min{emdegy, 1, ;. (f), d +1}

. cl
> min {cmdeglo’lhl*(f); mlog(n+m)} .

The previous composition theorem has the following analogue for Boolean inputs.

THEOREM 4.7. Let 0 < ¢ < 1 be the absolute constant from Theorem [£.6] Let
n,m, N be positive integers. Then there is an (explicitly given) transformation
H:{0,1}" — {0,1}", computable by an AND-OR-AND circuit of size (Nnm)°™)
with bottom fan-in O(log(nm)), such that for all functions f: {0,1}™ — {0,1, %}
and all nonempty convex sets Iy, I, I, C R,

cN
de o H) > min < cmde , —n ¢ log(n +m),
81o,11,1. (f ) { 810,11 ,1. (f) 50m logQ(n +m) } g( )
cN
de o—=H) > min< ecmde , —n plog(n +m).
gIO,Il,I*(f ) { 810,111, (f) 50m log2(n—|— m) } g( )

For the function H with multibit output, the notation —H above refers to the
function obtained by negating each of H’s outputs.
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Proof of Theorem [A7]. As in the previous proof, settling the first lower bound for
all f will automatically settle the second lower bound, due to the invariance of
(Io, I1, I.)-approximate degree under negation of the input bits. In what follows,
we focus on fo H.

We may assume that N > 50mnlog®(n + m) since otherwise the lower bounds
in the theorem statement are nonpositive and hence trivially true. Define

QZ[wlongm]

Theorem [3.9| gives a surjection G': {0, 1}6¢Mee(mm+D] _ Nvm |y with the following
two properties:

(i) for every coordinate ¢ = 1,2,...,nm, the mapping x — ORj(G(x);) is
computable by an explicit DNF formula of size (nmf)°") = NO) with
bottom fan-in O(log(nm));

(ii)  for any polynomial p, the map v — Eg-1(,)p is a polynomial on N |«
of degree at most (degp)/[log(nm + 1) + 1] < (degp)/log(n + m).

Consider the composition F' = (f o MP}, 5) o G. Then
F =(fo(AND,, cOR})) o G
= fo((AND,, o ORy,...,AND,, o ORj) o G),

n

which by property (i) of G means that F' is the composition of f and an AND-OR-
AND circuit H on 66[log(nm +1)] < N variables of size (nmN)°M) = N0 with
bottom fan-in O(log(nm)). Hence, the proof will be complete once we show that

cN
" 50mlog?(n +m

degy, 1,.1. (F) > min {cmdeglo’lhl*(f) ) — n} log(n+m).

(4.69)

For this, fix an (Io, I1, I+)-approximant p for I of degree deg;, ;, ;. (F'). Consider
the polynomial p*: N""|<y — R given by p*(v) = Eg-1(,)p. Since Iy, I1, I, are
convex and p is an (Io, I1, I.)-approximant for F' = (f o MP}, 4) o G, it follows that
p* is an (lo, I1, I.)-approximant for (f o MP}, »)|<s. Therefore,

*

egIO,Il,I*«f © MP;’9)|<9)
gry,1,,1. ((f o MP7)[<o)

. c
Z min {cm degy, 1,.1. (f); m - n}

degp” > d
>d

cN
> min < cmde , —-ng,
{ &1o.1,.1. (/) 50m log? (n+m) }

where the second step is valid because (f o MP}, 5)|<¢ either contains the function
(foMP} )|<o = (f o MP}, . »)|<¢ as a subfunction (case § > m?), or is equal to it

m,m?
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(case < m?); and the third step applies Theorem 4.6 However, property (ii) of
G states that

degp
log(n + m)
_ deg[g,ll,l*(F)
log(n+m)

degp* <

Comparing these lower and upper bounds on the degree of p* settles (4.69). 0

At last, we illustrate the use of the previous two composition results to amplify
hardness for polynomial approximation.

THEOREM 4.8 (Hardness amplification). Let Iy, I1, I, C R be any nonempty convex
subsets. Let f: {0,1}" — {0,1} be a given function with

el

degy, 1,.1.(f) = n'"w,

for some real number k > 1. Suppose further that f is computable by a Boolean
circuit of size s and depth d, where d > 1. Then there is a function F: {0,1} —

{0,1} on N = ©(n**+ log® n) variables with
N-&
degg, ()0 ).

1— -2
log" =T N

Moreover, F is computable by a Boolean circuit of size s + n°(M) | bottom fan-in
O(logn), depth d + 2 if the circuit for f is monotone, and depth d + 3 otherwise.

Proof. Take
m = [n/*],

N = FOO mnlogQ(ner)—‘ ,
c

where 0 < ¢ < 1 is the absolute constant from Theorem [£.6l Then Theorem
gives an explicit transformation H: {0,1}" — {0,1}", computable by an AND-
OR-AND circuit of size n°!) with bottom fan-in O(logn), such that

min{deglg,ll,l* (foH), deg[g,ll,l*(f o-H)}

cN
> min < emde ,
{ 810,11, 1. (7) 50m 1og2 (n+m

7 n} log(n + m)
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Now, fix a circuit for f of size s and depth d > 1. Composing the circuits for f and
H results in circuits for fo H and f o —H of size s +n°1) bottom fan-in O(logn),
and depth at most d + 3. Thus, F' can be taken to be either of f o H and f o —-H.

When the circuit for f is monotone, the depth of F' can be reduced to d + 2 as
follows. After merging like gates if necessary, the circuit for f can be viewed as
composed of d layers of alternating gates (A and V). The bottom layer of f can
therefore be merged with the top layer of either H or —H, resulting in a circuit of
depth at most (d+3) — 1 = 2. (]

We emphasize that in view of (4.57)), the symbol deg;, ;, ;, in Theorems 4.8
can be replaced with the threshold degree symbol deg,. The same goes for any
other special case of (Iy, I, I, )-approximate degree.

4.4. Threshold degree and discrepancy of AC?. We have reached our main
result on the sign-representation of constant-depth circuits. For any € > 0, the next
theorem constructs a circuit family in AC? with threshold degree Q(n'~€). The
proof amounts to a recursive application of the hardness amplification procedure of

Section [4.3]

THEOREM 4.9. Let k > 1 be a fized integer. Then there is an (explicitly given)
family of functions {frn}S>y, where frn: {0,1}" — {0,1} has threshold degree

k—2

degy (frn) =8 (n% . (logn)fk%erw L%J) (4.70)

and is computable by a monotone Boolean circuit of size n®Y) and depth k. In
addition, the circuit for fi . has bottom fan-in O(logn) for all k # 2.

Proof. The proof is by induction on k. The base cases k = 1 and k = 2 correspond
to the families

fin(x) =21, n=1,23 ...,
fgyn(x):MPLnue,J, TL:172,3,....

For the former, the threshold degree lower bound is trivial. For the latter, it
follows from Theorem 2.5

For the inductive step, fix k£ > 3. Due to the asymptotic nature of , it is
enough to construct the functions in {f »}52; for n larger than a certain constant
of our choosing. As a starting point, the inductive hypothesis gives an explicit
family {fr—2.n}52; in which fr_2,: {0,1}™ — {0, 1} has threshold degree

deg (fr—2,n) = (n% . (logn)fﬁ(¥“%0 (4.71)

and is computable by a monotone Boolean circuit of size n®) and depth k —2. We
view the circuit for f;_s , as composed of k£ — 2 layers of alternating gates, where
without loss of generality the bottom layer consists of AND gates. This last property
can be forced by using = fr_2 (21, T2, ..., "z, ) instead of fr_2 n (21, T2, ..., 20),
which interchanges the circuit’s AND and OR gates without affecting the threshold
degree, circuit depth, or circuit size.
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Now, let ¢ > 0 be the absolute constant from Theorem [4.6] For every N larger
than a certain constant, we apply Theorem [4.7] with

n= [N%(log Ny WC(J , (4.72)
m= ’VN%-H(]ogN)k%HI—%]L%J_%H_‘ , (4.73)
= Tk—2.n, (4.74)
Io = (0, 00), (4.75)
I = (—0,0), (4.76)
I, = (—00,00) (4.77)

to obtain a function Hy: {0,1}¥ — {0,1}" such that the composition Fy =
fr—2.n 0 Hy has threshold degree

cN
50mlog®(n +m

dog (Fx) > min {em deg (f-2.). - ) og(n + m)

= 0 (N7 (log V) w3155
=0 (N (log V)~ 1520, (4.78)

where the second step uses (4.71)—([4.73). Moreover, Theorem [4.7] ensures that Hy
is computable by an AND-OR-AND circuit of polynomial size and bottom fan-
in O(log N). The bottom layer of fr_s, consists of AND gates, which can be
merged with the top layer of Hy to produce a circuit for Fiy = fr—2.n, 0 Hy of
depth (k —2)+3 —-1=k.

We have thus constructed, for some constant No, a family of functions { Fx }R_x,
in which each Fiv: {0,1}" — {0,1} has threshold degree and is computable
by a Boolean circuit of polynomial size, depth k, and bottom fan-in O(log N). Now,
take the circuit for Fiy and replace the negated inputs in it with N new, unnegated
inputs. The resulting monotone circuit on 2N variables clearly has threshold degree
at least that of Fy. This completes the inductive step. 0

Theorem [£.9] settles Theorem [[1] from the introduction. Using the pattern matrix
method, we now “lift” this result to communication complexity.

THEOREM 4.10. Let k > 3 be a fized integer. Let £: N — {2,3,4,...} be given.
Then there is an (explicitly given) family {F,}2,, where F,,: ({0,1}*)*™ — {0,1}
is an £(n)-party communication problem with discrepancy

k-1
k+1

[4[(7;)’,’2(71)2 —‘

(1 +log [74“";2(")2—‘)

disc(F,) < 2exp | —Q (4.79)

L
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and communication complexity

k—1

. 1E
28 {(n)2

521552
(1 + log ’7‘41(71)72(”)2—‘) S ’

Moreover, F, is computable by a Boolean circuit of size n®Y and depth k + 1
in which the bottom two layers have fan-in O(4°0(n)?logn) and £(n), in that
order. In particular, if £{(n) = O(1), then F,, is computable by a Boolean circuit of
polynomial size, depth k, and bottom fan-in O(logn).

PP(F,) =Q

(4.80)

Proof. Theorem {.9| constructs a family of functions {f,}>2,, where f,: {0,1}" —
{0,1} has threshold degree

k—

degy (fn) =Q (nkTi - (log n)fk%l[¥W L¥J) (4.81)

and is computable by a monotone Boolean circuit of polynomial size, depth k,
and bottom fan-in O(logn). We view the circuit for f,, as composed of k layers of
alternating gates, where without loss of generality the bottom layer consists of AND
gates. This last property can be forced by using —f, (-1, —22,...,x,) instead
of fn(z1,22,...,2,), which interchanges the circuit’s AND and OR gates without
affecting the threshold degree, circuit depth, circuit size, or bottom fan-in.

Now, let ¢ > 0 be the absolute constant from Theorem [2.17] For any given n,
define

"\ finym) © NOR,;, 0 ANDy(,) otherwise,

where m = 2[c2/(")¢(n)]?. Then the discrepancy bound @ is trivial for n < 2m,
and follows from and Theorem for n > 2m. The lower bound on
the communication complexity of F;, with weakly unbounded error is now immedi-
ate by the discrepancy method (Corollary .

It remains to examine the circuit complexity of F,,. Since f, is computable by
a monotone circuit of size n®1) and depth k, with the bottom layer composed
of AND gates of fan-in O(logn), it follows that F,, is computable by a circuit
of size n°®1Y and depth at most k + 1 in which the bottom two levels have fan-
in O(logn) - m = O(4“M¢(n)?logn) and £(n), in that order. This means that
for £(n) = O(1), the bottom three levels of F,, can be computed by a circuit of
polynomial size, depth 2, and bottom fan-in O(logn), which in turn gives a circuit
for F,, of polynomial size, depth (k+1)—3+2 = k, and bottom fan-in O(logn). [

Taking ¢(n) = 2 in Theorem settles Theorem from the introduction.

4.5. Threshold degree of surjectivity. We close this section with another ap-
plication of our amplification theorem, in which we take the outer function f to be
the identity map f: {0,1} — {0,1} on a single bit.
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THEOREM 4.11. For any integer m > 1,
e (MP, [ < tog ) = m).

Proof. Let f:{0,1} — {0,1} be the identity function, so that deg, (f) = 1. Invok-
ing Theorem with n = 1 and § = |m?logm|, one obtains the claimed lower
bound. 0

Theorem has a useful interpretation. For positive integers n and r, the surjec-
tivity problem is the problem of determining whether a given mapping {1,2,...,n} —
{1,2,...,r} is surjective. This problem is trivial for r > n, and the standard regime
studied in previous work is r < ¢n for some constant 0 < ¢ < 1. The input to the
surjectivity problem is represented by a Boolean matrix « € {0,1}"*™ with pre-
cisely one nonzero entry in every column. More formally, let ey, es,..., e, be the
standard basis for R". The surjectivity function SURJ,, ,: {e1,e2,...,e,}" — {0,1}
is given by

S[JI{Jn’T(.’L'l,LZ'Q7 N ,ZCn) = /T\ \n/ Zg,j-
j=1li=1

It is clear that SURJ,, ,(x1, 2, ..., %,) is uniquely determined by the vector sum
x1+x2+- - +x, € N7|,. It is therefore natural to consider a symmetric counterpart
of the surjectivity function, with domain N”|, instead of {ej,es,...,e,}™. This
symmetric version is (AND,. o OR;)|, = MPJ  |,, and Proposition m ensures
that

deg, (SURJ, ) = degy (MP;. ,|n)- (4.82)

The surjectivity problem has seen much work recently [8, 54, 1], [17]. In par-
ticular, Bun and Thaler [I7] have obtained an essentially tight lower bound of

Q(min{r,/n}) on the threshold degree of SURJ, , in the standard regime r <
(1 — Q(1))n. As a corollary to Theorem |4.11} we give a new proof of Bun and
Thaler’s result, sharpening their bound by a polylogarithmic factor.

COROLLARY 4.12. For any integers n > 1 > 1,

deg, (SURJ,,,) > Q (min {r, , /H;;g_(;—r)}) . (4.83)

Proof. Define
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We may assume that v’ > 1 since (4.83) holds trivially otherwise. The identity

MP:/’n({El, T2y ,I'T/)
=MP;, | x1,20,..., 2, 1,1,..., 1,1 +n— (r—1') 721’1
7 v i=1
r—r/—1
holds for all (x1,za,...,2) € NT/|<,L_(,»_T/), whence
deg:l: (MP:’,n|§n—(r—7'/)) < degﬂ: (MP:,n|n) (485)
Now

deg, (SURJn,T) = deg, (MPj«,n‘n)
> deg:ﬁ:(MP;ﬁ’,nkn—(r—r’))
2 degi (MP:/’TQ |<T/2 log 7“’)
> Q(r'),

where the four steps use (4.82)), (4.85)), (4.84), and Theorem respectively. []

5. THE SIGN-RANK OF ACY

We now turn to the second main result of this paper, a near-optimal lower
bound on the sign-rank of constant-depth circuits. To start with, we show that our
smoothing technique from Theorem already gives an exponential lower bound on
the sign-rank of AC". Specifically, we prove in Section that the Minsky-Papert
function MP,1/s has exp(—O(n'/3))-smooth threshold degree Q(n'/3), which by
Theorem immediately implies an exp(€Q(n'/3)) lower bound on the sign-rank
of an ACY circuit of depth 3. This result was originally obtained, with a longer and
more demanding proof, by Razborov and Sherstov [39].

To obtain the near-optimal lower bound of exp(Q(n!=¢)) for every ¢ > 0, we
use a completely different approach. It is based on the notion of local smoothness
and is unrelated to the threshold degree analysis. In Section [5.2] we define local
smoothness and record basic properties of locally smooth functions. In Sections [5.3]
and[5.4] we develop techniques for manipulating locally smooth functions to achieve
desired global behavior, without the manipulations being detectable by low-degree
polynomials. To apply this machinery to constant-depth circuits, we design in
Section [5.5] a locally smooth dual polynomial for the Minsky—Papert function. We
use this dual object in Section [5.6] to prove an amplification theorem for smooth
threshold degree. We apply the amplification theorem iteratively in Section [5.7]
to construct, for any € > 0, a constant-depth circuit with exp(—O(n'~¢))-smooth
threshold degree Q(n'~¢). Finally, we present our main result on the sign-rank of
AC° in Section 5.8

In the remainder of this section, we adopt the following additional notation. For
an arbitrary subset X of Euclidean space, we write diam X = sup, ,/cx [z — 2/|,
with the convention that diam @ = 0. For a vector x € Z" and a natural number
d, we let By(z) = {v € Z" : |z — v| < d} denote the set of integer-valued vectors
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within distance d of x. For all z,

n+d
Bate)] = |Bao)] < 2(" 7). (5.1
where the binomial coefficient corresponds to the number of nonnegative integer
vectors of weight at most d. Finally, for vectors u,v € N", we define cube(u,v) to
be the smallest Cartesian product of integer intervals that contains both v and v.
Specifically,

cube(u,v) = {w € N" : min{u;, v;} < w; < max{u;,v;} for all i}

= H{min{ui, v; }ymin{u;, v} 4+ 1, ..., max{u;,v; }}.

i=1

5.1. A simple lower bound for depth 3. We start by presenting a new proof
of Razborov and Sherstov’s exponential lower bound [39] on the sign-rank of AC .
More precisely, we prove the following stronger result that was not known before.

THEOREM b5.1. There is a constant 0 < ¢ < 1 such that for all positive integers m
and r,

deg, (MP,, ., 127™71) > min{m, c\/r}.

Theorem [5.1]is asymptotically optimal, and it is the first lower bound on the smooth
threshold degree of the Minsky—Papert function. As we will discuss shortly, this
theorem implies an exp(Q(n'/?)) lower bound on the sign-rank of AC®. In addition,
we will use Theorem as the base case in the inductive proof of Theorem [1.3

Proof of Theorem [5.1]. Tt is well-known [33] 136, 57] that for some constant ¢ > 0
and all r, any real polynomial p: {0,1}" — R with ||p—NOR, || < 0.49 has degree
at least ¢y/r. By linear programming duality [50, Theorem 2.5], this approximation-
theoretic fact is equivalent to the existence of a function : {0,1}" — R with

$(0) > 0.49, (5.2)
19l =1,
ortht > cy/r.

The rest of the proof is a reprise of Section To begin with, property
makes it possible to view |¢| as a probability distribution on {0,1}". Let pq, (1, 2
be the probability distributions induced by |¢| on the sets {0"}, {z # 0" : ¢p(x) < 0},
and {z # 0" : ¢(z) > 0}, respectively. It is clear from that the negative part
of v is a multiple of w1, whereas the positive part of ¢ is a nonnegative linear
combination of ;1o and pe. Moreover, it follows from (i, 1) = 0 and ||¢||; = 1 that
the positive and negative parts of ¥ both have ¢;-norm 1/2. Summarizing,

1-94§ 1

5
Y= 5 Moo= 5 + SH2 (5.5)
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for some 0 < ¢ < 1. In view of (5.2), we infer the more precise bound

<6< —. .
0<6< o (5.6)

Let v be the uniform probability distribution on {0,1}"\ {0"}. We define

)\0 = Mo, (57)
2 2
)‘13(1—5)’“+<13(1—5))U’ 58
26 26

It is clear from (5.6) that A; and Ay are convex combinations of v, 1, ue and
therefore are probability distributions with support

supp A; C {0,1}"\ {07}, i=1,2, (5.10)
whereas
supp Ao = {0"} (5.11)

by definition. Moreover, (5.6) implies that

Ai > -, i=1,2. (5.12)

A~ =

The defining equations (5.7)—(5.9) further imply that

2 1 4
=X+ =X — A =

37073 51-0)""

which along with (5.4)) gives
2 1
orth <3/\0 + §>\2 — /\1> = C\/’F. (513)
With this work behind us, define

1/2 1.\ 1/ 1 1.\%" 1
A==(2 - S - —\@m
3 (3)\0+ 3/\2> 2 ( 3/\0+ 3>\2) + 2)\1
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Multiplying out the tensor products in the definition of A and collecting like terms,
we obtain

1 2151 — (—1)I8l 5 1. .om
A=y > AT AT AT (5.14)
SC{1,2,....,m}
S#D

1 2151 ®S \®S 1®m
>10 D AT AT
SC{1,2,....,m}
S4o
1 9lS| 1\® 1/1\®"
27 7}\@5_ - .
12 gt (4“) +2<4“)
SC{1,2,....,m}
S4>
1 9lS| 1\%5
®S
>7 2 M0 '<4U>
5C{1,2,...m}
_Lfzy 1 LA
T a\30 T3y
1/ 1 \™

where the third step uses (5.12). In particular, A is a nonnegative function. We
further calculate

1/2 1 ™o 1 1 ™o

A ==(ZX4+=X,1) —={(==Xg+=Na,1 (A, 1Y

(A1) 2<30+327> 2<30+32,>+2<17>
1

1
2

| —

2 ™o

) W W “ (g, 1)
<3)\0+ 3A27 > + 2<)‘1a >
+

=N
DN =

, (5.16)

which makes A a probability distribution on ({0,1}")™.
It remains to examine the orthogonal content of A - (—1)MPm.r We have

MP,, . 2‘5‘_(_1)|5| ®S  \®S MP e
Ao (m1MPer = 20 3T S ST S ()P

1
+ 5/\;@’” (—1)MPm.r

1 21— (D) s 65 1iam
-3 X o

1/2 1.\®" 1/ 1 1.\ 1
= (Zxo+ = B - VAR Y e
( o0+ 2) ( sh+ 3 2) SA
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where the first step uses (5.14); the second step uses (5.10) and (5.11)); and the

final equality can be verified by multiplying out the tensor powers and collecting
like terms. Now

orth(A - (—1)MPm.r)

) 1/2 1.\%" 1
= min {orth (2 (3)\0 + 3)\2) — 2Ai®m> ,
1/ 1 1.\%™"
OI‘th <—2 (—3)\0 =+ 3>\2) > }

. 2 1 1 1
min {orth (3)\0 + g/\g — )\1) ,morth <3)\0 + 3)\2> }

1 1
min {c\/ﬁmorth (—3)\0 + )\2) }

3
> min{cy/r, m},

\%

WV

where the first step applies Proposition [2.1((i)} the second step applies Proposi-

tion [2.1§(ii) the third step substitutes the lower bound from (5.13)); and the
last step uses (—XAg + A2,1) = —(Xo,1) + (A2,1) = —1 4+ 1 = 0. Combining this

conclusion with (5.15) and (5.16]) completes the proof. 1

We now “lift” the approximation-theoretic result just obtained to a sign-rank
lower bound, reproving a result of Razborov and Sherstov [39].

THEOREM 5.2 (Razborov and Sherstov). Define Fy,: {0,1}" x {0,1}" — {0,1} by
F, = AND, /s 0 OR, 2/a 0 ANDs.

Then
rky (F,) > 220,

Proof. Theorem gives
deg, (AND,,1/5 0 OR,2/s, exp(—c'n'/?)) > ¢'nt/3

for some absolute constants ¢’,¢” > 0 and all n. This lower bound along with
Theorem [2.18| implies that the composition

Hn = ANDnl/S o Oan/s o OR2 [exp(“—?{ﬂ o AND2

has sign-rank rky (H,) = exp(Q(n'/?)). This completes the proof because for some
integer constant ¢ > 1, each H,, is a subfunction of F,. 0

5.2. Local smoothness. The remainder of this paper focuses on our exp(€2(n!~¢))
lower bound on the sign-rank of AC?, whose proof is unrelated to the work in Sec-
tion [ and Section Central to our approach is an analytic notion that we call
local smoothness. Formally, let ®: N — R be a function of interest. For a subset
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X C N” and a real number K > 1, we say that ® is K-smooth on X if
|®(2)] < K" I|®(2")| for all 2,2’ € X.

Put another way, for any two points of X at distance d, the corresponding values of
® differ in magnitude by a factor of at most K?. For any set X, we let Smooth (K, X)
denote the family of functions that are K-smooth on X. The following proposition
collects basic properties of local smoothness, to which we refer as the restriction
property, scaling property, tensor property, and conical property.

PROPOSITION 5.3. Let K > 1 be given.

(i) If ® € Smooth(K, X) and X' C X, then ® € Smooth(K, X').

(i) If ® € Smooth(K, X) and a € R, then a® € Smooth(K, X).

(ili)  Smooth(K, X) ® Smooth(K,Y) C Smooth(K,X x Y).

(iv) If®, ¥ € Smooth(K, X) and @, are nonnegative on X, then cone{®, U} C
Smooth(K, X).

Proof. Properties and are immediate from the definition of K-smoothness.
For|(iii)| fix ® € Smooth(K, X) and ¥ € Smooth(K,Y). Then for all (z,y), (+/,y) €
X x Y, we have

() (y)] < K@ ()| K= 1|1w(y)|
= K= 09 () w(y),

where the first step uses the K-smoothness of ® and V. Finally, for let a and
b be nonnegative reals. Then

|a®(z) + b¥(z)| = a|®(z)| + b|¥(z)|
< aKP N ®(2))| + bK 11|10 (2)|
= K1*=%"l|a®(2') + bU (')

for all z, 2’ € X, where the second step uses the K-smoothness of ® and . i

We will take a special interest in locally smooth functions that are probability
distributions. For our purposes, it will be sufficient to consider locally smooth
distributions whose support is the Cartesian product of integer intervals. For an
integer n > 1 and a real number K > 1, we let &(n, K) denote the set of probability
distributions A such that:

(i) A is supported on []},{0,1,2,...,r;}, for some r1,7a,...,7, € N;

(i) A is K-smooth on its support.
Analogous to the development in Section[d] we will need a notation for translates of
distributions in &(n, K). For A > 0, we let &(n, K, A) denote the set of probability
distributions A € ®(N") such that A(ty,...,t,) = A'(t; —ay,...,t, —ay,) for some
fixed A’ € 6(n,K) and a € N"|<a. As a special case, &(n,K,0) = &(n, K).
Specializing Proposition to this context, we obtain:

PROPOSITION 5.4. For any n’,n”, A, A" K, one has

S, K,A)®&(n",K,A") C &(n' +n",K,A + A").
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Proof. The only nontrivial property to verify is K-smoothness, which follows from
Proposition I

5.3. Metric properties of locally smooth distributions. If A is a locally
smooth distribution on X =[] ,{0,1,2,...,r;}, then a moment’s thought reveals
that A(x) > 0 at every point € X. In general, local smoothness gives considerable
control over metric properties of A, making it possible to prove nontrivial upper
and lower bounds on A(S) for various sets S C X. We now record two such results,
as regards our work on the sign-rank on AC°.

PROPOSITION 5.5. Let A be a probability distribution on X = [],{0,1,2,...,r;}.
Let § and d be nonnegative integers with 8 > d. If A is K-smooth on X|<g, then

+d
A(X| <o) < K (” ’ )A(Xked).

Proof. Consider an arbitrary vector z € X|<g. By definition, the components of =
are nonnegative integers that sum to at most 6. By decreasing the components of
x as needed, one can obtain a vector z’ with

2’ e X|<9_d,
¥ <,
|2/ — x| < d.

In particular, the K-smoothness of A implies that
Az) < K9A()).
Summing on both sides over z € X |y, we obtain
A(X|<o) < KA (X|<o—q) max Hz € X|<p: x> 2" and |z — 2| < d}]

z'eX <0—d

< KA (X|<p—_a) max Hx e N": 2 > 2’ and |z — 2| < d}|

:KdA(ng,d) (n—;—d) 0

PROPOSITION 5.6. Let A be a probability distribution on X = []_,{0,1,2,...,r;}.
Let 0 and d be nonnegative integers with

1 n
d< 2min{9,;n}. (5.17)
If A is K-smooth on X|<qp, then

+d
Aleo) < 2820 (MDA 0\ Batu)

for every u € X.
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Proof. Fix u € X for the rest of the proof. If |u| > 8+d, then X|<p\ Ba(u) = X|<o
and the statement holds trivially. In what follows, we treat the complementary case
|u| < 6+ d. Here, the key is to find a vector «’ with

lu—u'|=d+1, (5.18)
u € X|<o- (5.19)

The algorithm for finding u’ depends on |u|, as follows.

(i)  If |u| > d, decrease one or more of the components of u as needed to obtain
a vector v’ whose components are nonnegative integers that sum to exactly
|u| — d — 1. Then is immediate, whereas follows in view of
lul <0 +d.

(ii)  If |u| < d, the analysis is more subtle. Recall that v € [];—,{0,1,2,...,7;}
and therefore |(r1,...,7m) —u| = > — |u] = >.r; —d > d, where the
last step uses ([5.17). As a result, by increasing the components of u as
necessary, one can obtain a vector v’ € [["_,{0,1,2,...,r;} with |u/| =
|u| + d 4+ 1. Then property is immediate. Property (5.19)) follows
from |u/| = |u| +d+1<2d+1< 0+ 1, where the last step uses (5.17).

Now that u’ has been constructed, apply the K-smoothness of A to conclude that
for every x € X|<g N By(u),

Az) < KI*=*IA (W)
K\x—u|+|u—u/\A(u/)

KA (W), (5.20)

INCINN

where the last step uses (5.18]). As a result,

A(X‘gg N Bd(u)) < } X|<9 N Bd(u)| K2d+1A(u')
| Ba(u)| K2 A ()
| Ba(u)] K*"™ ' A(X|<o \ Ba(u))

/

NN

N

9d (“;d> K2HA(X <o \ Ba(u)), (5.21)

where the first inequality is the result of summing (5.20) over x € X|<p N Bg(u);

the third step uses (5.18) and (5.19)); and the last step applies (5.1). To complete
the proof, add A(X|<p \ Ba(u)) to both sides of (5.21)). [

5.4. Weight transfer in locally smooth distributions. Locally smooth func-
tions exhibit great plasticity. In what follows, we will show that a locally smooth
function on [T} ,{0,1,2,...,r;} can be modified to achieve a broad range of global
metric behaviors—without the modification being detectable by low-degree poly-
nomials. Among other things, we will be able to take any locally smooth distri-
bution and make it globally min-smooth. Our starting point is a generalization of
Lemma [3:2] which corresponds to taking v = 0™ in the new result.
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LEMMA 5.7. Fix points u,v € N" and a natural number d < |u — v|. Then there is
a function (. cube(u,v) — R such that

supp Cu.» C {u} U{z € cube(u,v) : |z — v| < d}, (5.22)
Cuw(u) =1, (5.23)
[Gu,ollt < 1+2d<|“dv>, (5.24)
orth ¢y, > d. (5.25)
Proof. Abbreviate u* = (Juy — v1], |ug — val, ..., |un — vy|). Lemma [3.2] constructs
a function (,~: N™ — R such that
supp G C{u*}U{z e N" : z <u" and |z| < d}, (5.26)
Cur(u™) =1, (5.27)
et < 1+2¢(™), (5:29)
orth ,« > d. (5.29)

Define ¢y, : cube(u,v) — R by
Cuyv () = Cu(

Then (5.22) and (5.23) are immediate from (5.26]) and (5.27)), respectively. Prop-
erty ([5.24) can be verified as follows:

Tq —’Ul|,|$2 —Ugl,...,‘]}n —Un|).

[Cuwlly = Z |Gur (21 — 01, [w2 — val, . |2 — vn)]

zEcube(u,v)

= > [Gur(w)]

weN™:
wu™

12d|U*|
" (d,

where the last step uses (5.28)). For (5.25)), fix an arbitrary polynomial p of degree
at most d. Then at every point z € cube(u, v), we have

N

p((x1 —v1) +v1,..., (T — ) + Up)
= p(sgn(ur —v1)|zy — v1] +v1,...,sg0(Up — Vp)|Tn — Vn| + V)
q(|lz1 —v1l,- -y |20 — val), (5.30)

p(z)
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where ¢ is some polynomial of degree at most d. As a result,

<<u,vap> = Z Cu*(

zEcube(u,v)

x1 = v1ls- - |20 = val) p(2)

= Z Cu*(|x1_Ul|a~‘~a|$n_vn|)Q(|$1_Ul""'a|xn_vn‘)
z€cube(u,v)

= Z Cur (w) g(w)

weN™:
wu*

= <Cu* ) Q>
= ()7

where the second, fourth, and fifth steps are valid by (5.30), (5.26), and (5.29
respectively.

Our next result is a smooth analogue of Lemmal[5.7] The smoothness offers a great
deal of flexibility when using the lemma to transfer £; mass from one region of N™
to another.

LEMMA 5.8. Let X = [[",{0,1,2,...,r;}, where each r; > 0 is an integer. Let 0
and d be nonnegative integers with

d< ;min{ﬁ,;m}.

Let A be a probability distribution on X|<g. Suppose further that A is K-smooth on
X|<o. Then for every u € X, there is a function Z,,: X — R with

supp Z,, € X|<o U {u}, (5.31)
Zy(u) =1, (5.32)
orth Z,, > d, (5.33)
1211 < 2 (dlam({“} s A’) .y (5.34)
4\’ (di A
|Zu(I)‘ g 23d+1K4d+1 (n:l_ ) ( lam({u}du supp )) A(ﬂj‘), x 7& .
(5.35)
Proof. We have
1= A(X|<o)
n+d
< Kd( J )A(Xka—d)
+d\?
< 9d+1 fr3d+1 (n ) > A(X|<o—q \ Ba(w)), (5.36)

where the last two steps apply Propositions [5.5] and [5.6} respectively.
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We now move on to the construction of Z,. For any v € X|<g_q \ Ba(u),
Lemma [5.7] gives a function (y,,: X — R with

sSupp Gu,v € { € cube(u,v) : [z —v| < d} U{u} (5.37)
C X|<o U {u}, (5.38)
Cuw(u) =1, (5.39)
orth ¢, , > d, (5.40)
ICuwlls < 2d(“ P ”') +1. (5.41)
The last inequality can be simplified as follows:
diam(X|<g U{u

HC’U,U”l <2d< ( |§6‘ { })> +1

< o (dlam({u}du supp A)) Y (5.42)

where the first step uses v € X|<g, and the second step is legitimate because A is a
K-smooth probability distribution on X|¢¢ and therefore A # 0 at every point of

X| <o Combining (5-39) and (5.42),

1Gu0lloo < 2° (diam({u}du SupP A)>. (5.43)
We define Z,,: X — R by
1
ZU(QT) = A(X|<<9—d \ Bd(u)) Z A(’U) Cu,v(x)a

vEX|<o—a\Ba(u)

which is legitimate since A(X|<p—a \ Ba(u)) > 0 by (5.36). Then properties (5.31),
(5.32), (5.33)), and (5.34)) for Z, are immediate from the corresponding proper-
ties (5.33), (5.39), (5.40), and (5.42) of C.o.

It remains to verify (5.35). Fix = # u. If ¢ X|<g, then (5.38)) implies that
1-

Z,(x) = 0 and therefore (5.35) holds in that case. In the complementary case when




THE THRESHOLD DEGREE AND SIGN-RANK OF AC° 63

x € X|<p, we have

Av)
A(X]<o-a \ Ba(u))
_ A(v) . i
U6X|<9_Zd\Bd(u): A<X|<9—d\Bd(u)) ‘Cu,v( )‘

v—z|<d

K9A(z) od diam({u} Usupp A)
) 2 A(X|<p—a \ Ba(u)) 2 ( p )

|Zu(z)| <
v€EX|<o—aq\Ba(u)

: |€u,v(x)|

vE€X|<o—a\Ba(u):

fo—al<d
afn+d K9A(z) 4 (diam({u} Usupp A)
(") aera w2 ()

where the first step applies the triangle inequality to the definition of Z,; the
second step uses (5.37) and z # w; the third step applies the K-smoothness of

A and substitutes the bound from (5.43)); and the final step uses (5.1). In view
of (5.36)), this completes the proof of ([5.35) 0

We now show how to efficiently zero out a locally smooth function on points of
large Hamming weight. The modified function is pointwise close to the original and
cannot be distinguished from it by any low-degree polynomial.

LEMMA 5.9. Define X =[]~ ,{0,1,2,...,7;}, where each r; > 0 is an integer. Let
0 and d be nonnegative integers with

6
d< . (5.44)
3
Let : X — R be a function that is K-smooth on X|<g, with ®|<g # 0. Then there

is ®: X — R such that

orth(® — fiD) > d, (5.45)
supp @ € Xl <o, (5.46)
. A3 /di BN 11D
|® — §| < 2301 A+t (n + > ( iam(supp )> 1@[>0ll1 |0
d d [®[<ollx

on X|gg. (5.47)

Proof. If @ > Y7 | r;, the lemma holds trivially for ® = ®. In what follows, we
treat the complementary case § < Y .-, ;. By (5.44)),

I -
d< Smln{ﬂ,;n}.

Since ® is K-smooth on X|<p, the probability distribution A on X|<g given by
A(z) = |®(z)|/||®|<oll1 is also K-smooth. As a result, Lemma gives for every
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u € X a function Z,: X — R with

Zu(u) =1, (5.48)
3 0
| Z ()| < 234+ fg4d+1 (n + d) (dlam({u} U supp A)> |@(x)]
d d 1@[<ollx
for x #u, (5.49)
orth Z,, > d, (5.50)
Now define
b=0- > B(u)Z,.
uEX|>0

Then (5.45)) is immediate from (5.50)). To verify (5.46), fix any point x € X|sy.
Then

:O7

where the last two steps use (5.51)) and (5.48]), respectively.
It remains to verify (5.47) on X|<e:

-2l < D |0u)]|Z]

u€X|s0:
P (u)#0
+d\* (diam(supp ®) |D|
< 931 frdd+1 (” ) < d(u)| -
) ) 2 Pl G,
uEX‘>9.
®(u)7£0
3 ..
— 93d+1 frdd+1 <” + d> <dlam(3upp ‘b)) P[>0l 15|
d d [®l<oll 7
where the second step uses (5.49)). 0

For technical reasons, we need a generalization of the previous lemma to functions
on [T {Ai,A;+1,...,A; +r;} for nonnegative integers A; and r;, and further
to convex combinations of such functions. We obtain these generalizations in the
two corollaries that follow.

COROLLARY 5.10. Define X =[]\ {A;, Aj+1,...,A; +1;}, where all A; and r;
are nonnegative integers. Let 8 and d be nonnegative integers with

1 n
d<3<9—;Ai>.
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Let @: X — R be a function that is K-smooth on X|<g, with ®|<g # 0. Then there
is a function ®: X — R such that

orth(® — fi)) > d, (5.52)
supp(iD C Xl<e, (5.53)
3,0
- b B
B — | < 23+ fdd+1 (n + d) (dlam(supp )> [[®|>0ll1 @)
d d [®l<allx

on Xl|<o. (5.54)

Proof. Abbreviate X' =[] ,{0,1,2,...,r;} and ¢’ = 6—>_"" ;| A;. In this notation,

9/
d< 3. (5.55)

Consider the function ®': X’ — R given by ®'(z) = ®(z + (A1,Asz...,A,)). Then
any two points u,v € X'|<g obey

|’ (u)] = [®(u+ (A1, Az, ..., Ay))]
< KN (0 + (A1, Ag, ... A))]
= KI"=1®'(v)],

where the second step uses the K-smoothness of ® on X|¢g. As a result, &’
is K-smooth on X'|<g:. Moreover, ||®'|<o/|l1 = [|®|<ollz > 0. In view of (5.55),
Lemma gives a function ®’: X’ — R such that

orth(® — @) > d,
supp &' € X'|<o,

and

3 .
&' — §/| < 234+ fgdd+1 (n + d) (dlam(supp @/)) 19|50l &

d d 19'|<o 12
3,0
_ 93d+1 prdd+1 n+d\" (diam(supp @)\ [|[®|>ell1 &’
= 2]
d d [®l<ollx

on X'|<gr. As a result, (5.52)(5.54) hold for the real-valued function ®: X — R
given by ®(z) = ®'(z — (A1, Ag, ..., Ay)). [

COROLLARY 5.11. Fix integers A,d,0 > 0 and n > 1, and a real number 0, where
de[0,1),
1
d< §(9 —A).
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Then for every

A € conv(S(n, K,A)N{A € D(N") : A'(N"|~g) < d}),
there is a function A: N* — R such that

orth(A — A) > d,
supp]\ C N"*|<g Nsupp A,

30
A — A| < 230+ fd+1 (” zlr d) (dlam(zupp A)) - f . A on N"| <.

Proof. Write A out explicitly as

for some positive reals Aj,..., Ay with >_A; = 1, where A; € &(n,K,A) and
A;(N™|59) < 6. Then clearly

supp A = U supp A;. (5.56)

=1

Fori=1,2,..., N, Corollary constructs A;: N* — R with

orth(A; — Ay) > d, (5.57)
supp A; C N"| g, (5.58)
3 ..
IA; — ]\i‘ < 93d+1 frdd+1 n+d diam(supp A;) L A
d d 1-96
on Nn|<9, (559)
supp A; C supp A;, (5.60)

where the last property follows from the two before it. In view of (5.56)—(5.60)), the
proof is complete by taking A = Zil A I

Our next result uses local smoothness to achieve something completely different.
Here, we show how to start with a locally smooth function and make it globally
min-smooth. The new function has the same sign pointwise as the original, and
cannot be distinguished from it by any low-degree polynomial. Crucially for us, the
global min-smoothness can be achieved relative to any distribution on the domain.

LEMMA 5.12. Define X = [[;,{0,1,2,...,7;}, where each r; > 0 is an integer.
Let 6 and d be nonnegative integers with

d< ;min{H,Zrz}.

i=1
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Let ®: X|<p — R be a function that is K-smooth on X|<g. Then for every proba-
bility distribution A* on X|<g, there is ®*: X|<g — R such that

orth(® — ®*) > d, (5.61)
1@%[lx < 2[|2]1, (5.62)
¢-0" >0, (5.63)
-1
« n+d\® (diam(supp ® .
|¢) ‘ > (23d+1K4d+1< g ) < (dpp ))) ||(I>H1A ] (564)

Proof. If & = 0, the lemma holds trivially with ®* = ®. In the complementary
case, abbreviate

N = 93d+1 grad+1 (” + d) ’ (diam(supp ‘I’))
d d '

We will view |®|/||®||; as a probability distribution on X|<g. By hypothesis, this
probability distribution is K-smooth on X|<s. In particular, supp |®| = supp ® =
X|<g. Therefore, Lemma gives for every u € X|<p a function Z,: X|<g — R
with

Zo(u) = 1, (5.65)
N
12 < X 41, (5.66)
0]
Zu@)] < N - 2] 5 # 1, (5.67)
1ol
orth Z, > d. (5.68)

Now, define ®*: X|<p — R by

O =4 e; Sgn(®(u))A* (1) Zy.
u <6

Then (5.61)) follows directly from (5.68]). For (5.62)), we have:

[}
1@ < @], + 120k

Y AW Zulh

u€X|<o

(@l (N .
<o+ (5 1) Do AT

uEX‘gg

3N +2
~ 9N

<22y, (5.69)

11l
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where the second step uses (5.66). The remaining properties (5.63)) and (5.64]) can
be established simultaneously as follows: for every x € X|<g,

sgn(®(z)) - 27 (x)

ueX|go
ol . o .
> |®(x)| + ”N”1 A () Zo () — ”N”l > A W) Zu(@)]
uEX|<9:
UFAT
(b * (I) *
ueX|<o:
u;éw
IRl ey N2l )
> |P(x)|+ ——A . A (
u;é:c

= 2@ + 12 A (0) o) (1 - A (@)

®
> ”]\;'1 A (), (5.70)
where the third and fourth steps use (5.65) and (5.67), respectively. [

5.5. A locally smooth dual polynomial for MP. As Sections show,
local smoothness implies several useful metric and analytic properties. To tap into
this resource, we now construct a locally smooth dual polynomial for the Min-
sky—Papert function. It is helpful to view this new result as a counterpart of
Theorem from our analysis of the threshold degree of AC’. The new proof
is considerably more technical because local smoothness is a delicate property to
achieve.

THEOREM 5.13. For some absolute constant 0 < ¢ < 1 and all positive integers
m,r, R with r < R, there are probability distributions Ay and Ay such that

supp Ag = (MP}, z)~*(0), (5.71)
supp A1 = (MP}, z)7*(1), (5.72)
orth(Ag — A1) = min{m, cy/7}, (5.73)
Ao+ Ay m
—0— € Smooth (?,{0,1,2, ...,R} ) , (5.74)
Ag, A1 € conv ({)\ €6 <1, 1, 1> :
C
1 wm
At) S ——————— forteN . 5.75
< rnzaens o } > (5.75)

Our proof of Theorem [5.13| repeatedly employs the following simple but useful
criterion for K-smoothness: a probability distribution A is K-smooth on an integer
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interval I = {4,i4+1,i4+2,...,7} if and only if the probabilities of any two consecutive
integers in I are within a factor of K.

Proof of Theorem [5.13] Abbreviate e = 1/6. For some absolute constants ¢/, ¢” €
(0,1), Lemma constructs probability distributions Ag, A1, A2 such that

supp Ao = {0}, (5.76)

supp A; = {1,2,..., R}, i=1,2, (5.77)
d 1

MO € | g |0 1= L% t=12. R (618)

orth((1 —€)Xo + eXa — A1) = V. (5.79)

We infer that

o € 6(1, K), (5.80)
A1 € 6(1,[(, 1), (5.81)
o € (1K, 1), (5.82)
(1 — 6))\0 + e € 6(1,K>, (583)
1 m
m+1)\0+m+1/\1 EG(l,Km) (5.84)

for some large constant K = K(c’,¢”) > 1. Indeed, is trivial since \g is the
single-point distribution on the origin; holds because by and , the
probabilities of any pair of consecutive integers in supp A\ = {1,2,..., R} are the
same up to a constant factor; and 7 can be seen analogously, by compar-
ing the probabilities of any pair of consecutive integers. Combining 7
with Proposition we obtain

{)\0, /\17 )\2}®m - G(m, K, m), (585)
(1 =)Ao+ eXg)®™ € &(m, K), (5.86)

1 m wm
<m+1>\0+m+1)\1> € 6(m, Km). (5.87)

The proof centers around the dual objects Wy, ¥y: {0,1,2,..., R}"™ — R given
by

1 m am
U, = A A —22P™
' <m+1 O+m—|—1 1) !

and

Uy = 2((1 — €)oo + 6)\2)®m — 2(—6)\0 + 6)\2)®m

1 m ®m
— A 1—e) A .
<m+1 0+m—|—1(( €)ho + e 2)>

The next four claims establish key properties of W7 and Ws.
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Cram 5.14. W satisfies

pos ¥y € cone({Ag, A1 }E™\ {AP™}), (5.88)
neg ¥y € cone{A\P™}, (5.89)
1 1 m wm

|| < A A < [Wyq]. 5.90
5| 1] <m+1 0+m+1 1) | Wy ( )

CLAIM 5.15. Wy satisfies

pos ¥y € cone({Ag, A2} ™\ {AT™}), (5.91)
neg Wy € cone{\S"}, (5.92)
1 m

§|‘I’2| < ((1— )Xo + eXg)®™ < 3|y (5.93)

CLAmM 5.16. ¥y and Vo satisfy

supp(pos ¥;) = (MP:%R)_l(O), 1=1,2, (5.94)
supp(neg ¥;) = (MP;}, )~ '(1), i=1,2. (5.95)

CLAIM 5.17. orth(¥; + Uy) > min{m, ' \/r}.

We will settle Claims shortly, once we complete the main proof. Define

2
A() = pOS(\Ifl + \:[12),
[W1ll1 + [[P2[1
2
A1 = neg(\lll —+ \112),
[W1ll1 + [|P2[1

where the denominators are nonzero by ([5.90). We proceed to verify the properties
required of Ag and A7 in the theorem statement.

SUPPORT. Recall from Claim [5.16] that the positive parts of ¥y and ¥, are
supported on (MP:H7R)*1(O). Therefore, the positive part of ¥, + W, is supported

on (MP}, »)7'(0) as well, which in turn implies that
supp Ao = (MP}, ) 1(0). (5.96)

Analogously, Claim states that the negative parts of Uy and ¥, are supported
on (MP;, »)~'(1). As a result, the negative part of ¥; + U is also supported on
(MP}, )~ '(1), whence

supp A1 = (MP}, z) 7" (1). (5.97)

ORTHOGONALITY. The defining equations for Ay and A; imply that

2

Ag—A\{=— ——
R T T

(\Ill + \PQ)a
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which along with Claim [5.17] forces

orth(Ag — A1) > min{m, ¢/\/r}. (5.98)

NONNEGATIVITY AND NORM. By definition, Ag and A; are nonnegative func-
tions. We calculate

[Aolly = [[Ax][y = (Ao, 1) = (A4, 1)
= (Ao — A1, 1)
:O,

(5.99)

where the first step uses the nonnegativity of Ag and Aq, and the last step ap-
plies (5.98)). In addition,

2
[Aollr + [A1]lr = m(” pos(Vy + Wy)[l1 + || neg(¥y + Vo)1)
2
= ||V + ¥y
W11 + P21
=92, (5.100)

where the last step uses Claim A consequence of (5.99) and (5.100)) is that
Aol = [|A1]l1 = 1, which makes Ay and A; probability distributions. In view

of (5.96) and (5.97), we conclude that

Ai € D((MP}, 5)~1(4)), i=0,1. (5.101)

In particular,

Ao+ A

5 €9({0,1,2,..., R}"™). (5.102)

SMOOTHNESS. We have

A0+A1 o ‘\Ill+\:[l2‘
2 [W1lly + P21
1 1
= e [V |+ e [ Uy, (5.103)
[W1ll1 + [|P2[[1 W11 + [[Wal[1

where the first step follows from the defining equations for Ag and A1, and the sec-
ond step uses Claim Inequality shows that at every point, |¥| is within
a factor of 5 of the tensor product (m—_H)\O + mL_H)\l)@m, which by 1) is Km-
smooth on its support. It follows that |¥4] is 25 Km-smooth on {0, 1,2,..., R}™. By
an analogous argument, (5.93)) and (5.86)) imply that |¥s| is 9K -smooth (and hence
also 25 K'm-smooth) on {0,1,2,..., R}™. Now (5.103) shows that %(Ao +A) isa

conical combination of two nonnegative 25 K'm-smooth functions on {0, 1,2,..., R}™.
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By Proposition [5.3(iv)|

Ag + Ay

5 € Smooth(25Km,{0,1,2,..., R}"™). (5.104)

Having examined the convex combination Ao'gAl , we now turn to the individual

distributions Ay and A;. We have

2

AR
2

— —||\I’1||1 AT (pos(¥1) + pos(¥s))

€ cone({Ao, A1, A2},

AQ pOS(\Ill + \112)

where the first equation restates the definition of Ag, the second step applies ([5.94]),
and the last step uses (5.88) and (5.91). Analogously,

2

[W1lly + [|P2[1
2

= m(ﬂeg(‘l’l) + neg(¥s))

€ cone({)\i@m, )\?m}),

A= neg(¥; + Uy)

where the first equation restates the definition of Ay, the second step applies ,
and the last step uses and . Thus, Ag and Ay are conical combinations
of probability distributions in {\g, A1, A2 }®™. Since A¢ and A; are themselves prob-
ability distributions, we conclude that

Ao, Ay € conv({\g, A1, A2 }E™).

By E79) 679,

1
C”'(t + 1)2 2t /T

Ab) < (teN; i=0,1,2)

for some constant ¢’’’ > 0. The last two equations along with (5.80)—(5.82) yield

Ag, A1 € conv ({)\ €6(1,K,1):

1 om
<
A(t) < 7t 122 for t € N} ) . (5.105)

Now (5.96)—(5.98)), (5.104), and (5.105) imply (5.71)—(5.75) for a small enough
[

constant ¢ > 0.

We now settle the four claims made in the proof of Theorem [5.13]



THE THRESHOLD DEGREE AND SIGN-RANK OF AC° 73

Proof of Claim [5.14] Multiplying out the tensor product in the definition of ¥; and
collecting like terms, we obtain

_ _ m " ®Xm
e e () )

S| m—|S| _
1 m ®S \®35
E _— _— . . 1
i (m+1> (m+1> Ao M (5.106)

5Cc{1,2,...,m}
S£w

Recall from ([5.76) and that A\p and \; are supported on {0} and {1,2,..., R},
respectively. Therefore, the right-hand side of (5.106]) is the sum of 2" nonzero
functions whose supports are pairwise disjoint. Now ([5.88]) and (5.89)) follow directly
from . One further obtains that

_ _ m " ®m
= (2 (7))

1 . m \" ®S &S
f Y (o) GE) wea

5C{1,2,...,m}
S#£D

From first principles,

1 m wm m "
A A = — A@m
<m+1 ] 1) <m+1) !

1 \Bm ®5 1®F
ADS L \®S
+ Z (m—|—1> <m+1> 0 1

SC{1,2,....,m}
S#D

Comparing the right-hand sides of the last two equations settles (5.90)). I

Proof of Claim [5.15] Multiplying out the tensor powers in the definition of ¥y and
collecting like terms, we obtain

m " m m S

xIJQ—_(mH> AT as| AT - AFS, (5.107)
SC{1,2,....,m}

S#@

where the coefficients aq, as, ..., a,, are given by

(a2 (29))
=(1—e)em™ (2 —2 (1__6e)i - (1 Tz E)Em n 1))i (mﬂl 1>mi>

€ [;(1 — &)™ 3(1 — e)iem_z} : (5.108)
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As in the proof of the previous claim, recall from (5.76]) and (5.77) that Ag and Ag

have disjoint support. Therefore, the right-hand side of (5.107)) is the sum of 2™
nonzero functions whose supports are pairwise disjoint. Now (5.91]) and (5.92)) are

immediate from (|5.108]). The disjointness of the supports of the summands on the
right-hand side of ({5.107)) also implies that

m " m m S S
|‘Pz|:<m+1> AT D lajs| AG” - AS”.
SC{1,2,....m}
S4%

In view of (5.108), we conclude that |¥s| coincides up to a factor of 3 with the
function

ST (- oslemTISNGS NPT = (1 - )ho + €da) P
SC{1,2,....,m}

This settles (5.93) and completes the proof. 1

Proof of Claim [5.16] Recall from (5.76) and (5.77) that supp Ao = {0} and supp \; =
supp A2 = {1,2,..., R}. In this light, (5.88)—(5.90) imply
supp(pos ¥1) € (MP7, £)~(0),
supp(neg ¥'1) C (MP}, )~ (1),
supp(¥1) = (MP}, z)7'(0) U (MP}, z) 7 (1),

respectively. Analogously, (5.91)—(5.93) imply

supp(pos ¥3) C (MP}, )~ (0),
supp(neg ¥s) C (MP}, )~ '(1),
supp(W2) = (MP}, )~'(0) U (MP;, )~ (1).

Since the support of each V; is the disjoint union of the supports of its positive and

negative parts, (5.94) and (5.95) follow. [

Proof of Claim [5.17} Write ¥y + Uy = A+ B + C, where

1 m @m 1 m ®m
A= A A _ A 1— )Xo + €A
<m+10+m+1 1) (m+10+m+1(( 6)0“2)) ’
B = 2((1 — 6)/\0 + €>\2)®m — 2)\(18m,

C = —2(—6)\0 + 6/\2)®m.
As a result, Proposition [2.1§i)| guarantees that

orth(¥; + ¥s) > min{orth 4, orth B, orth C'}. (5.109)
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‘We have

m+1 m+1
—( LIS ml((1_e)xo+exg))>

m—+1 m +

orth A > orth ((1)\0 + m/\1>

> d (5.110)

where the first step uses Proposition [2.1(iii)} and the last step is a restatement
of (5.79). Analogously,

orth B > orth(((1 — €)A\o + €X2) — A1)
> (5.111)

\

where the first and second steps use Proposition [2.1[iii)| and (5.79), respectively.
Finally,

orth C' = orth((—e)\g + €A2)®™)
= morth(—e\g + €A2)
> m, (5.112)

where the second step applies Proposition and the third step is valid because
(—€Xo + €Xa, 1) = —€(Ao, 1) + €{A2,1) = —e+ ¢ = 0. By (5.109)—(5.112)), the proof
' i

is complete.

5.6. An amplification theorem for smooth threshold degree. We have
reached the technical centerpiece of our sign-rank analysis, an amplification theorem
for smooth threshold degree. This result is qualitatively stronger than the amplifi-
cation theorems for threshold degree in Section [£:3] which do not preserve smooth-
ness. We prove the new amplification theorem by manipulating locally smooth dual
objects to achieve the desired global behavior, an approach unrelated to our work
in Section 3] A detailed statement of our result follows.

THEOREM 5.18. There is an absolute constant C > 1 such that
for all:

positive integers n,m,r, R,0 with R > r and 6 > Cnmlog(2nm);
real numbers vy € [0, 1];

functions f: {0,1}" — {0, 1};

probability distributions A* on {0,1,2,..., R}™"|<¢; and
positive integers d with

d< (5.113)

Ql=

0
min{mdegi(f”Y)» Vrdeg, (f,7), \/flog(2nmR)}7
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one has:

orth((—=1)/MPrm.r . A) > d,
A > (CnmR)™% A*

for some A € ©({0,1,2,..., R}"""|<q).

Proof. Let 0 < ¢ < 1 be the constant from Theorem Take C' >

sufficiently large absolute constant. By hypothesis,
0 > Cnmlog(2nm).

Abbreviate

X =1{0,1,2,..., R}"™,
§ = 9—c0/2VP).

The following inequalities are straightforward to verify:
.
d< 3 min{f — nm,nmR},
8enm(1 + In(nm))

0> )
C

23d+1 fnm + d\® [nmR 6 1
cAd+1 d d < 57

o3d+1 3m AL + d CnmR)
c 4
<

For example, ([5.118]) holds because d

(5.114)
(5.115)

1/c to be a

(5.116)

(5.117)

(5.118)

(5.119)

(5.120)

(5.121)

nm/C by (5.113) and § > Cnmlog(2nm)

by (5.116]). Inequalities (5.119))—(5.121)) follow analogously from (5.113)) and (5.116)

for a large enough constant C'. The rest of the proof splits neatly into four major

steps.

STEP 1: KEY DISTRIBUTIONS. Theorem provides probability distributions

Ap and A; such that

supp A; = (MP}, z) ™" (i), i=0,1,
orth(Ag — A1) > min{m, c\/r},
Ao+ A

5 ! ¢ Smooth (—,{0,172,...,}{}’”),
c

Ag, A1 € conv ({)\ €6 (17 1, 1) :
¢

1 wm
{ — .
At) < OV for t € N} )

(5.122)
(5.123)

(5.124)

(5.125)
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Consider the probability distributions

A=A, z € {0,1}"™.
=1

Then

1 1 gmn
- . < - -
A, € conv ({)\66(1,0,1> )\(t)\c(t+l)220t/\/7’ forteN} )
1 RXKmn
Cconv | & <1, -, 1) N
c

1 mn
AeDN):A\Nt) L —————~=forteN
{ ( ) () C(t+1)2 oct//T or } )

1 RXKmn
C conv < <1, - N A € D(N™) : A(N"|54) < 2c6/<2ﬁ>}>

—_

C

)
C conv ( ( - )mn N{A € D(N™) : A(N"|54) < 5})
C conv (6 (nm " ) N{A € D(N") : A(N"|5g) < 6}) , (5.126)

where the first step uses and m, the third step is valid by (5.119)) and
Lemma u the fourth step is a substitution from ([5.117)); and the last step is an
application of Proposition

STEP 2: RESTRICTING THE SUPPORT. By (5.118)), (5.126)), and Corollary
there is a real function A,: N* — R such that

orth(A, — A,) > d, (5.127)
supp A, C N"™| g, (5.128)
supp A, C supp A, (5.129)

and

N 2341/ 4+ d\ ® /diam(supp A )

In view of (5.120) and diam(supp A,) < nmR, the last equation simplifies to

~ 1
A, — A, < §AZ on N™™| <. (5.130)

Properties (]5.128[) and <|5.130|) imply that A, is a nonnegative function, which
along with (5.127]) and Propositionimplies that A, is a probability distribution.
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Combining this fact with (5.122)), (5.128)), and (5.129) gives

A e® (Nnmkg n H(MP;’R)_I(%)> , z e {0,1}" (5.131)
=1

In particular, the A, are supported on disjoint sets of inputs.

STEP 3: ENSURING MIN-SMOOTHNESS. Recall from ([5.131)) that each of the
probability distributions A, is supported on a subset of X |¢g. Consider the function
®: X|<p — R given by

=2 Y (-1)/PA.

z€{0,1}m

Again by (5.131)), the support of A is contained in [, (MP;, )~ '(2). This means
in particular that f o MP}, p = f(z) on the support of A, whence

(=1)TFA, = (—1)fMPrr . A, (5.132)

everywhere on X |<g. Making this substitution in the defining equation for ®, we
find that

(—1)7MPrr . > 0. (5.133)
The fact that the A, are supported on pairwise disjoint sets of inputs forces

Bl=2" ) A, (5.134)
z€{0,1}™

and in particular
|®]]1 = 1. (5.135)

We now examine the smoothness of ®. For this, consider the probability distri-
bution

A=2" Y AL (5.136)
z€{0,1}n

Comparing equations ([5.134) and (5.136)) term by term and using the upper bound
(5.130), we find that |A — [®|| < A on X|<g. Equivalently,

1 3
SA <2/ < JA on Xl (5.137)
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But
1 1.\%"
A={=Ag+=A
(2 0+2 1)
m @n
€ Smooth (? 0,1,2,..., R}m)

C Smooth (T, 0,1,2,... ,R}m") , (5.138)
C

where the last two steps are valid by (5.124)) and Proposition [5.3(iii), respectively.
Combining (5.137) and (5.138]), we conclude that ® is (3m/c)-smooth on X|<g. As

a result, (5.118) and Lemma [5.12| provide a function ®*: X|<g — R with

orth(® — ®*) > d, (5.139)
127l < 2([2]1, (5.140)
d-P* >0, (5.141)
-1
" 3m\ " (nm + d\* (diam(supp ® .
|‘I) ‘ > 23d+1 e ( PP ) ||@||1A )
c d d
(5.142)

In view of (5.135)), the second property simplifies to
2% < 2. (5.143)
Recall that on X|<g, the function ® is (3m/c)-smooth and, by (5.135)), is not

identically zero. Therefore, ® must be nonzero at every point of X|<p, which
includes the support of ®*. As a result, (5.133)) and ([5.141) imply that

(=1)fMPhr . o > 0. (5.144)

Finally, using diam(supp ®) < nmR along with the bounds (5.121)) and (5.135]), we
can restate ((5.142)) as

|®*| > 4(CnmR)™9A*. (5.145)

STEP 4: THE FINAL CONSTRUCTION. By the definition of smooth threshold
degree, there is a probability distribution g on {0,1}™ such that

orth((=1)7 - 1) > deg..(f,7), (5.146)
w(z) =~-27", z € {0,1}™. (5.147)

Define

s =y u(2)(—1)TPA, — D + 4.
z€{0,1}™
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The right-hand side is a linear combination of functions on X|<g, whence
supp(Pfina) € X|<o- (5.148)

Moreover,

[@analls < D w@IA + A1l +v19*[h
ze{0,1}™

<
<4, (5.149)

where the first step applies the triangle inequality, and the second step uses (5.131)),
(5.135) and (5.143). Continuing,

(_1)foMP?n,R - Phinal

— ()M (3 (uz) = 2D OR, 4900

z€{0,1}"
= Z (u(2) — 42~ ") (= 1) MPrr - (—1)F @R, 4 y(—1)FMPrr .
ze{0,1}n
= Y (u2) =12 MA: 4]0 (5.150)
z€{0,1}n
> ||

where the first step applies the definition of ®; the third step uses (5.132]) and (5.144));
the fourth step follows from ([5.147)); and the fifth step substitutes the lower bound
from (|5.145)). Now

Pfinal Z 0 (5.152)

follows from ({5.150)) if v = 0, and from (5.151)) if v > 0.

It remains to examine the orthogonal content of @y, . For this, write

P = Y. p)DEOA+ Y u(z)(-)f DAL - AL

ze{0,1}n 2€{0,1}n
+ (2" — ).
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Then

orth(®fipa1) = min < orth Z ,u(z)(—l)f(Z)AZ 7
ze{0,1}™

min{orth(A, — A.)}, orth(®* — ®)

> min { orth Z w(2) (=)D, | ,d
z€{0,1}™

n

>minqorth | > p(x)(-1)/D QA | .d
1=1

z€{0,1}™
min {orth(y - (—=1)7) orth(A; — Ag), d}
min{deg:l: (f7 F)/) min{m7 C\/;}? d}
d, (5.153)

=
>

where the first step applies Proposition [2.1}(i); the second step follows from ([5.127)
and (5.139)); the third step is valid by the definition of A.; the fourth step applies
Corollary [2.3} the fifth step substitutes the lower bounds from (5.123)) and (5.146));

and the final step uses ((5.113)).
To complete the proof, let

A= Dinal gy oMpy
||(I)ﬁnalH1 ’

where the right-hand side is well-defined by (5.152)). Then ||A|; = 1 by defini-
tion. Moreover, (5.148) and (5.151) guarantee that A is a nonnegative function
with support contained in X|<g, so that A € ©(X|<g). The orthogonality prop-

erty (5.114) follows from ([5.153), whereas the min-smoothness property (5.115)
follows from (5.149) and (5.151]). i

We now translate the new amplification theorem from N"" |y to the hypercube,
using the input transformation scheme of Theorem [3.9]

THEOREM 5.19. Let C > 1 be the absolute constant from Theorem [5.18] Fiz pos-
itive integers n,m, 0 with 6 > Cnmlog(2nm). Then there is an (explicitly given)
transformation H: {0,1}60Mostnm+DT 5 £0 13" computable by an AND-OR-AND
circuit of polynomial size with bottom fan-in at most 6[log(nm + 1)], such that

degy (f o H,v07%)
deg, (f o—H, 79_30d)

[log(nm + 1) +1], (5.154)
[log(nm + 1) 4+ 1] (5.155)

QU X

>
=
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for all Boolean functions f: {0,1}" — {0,1}, all real numbers v € [0,1], and all
positive integers

1 0
< — mi 4mlog(26) |~
d< C min {m degi(f’ ’7)7 4m, log(29) }

Proof. Negating a function’s input bits has no effect on its ~-smooth threshold
degree for any 0 < v < 1, so that f(x1,2o,...,z,) and f(—-z1, —x2,...,~x,) both
have y-smooth threshold degree deg, (f, ). Therefore, proving for all f will
also settle for all f. In what follows, we focus on the former.

Theorem [3.9] constructs an explicit surjection G: {0,1}¥ — N"™|cy on N =
660[log(nm + 1)| variables with the following two properties:

(i) for every coordinate ¢« = 1,2,...,nm, the mapping x — ORj(G(x);) is
computable by a DNF formula of size (nm#)°(") = %) with bottom fan-
in at most 6[log(nm + 1)];

(ii)  for any polynomial p, the map v — Eg-1(,)p is a polynomial on N""|<p
of degree at most (degp)/[log(nm + 1) + 1].

Consider the composition F' = (f o MP}, ;) o G. Then
F = (fo(AND,, ocOR}))o G
= fo ((AND,, o ORj,...,AND,, c ORy) o G),

n

which by property (i) of G means that F' is the composition of f and an AND-OR-

AND circuit H of size (nm8)°™1) = #°() and bottom fan-in at most 6[log(nm+1)].
Hence, the proof will be complete once we show that

deg (F,v0~3°%) > d[log(nm + 1) +1]. (5.156)

Define r = m? and R = max{#,r}, and consider the probability distribution on

{0,1,2,..., R}"™|<p = N"™| 4 given by A*(v) = |G~1(v)|/2". Then Theorem
constructs a probability distribution A on N™"|<g such that

orth((=1)7MPur . A) > d, (5.157)
A > ~730d Ax, (5.158)

In view of R > 6, inequality (5.157) can be restated as
orth((—=1)7MPro . A) > d. (5.159)
Define

_ Lo
A= DL AW G

veENn™ |y
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where 1;-1(,) denotes as usual the characteristic function of the set G~ (v). Clearly,
A is a probability distribution on {0,1}". Moreover,

_ * ]-G*1 v
)\2,}/0 30d Z A(U)ﬁ

UENnm|<9

_ p—30d |G71(U)|.1G*1(v)
D Dl N AT

UEN”"”|§9

_ 1w
= =304 {27; (5.160)

where the first two steps use and the definition of A*, respectively.

Finally, we examine the orthogonal content of (—1)¥ - X. Let p: RY — R be any
polynomial of degree less than d[log(nm + 1) 4+ 1]. Then by property (ii) of G, the
mapping p*: v = Eg-1(,) p is a polynomial on N"™|<y of degree less than d. As a
result,

(=D)F A p) = (=1 IMPm)oC .\ p)

— Z Z (—=1)FoMPr0)0G L\ p

(
—1)(foMPL0)(v) Z A-p

I
g

vENnT | g G=1(v)

- Z (_1)(foMPi,L,e)(v)A(v) E »p
— G=1(v)

veEN |<9

= (1) MPmo . A, p*)

:0,

where the last step uses (5.159) and deg p* < d. We conclude that orth((—1)¥-\) >
0

d[log(nm + 1) + 1], which along with (5.160) settles (5.156]).

5.7. The smooth threshold degree of AC®. By Theorem the composi-
tion AND,,1/5 0 OR,,2/s has exp(—O(n'/3))-smooth threshold degree Q(n'/?). The
objective of this section is to strengthen this result to a near-optimal bound. For
any ¢ > 0, we will construct a constant-depth circuit f: {0,1}"* — {0,1} with
exp(—0(n!~¢))-smooth threshold degree Q(n'=¢). This construction is likely to
find applications in future work, in addition to its use in this paper to obtain a
lower bound on the sign-rank of AC®. The proof proceeds by induction, with the
amplification theorem for smooth threshold degree (Theorem applied repeat-
edly to construct increasingly harder circuits. To simplify the exposition, we isolate
the inductive step in the following lemma.

LEMMA 5.20. Let f: {0,1}" — {0,1} be a Boolean circuit of size s, depth d > 0,
and smooth threshold degree

11—« 11—«
deg,. (f, exp (—c’ S )) > L (5.161)

log® n . log® n’
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for some constants o € [0,1], 8 > 0, ¢ > 0, and ¢’ > 0. Then f can be trans-
formed in polynomial time into a Boolean circuit F: {0,1}Y — {0,1} on N =
O(ntte 10g2+5 n) variables that has size s + NOW | depth at most d + 3, bottom
fan-in O(log N), and smooth threshold degree

NTia Nt
degi F, exp _C/ sy > C” ST i—atB (5162)
log i+ N log t+a~ N

where C',C" > 0 are constants that depend only on «, 8,c',c’. Moreover, if d > 1
and f is monotone with AND gates at the bottom, then the depth of F is at most
d+ 2.

Proof. Let C' > 1 be the absolute constant from Theorem Apply Theorem|[5.19
with

m = [n®log’ n],
0 = [Cnmlog(2nm)],

-«
7=6XP<—CI' - B )
log” n

to obtain a function H: {0,1}N — {0,1}" on N = ©(n'T* log>™ n) variables such
that the composition F' = f o H satisfies for some C’,C"” > 0 that depend
only on «, 3,c,c”, and furthermore H is computable by an AND-OR-AND circuit
of polynomial size and bottom fan-in O(log V). Clearly, the composition F' = fo H
is a circuit of size s + NI, depth at most d + 3, and bottom fan-in O(log N).
Moreover, if d > 1 and the circuit for f is monotone with AND gates at the bottom
level, then the bottom level of f can be merged with the top level of H to reduce
the depth of F = fo H to at most (d+3) —1=d+ 2.

COROLLARY 5.21. Fiz constants a € [0,1], >0, >0, " >0, and d > 0. Let
{fn}52 be a Boolean circuit family in which f,: {0,1}™ — {0,1} has polynomial
size, depth at most d, and smooth threshold degree

11—« -«
deg (fn,exp <—c/ S )> > n (5.163)

log” n . log® n

for alln > 2. Then there is a Boolean circuit family { Fx }35_, in which Fy: {0,1}Y —
{0,1} has polynomial size, depth at most d+3, bottom fan-in O(log N), and smooth
threshold degree

Nt N1
degi FN, exp _C/ s Py a— 2 C// s py a— (5164)
log T+ N log T+e N

for all N = 2, where C',C" > 0 are constants that depend only on «,B3,c,c”.
Moreover, if d > 1 and each f, is monotone with AND gates at the bottom, then
the depth of each Fy is at most d + 2.
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Proof. 1t suffices to construct Fy for N larger than a constant of our choosing.
The first few circuits of the family {Fn}%_, can then be taken to be the “dictator”
functions x +— x1, each of which has 1/2-smooth threshold degree 1 by Fact
Let ¢ = ¢(a, B,¢', ") > 0 be a sufficiently small constant. For any given integer
N larger than a certain constant, apply Lemma to f\_(cN/ log2+8 N)1/(14a) | O
obtain a circuit F' on at most N variables with smooth threshold degree *,
for some constants C’, C” > 0 that depend only on «, 3, ¢, ¢”. Then Proposition
forces for the circuit Fy: {0,1}" — {0,1} given by Fy(z1,72,...,2x8) =
F(x1,x9,...). The claims regarding the size, depth, and fan-ins of each Fy follow
directly from Lemma I

We now obtain our lower bounds on the smooth threshold degree of AC®. We
present two incomparable theorems here, both of which apply Corollary [5.21) in a
recursive manner but with different base cases.

THEOREM 5.22. Let k > 0 be a given integer. Then there is an (explicitly given)
Boolean circuit family {f.}52,, where fn: {0,1}™ — {0,1} has polynomial size,
depth 3k, bottom fan-in O(logn), and smooth threshold degree

1- 2= 1— L
n kT ntT R
deg, (fn,exp <c’ ) M)) > S (5.165)

log2=+1) n, log2(:+1) n,
for some constants ¢, ¢ > 0 and all n > 2.

Proof. The proof is by induction on k. The base case kK = 0 corresponds to the
family of “dictator” functions x — z1, each of which has 1/2-smooth threshold de-
gree 1 by Fact For the inductive step, fix an explicit circuit family {f,}52; in
which f,,: {0,1}™ — {0,1} has polynomial size, depth 3k, and smooth thresh-

old degree (5.165)) for some constants ¢/,¢” > 0. Then taking o = k%_l and
8= % in Corollary produces an explicit circuit family {F,}52 ; in which

F,:{0,1}™ — {0,1} has polynomial size, depth 3k 4+ 3 = 3(k + 1), bottom fan-in
O(logn), and smooth threshold degree

k41 k+1
nk+2 nk+2
! 1
deg (FmeXP <C T T k(D) >> > C"- k(k+1)

log2(®+2) n, log2(x+2) n,

for some constants C’,C” > 0 and all n > 2. 0
THEOREM 5.23. Let k > 1 be a given integer. Then there is an (explicitly given)

Boolean circuit family {fn}22,, where fn: {0,1}" — {0,1} has polynomial size,
depth 3k + 1, bottom fan-in O(logn), and smooth threshold degree

-5 -5
degy | fa,exp | —¢- % > % (5.166)
logz++3 n logz++3 n

for some constants ¢’, ¢’ > 0 and all n > 2.
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Proof. As with Theorem [5.22] the proof is by induction on k. For the base case
k =1, consider the family {g,}>° ; in which g,,: {0,1}" — {0,1} is given by

Lnl/SJ I_n2/3J

gn(z) = \/ /\ T

Then

deg . (gn, 12—Ln1/3j—1) = degy (OR|,1/5] 0 AND|,2/5), 12—Ln1/sj—1)
—|n'/3]-1
= degi(MPLnl/szansy 12 )
- o)

where the first step uses Proposition[2.9} the second step is valid because a function’s
smooth threshold degree remains unchanged when one negates the function or its
input variables; and the last step follows from Theorem[5.1] Applying Corollary[5.21]
to the circuit family {g,}2; with @ = 2/3 and § = 0 yields an explicit circuit
family {G,,}52 in which G, : {0,1}™ — {0, 1} has polynomial size, depth 242 = 4,
bottom fan-in O(logn), and smooth threshold degree

3/5 3/5
U n 1! n
degs (Gn,exp <_C ' logl/5 n)) > log1/5n

for some constants C’,C” > 0 and all n > 2. This new circuit family {G,,}22,
establishes the base case.

For the inductive step, fix an integer k£ > 1 and an explicit circuit family {f,}>2 ;
in which f,: {0,1}" — {0, 1} has polynomial size, depth 3k +1, and smooth thresh-
old degree (5.166]) for some constants ¢’,¢” > 0. Applying Corollary with
a = 2/(2k + 3) and B = k?/(2k + 3) yields an explicit circuit family {F,}>,
where F,: {0,1}™ — {0, 1} has polynomial size, depth (3k +1)+3 =3(k+1) + 1,
bottom fan-in O(logn), and smooth threshold degree

2k+3 2k+43
n2k+5 n2k+5
1" 1
deg (an exp <C : (12 )) >C" - (ht1)2

log 2k+5 1, ]Og 2k+5 1

for some constants C"',C"” > 0 and all n > 2. This completes the inductive
step. 0

5.8. The sign-rank of AC°®. We have reached our main result on the sign-rank
and unbounded-error communication complexity of constant-depth circuits. The
proof amounts to lifting, by means of Theorem the lower bounds on smooth
threshold degree in Theorems [5.22] and [5.23] to sign-rank lower bounds.

THEOREM 5.24. Let k > 1 be a given integer. Then there is an (explicitly given)

Boolean circuit family {F,, }52, where F,: {0,1}"x{0,1}" — {0,1} has polynomial
size, depth 3k, bottom fan-in O(logn), sign-rank

rky (F,,) = exp (Q (nl_ﬁl - (log n)_ggzlll; )) , (5.167)
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and unbounded-error communication complezity
1 1 _ k(k—1)
UPP(F,) = Q (n ~%1 - (log n) Ww) . (5.168)

Proof. Theorem constructs a circuit family {f,}5°; in which f,: {0,1}" —
{0,1} has polynomial size, depth 3k, bottom fan-in O(logn), and smooth thresh-
old degree for some constants ¢’,¢” > 0 and all n > 2. Abbreviate m =
2[exp(4c’/c")]. For any n > m, define F, = f|5,/m| © ORy o ANDy. Then (5.167) is
immediate from and Theorem Combining with Theorem
settles .

It remains to analyze the circuit complexity of F,. We defined F,, formally as a
circuit of depth 3% +2 in which the bottom four levels have fan-ins n°1, O(logn),
m, and 2, in that order. Since m is a constant independent of n, these four levels can
be computed by a circuit of polynomial size, depth 2, and bottom fan-in O(logn).
This optimization reduces the depth of F,, to (3k + 2) — 4 + 2 = 3k while keeping
the bottom fan-in at O(logn). [

We now similarly lift Theorem [5.23]to a lower bound on sign-rank and unbounded-
error communication complexity.

THEOREM 5.25. Let k > 1 be a given integer. Then there is an (explicitly given)
Boolean circuit family {F, }°° 1, where F,: {0,1}"x{0,1}" — {0,1} has polynomial
size, depth 3k + 1, bottom fan-in O(logn), sign-rank

2
rky (F},) = exp (Q (nl—ﬁ . (logn)_#ﬁ)) )
and unbounded-error communication complexity
1— 52— _ k2
UPP(Fn) =0 (n K13 . (logn) 2k+3) )

Proof. The proof is analogous to that of Theorem[5.24] with the only difference that
the appeal to Theorem should be replaced with an appeal to Theorem 0

Theorems and settle Theorems and [I.5] in the introduction.
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APPENDIX A. SIGN-RANK AND SMOOTH THRESHOLD DEGREE

The purpose of this appendix is to prove Theorem implicit in [45] B9].
We closely follow the treatment in those earlier papers. Sections [ATIHAJ cover
necessary technical background, followed by the proof proper in Section [A.4]

A.1. Fourier transform. Consider the real vector space of functions {0,1}" —
R. For S C {1,2,...,n}, define yg: {0,1}"* — {—1,+1} by xs(z) = (—1)%ies 2,
Then

M if S =T,

(Xs:x1) = 0  otherwise.

Thus, {XS}Sg{l,z,i..,n} is an orthogonal basis for the vector space in question. In
particular, every function ¢: {0,1}" — R has a unique representation of the form

o= > d(Sxs

5C{1,2,...,n}

for some reals ¢(S), where by orthogonality ¢(S) = 27"(¢, xs). The reals ¢(S)
are called the Fourier coefficients of ¢, and the mapping ¢ — ¢ is ‘Ehe Fourier
transform of f. The following fact is immediate from the definition of ¢(.5).

PROPOSITION A.1. Let ¢: {0,1}"™ — R be given. Then

<2741
sciax L 1009)] I6]12
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The linear subspace of real polynomials on {0,1}" of degree at most d is easily
seen to be span{xs : |S| < d}. Its orthogonal complement, span{xs: |S| > d},
is then the linear subspace of functions that have zero inner product with every
polynomial of degree at most d. As a result, the orthogonal content of a nonzero
function ¢: {0,1}™ — R is given by

orth ¢ = min{|S| : $(S) # 0}, ¢ #0. (A1)

A.2. Forster’s bound. The spectral norm of a real matrix A = [Azylaex yey is
given by

[All = max —[Av],

veRIY1, fjufla=1

where || - ||2 is the Euclidean norm on vectors. The first strong lower bound on the
sign-rank of an explicit matrix was obtained by Forster [2I], who proved that

) > YIETV]

1A]l

for any matrix A = [Azylzex,yey Wwith £1 entries. Forster’s result has seen a
number of generalizations, including the following theorem [22, Theorem 3].

THEOREM A.2 (Forster et al.). Let A = [Ayy]zex yey be a real matriz without zero
entries. Then

VXY
rky (4) > |”A”|| min | Agy|.
A.3. Spectral norm of pattern matrices. Pattern matrices were introduced
in [42], [44] and proved useful in obtaining strong lower bounds on communication
complexity. Relevant definitions and results from [44] follow. Let n and N be
positive integers with n | N. Partition {1,2,..., N} into n contiguous blocks, each
with N/n elements:

{1,2,...,N}:{1,2,...,N}u{N+1,...,2N}

n n

P CELL Y

Now, let ¥ (N, n) denote the family of subsets V' C {1,2,..., N} that have exactly
one element in each of these blocks (in particular, |V| = n). Clearly, |¥(N,n)| =
(N/n)™. For a function ¢: {0,1}" — R, the (N,n, ¢)-pattern matriz is the real
matrix A given by

A= {¢(x|v & w)]

2€{0,1}N, (V,w)e¥ (N,n)x{0,1}n

In words, A is the matrix of size 2 by (N/n)"2" whose rows are indexed by strings
x € {0,1}", whose columns are indexed by pairs (V,w) € ¥ (N,n) x {0,1}", and
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whose entries are given by A, (v.w) = ¢(z|v © w). We will need the following
expression for the spectral norm of a pattern matrix [44, Theorem 4.3].

THEOREM A.3 (Sherstov). Let ¢: {0,1}" — R be given. Let A be the (N,n,¢)-
pattern matriz. Then

N\" N n\IS1/2
— N4n | __ _
g = [z (3) e {1001 ()"}

A.4. Proof of Theorem We are now in a position to prove Theorem
We will derive it from the following more general result, stated in terms of pattern
matrices.

THEOREM A.4. Let f:{0,1}™ — {0,1} be given. Suppose that deg, (f,7y) = d,
where v and d are positive reals. Then for any integer T > 1, the (Tn,n, (—1)f)-
pattern matriz has sign-rank at least vT%2.

Proof. By the definition of smooth threshold degree, there is a probability distri-
bution p on {0,1}™ such that
w(x) = ~vy27", x € {0,1}", (A.2)
orth((—=1) - p) > d. (A.3)

Abbreviate ¢ = (—1)f - u. Let F and ® denote the (Tn,n, (—1)7)- and (Tn,n, ¢)-
pattern matrices, respectively. By (A.1)) and (A.3)),

3(S) =0, 15| < d. (A4)
The remaining Fourier coefficients of ¢ can be bounded using Proposition
|p(S)] <27, ScC{1,2,...,n} (A.5)

Now

rky (F) = rk+(®)

< ,/2Tn+n Tn
el

—n

y2
_ y2T"

maxs{|(S)| TI51/2}
> ,de/2,

where the first step is valid because F' and ® have the same sign pattern; the second
step uses (A.2]) and Theorem the third step applies Theorem and the final
i

step substitutes the upper bounds from (A.4) and (A.5)).

We have reached the main result of this appendix.
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THEOREM (restatement of Theorem [2.18). Let f: {0,1}" — {0,1} be given. Sup-
pose that deg, (f,~) > d, where v and d are positive reals. Fiz an integer m > 2
and define F: {0,1}™" x {0,1}" — {0,1} by F(z,y) = f o OR,,, o ANDy. Then

tky (F) =2 v [%J 2 .

Proof. The result is immediate from Theorem since the (|m/2|n,n,(—1)f)-
pattern matrix is a submatrix of [(—1)F(®¥)], .

APPENDIX B. A DUAL OBJECT FOR OR

The purpose of this appendix is to prove Theorem [3.3] which gives a dual poly-
nomial for the OR function with a number of additional properties. The treatment
here closely follows earlier work by Spalek [57], Bun and Thaler [12, 16| 1], and
Sherstov [60, 52]. We start with a well-known binomial identity [23].

Fact B.1. For every univariate polynomial p of degree less than n,
" n
>0} ot 0.
t=0

The next lemma constructs a dual polynomial for OR that has the sign behavior
claimed in Theorem [3.3] but may lack some of the metric properties. The lemma is
an adaptation of [50, Lemma A.2].

LEMMA B.2. Lete be given, 0 < € < 1. Then for some constant ¢ = c(e) € (0,1) and

every integer n > 1, there is an (explicitly given) function w: {0,1,2,...,n} = R
such that
1—c¢
w(0) > —— - llwlls, (B.1)
1
< — . = .

lw(t)| < TN llwl (t=1,2,...,n), (B.2)

(-D'w(t) =0 (t=0,1,2,...,n),

orthw > cv/n. (B.4)

REMARK B.3. It is helpful to keep in mind that properties (B.1)—(B.4)) are logically
monotonic in c. In other words, establishing these properties for a given constant
¢ > 0 also establishes them for all smaller positive constants.

Proof of Lemma Let A =8[1/e] +3. If n < A, the requirements of the lemma
hold for the function w: (0,1,2,3,...,n) — (1,—1,0,0,...,0) and all ¢ € (0,1/A].
In what follows, we treat the complementary case n > A.

Define d = [\/n/A] and let S = {1,222} U {i?A : i = 0,1,2,...,d}, so that
S C{0,1,2,...,n}. Consider the function w: {0,1,2,...,n} — R given by

(_1)n+t+\S|+1

w(t)ZR!(’Z) I -

1=0,1,2,...,n:
¢S



94 ALEXANDER A. SHERSTOV AND PEI WU

Fact implies that

orthw >d+1
n

>4/ —.

A

A routine calculation reveals that

wit) = L OV ey g 1€ S
0 otherwise.

It follows that

d

w(0) _A—le'2A—1
wD] A+ 2A
d

2 1

>1- - _ i

>1 A+1 ;z‘m

2 11

1—- —  — — il

1T AT A;ﬂ
4

-
“1TA

An analogous application of shows that

(Y] _ ot Atd)d!
WO T A (B 1) (A &) LA (d - 1) (d+ 1)
B 8Ad
C(A-1)2(d+1)
< 8A

(A-1)*

(B.5)

(B.6)
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Finally, for i =1,2,...,d,
w(i2A)| =1 . d!d! A?
lw(0)] (2A — 1)(2A — 2H) - (d—i)!(d + i)l Ad
_2AA+D) d! d!
SHA =12 d—d)(d+i)
_ A4 d d—1 d—i+1
CiMA-1)2 d+i d+i—1 d+1
2(A +1) i\
< . -
Tit(A - 1)2 (1 d+i>
2(A+1) i2
< _
Sl P ( d+i>
2(A+1) i2
< —
S A1) eXp( 2
2(A+1) i2
< - - - : B.
A1) eXp( 2%71/7) B
Now,
d .
leolly _ 4 @I w(55H)] Y w(iA)]
w(0) w(0) w(0) —~  w(0)
4\ 7! 8A 2 2(A+1)
< _
<1+ (1 A) A +;i4(A—1)2
—1 4
- 1_£ N 8A (A +1)
A (A—1)2 " 45(A —1)2
L2
2
< : (B.10)
1—¢

where the second step uses @E , and the last step substitutes the definition

of A. Now

(B.1)) follows from (B.10) and w(0) > 0. Moreover, for ¢ = ¢(A) > 0

small enough, (B.4]) follows from (B.5]), whereas follows from and the
fact that w vanishes outside the union {1, %} U{i*A:i=0,1,2,...,d}.

It remains to verify that w has the desired sign behavior. Since w vanishes outside
S, the requirement holds trivially at those points. For t € S, it follows from

that

sgnw(l) =
A+l
2

71’

sgnw( ) =1,
sgnw(i?A) = (-1)%,

i=0,1,2,...,d.
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Since A € 47 + 3 by definition, we conclude that sgnw(t) = (—1)! for all t € S.
This settles (B.3) and completes the proof. [

We have reached the main result of this section.

THEOREM (restatement of Theorem . Let 0 < € < 1 be given. Then for some
constants ¢, € (0,1) and all integers N > n > 1, there is an (explicitly given)
function ¢: {0,1,2,..., N} = R such that

$(0) > 1;67 (B.11)
[l =1, (B.12)
orthy > v/n, (B.13)
sgnip(t) = (—1)", t=0,1,2,...,N, (B.14)
w(t)] ¢ ! t=0,1,2,...,N. (B.15)

(t+ 1)2 2"t (i1 1)2 2/ |’

Proof. For a sufficiently small constant ¢ > 0 and all n > 1, Lemma and
Remark ensure the existence of a function w: {0,1,2,...,[n/2]} — R such
that

lwllr =1, (B.16)

w(0) > % (1 - %) : (B.17)
1

WOl < o7 t=1,2,...,[n/2]), (B.18)

(-D'w(t) =0 (t=0,1,2,...,[n/2]), (B.19)

orthw > ¢y/n. (B.20)

For convenience, extend w to all of Z by defining it to be zero outside its original
domain. Define ¥: {0,1,2,...,N} — R by

-

S .
+ Z = 26i/\/ﬁw(—t—i-z) ,
i=N—[n/2]+1
where
o€
‘TEa-a
By (B.20) and Proposition [2.1)(i)|

orth ¥ > cy/n. (B.21)
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We now move on to metric properties of ¥. Multiplying the defining equation for
¥ on both sides by (—1)? and applying (B.19), we arrive at

N—[n/2]

. N .
COw — ot — D)l ozt 4 D]
(=D)'T(t) = |w(t)| + 6 Z 32 9¢i/\/n + Z 2 9ci//n ’
pry i=N—[n/2]+1

t=0,1,2,...,N. (B.22)

Summing over ¢ gives

N
1
W]y = [lwlls + 52 WHWM

N 1
1+627i22ci/ﬁ
1
1,1+5z;i2]
6—¢
1, — B.23
[’6<1e>}’ (B.23)

where the second step uses (B.16)). We also have

m

¥(0) = w(0)

6—¢€
B.24
- (B.24)
where the first and second steps use (B.22)) and (B.17)), respectively.
We now estimate |¥(t)| for each ¢ = 1,2,..., N. For a lower bound, we have
N—[n/2] . N .
_ |w(t — ) w(=t + )]
|\I’(t)| - |w(t)| +9 Z 32 9ci/v/n + Z 72 9ci/v/n
i=1 i=N—[n/2]+1
()]
= $2 9ct/v/n
— 1
o€ 6—¢ (B.25)

P : ' )
m2(1—¢) 12 ¢22¢t/vn

where the first and last steps use (B.22)) and (B.17)), respectively. The upper bound
on |¥(t)] is somewhat more technical. To begin with, we have the following bound
for every positive integer t:
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t—1 t—1
1

t—i)2 ; max{ (¢ — 1)2,42} min{(t — )2, %}

1
(t/2)? ; min{ (¢t — ¢)2,4%}

1 1
SEr

472

Continuing,

Z |OJ t—l . Z |(.d t—l
— 2 Zcz/f - t2 2ct/\f P 72 2cz/f

N

+2 2ct/\f Z Z2 et/

1 A2
<—— - :
= g220t/Vn (1 e > ’ (B-27)

where the second step uses (B.16]) and (B.18)), and the third step substitutes the
bound from (B.26]). Analogously,

— 12 2cz/f t2 Qct/\f 4 22 2cz/f

1 1
< E
29c 2 9ct
t 2t/\f t+1 t 7,) 32 9ci//n

<
\t220t/f< * Z c(t —1i)? >

1= t+1

L T (B.28)
g220t/vn 6c )’ '
where the second step uses (B.16)) and (B.18). Now for every integer ¢ > 1,

|ew( |w(—t + 1)
| ()| |+6<Z 2257,/f Z ZZ?cz/f

1 4725 25)

R —
= ct2 2ct/Vn

(B.29)

1+ 2c6
<—|—c—|—3 6

where the first step is immediate from the defining equation for ¥, and the second

step uses (B.18)), (B.27)), and (B.2§]).
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To complete the proof, let ¢: {0,1,2,...,N} — R be given by v = U/||¥]|;.
Then for ¢ = ¢ and small enough ¢’ = ¢/(¢,¢,0) > 0, properties (B.11)—(B.15)
follow directly from (B.21)—(B.25) and (B.29). ]
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