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Abstract
Quantum Advantages via Fourier Growth Analysis of Boolean Functions
by
Kewen Wu
Doctor of Philosophy in Computer Science
University of California, Berkeley

Assistant Professor Avishay Tal, Chair

Intuitively quantum computations can easily aggregate signals on the Fourier basis whereas
classical algorithms cannot. Raz-Tal (STOC’19, JACM’22) and Bansal-Sinha (STOC’21)
formalized this using the notion of Fourier growth from Boolean function analysis. Contin-
uing this line of work, we establish sharp Fourier growth bounds for classical (parity) query
algorithms, randomized communication protocols, and parallel quantum query algorithms
with limited adaptivity. As such, we obtain unconditional exponential quantum advantages
in various query and communication settings.
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Chapter 1

Introduction

Quantum computing has revolutionized computation by solving some classically intractable
problems. This raises a fascinating and fundamental question:

What is the relative power of quantum versus classical computation?

Most known quantum advantages are conditioned on heuristics or assumptions. A famous
example here is the story of random circuit sampling. In this task, we aim to draw samples
from a distribution induced by shallow random quantum circuits. Formulated directly in
terms of quantum circuits, the problem is easy for quantum devices and considered hard
for classical computers. In 2019, Google [AAB™19] proposed it as a viable demonstration
of quantum supremacy on near-term quantum devices, and they estimated it to take 10,000
years if run on a classical supercomputer. However shortly after their notice, IBM [Chol9]
discussed a better classical simulation algorithm that only takes a few days on a classical
supercomputer. In 2022, Pan, Chen, and Zhang [PC722] were even able to execute the
experiment on a conventional computer within a few hours. The key ingredient behind these
improved classical algorithms is the unavoidable physical noise in the quantum circuits. The
culmination of this line of classical attacks is the work by Aharonov, Gao, Landau, Liu, and
Vazirani [AGL 23] in 2023, which developed a classical algorithm that is provably polynomial
time as long as the noise rate is constant. Though very recently Google [MVM*24] reclaimed
quantum advantages for random circuit sampling in the scenario of diminishing noise, this
story shows how fragile our heuristics can be.

Another example comes from post-quantum cryptography. There, Learning With Error
(LWE) is a widely used primitive that is considered hard against quantum computers. How-
ever the work by Chen, Liu, and Zhandry [CLZ22] showed that some natural variants of
LWE are actually vulnerable under some cleverly designed quantum attack. Hence we must
be careful in formulating these assumptions: sometimes even a slight tweak would make the
statement just false.

Though it is generally believed that quantum computers outperform classical ones, such
debates are still disturbing and distracting. This motivates the questions for
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proving rigorous quantum-classical separations, not relying on heuristics or assumptions.

Furthermore, understanding the reasons behind these quantum-classical separations brings
out another question for

characterizing properties of computation tasks that allow for quantum speedups.

This thesis aims to address the above questions through a unified framework of Fourier
growth analysis of Boolean functions.

1.1 Analysis of Boolean Functions

To explain what Fourier growth is, we start with a brief introduction to the analysis of
Boolean functions.

Boolean functions map binary inputs to bounded outputs and capture most computa-
tional tasks and mathematical objects. The analysis of these functions involves studying
their structural and analytic properties to understand their performance, efficiency, and
robustness, which has been an ongoing success and delivered numerous breakthroughs in
complexity theory, social choice theory, learning theory, cryptography, quantum computing,
combinatorics, probability theory, and more. See [O'D14] for a comprehensive introduction
to the analysis of Boolean functions.

A common theme in the analysis of Boolean functions is proving structural results on
special classes of Boolean devices (e.g., decision trees, bounded-depth circuits) and then
exploiting the structure to (1) devise pseudorandom generators fooling these devices [NN93],
(2) prove lower bounds, showing that some explicit function cannot be computed by such
Boolean devices of certain size [R122], or (3) design learning algorithms for the class of
Boolean devices in either the membership query model or the random sample model [[XM93].
Such structural results can involve properties of the Fourier spectrum of Boolean functions
associated with Boolean devices, like concentration on low-degree terms or concentration on
a few terms.

To give a concrete example pertinent to this thesis, we formally define Boolean function
f:{£1}"™ — [—1, 1] and recall that it can be uniquely represented as a multilinear polynomial

f@)= 3 7s) - [[

SC[n] i€s

-~

where each f(S) € R is the Fourier coefficient of f, computed by

f(8)=E

f(x) - H :cZ] with & uniform over {£1}".

i€S
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The seminal paper of Kushilevitz and Mansour [KKM93] presents a learning algorithm in the
membership query model, running in time poly(¢,n) that can learn the unknown f assuming

I, 5 s <

SC[n]

This learning algorithm works by approximating f with a sparse polynomial and then learn
each non-zero coefficient using the membership query oracle.

While having small Hﬂ‘ implies learning algorithms and also simple pseudorandom
1
generators fooling f [NN93], this property can be quite restrictive. In particular, very simple
functions (e.g., the tribes function) have HfH exponential in n. Such examples motivate a
1

more refined metric for the Fourier spectrum which we now discuss.

1.2 Fourier Growth

Dating back to Mansour [Man95], the notion of Fourier growth captures the scaling of the
Fourier spectrum with respect to different Fourier levels. In a nutshell, functions with small
Fourier growth cannot aggregate many weak signals in the input to obtain a considerable
effect on the output. In contrast, the majority function, which can amplify weak biases, is
an example of a Boolean function with extremely high Fourier growth.

Formally, the level-¢ Fourier growth of f is the sum of absolute values of its level-¢ Fourier

coefficients R
Lif)= Y 7).
SCln]:|S|=¢

The idea behind this more refined notion is that Fourier coefficients of different levels behave
differently under standard manipulations to the function like random restrictions or noise
operators. For example, under a noise operator with parameter v, level-¢ coefficients are
multiplied by ~*.

Indeed, upper bounds on the Fourier growth, even for the first few Fourier levels, have
interesting applications.

e A bound on the level-1 Fourier growth is sufficient to control the advantage of distin-
guishing biased coins from unbiased ones [Agr20].

e A bound on the level-2 Fourier growth already gives non-trivial pseudorandom genera-
tors [CHLT19], oracle separations between BQP and PH [RT22, Wu22|, and separations
between efficient quantum communication and randomized classical communication
[GRT22].

e A bound on higher levels leads to better constructions of pseudorandom generators
[CHHL19, CHRT18, CGL"21], improved quantum-classical separations [BS21], pseu-
dorandomness regarding expander random walks [CPTS21], efficient learing algorithms
[Man95], and more.
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Motivated by above, Fourier growth bounds have been extensively studied and established
for different computation models, including small-width DNFs/CNFs [Man95], AC cir-
cuits [Tall7], low-sensitivity Boolean functions [GSTW16], small-width branching programs
[RSV13, SVW17, CHRT18, LPV22], small-depth decision trees [OS07, Tal20, SSW23], func-
tions related to small-cost communication protocols [GRZ21, GRT22], low-degree Fy polyno-
mials [CHHL19, CHLT19, BIJ"21], product tests [Leel9], small-depth parity decision trees
[BTW15], low-degree bounded functions [[RR21], and more.

We remark that, by Parseval’s identity and Cauchy-Schwarz inequality, we always have

Lo(f) < 4/(}). However, for many natural classes of Boolean functions, this bound is

far from tight and not good enough for applications. Establishing better bounds require
exploring structural properties of the specific class of functions in question. Even for low
Fourier levels, this can be highly non-trivial and tight bounds remain elusive in many cases.
For example, for degree-d F, polynomials (which well-approximate AC’[@®] when we set
d = polylog(n) [Raz87, Smo87]), while we know a level-one bound of Li(f) < O(d) due
to [CHLT19], the current best bound for levels £ > 2 is roughly 20 [CHHI19], whereas
the conjectured bound is d°®). Validating such a bound, even for the second level ¢ = 2,
will imply unconditional pseudorandom generators of polylogarithmic seed length for AC°[@]
[CHLT19], a longstanding open problem in circuit complexity and pseudorandomness.

1.3 Quantum Advantages and Forrelation Problem

As hinted in Section 1.2, Fourier growth is closely related to quantum advantages. Intu-
itively, quantum computations can aggregate signals on the Fourier basis, whereas classical
algorithms cannot. The notion of Fourier growth helps to justify this intuition and prove
quantum advantages in the query model [RT22, Tal20, BS21] and beyond.

The quantum query model, also known as the black-box or oracle model, has been a suc-
cessful test bed to develop quantum algorithms and to give provable guarantees on speedups
over classical algorithms. In this model, a quantum algorithm has “black-box access” to
the input and is only charged for quantum queries to the input, while any intermediate
computation is considered free. In other words, this model is an abstraction of the cloud
computing setting where the communication with the remote server is the dominating cost.
Most well-known quantum algorithms, such as Grover’s search [Gro96], Deutsch-Josza’s algo-
rithm [DJ92], Bernstein-Vazirani’s algorithm [BV97], Simon’s Algorithm [Sim97], and Shor’s
period-finding algorithm [Sho99], are all captured by this black-box access model.

The focus in the query model has been to compare quantum algorithms with classical
ones. The culmination of this line of work led to the resolution of the following speedup
question:

What is the largest possible quantum speedup over classical algorithms?
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The motivation for this question stems from an attempt to pinpoint the exact limit of
quantum speedups, and it has helped us develop a better understanding of the fundamental
nature of quantum speedups.

Towards this question, Aaronson [Aarl0] introduced the Forrelation problem, which mea-
sures the correlation between a Boolean function and the Fourier spectrum of another. To
give some detail, on input x = (z1,x9) € {£1}** where n is a power of 2, we define

1
forr(z) = — - x] Hxy,
n

where H denotes the n x n Hadamard matrix. The Forrelation problem asks to distinguish
the case when |forr(z)| is large from the case where forr(z) is close to zero. For this problem,
[Aarl0] showed that we only need to make 1 quantum query, but would require Q(y/n)
classical queries.

This problem was later generalized by Aaronson and Ambainis [AA18] as the k-fold
Forrelation problem (see Definition 2.0.10 for a precise definition). They showed that the
k-fold Forrelation problem can be solved with r := [k/2] quantum queries, or a classical
algorithm with O (nl_l/ 27") queries. Not only they conjectured that this classical simulation
is optimal, they also conjectured that one should be able to simulate any r-query quantum
algorithm with O(n'~'/?") classical queries, making the k-fold Forrelation problem a witness
for mazimal quantum advantage. The latter conjecture was resolved by Bravyi, Gosset,
Grier, and Schaeffer [BGGS22]. Up to low-order terms, the first conjecture was also proved
by Sherstov, Storozhenko, and Wu [SSW23] and Bansal and Sinha [BS21], building on the
work of Raz and Tal [RT22] and Tal [Tal20].

The framework developed in [RT22, BS21, Tal20, SSW23] is rather general. Informally,
they show that if the Fourier growth of f scales slower than (y/n)~/*¢ which is the level-/
Fourier growth of the k-fold Forrelation function, then f cannot approximately compute the
k-fold Forrelation problem and its variants. Given this and to separate computation model C;
and Co, it suffices to show (1) C; can compute the k-fold Forrelation problem or its variants,
which is usually easy due to [AA18], and (2) every Boolean function in Cy has small Fourier
growth, which is usually the main effort. Indeed, the results in [RT22, Tal20, SSW23] are
upper bounds on the Fourier growth of classical query algorithms that make limited number
of queries (aka decision trees of small depth).

1.4 Owur Contribution

The main contribution of this thesis is to extend the Fourier growth bounds in the standard
classical query model to other meaningful computation models. Along the way and as
illustrated in Section 1.2, we obtain unconditional exponential quantum advantages and
various applications in pseudorandomness and communication complexity:

e Chapter 3 is based on the joint work [GTW21] with Uma Girish and Avishay Tal. We
extend the query model results in [RT22, BS21, Tal20, SSW23] by allowing classical
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algorithms to perform parity queries, a natural generalization of the standard bit query.
We establish near optimal Fourier growth bounds for parity query classical algorithms,
implying that quantum algorithms have significant advantages even when classical
query algorithms have the power to perform parity queries.

e Chapter 4 is based on the joint work [GSTW23] with Uma Girish, Makrand Sinha,
and Avishay Tal. We go beyond the query model and ask for quantum advantages in
the more challenging communication model. We extend the Fourier growth arguments
in [GTW21] and give exponential separation between efficient quantum simultaneous
communication and randomized two-way classical communication, providing quantita-
tive improvements over the prior work [GRT22].

e Chapter 5 is based on the joint work [GSTW24] with Uma Girish, Makrand Sinha,
and Avishay Tal. To get a better understanding of quantum query algorithms, we
study them in term of the number of adaptive query rounds, which is an abstraction
of shallow quantum circuits from near-term quantum devices. We use Fourier growth
to separate deep versus shallow quantum algorithms, demonstrating the necessity of
adaptivity in the query model.

Finally in Chapter 6, I briefly discuss other projects that I was involved in and completed
during my PhD study at UC Berkeley.



Chapter 2

Preliminaries

Here we define notation and quote standard results that are shared by the later chapters.
Special definitions that are not commonly used will be provided in the corresponding chapter
afterwards.

Standard Notation

We use N = {0,1,2,...} to denote the set of natural numbers; and use R, C to denote real
numbers and complex numbers respectively. We use log(-) and In(-) to denote logarithms
with base 2 and e respectively.

For a complex number = # 0, define Phase(x) = x/|z| as its phase; and we additionally
define Phase(0) = 1. For a real number z, define sgn(x) € {—1,0, 1} to be the sign of z, i.e.,
sgn(z) equals —1 if z < 0; 1 if z > 0; and 0 if z = 0.

For positive integer n, we use [n] to denote {1,2,...,n}; and ([Z]) (resp., ([f]l)) to denote
the set of all size-k (resp., size-(< k)) sets from [n]. -

For sets 51,52, we use S; @ Sy to denote their symmetric difference, i.e., Sy ® Sy =
(Sl \ SQ) U (SQ \ Sl) If 51,52 - Rn, then we define Sl + SQ = {LL’ + Y. T e Sl,y c SQ}

For a finite set S, we use 2° to denote the set of all its subsets. If S is a set from universe
U clear from the context, then we write S for its complement U\ S. If S C R", then for any
t € R we define tS = {t-z: xS}

Asymptotics

We use O(-),§2(+), O(+) to hide universal multiplicative constants that do not depend on any
parameter. 5() and Q() hide polylogarithmic factors, i.e., 5(f) = O(f - polylogf) and
ﬁ( f) = Q(f-polylogf). We also use subscript to hide dependence on minor parameters, e.g.,
Ora(f) =O(f - K(r,d)) for an implicit function K.

For convenience, we will use <, 2, <, > to hide minor factors in bounds; these will only

~) ~Y)

be used in informal contexts and not in actual proofs.
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Probability

A probability space is a triple (€2, F, &) where Q is the sample space, F is a o-algebra which
describes the measurable sets (or events) in the probability space, and £ is a probability
measure. We use  ~ £ to denote a random sample distributed according to £ and E¢[f ()]
to denote the expectation of a function f under the measure . For a finite set X we use
x ~ X to denote that x is a random variable sampled uniformly from X.

For any event S € F, we use £(5) to denote the measure of S under £&. We say an event
S holds almost surely if £(S) = 1, i.e., the exceptions to the event have measure zero. For
a measurable event £ € F, we write F N {€} to denote the intersection of the o-algebra F
and the o-algebra generated by £.

Linear Algebra

We use Fy = {0, 1} to denote the binary field, Span (vectors) to denote the subspace spanned
by vectors over Fy. For a (complex) vector, we use ||-|| to denote its fo-norm; for a (complex)
matrix, we use ||-|| and ||-|| to denote its operator and Frobenius norm respectively. We say
a vector u is a wunit vector if ||ul| = 1. We use I, to denote the m by m identity matrix,
and, when m is clear from the context, we will simply use I. We use CMxI" and Cn*m
to denote the space of complex n by m matrices. For nonzero vector x or matrix X, we
define unit(z) or unit(X) as the unit vector or matrix along direction x and X respectively:
unit(z) = z/ ||z|| and unit(X) = X/ || X5

We write ® to denote the entrywise product for vectors and matrices: in particular, for
any z,y € R", we define 20y € R" to be a vector where (x®y); = x;y; for i € [n] and similarly
for any X,Y € R™™, we define X ®©Y € R™™ to be a matrix where (X ©Y);; = X,;Y;
for i € [n],j € [m].

We write S"~! for the unit sphere in R™, and write S"*"~! for the unit sphere (in Frobenius
norm) in R™*" where additionally the diagonal entries of the n x n matrices are zero. We use
B" = {z € R"|||z|| < 1} to denote the unit Euclidean ball in R™. We use (z,y) to denote
the inner product between vectors x,y € R™ and (X,Y’) to denote the inner product between
matrices X, Y € R™" viewing them as n?-dimensional vectors.

Fact 2.0.1. Let M € C"X™ be an n by m matriz. Then for any S C [n] and T C [m],
we have || M[S,T||| < ||M||, where M[S,T] is the sub-matriz of M formed by rows in S and
columns in T'.

Fact 2.0.2. Assume M = diag(Mi,...,M,;) is a block diagonal matriz. Then |[|[M] =
maxie[t] ||Mz||

Fact 2.0.3 (Holder’s Inequality). ||M|| < /[[M]], [M]|, holds for any matriz M € CrIxml

where
n

Il = e 320G and M1 = e 32 M)
= j=
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Gaussian

We use v, to denote the n-dimensional standard Gaussian measure in R”. We say a random
variable € R" is a standard Gaussian in R" if its probability distribution is v,. We will
drop the subscript if the dimension is clear from context.

We will also need lower dimensional Gaussian measures: given a linear subspace V' of
dimension k, there is a k-dimensional standard Gaussian measure on it, which we denote by
vy . For any measurable subset S C R", we define its ambient space to be the smallest affine
subspace V 4t that contains it where V' is a linear subspace of R™ and ¢t € R™. The relative
Gaussian measure of S denoted by 7,1(S) is then defined to be the Gaussian measure of the
set S —t under vy .

Let ®: R — [0,1] be the cumulative distribution function of the standard Gaussian
distribution, i.e., ®(a) = \/% [ e 2 du.

Theorem 2.0.4 (Gaussian Isoperimetric Inequality [Bor75, ST78]). Let A C R™ be a mea-
surable set and assume 7, (A) > ®(a) for some a € R. Then for any t > 0, we have

Yn(A+tB") > $(a+1).
In particular, if v,(A) > 1/2, then we can pick a =0 and have
(A +tBY) > ®(t) > 1—e V72 (2.1)

Fact 2.0.5 (See e.g., [Verl8]). For any m € N and r > 2m, we have

m
Zazf > 7’] <e 4
i=1

Theorem 2.0.6 (Level-k Inequality, see e.g., [EM22) Lemma 2.2]). Let k € {1,2}. Assume
A C R"™ is measurable. Let 1,: R" — {0,1} be the indicator function of A and define
p =Bz [la(x)]. Then, we have'

Pr

T~Ym

> (B Matwias)) <2 e/

T~Yn

15| =k

In particular, if p > 0, we have

1Our Theorem 2.0.6 is slightly different from the references, where they additionally require pu < 1/e.
By Parseval’s identity, the left hand side is always at most one. Therefore we use a slightly worse bound for
the right hand side to allow for the whole range of u.
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Martingale

Given a sequence of real-valued random variables @i, xs,...,®, in a probability space
(Q, F,&) and a function f(xy,...,x,) satisfying E[|f(x1,...,®,)|] < oo, the sequence of
random variables z) = E [ f(w1,...,@,) | F' V] is called the Doob martingale where F(~
is the o-algebra generated by @1, ..., x; 1 which should be viewed as a record of the random-
ness of the process until time ¢ — 1. The sequence (F®), is called a filtration. A sequence
of random variables (2®), is called predictable (or adapted) with respect to F® if z(*) is
F®_measurable for every ¢, meaning that it is determined by the randomness in F®.

A discrete random variable 7 € N is called a stopping time with respect to the filtration
(F®), if the event {7 =t} € F® for all t € N, or in words, whether the event T = ¢ occurs
is determined by the history of the process until time ¢. All stopping times considered in this
paper will be finite. The o-algebra F(™) which contains all events that imply the stopping
condition is defined as the set of all events £ such that €N {7 =t} € F® for all t € N.
We also note if one takes an increasing sequence of stopping times (73,),, then the process
defined by (z(™)),, is also a martingale.

Let Az := 2z — 2071 be the martingale differences. Note that E [Az(") |]-"(t*1)} =0

and thus ,
E[(")"] =E (Z Az(t)> —F
t=1

where the cross terms disappear upon taking expectation. In other words, the martingale dif-
ferences are orthogonal under taking expectations. The right hand side above is the expected
quadratic variation of the martingale (z(*)) .- If the sequence (z®), is vector-valued (resp.,

n

Z (Az(t))2

t=1

, (2:2)

matrix-valued) and satisfies E [Az(t) ‘ F (t_l)] = 0 where 0 is zero vector (resp., matrix), then
we say it is a vector-valued (resp., matrix-valued) martingale with respect to (F®),. Since
each coordinate of a vector or matrix-valued martingale is itself a real-valued martingale,
vector-valued or matrix-valued martingale differences are also orthogonal under Euclidean

norms:
Z Az® =E Z ||Az(t) Hi] . (2.3)
t=1 t=1

E[|="]l] =&

2
F

Boolean Function

Here we recall definitions in the analysis of Boolean functions (see [O’D14] for a detailed
introduction). Let U,, be the uniform probability measure over {£1}".

Let f: {£1}" — R be any Boolean function. The restriction of f refers to fixing some
of its input bits to +1. For any p > 0, the p-norm of f is defined as

i, = (5, 1)
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For any subset S C [n], x5 denotes [[,.q; (in particular, xy = 1). It is a well-known fact
that we can uniquely represent f as a linear combination of {xg} SCln)’

fl@) =" f(S)us,

SCn]

where the coefficients {ﬂs)}sqn] are referred to as the Fourier coefficients of f and are
given by f(S) = Ez, [f(x)xs]. The above representation expresses f as a multilinear
polynomial and is called the Fourier representation of f. We say that f is of degree at most
d if its Fourier representation is a polynomial of degree at most d, i.e., if f(S) = 0 for all
S C[n],|S| > d.

The level-¢ Fourier growth of f is denoted by L,(f) and defined as the sum of absolute
values of its level-¢ Fourier coefficients

Lif)= Y |fs)].
SC[n:|S|=¢

Theorem 2.0.7 ([Bon70], see also [O'D14, (2, q)-hypercontractivity]). Let f: {£1}" — R
be a degree-d polynomial. Then for any q > 2, we have | f[|, < (g — D2 £,

We use the standard notion of k-wise independence and some relevant concentration
bounds.

Definition 2.0.8 (k-Wise Independence). A distribution D over {£1}" is k-wise indepen-
dent if for ¢ ~ D and any k-indices 1 < iy <iy < --- < iy <n, the vector (x;,,...,x;,) has
distribution Uj,.

Lemma 2.0.9. Let f: {£1}" — R be a degree-d polynomial. Let D be a 2k-wise independent
distribution over {+1}", where k > d. Let p = Egpep [f(x)] and 0% = Epup [(f(x) — p)?].
Then for any o > 0 and any integer 1 < ¢ < k/d, we have

E_[(f(2) - ] <o (20— 1)"".

x~D
In particular we have

P > <a? %\
Priif(z)—plza-of<a”- (=5 .

Proof. Since (f(z) — p)* is a polynomial of degree at most 2¢-d < 2k, its expectation under
D is the same as its expectation under U,,. By Theorem 2.0.7, we have

1f = pllye < 20— 1)V f = plly = 0 - (20 = 1)

Hence we obtain the first bound by Markov’s inequality. For the second bound, the RHS is
trivial if & < 1 and follows from the first bound by setting ¢ = |k/d] if a > 1. O
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(Parallel) Quantum Query Algorithm

We use the following standard model for quantum query algorithms with parallel queries
[Monl10]. Let O, be the standard quantum query oracle of input z = x;---x, € {£1}™.
That is, O, acts on an (n + 1)-dimensional space indexed by basis states |0),[1),...,|n),
and performs the operation O, |0) = |0) and O, |i) = x; |i) for each i € [n].

Let A be a quantum query algorithm that makes r rounds of adaptive queries with ¢
parallel queries per round. Assume it uses w auxiliary qubits, and computes a Boolean
function f: {£1}" — {£1} with probability at least 1 — ¢, then it is equivalent to the
existence of

e r — 1 unitary matrices Uy, ..., U,_1,

e a measurement matrix M that ||M|| <1 and M is positive semi-definite,
such that

>1—¢ forallze f71(1),

2
H\/M(O;@t ® IQW)UT—l ... UQ(O?t ® IQ“’)UI(O;@t ® IQ“’) |¢>H {< e fOI' all = ffl(o)

Note that standard quantum query algorithm will have ¢ = 1 and r being its quantum query
complexity.

We remark that another natural way of describing the quantum query is through an oracle
O, which acts on a 2(n+1)-dimensional space indexed by basis states {[2) [0) }icr0. ) peqzrys
and performs the operation O’ |0) |b) = |0) |b) and O |i) |b) = |i) |b- z;) for each i € [n],b €
{£1}. It turns out that the two models are equivalent [HS05, Monl0] in the sense that

for some unitary matrices Vi, V5. We will use the standard model with the O, oracle, which
is more convenient for our purposes.

Folded Forrelation

We give a formal definition of the folded Forrelation problem, introduced by Aaronson and
Ambainis [AA18].

Definition 2.0.10 (k-fold Forrelation Problem). For an integer k > 2, the k-fold Forrelation
problem is a partial Boolean function on n bits. Let H = H,, denote the n X n (orthonormal)
Hadamard matriz where n = 2™ for m € N. Let xq,...,x € {£1}" denote truth tables of k
different Boolean functions. Define the degree-k polynomial forry : {£1}*" — R as follows

1 . . . .
forrk(m) = ﬁ Z IL‘l(Zl) . Hi17i2 . 132(12) . Hi27i3 et xk:—l(“c—l) . Hik—lvik . ZEk(Zk).

(i1,--yi ) E[N]F
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The k-fold Forrelation problem is to decide whether |forry(x)| <
parameter §. For the applications in this paper, we take § = 27°F.

or forrg(x) > § for a

N

As shown in [AA18], the folded Forrelation problem has an efficient quantum query
algorithm.

Fact 2.0.11 ([AA1R]). There exists a quantum circuit QQ that makes [k/2] queries and uses
O(klogn) gates, such that for any input x € {£1}*", it holds that

1 + forrg(z)

Pr[Q accepts x] = )

The following theorem relates the hardness of computing folded Forrelation problem with
Fourier growth.

Theorem 2.0.12 ([BS21, Theorem 3.2)). Let f: {£1}" — [0,1] such that f and all its
restrictions satisfy Le(f) < t* for ¢ = {k,...,k(k —1)}. Let § = 27°%. Suppose f is 0-close
to the value of k-fold Forrelation of x for all x on which k-fold Forrelation is defined. Then

(1-1/k)/2
n
(1,
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Chapter 3

Quantum Advantages over Parity
Query Algorithms

We prove that for every parity decision tree of depth d on n variables, the sum of absolute
values of Fourier coefficients at level £ is at most

d“? . O(l -log(n))".

Our result is nearly tight for small values of ¢ and extends a previous Fourier bound for
standard decision trees by Sherstov, Storozhenko, and Wu (STOC, 2021).

As an application of our Fourier bounds, using the results of Bansal and Sinha (STOC,
2021), we show that the k-fold Forrelation problem has (randomized) parity decision tree
complexity (n'~'/*), while having quantum query complexity [k/2].

Our proof follows a random-walk approach, analyzing the contribution of a random path
in the decision tree to the level-¢ Fourier expression. To carry the argument, we apply a
careful cleanup procedure to the parity decision tree, ensuring that the value of the random
walk is bounded with high probability. We observe that step sizes for the level-¢ walks can
be computed by the intermediate values of level < ¢ — 1 walks, which calls for an inductive
argument. Our approach differs from previous proofs of Tal (FOCS, 2020) and Sherstov,
Storozhenko, and Wu (STOC, 2021) that relied on decompositions of the tree. In particular,
for the special case of standard decision trees we view our proof as slightly simpler and more
intuitive.

In addition, we prove a similar bound for noisy decision trees of cost at most d — a model
that was introduced by Ben-David and Blais (FOCS, 2020).

Organization. In Section 3.1, we give a brief introduction on the literature of parity deci-
sion tree. Then in Section 3.2, we discuss our main results and applications. In Section 3.3,
we give an overview of our analysis. In Section 3.4, we state and prove an adaptive version of
Azuma’s inequality for later referencing. In Section 3.5, we present the cleanup process for
parity decision trees. Finally we prove the Fourier growth bounds for parity decision trees
in Section 3.6 and for noisy decision trees in Section 3.7.
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3.1 Introduction

A parity decision tree (PDT) is an extension of the standard decision tree model. On input
x = (z1,...,2,) € {£1}", a PDT is a binary tree where ecach internal node is marked by
a linear function (i.e., a product of coordinates), with two outgoing edges marked with +1,
and each leaf is marked with either 0 or 1. A PDT naturally describes a computation model:
on input x, start at the root and at each step query the linear function specified by the
current node on the input z and continue on the edge marked with the value of the linear
function evaluated on x. Finally, when reaching a leaf, output the value specified in the leaf.
PDTSs naturally generalize standard decision trees that can only query the value of a single
input bit in each internal node. See Definition 3.1.1 for a formal definition.

PDTs were introduced in the seminal paper of Kushilevitz and Mansour [[KXM93], which
proved a structural result for PDTs and used it to design learning algorithms for PDTs.
They showed that every PDT of size s computing a Boolean function f: {£1}" — {0,1}

has
= 5 o] <o
SCln]

Then, they gave a learning algorithm in the membership query model, running in time

poly(t,n) that can learn any function f with HfH < t. Combining the two results together,
1

they obtained a poly(s, n)-time algorithm for learning PDTs of size s.

Parity decision trees were also studied in relation to communication complexity and the
log-rank conjecture [MO09, Z509, ZS10, TWXZ13, STIV17, OWZ*14, CS16, KQS15, HHL18,
San19, MS20]. Suppose Alice gets input = € {+1}", Bob gets input y € {£1}" and they want
to compute some function f(z,y). When f is an XOR function, namely f(z,y) = g(z © y)
for some g : {£1}" — {£1}. Then any PDT for g of depth d can be translated into a
communication protocol for f at cost 2d: Alice and Bob simply traverse the PDT together,
both exchanging the parity of their part of the input to simulate each query in the PDT.
With this view, parity decision trees can be thought of as special cases of communication
protocols for XOR functions. A surprising result by Hatami, Hosseini, and Lovett [HHL18],
shows that this is not far from the optimal strategy for XOR functions. Namely, if the
communication cost for computing f is ¢, then the parity decision tree complexity of ¢ is at
most poly(c). Due to this connection, the log-rank conjecture for XOR functions reduces to
the question of whether Boolean functions with at most s non-zero Fourier coefficients can be
computed by PDTs of depth polylog(s) [MO09, ZS09]. The best known upper bound is that
such functions can be computed by PDTs of depth O(4/s) [TWXZ13] (or even non-adaptive
PDTs of depth O(y/5) [San19]).

The most relevant result to our Fourier growth analysis is the tight Fourier growth
bounds for decision trees of depth d. Sherstov, Storozhenko and Wu [SSW23] proved
that for any randomized decision tree of depth d computing a function f, it holds that

Li(f) < \/(;f) - O(log(n))tt. Their bound is nearly tight (see [Tal20, Section 7] and [O'D14,
Chapter 5.3] for tightness examples). As mentioned in Section 1.3, one motivation for show-
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ing such a bound for decision trees is that it demonstrates a stark difference between quantum
algorithms making few queries and randomized algorithms making many queries. Based on
that difference, both [SSW23] and [BS21] showed that there are partial functions, relevant
to k-fold Forrelation, that can be correctly computed with probability at least 1/24 (1) by
quantum algorithms making [k/2] queries, but require Q (nl_l/ ’“) queries for any random-
ized algorithm. Moreover, due to the result of Aaronson and Ambainis [AA18] this is the
largest possible separation between the two models.

For parity decision trees, the work of Blais, Tan, and Wan [BTW15] established a tight

bound of O <\/a> on the first level £ = 1. To the best of our knowledge, bounds on higher

levels were not considered previously in the literature (in fact, even for standard decision
trees, such bounds were not considered prior to [Tal20]).
Here we formally define parity decision trees.

Definition 3.1.1 (Parity Decision Tree). A parity decision tree T is a representation of
a Boolean function f: {x1}" — {0,1}. It consists of a rooted binary tree in which each
internal node v is labeled by a non-empty set Q, C [n], the outgoing edges of each internal
node are labeled by +1 and —1, and the leaves are labeled by 0 and 1.

On input x € {£1}", the tree T constructs a computation path P from the root to a leaf.
Specifically, when P reaches an internal node v we say that T queries Q,; then P follows
the outgoing edge labeled by Hier x;. We require that @, is not implied by its ancestors’
queries. The output of T (and hence f) on input x is the label of the leaf reached by the
computation path. Conversely, we say x is consistent with the path P if P is the computation
path (possibly ending before reaching a leaf) for x.

We make a few more remarks on a parity decision tree 7: {£1}" — {0, 1}.

e A node v in 7 can be either an internal node or a leaf, and we use 7 (v) € {0,1} to
denote the label on v when v is a leaf. Meanwhile, we use 7, to denote the sub parity
decision tree starting with node v.

e The depth of a node is the number of its ancestors (e.g., the root has depth 0) and the
depth of T is the maximum depth over all its leaves.

e We say that two parity decision trees 7 and T are equivalent (denoted by T = T7) if
they compute the same function.

3.2 Our Results

We prove level-¢ bounds for any parity decision tree of depth d.

Theorem 3.2.1 (Informal, see Theorem 3.6.5 and Theorem 3.6.12). Let T be a depth-d
parity decision tree on n variables. Then

Lo(T) < d? -0 -1og(n))" .
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Theorem 3.2.1 extends the result of [SSW23] from standard decision trees to parity de-
cision trees at the cost of an (¢ - log(n))°® multiplicative factor. We remark that even for

standard decision tree there is a lower bound of L,(T) > \/ (4) - (log(n))t=" [Tal20, Section 7]
for constant £ and Ly(T) > —L—~ -1/ (‘Z) for all £ [O'D14, Chapter 5.3]. Thus, our bounds are

= poly(¢)
tight up to polylog(n) factors for constant ¢, and they deteriorate as ¢ grows. Nevertheless,

our main application relies on the bounds for small values of ¢ from Theorem 2.0.12.

Noisy Decision Trees

We also investigate the Fourier spectrum of noisy decision trees. Noisy decision trees are
a different generalization of the standard model; here in each internal node v we query a
noisy version of an input bit, that equals the true bit with probability (1+~,)/2. Any such
query costs 2. We say that a noisy decision tree has cost at most d if the total cost in any
root-to-leaf path is at most d. See Definition 3.7.2 for a formal definition.

Recent work studied this model and established connections to the question of how
randomized decision tree complexity behaves under composition [BB20]. We prove level-
¢ bounds for any noisy decision tree of cost at most d.

Theorem 3.2.2 (Informal, see Theorem 3.7.5). Let T be a noisy decision tree of cost at
most d on n variables. Then

Ly(T) < O(d)"/? - (¢ - log(n)) "/

Extension to Randomized Query Models

It is simple to verify that if f is a convex combination of Boolean functions fi,..., f,, each
with L,(f;) < t, then also f satisfy Ly(f) < t,. Thus, if we take a distribution over PDTs of
depth d (resp., noisy decision trees of cost d) we get the same bounds on their L, ; as those
in Theorem 3.2.1 (resp., Theorem 3.2.2). This is captured in the following corollary.

Corollary 3.2.3. Let T be a randomized parity decision tree of depth at most d on n vari-
ables. Then,
Ve € [n]: Ly(T) < d’?- Ol - log(n))".

Let T" be a randomized noisy decision tree of cost at most d on n variables. Then,

Ve € [n]: L(T') < O(d)"? - (£ - log(n)) V72,

Quantum versus Randomized Query Complexity

Let k& <log(n). Bansal and Sinha [BS21] gave a [k/2] versus Q (n'~'/*) separation between
the quantum and randomized query complexity of k-fold Forrelation. Our main application is
an extension of Bansal and Sinha’s lower bound for the model of randomized parity decision
trees. This follows from their main technical result Theorem 2.0.12 and Theorem 3.2.1.
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Corollary 3.2.4. If T is a randomized parity decision tree of depth d computing k-fold
Forrelation with success probability % + 7, then

pl-1/k
d>y ——
poly(k) log“n
Proof. We can amplify the success probability of the randomized parity decision tree from
1/2+47 to 1—27°* by repeating the query algorithm O(k/~?) times independently and taking
majority. This results in a randomized parity decision tree 7' of depth d' = O(d - k/~?).
Now, Corollary 3.2.3 gives Ly(T") < (d')*?-O(¢-1log(n))* for all £. In particular, L,(7T") < t*
for all ¢ < k(k —1) wheret =0 (\/@ k(k—1) -log(n)>.
This is also true for any restriction of 77, since fixing variables to constants yields another

randomized parity decision tree of depth at most d’. Combining the bounds on L,(7") for
te{k,...,k(k—1)} with Theorem 2.0.12 gives
/ nl—1/k

d >
~ O(k*) - log*(n)
and thus the claimed bound. O

For constant k and v = 27°®) we get a [k/2] versus (n'~'/*) separation between
the quantum query complexity and the randomized parity query complexity of k-fold For-
relation. We remark that separations in the reverse direction are also known: for the n-bit
parity function, the (randomized) parity query complexity is 1 whereas the quantum query
complexity is Q(n) [MNRI11].

Similarly, we can obtain the following corollary for noisy decision trees.

Corollary 3.2.5. If T is a randomized noisy decision tree of cost at most d computing k-fold
Forrelation with success probability % + 7, then

nl-1/k

poly(k) log(n)’

d >~

Towards Communication Complexity Lower Bounds

We recall an open question from [GRT22], which, if true, would demonstrate that the ran-
domized communication complexity of the Forrelation problem composed with the XOR
gadget is Q(n'/?). The simultaneous quantum communication complexity of this problem is
O(polylog(n)) and the best known randomized lower bound is Q(n'/4) due to [GRT22]. Sece
[GRT22] for more references on this problem.

Conjecture 3.2.6. Let f: {£1}" x {£1}" — {0, 1} computed by a deterministic communi-
cation protocol of cost at most c. Let h: {£1}" — [0,1] defined by h(z) = Ez[f(x,x © 2)].
Then Lo(h) < ¢ - polylog(n).
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We view Theorem 3.2.1 as a first step towards this conjecture. Indeed, for communication
protocols that follow a parity decision tree strategy according to some tree 7, it is simple to
verify that h = T (as functions), and thus Ls(h) = Lao(T) < ¢ - polylog(n).

Application to Expander Random Walk

The work by Cohen, Peri, and Ta-Shma [CPT521] showed that expander random walks fool
symmetric functions and also general functions with bounded Fourier growth. To be more
precise, assume L,(f) < t* for all £ > 1. Let G be an expander, with second eigenvalue
A < 1/t*, where half of G’s vertices are labeled by +1 and the rest are labeled by —1.
Then the expected value of f on bits sampled by an (m — 1)-step random walk on G is
approximately the value it would get on a uniformly random string in {+1}™. Combined
with our Theorem 3.2.1, this shows that if f can be computed by low-depth parity decision
trees then f can be fooled by the expander random walk.

Fourier Bounds for Small-Size Parity Decision Trees

By a simple size-to-depth reduction, we also obtain Fourier growth bounds for parity decision
trees of bounded size.

Corollary 3.2.7. Let T be a parity decision tree of size at most s > 1 on n variables. Then
Ve € [n] : Lio(f) < (log(s)? - O£ - log(n)) "

Proof. We approximate T with error € = 1/n’ by another parity decision tree 7' of depth
d = [log (s . ngﬂ, where we simply replace all nodes of depth d in 7 with leaves that return
0. Since there are at most s nodes in 7, the probability that a random input would reach
one of the nodes of depth d is at most 274 - s < 1/nf. Hence Pr, [T (x) # T'(x)] < e. This

implies that ‘%(S) - ?(5)‘ < ¢ for any subset S C [n]. Thus,

L(T) = [T < X ([T9)|+2) < LT+ 1.

S:|S|=¢ S:|S|=¢

Since T is of depth at most d = [log(s) + ¢ -log(n)] = O (log(s) - £ - log(n)), we obtain our
bound using Theorem 3.2.1. L]

3.3 Proof Overview

Let £ > 1 and € € (0,1/2]. We will use <, 2 to hide minor factors like polylog(n/e) and

dependence on £. We first describe the proof for standard decision trees and then show how
to generalize to parity decision trees.
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Standard Decision Trees

Let 7 be a decision tree and for simplicity, assume that every leaf is of depth d. Let vy, ..., vy
be a random root-to-leaf path in 7" and v, ... v@ € {—1,0,1}" denote the sequence of
partial assignments, i.e., for j € [n] and i € {0,...,d}, let

1 if x; is fixed to 1 before reaching v;,
’U](-Z) = q —1 if z; is fixed to —1 before reaching v;, (3.1)

0 otherwise.

For u € R", we use ug to denote [[;cqu;. Let as = sgn (7\'(5)) for |S| = ¢ and 0 otherwise.
Note that

Z ‘?(S)‘ = Z as-'?:(S): Z aS‘E[T(vd)véd)]

S:|S|=¢ S:|S|=¢ sisl=e ¢
=E |T(va)- | D as- v || (3.2)
¢ S:|S|=¢

Thus, to bound } g5, 17°(S)| it suffices to show that

tion.
Denote by X® := ZS:\S\:( as - vg) for i = 0,1,...,d. We write X@ as a telescoping
sum X (@ = Z?Zl (X O X (ifl)). To analyze the difference sequence, observe that in the

expression
X _ x -1 _ Z as - (vg) B U(Si—1)> ’
5:|S|=¢

2si|s1=e 45 ’vfgd)‘ < d'/? in expecta-

if set S contributes to the sum, then S must include the bit queried at the (i — 1)-th step of

the path. Conditioning on vy, ..., v;_1, let &; be the variable queried in v;_;, then we have
i i—1) _ (1) _ (i—1)
XO-X00= 3y asovgd=a; | ), ascvgy
5:|S|=t,jeS 5:|S|=¢t,jeS

Furthermore, we observe that the sum ZS:‘| Sl=t.jes as - vg\_{?} is determined by wv;_1; thus
conditioning on vy, ..., v;_; the value of X — X0~V ig a random coin in {£1} multiplied
by some fixed integer. In other words, X© ... X @ is a martingale with varying step sizes.

Recall that Azuma’s inequality provides concentration bounds for martingales with step
sizes bounded, thus now we need to bound ’Z 5:18]=t,jes 48 ° vg\_{?} , Which is similar to our

initial goal. Put differently, we wish to analyze the sum

> asugy vy,

S'Cn]\{7}:[S"[=-1
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which calls for an inductive argument on ¢. In addition, since we eventually apply a union
bound on all steps, we need to show that ‘Z o @ S/U{j}'v(sz,_l)‘ is bounded with high probability

(and not just in expectation).
More generally, to carry an inductive argument we define for any set 7' C [n], |T'| < ¢ and
any i € {0,...,d}, the random variable

Xg) = Z ags - ’US{T = Z asur - 'v(Si,).
SDT:|S|=¢ S'CT:|S!'|=¢—|T|
Note that our initial goal was to bound ‘Xéd)’ = | X @], which is analyzed by (reverse)

induction on |7T'| going from larger sets to smaller sets as Lemma 3.3.1.

Lemma 3.3.1. Forallt € {0,...,¢} and e > 0, the probability that there existi € {0,...,d}
and T C [n] of size at least t such that ‘X;l) > d“D/2 s at most £ - (0 —t).

The main observation for the proof is that X}), X}l), e ,X:(Fd) is a martingale whose

difference sequence consists of terms of the form XT, Y where T C T". To see this, if we are
querying x; at v;_i, then

0 jET,

X(i) . X(i—l) _ . ; .
oo x| Y asurogy vy V) = X8 jéT
jESCT

Note that XTZUJI) depends only on the history until v;_;, and x; is a uniformly random bit

independent of this history, thus X}i) is a martingale The inductive hypothesis implies
XD < ge=t=1/2 fo1 all T of size t and

that with at least 1 —e - (£ —t — 1) probability, | X7

J € [n] \ T. Whenever this happens, Azuma’s inequality implies that! with probability at
least 1 — e/ (d - n'), we have

dl-t—-1 < JU=0/2

‘X;") log(d - nJe) -

=1

This, along with a union bound over T" of size t and i € {0,...,d} completes the inductive
step. The Fourier growth bound for noisy decision trees can be proved using a similar
approach.

!Technically this is not true, since a martingale after conditioning may not still be a martingale. We
handle this by truncating the martingale when a bad event happens instead of conditioning on the good
event.
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Parity Decision Trees

The basic approach is as before. Let T be a parity decision tree. As in (3.1), we use v; and
v to denote the random walk and the partial assignments to the variables respectively. We
say v; is k-clean if

1 if g is fixed to 1 before reaching v;,
VS C [nl,|S| <k, vg) =< —1 if zg is fixed to —1 before reaching v;, (3.3)

0 otherwise.

For (3.2) to be true, we need that at least v, is f-clean. Note that this is not always true,” but
it is useful as it simplifies the study of high-level Fourier coefficients. To address this issue,
we define a cleanup process for parity decision trees in which we make additional queries
to ensure that certain key nodes are k-clean. We do this by recursively cleaning nodes in a
top-down fashion so that for every node v in the original tree 7, any node v" in the new tree
T’ obtained at the end of the cleanup step for v is k-clean.

The cleanup process is simple to describe: let vy,...,vy be any root-to-leaf path in 7.
Assume we have completed the cleanup process for vq,...,v;_1. We then query the parity
at v;. While there exists a (minimal) set S violating (3.3), we pick and query an arbitrary
coordinate in S. Once (3.3) is satisfied, we proceed to the cleanup process for v;,;. This
process increases the depth by a factor of at most k. We set k = ©(¢-log(n)) and work with
the new tree 7' of depth D < k - d.

Let vy, ..., vp be arandom root-to-leaf path in 7" and I;, i € [D] be the set of coordinates
fixed due to the query at v;_;. Note that this set might be of size larger than 1.3 It follows
from simple linear algebra that 3.7 |I;| < D. Since wp is k-clean, (3.2) holds. Defining

Xg) exactly as before, our goal is to prove Lemma 3.3.1 with D instead of d. The proof is

still by induction on ¢ — ¢. It turns out that X:(FO), X;l), e ,XéD) is no longer a martingale;
instead, Xj(f) — X¥_1) =Y, + Z; where
Y= Y oz Xy and Zi= Y oz Xy (3.4)
w#JinﬂT 075ng107
|J| is even |J] is odd

and Z; (resp., Y;) is an odd (resp., even) polynomial of degree at most ¢ over the newly
fixed variables {z;|j € I,}. Conditioning on v,;_;, every pair of random bits (x;, ;) from
{z;|j € I} is either identical (x; = @) or opposite (x; = —x;), which means Y; is a
constant and Z; can be written as z; - | Z;| where |Z;| is a constant and z; ~ {£1}.

For now, let us ignore Y; and assume that we have a martingale X;i) such that Xj(f) —

X(Ti_l) = z;-|Z;|, where z; ~ {£1} is a uniformly random bit independent of zy, ..., z;_; and

2For example, let S = {1,2} and consider the parity decision tree whose only query is x1z2. At any leaf,
the value of zqx2 is fixed, however, the values of x; and z2 are free, hence S violates (3.3).

3For example, suppose we query xiZs, £1&3, 124 and finally ;. Then, the last query reveals 4 coordi-
nates.
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| Z;| depends only on v; ;. Combined with an adaptive version of Azuma’s inequality, we only
need to show the sum of squares of step sizes S0, |Z;|> < D' to prove ‘Xéf)‘ < D2,

By the induction hypothesis, with probability at least 1 —e- (¢ —¢ — 1) the coefficients of Z;
are bounded appropriately. Since 3.7 |I;| < D and in particular |I;] < D, we have

o—t
|Z;| < Z (’IZ|> - max Xz(ffl) < Z <|IZ‘) . DW=i=t)/2 < |I| - pl—t=1)/2

T/ |=j+t
odd j>1 J 7=+ >1 J

and thus 327 | Z;|* < D?- D=, This is too loose for our purpose.

We instead try to bound the sum of squares of step sizes with high probability. Imag-
ine for now that v;_; is 2-clean.* Then, the variables {x;|j € I;} are 2-wise independent
conditioning on v;_;. This gives

I 2
E[|Z])? | vii] < (‘ ,z>- max | X )‘
U | | 1] a Ogjll J [T |=j+t T
—t
<> (M) oo
> N
5 ’I7,| . Dﬂftfl

and thus E [Zj’: X \Zﬂ < D'*. To show this bound holds with high probability, we use

concentration properties of degree-¢ polynomials under k-wise independent distributions for
k> (.

In the actual proof, we proceed by conditioning on C'(v;_1), the nearest ancestor of v;_;
that is k-clean, instead of conditioning on w;_1, which allows to remove the assumption that
v;_1 is 2-clean. This is because the queries within a cleanup step are non-adaptive, thus Z;
depends only on C'(v;_;) and not on v;_;.

Meanwhile, although X¥ )is not quite a martingale sequence (due to Y;) and the step sizes
(i.e., | Z;|) are adaptive and not always bounded, we are nonetheless able to prove an adaptive

version of Azuma’s inequality of the form Pr [maxie[D] ‘Xj(f)’ > ,u+t-a] < () + ¢
provided Pr [(Zfil Y:| < u) A (Zil 1Z,” < a2>] > 1 —¢e. Then it suffices to bound
S P Y] similarly to S22 | Zi|* above.

Related Work

We remark that our proof for level-¢ Fourier growth (even when specialized to the case of
standard decision trees) differs from the proofs appearing in [Tal20] and [SSW23]. There,

4This assumption immediately implies that |I;| < 1 and trivially proves our inequality, however, this
type of reasoning doesn’t generalize to the case when v;_; is not 2-clean.
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the results were based on decompositions of decision trees. We view our martingale approach
as natural and intuitive. We wonder if one can obtain the tight results from [SSW23] using
this approach. It seems that the main bottleneck is a union bound on events related to all
sets T' C [n] of size at most /.

Our bounds for level-1 improve those obtained by [BTW15]. They prove that L(7T) <
O(v/p - d) when p = Pr, [T (x) = 1], whereas we obtain a bound of

Ly(T) < O (pVd - 1og(1/p)) .

In particular, our bound is almost quadratically better for small values of p. It remains open
whether the bound can be further improved to O <p d - log(1 /p)), which is the optimal

bound for standard decision trees.

Our cleanup technique is inspired by [BTW15], which used cleanup to prove their level-1
bound. However, our proof strategies and the way we use the cleanup procedure is quite
different than that of [BTW15].

3.4 Adaptive Azuma’s Inequality

We show an adaptive version of Azuma’s inequality for martingales.

Lemma 3.4.1 (Adaptive Azuma’s inequality). Let X, ..., X®P) be a martingale and
AD AP be g sequence of magnitudes such that X© =0 and X® = XD A0 . 20
for i € [D], where if conditioning on 2z, ... z0=1,

(1) 2z is a mean-zero random variable and |z(i)} < 1 always holds;

(2) AY s a fived value.
If there exists some constant U > 0 such that Ziil |A(i)|2 < U always holds, then for any
B >0 we have

Pr _max }X(i)| >[-V2U| <2- e P2,

We will use the definition of sub-Gaussian random variables.

Definition 3.4.2 (Sub-Gaussian). A random variable « is A-sub-Gaussian if E [e"*] < "4
holds for all t € R.

Now we prove the following sub-Gaussian adaptive Azuma’s inequality, which generalizes
Lemma 3.4.1

Lemma 3.4.3 (Sub-Gaussian adaptive Azuma’s inequality). Let X© ... X®) be a mar-
tingale with respect to a filtration (]:(i))z‘io and AWM .. AD) be a sequence of magnitudes
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such that X© =0 and X9 = XV 460 for i € [D], where if conditioning on F=1, §&
is a AW -sub-Gaussian random variable and AW is a fized value.

If there exists some constant U > 0 such that Zi’il !A(i)|2 < U always holds, then for
any B > 0 we have

Pr| max }X(i)|2ﬂ-\/2U1§2~662/z.

i=0,1,....D

Proof. The bound holds trivially when 8 = 0, hence we assume 8 > 0 from now on. We
construct another martingale X©. ..., X®) as follows:

—~ X0 o<i<d .
X(’):{X(d) ,;;— " where d:min{D}U{ie{O,l...,D}"X(’)|25-\/2U}.
Z )

We write 8@ = X — 5(\(2'*1), then 6@ = 8@ for all 4 < d; and 5/)\ 0 for all 7 > d. Let

AD = A for all § < d; and A® =0 for all i > d. Thus 6@ is A®D-sub-Gaussian given

FU=1. and
> [a0] -3 jac
A A — (A
i=1 i=1

Moreover, we have

Pr[ max ‘X”WZ&-@} = Pr [’X\(D)‘Zﬁ-\/ﬁ]

i=0,1,...,D

Let t > 0 be a parameter and we bound E [et'?w)} as follows

B[R] g R g [ R o) 35)
F(D-1) i F(D)
_ Ef et-X\(D*I) o) |:€t-g(D) I(D—l)]:| (36)
F(D-1) i F(D)
o S N N
< (Ig, , et XETD P (AD) } (since 6P) is AP)-sub-Gaussian)
FP— L
< E 'et.jap_n .etz(U_(3<1>)2_..._(3<D71>)2>
 F(D-1) i
[ % 2 A2 AD-D)?) 2(R(D-1))2
c | |XED (U-(BM)* o (AP-D) >et (A®-1)
— F(D-2)
(similar to (3.5) and (3.6))
I I Co e-o) X
F(D-2) L

<...< E et-f(\@*k) ) 6t2(U—(&(U)Q_‘.._<3(D7k))2) <
~ F(D-k) =
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< el (3.7)

Setting ¢t = /v/2U implies that

E [et')?(D)] 22U
etﬂw/ﬁ - eP? '

Pr[ ) > 3. \/_]

Similarly we can show Pr P(\(D) < -—0- \/ZU] < 6*52/2, which completes the proof by a

union bound. O
For our Lemma 3.4.1, we need the following fact.

Fact 3.4.4. Let © be a mean-zero random variable and assume |x| < A always holds. Then
x 15 A-sub-Gaussian.

Proof. Note that €' is convex for all t € R. By Jensen’s inequality, we have

(tA)”
(21)!

(tA) €t2A2 ] N

\gh]

Il
o

\gF]

Il
=)

5] < e o) =3 U< S

DN | —

7!

K2 K3

As a corollary of Lemma 3.4.3 and Fact 3.4.4, we obtain Lemma 3.4.1. Next, we generalize
Lemma 3.4.1 as Lemma 3.4.5, which will be frequently used later.

Lemma 3.4.5. Let m > 1 be an z'nteger. For each t € [m], let Xt(o)7 e ,Xt(D) be a sequence
of random variables and Atl s A D) be q sequence of magnitudes such that Xt(o) =0 and
Xt(l) = th Dy A, @ 20 4 ,ut ) fori e [D], where if conditioning on z§1), . ,zngl),

1. zgi)

2. Agi) s a fived value and ,uf) 1s a random variable.

If there exist some constants U,V >0 and n € [0, 1] such that

D
3t e | (Z‘A > U) v (Z ‘uﬁ“
1=1

then for any B > 0 we have

Pr

<,

>v>

2V+6-\/2U} <n+2m-e P2

Pr {Elt € [m], max ‘Xt(l)
i=0,1,...,D

Proof. We divide the proof into the following two cases.
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The n =0 Case. Let X\t@ = Xt(l) Z] 1 ,u,t ) for each ¢ and i. Then

R

J=1

X

<V+ ‘Xj) :

By a union bound, it suffices to show for any fixed ¢, we have

Pr{ max )5(\,5(2)
i=0,1,...,D

which follows from Lemma 3.4.1.

The 7 () Case. Consider )fzt(o),...,)ﬂ(/t(D) defined by setting )A(/t(o) = 0 and )f\(/t(i) =
X(%1 +A zt)—l—pjg , Where

ma

otherwise.

<,

AD i (A0 <V,
t Zj:l t =Yy

0 otherwise,

&Ei) = and

(1) i
~(i) _ ) H Zj:l
0

Then Item 1 and Item 2 hold for ()7,@) and (5,@) , (ﬁil)) . Note that we always have
ti tyi tyi

Pr(3tefmlic{01...0). X0 2 X0] <y

and
S x o -0
Z‘Ag) SU?Z‘IJ%
i=1 i=1

Hence from the previous case, we have

Pr{EItE[ , max ‘X

1=0,1,...,

|

< Pr [Hte[m],ie{o,l...,D}, Xt’)#Xt’]

2V+ﬁ-\/ﬁ}

§77+2m~e’ﬁz/2. ]

+ Pr {Elt € [m], max ‘)/Zt(z)
i=0,1,...,D

3.5 How to Clean Up Parity Decision Trees

In this section we show how to clean up a given parity decision tree to make it easier to
analyze.
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It will be useful to identify Fy with {£1}" by Enc: (x1,...,2,) — ((=1)*1,..., (=1)*).
For a subset X C F7 we will denote Enc(X) = {Enc(z) : x € X}. Thus, we may think
of Boolean functions also as f: Fy — {0,1}. We observe that under this representation of
the input, a parity decision tree 7 : Fy — {0, 1} indeed queries parity functions (i.e., linear
functions over Fy) of the input bits € F4 and decides whether to go left or right based on
their outcome. Thus, the set of all possible inputs in F that reach a given node in a parity
decision tree is an affine subspace of 5.

Notation 3.5.1. Let T: {£1}"™ — {0,1} be a parity decision tree and let v be a node in it.
o We use P, C {£1}" to denote the set of all points reaching node v. Note that P, =
Enc(H,+a) where H, is a linear subspace of By of dimension n— depth(v) and a € Fy.
e For any S C [n], we define 7/3:(5) =Ezop,[Ts].
e We use S, to denote all fully correlated sets with P,, i.e.,

S, ={scm|Pus) e (+11}.

We observe that if P, = Enc(H, + a), then S, = H*. Additionally, if the queries on
the path from root to v are Qyy, ..., Qu,_,, then S, = Span({Quy, - - -, Qu,_, })-

e If v is an internal node, then define J(v) as the set of newly fized coordinates after

querying Q,, i.e., i € J(v) iff {i} ¢ S, but {i} € Span (S, U{Q,}).
The following simple fact shows that there is no weakly correlated set.

Fact 3.5.2. For any parity decision tree T and any node v in T, 7/3;(5) € {+1,0,—1} holds
for any set S.

Proof. Since P, = Enc(H, + a) where H, + a is an affine subspace, P, falls into one of the
following 3 cases: (a) all points in P, satisfy xs(z) = 1, (b) all points satisfy xs(z) = —1,
(c) exactly half of the points satisfy ys(z) = 1. ]

Let & C F} be a subspace and S C [n]. For simplicity, we write S € S iff the indicator
vector of S is contained in S. Now we describe the desired property: k-clean.

Definition 3.5.3 (k-Clean Subspace and Mess-Witness). Let k be a positive integer. A
subspace S is k-clean if for any set S € S such that |S| < k, we have that {i} € S holds for
any i € S.

Moreover, when S is not k-clean, we say i is a mess-witness if there exists some S >
i,|S| <k such that S € S but {i} ¢ S.

Definition 3.5.4 (k-Clean Parity Decision Tree). A parity decision tree T is k-clean if the
following holds:
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e For any internal node v, either (a) S, is k-clean, or (b) Q, = {i} where i is a mess-
witness for S,. Moreover, we say v is k-clean if (a) holds; and we say v is cleaning if
(b) holds.

e For any leaf v, S, is k-clean (in such a case, we say that v is k-clean).

o For any k-clean internal node v, T, starts with £(v) non-adaptive queries® where ¢(v) >
1. In addition, for anyi € {1,...,4(v) — 1}, any node of depth i in T, is cleaning; and
all node of depth ((v) are k-clean.®

Example 3.5.5. If T is a decision tree (i.e., |Q,| = 1 for any internal node v) then it is
k-clean for any k, where each internal node is k-clean.

If T is the depth-1 parity decision tree for T(x) = xix9ms (i.e., T only has a root vy
querying Qy, = {1,2,3}), then it is 2-clean but not 3-clean, since for either leaf v we have

(1,23} €S, but {1} ¢ S,.

The benefit of having a k-clean parity decision tree is that it makes the expression of
Fourier coefficients simpler.

Lemma 3.5.6. Let T: {£1}" — {0,1} be a k-clean parity decision tree and let S be a set of
size { < k. Let vy, ...,vq be a random root-to-leaf path. Define v, ... 0@ ¢ {~1,0,+1}"

by setting UJ@ = Py, (j) for each i,j. Recall that vgd) =[ljes vj(-d). Then we have

~

T(S)= E [T(vd) : vf;”] .

V0,--+,Vd

Proof. Observe that for any j € J(v;) C J, the j-th coordinate is fixed after querying Q.,.
Therefore we have

T(S)= E_[T(y) ys] =E[T(va) - Elys]] = E | T(va) - Po, (S)

Coyn{Eye

By Fact 3.5.2, 7/5%(5') # 0 ift S € §,,, which, due to ¢ < k and vy being a k-clean leaf, is
equivalent to all coordinates in .S being fixed along this path. Hence Py, (S) = [[,c¢ vﬁd). O
Cleanup Process

We first analyze the cleanup process for a subspace.”

>This means for any i € {0,1...,¢(v) — 1}, all nodes of depth i in 7, make the same query.

6This “leveled adaptive” condition is required just for convenience of proofs. In fact, one can show that
the first few queries in 7, can be rearranged to make sure they are non-adaptive until we reach a k-clean
node. See Lemma 3.5.7.

"The k = 2 case of Lemma 3.5.7 is essentially [BTW 15, Proposition 3.5]. However there is a gap in their
proof. For example, if the parity decision tree non-adaptively queries xyx2x3%4, X125, 22 in order, then
their analysis fails.
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Lemma 3.5.7 (Clean Subspace). Let k > 2 be an integer and S be a subspace of rank at most
d. We construct a new subspace S’ (initialized as S) as follows: while 8" is not k-clean, we
continue to update 8" <— Span (S" U {{i}}) with some mess-witness i. Then rank(S’") < d -k
and any update choice of mess-witnesses will result in the same final subspace S’.

Proof. Assume § is a subspace of Fj. Then first note that the number of updates is finite,
since we can update for at most n times.

Next we show that the number of updates and the final S" does not depend on the choice
of mess-witnesses. We do so by an exchange argument. Let 7y,...,4, and 7},...,7, be two
rounds of execution using different mess-witnesses. Then there exists some ¢ < min {r, 7’}
such that i; = 4} for all j <, but 4;1 # it,,. Let S = Span(S U {{i1},...,{is}}). Then
there exist S 3 i1 and S’ 3 i} (possibly S = 5’) such that S, S € S, but {iz41}, {7}, } ¢

S;. Since the final subspace is k-clean, we know there exists some T" > t such that

{is1} € Span (SU{{&1},....{i7}}) but  {ii} € Span(SU {1}, ..., {ir1}}),

which means {1,441} € Span (SU{{i}},...,{i;}}). Hence we can safely replace if,,
with 4,11, and then swap #;,41 with ;. We can perform this process as long as (i1, ..., i) #
(%, ...,4,), which means r = 7’ and the final S’ is always the same.

For any subspace H, we define rank, (H) = |{i| {i} € H}| and thus rank(#) — rank, (#) >
0. Now we analyze the following particular way to construct S&’: We initialize S’ as S.
While & is not k-clean, we find a minimal S = {i,...,is} € & such that i; is a mess-
witness; then we update &’ <— Span (S U {{i1},...,{is—1}}). Note that before the update,
1 <s<kand{i;} ¢ S holds for each j € [s], since S is minimal and S’ is not k-clean. Thus
after the update, rank(S’) grows by s — 1 < k — 1 and rank;(S’) grows by s, which means
rank(S’) — rank; (S’) shrinks by 1. Hence we have at most rank(S) — rank;(S) < d updates
before S’ is k-clean; and the final 8" has rank at most rank(S) + (k —1)-d < d - k. O

We now show how to convert an arbitrary parity decision tree into a k-clean parity
decision tree which still has a small depth and fixes a small number of variables along each
path. The latter quantity is in fact bounded by the depth as shown in Fact 3.5.8.

Fact 3.5.8. Let 7/' be a depth-d parity decision tree. Let vy, ...,vg be any root-to-leaf path.
Then we have 3.0 " [J(v;)| < d'.

Proof. Observe that Zflzgl |J(vi)| = [{i]{i} € Span{Quy, ..., Qu, ) }| < d'. O

Corollary 3.5.9. Let T be a depth-D k-clean parity decision tree. Let vg,...,vp be any
root-to-leaf path where at most d of vy, ...,vp_1 are k-clean. Then Zi:‘J(UFl)‘>1 |J(v;)] < 2d.

Proof. By Fact 3.5.8 we have Zggl |J(v;)] =1 < 0. Since any v; with J(v;) = () is not
cleaning and therefore must be k-clean. Thus

S )l 1< i J(v) =0} < d.

2| J(v;)|>1
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For [J(v;)| > 1, we have |J(v;)| =1 > [J(v;)|/2 and thus 32, ;0,1 [(v:)] < 2d. O

i)|>

Lemma 3.5.10 (Clean Parity Decision Tree). Let k > 2 be an integer. Let T be an arbitrary
depth-d parity decision tree. Then there exists a k-clean parity decision tree T’ of depth at
most d - k equivalent to T . Moreover, any root-to-leaf path in T’ has at most d nodes that
are k-clean.

Proof. We build T" by the following recursive algorithm. An example of the algorithm is
provided in Figure 3.1.

Algorithm 1: Clean parity decision tree: build 77 from 7T
Input: an arbitrary depth-d parity decision tree T
Output: a parity decision tree 7' with desired properties

1 7« root of T

2 Initialize the root of 7" as 1’

3 Build(r,7’,1)

4 Procedure Build(v,v’, ¢)

/* (v,v') are current nodes on (7,7'); ¢ is the recursion depth.  */
5 if v is a leaf then Label v’ with the label of v
6 else
7 (v_,vy) < the left and right child of v
8 if P, (Q,) = —1 then Build(v_,v', ¢+ 1)
9 else if P, (Q,) = +1 then Build(v,, v/, ¢ + 1)
10 else /* 75;(@,,) =0 due to Fact 3.5.2 */
11 Qv’ A Qv
12 (v",v") < the left and right child of v/
13 Initialize O < ()
14 while Span (S, U{Q. } UO) is not k-clean do
15 | Update O < O U{{i}}, where i is a mess-witness
16 end
17 T’ non-adaptively queries every set (which is a singleton) in O under v’ in
arbitrary order
18 foreach leaf U under v do Build(v_, v,/ + 1)
19 foreach leaf v under v/, do Build(vy, v,/ + 1)
20
21 end
22 end

Then the correctness of Algorithm 1 follows from the following claims.

Claim 3.5.11. For any internal node v' € T', Q. is not implied by its ancestors’ queries.
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L1T2 L1T2

Figure 3.1: An example of the cleanup process with k& = 2 where the LHS is 7 and the
RHS is 77. All the left (resp., right) outgoing edges are labeled with —1 (resp., +1). Red
nodes and leaves are k-clean, and blue nodes are cleaning (i.e., non-adaptive queries). Nodes
connected with dashed curves are invoked by Build.

Proof. We apply Fact 3.5.2. This is equivalent to Q,» ¢ S,/, which follows from the conditions
in Line 8/9/13. O
Claim 3.5.12. The depth of T' is at most d - k.

Proof. Let vy, ...,vy be any root-to-leaf path of 7 and let P’ be its corresponding path in 7.

The construction process of P’ corresponds to the cleanup process for Span <QU0, oy Qy d,71>
in Lemma 3.5.7; hence the depth of 77 equals rank(S’) < d'-k < d-k where &’ is the k-clean
subspace produced by applying Lemma 3.5.7. O

Claim 3.5.13. 7 =T and any root-to-leaf path in T' has at most d k-clean nodes.
Proof. This is evident, as T only refines 7 by inserting cleaning nodes. m
Claim 3.5.14. Whenever we call Build(-,v’,-), v' is k-clean.

Proof. We prove by induction on ¢. The base case Line 3 is obvious. For Line 8/9, we
recurse on the same ', which is k-clean by induction. For Line 17/18, note that S; =
Span (S, U{Q. } UO); hence from the condition in Line 13, it is k-clean. O

Claim 3.5.15. Nodes created in Line 16 are cleaning.

Proof. Let o = |O] and let 4y, 1, ..., i, be the query order. For any j € [o], let v be any one
of the nodes created for ij, then Sy = Span (S, U{Qw} U{{ir}, ..., {ij-1}}), which is not
k-clean by Line 13; hence v} is cleaning by the condition in Line 13. O]

This completes the proof of Lemma 3.5.10. m



CHAPTER 3. QUANTUM ADVANTAGES OVER PARITY QUERY 33

3.6 Fourier Growth Bounds for Parity Decision Trees

Our goal in this section is to prove Theorem 3.2.1 with detailed bounds provided.

Level-1 Bound

We first prove the concentration result for level-1. We start with the following simple bound
for general parity decision trees.

Lemma 3.6.1. Let T: {£1}" — {0,1} be a depth-D parity decision tree. Let vy, ..., vp: be
any root-to-leaf path. Define v, ... vP) € {=1,0,+1}" by setting Uj(-l) = Py, () for each
0<i< D andj € [n]. Then for any a,...,a, € {—1,0,1}, we have |>." aj-v(-Dl) <

Jj=1 J
D' <D.

Proof. Note that the set of non-zero coordinates in v(”") is exactly UZ.DZIO_ " J(v;). Hence by
Fact 3.5.8, we have

D'-1

v]@’)] — S |Jw)| <D <D. O
=0

i%‘ o) < i
j=1 j=1

Now we give an improved bound for k-clean parity decision trees. To do so, we need one
more notation which will be crucial in our analysis.

Notation 3.6.2. Let T be a k-clean parity decision tree. For any node v, we define C(v)
as the nearest ancestor of v (including itself ) that is k-clean.

Lemma 3.6.3. There exists a universal constant k > 1 such that the following holds. Let
T:{£1}"— {0,1} be a depth-D 2k-clean parity decision tree where k > 1 and any root-to-
leaf path has at most d nodes that are 2k-clean.

Let vy, ...,vp be a random root-to-leaf path. Define v, ... vP) € {—1,0,+1}" by
setting v = 75;(7) for each 0 < i < D’ and j € [n]. Then for any ay,...,a, € {—1,0,1}

J
and any € < 1/2, we have Pr [ Z?Zl aj - v](-Dl)‘ > R(D,d, k:,s)] < e, where

R(D.d.k,2) = - (D + dk <§> ’1“) log (é)

In the proof of Lemma 3.6.3 we will use the following simple claim.

Fact 3.6.4. Let py,...,p, be a sub-probability distribution, i.e., p; >0 and > p; < 1. Let
ai,...,a, € R. Then for any k € N, we have Y ;| pa?* > (Z?:lpiaf)k.
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Proof. We add p,11 =1— (3", p;) and a,11 = 0 so p is a probability distribution. Then the
claim follows from E[X*] > E[X]*, where random variable X gets value a? with probability

Proof of Lemma 3. 6 3. Extend vP*Y) = ... = v(P) to equal vP"). For each 0 <i < D, let
X0 = Z?Zla] ] . We define 6® = 0 for D' <i<D.Forl<i<D' welet
i i— (i—1 7
§0 X0 XD = 0 (o ) = 3 ol
]'EJ(’Uifl)

where J(v;_1) depends only on C(v;_1) since T, ,) performs non-adaptive queries before
(and possibly even after) reaching v;. Note that for the two pos&ble outcomes of querying

Qu, jz) is fixed to £1 respectively for each j € J(v;_;). Thus 6% = A® . 2() where A®

is a fixed value given 2z ... 20=D and 2™, ..., 2P are independent unblased coins in

(+1}.

Since C'(v;_1) is 2k-clean, the collection of random variables {vj(i) ‘ jedJ (vi_l)} is 2k-

wise independent conditioning on C(v;_1). Note that 6 is a linear function and

E [6(“ ‘ C(’Ui—l)] =0 and E [(6(“)2 ‘ C’('vi_l)] = Z CLJQ- < |J(v;_1)].

jEJ('Uifl)

By the first bound in Lemma 2.0.9, we have
E|(6¢)"

Meanwhile |§®| < |J(v;—1)|. Our first goal is to bound Pr [Zil (é(i))Q > D+ 2a2d|.

Observe that whenever the event Zz‘i1 (5(i))2 ~ D +2a%d happens, it must be the case that
S s yer (67)7 > 202d. Thus,

C(vi,l)] < (2k — 1) [ (o))" (3.8)

D

Pr 8DV > D+ 202d| < Pr 80V > 202d
>

| J(vi—1)[>1

_ Jwi)  (69)°
=Pr| > 20w

-~ 2k
| J(vi-1)|  (89) ok
<P .
rlo> 20w~

(by Fact 3.6.4 and Corollary 3.5.9)

_i:\J(vi_l)\>1
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(Z) 2k
=Pr > L>2d-a%

i:| J (vi—1)|>1 | J(vi—1)[*!
i 2k
ce| Y SO
- it J(vi_1)|>1 |J(v;1)[F=1 | 2d - a2k

(by Markov’s inequality)
On the other hand,

B [ g [(60)* o)

EE : L1 k=1 [J(vi2)]]  (by (3.8))

< (2k —1)*-2d. (by Corollary 3.5.9)
Overall, we have
(2k — 1)*
<=

a2k

D
Z 5@ > D+ 2a%d

Then by Lemma 3.4.5 Wlth m = 1, we have

Jj=1

Pr || XP)| =

2k — 1)k
> By/2- (D + 2a2d)] <2.e 724 k17
The desired bound follows from setting

az(?)%\/%—l, and Bz@( log<é)). O

Now we prove the complete level-1 bound for parity decision trees.

Theorem 3.6.5. Let T: {£1}" — {0,1} be a depth-d parity decision tree. Let p =
Pr(T(x) =1] € [274,1/2] .5 Then we have

;‘?(j)‘ §p-min{d,0 (\/c_i-log (%))} —0(Vd).

Proof. For any i € [n], let a; = sgn <7\-(Z)) Now we prove the two bounds separately.

8If p< 279 then p=0and 7 =0. If p > 1/2, we can consider T=1-T by symmetry.
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The First Bound. Let vy,...,ve be a random root-to-leaf path in 7. Then define
v . w@) € {~1,0,4+1}" by setting 'vj@ = Py, (j) for each 0 <i < d and j € [n]. Since
T is 1-clean in itself, by Lemma 3.5.6 we have

T<vd/>-2aj-v§-d’>]s E [T(va)- V], (3.9)

..... dq/
where V.= 37" a; - 'v](-d/). Hence by Lemma 3.6.1, we have (3.9) < d-E[T (va)] =p-d.

The Second Bound. By Lemma 3.5.10, we construct a 2k-clean parity decision tree T’
of depth D < 2d - k equivalent to 7, where k = O(log(1/p)). Let U = > 7_, a; - ug.D ). Then
we have

i!ﬂj)\ =i\/m‘>\ - E

n

o UQ ey U/ T/(uD') ) Zaj ) ugD/)] = ug E , [T,(’U'D/) ’ |U|] .

.....

j=1
(3.10)
Lemma 3.6.3 implies that for all ¢ > 0, Pr[|U| > R(¢)] < € where

R(s) = R(D,d, k&) = O \/dk- (g) log G)) |

For integer ¢ > 1, let I; = [R(p/2"), R (p/2"*1)] and Iy = [0, R(p/2)] be intervals. Then for

el

77777

.....

Level-/ Bound

Now we turn to the general levels.
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Lemma 3.6.6. There exists a universal constant 7 > 1 such that the following holds. Let
¢ > 1 be an integer. Let T:{£1}" — {0,1} be a depth-D 2k-clean parity decision tree
where k > 4 -0 and n > max {7, k, D} and any root-to-leaf path has at most d nodes that are
2k-clean.

Let vy, ...,vp be a random root-to-leaf path. Define v, ... vP) € {—1,0,+1}" by
setting vj(.i) = 75;(7) for each 0 < i < D' and j € [n]. Estend v'P*V) = ... = v(P) to equal
v P Then for any sequence ag € {—1,0,1},5 € ([Z‘]), any e < 1/2 and t € {0,... (}, we
have

Pr

Ht’e{o,...,t},EITe( )326

Z aSUT-fvé) > M(D,d,k, 0, t'e)| <e-t,

SCT,|S|=t'

where we recall that ,Uéi) = Hjes vj@ and where

AN nt t/2
M(D,d, k,0,¢',) = T-(D+dk)-<?) log (—) .
g

Proof. We prove the bound by induction on t = 0,1,...,¢ and show 7 = 10* suffices. The
base case t = 0 is trivial, since for any fixed T" and ¢, we always have ‘aT . véi)’ <1-=
M(D,d, k,,0,¢).

Now we focus on the case where 1 <¢ < /. Foreach0<i< D and T €& (4@)7 let

Xj(}) = Z asyr UgL)
SCT,|S|=t

For 1 <i < D’, we have

X}’j — X}ifl) = Z asur ’Ug)
SCT,[S|=t,5NJ (v;_1)7#0

t
= Z Z ,U((]i) Z aryuyuv - ’US)

r=1 UQJ(vi,l)ﬂT, VQTUJ(’UZ'_1),
[U|=r U|+|V =t
t
_ MO a ol
- U TUUUV 4
r=L UCJ(vi—1)NT, VCTUJ (v;-1),
[U|=r [U|+VI=t

(since vj(i) = 'vj(.ifl) for all j ¢ J(v;_1))
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= Z Z ’U((]Z) Z aryyuv ’U‘(/l- b .

r=1 UCJ(v;_1)NT, VCTUU,
|Ul=r |U+|V|=t

N -~ 7
A(T7T7’L)

: i—1 :
(since 'v](- ) =0 for all j € J(v;_1))
Observe that conditioning on v;_1,

e if r is an even number, then A(T,r,i) is a fixed value independent of v

e if r is an odd number, then A(7,7,%) is an unbiased coin with magnitude independent
of v,

Therefore, trying to apply Lemma 3.4.5, we write Xg) — Xq(ffl) = uT + A sz), where

z(T1 ) ,z(TD) are independent unbiased coins in {£1} and ,ugf) = A(T =0for D'<i<D
and
) t
e —ZATTZ and AP =Y A(T,ri)| for1<i<D. (3.11)

even odd

The First Bound on A(7,r,i). Let & be the following event:

S =“Tte{0,.. . t—1},3T" € (g["]?),az' e [D], |x1 (D, k, 0, t,e)”
By the induction hypothesis, we have
Pri&l<(t—1)-e (3.12)

We first derive a simple bound, that will be effective for small values of |.J(v;_1)|.

Claim 3.6.7. When & does not happen, |[A(T,r,i)| < |J(v;i_1)|"-M(D,d, k,{,t—r,e) holds
for allr € t],i € [D],T € (Z[ﬁ]t)

Proof. Since & does not happen, by union bound we have

AT, 8)] = Z vy Z arcuoy vy | < |J(Ui—1)\TUCI%135<_ o
UCJ(vi1)T, VCTUT, ST |Ul=r
|U|=r [U|+|V]=t
<|J(vi-1)|" - M(D,d,k, 0t —r,e). O
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The Second Bound on A(T,r,i). The second bound requires a more refined decompo-
sition on A(T,r,1).

Assume that ¢(i — 1) is the index of C'(v;_1) in vy, ..., vp, i.e., Vei—1) = C(v;—1). This
means that ve;_1) is the closest ancestor to v;_; that is 2k-clean. Then define

L(’Uz‘_l) = U J(’Uy).
c(i—1)<i'<i—1
The elements of L(v;_1) are precisely the coordinates fixed by the queries from Qo tO
Qu,_,, excluding the latter. Since Te(y, ,) makes non-adaptive queries before (and possibly
even after) reaching v;, L(v;_1) and J(v;_;) depend only on C(v;_;) and i. We now expand
A(T,r,i) by also grouping terms based on the number of coordinates in L(v;_1) as follows:

A<T7 r, Z) = Z /U[(]Z) Z aryuuv U\(/iil)

UQJ(vi_l)ﬂT, VCTUuU,
|Ul=r U+ V=t
t—r
_ (4) (i-1) 1)
= Uy Uy, arTuuuwuw’ * Uy
r"=0UCJ(v;—1)NT, WCL(v;_1)NT, W/CTUUUL(v;_1)
Ul=r W=’ (W =t—r—"
t—r
_ (4) (i—-1) c(i—1)
= Uy Uy aruuuwuw’ * Uy
r"=0UCJ(v;—1)NT, WCL(v;—1)NT, W'CTUUUL(vs—1)
Ul=r W=’ (W =t—r—"

(since vj(-ifl) = v;(ifl) for all j & L(v;_1))

t—r
S Y W Y ) Y oo

r=0UCJ(v;_1)NT, WCL(v;_1)NT, W’ CTUUUW
|Ul=r [W|=r' W |=t—r—r’

(since v;(i_l) =0 for all j € L(v;_1))

t—r
S VD SIS SRR e < i

=0 UCJ(v;_1)NT, WCL(v;_1)NT,
|Ul=r [W=r
A >
‘V
l"gf)(r,r’)

Since C(v;_1) is 2k-clean, by Fact 3.5.2, the collection of random variables

(4)
¢

is 2k-wise independent conditioning on C(v;_1). Note that 1“53’ (r,7") is a polynomial of

JE J(vi_l)} U {vj(i_l) ‘j € L(vi_l)}
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degree at most r + 1’ < ¢ < k, that E [I‘gf) (ry7")

C(vi,l)} =0, and

co|= XX (k)]

UCJ(v;—1)NT, WCL(v;—1)NT,
|U|=r |W|=r

o7 (r,r",C(v;_1),1) —E[<I‘()(r r)>2

2
< J . r L i r ’X(z/’)
= (‘ (U 1)‘) (‘ (v 1)|) (T/|r+gl+aé)it,i’6[D] 4 )
2
< - r DT/ ‘X(’L/’) .
= (|‘](U 1)|> <|T/:T+£I/1J?J£t,i/€[D} T >

(since |L(v;—1)| < D by Fact 3.5.8)

We also have the following clalm the proof of which follows from Lemma 2.0.9 applied to
the low degree polynomial I‘ . The proof is deferred to the end of this section.

Claim 3.6.8. Pr[&)] < ¢/3, where & is the following event:

“JT € (g[i]t),i,r, r,
> (100 min {k:,log <"?[>} . (";)2) N ~or(r,r,C(v;_1),1)”.

On the other hand, when & V & does not happen, the following calculation holds for all
Te(M),ieD],relt],0<r <t—r

()

‘I‘jf (r,r")
< M (D, k. 0,t - \/<100m1n k;log( )} (”?Z)g>r+rl(|(](vi_l)|)’”.Dr/
<MDk, 0t —r 71" ¢) \/ 100 (2)F r+r,(|J(vi_1)|-k:)T-(D-log(%))rl

7
r=4r ,

)t - T/<100 (”—‘)g> ()] by (D log ()
() (M) i

r+r! v r
= M(D7d7k7€7t7€> ) \/(27.%0) <‘J(2d l)l) 10g<71£/5>'
A

(T,r,i).

Hence we have a second bound on
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Claim 3.6.9. When & V & does not happen, the following holds for allr € [t],1 € [D], T €

(%)
ac s MRAREA (BB (H52).

Proof. Since & V & does not happen, by union bound and noticing 7 > 800 we have

< MOLELLS (20 () 5% (20)

S (A

The Final Bound on p{) and 6. Combining Claim 3.6.7 and Claim 3.6.9, if & V &
does not happen we have

t—r
AT <Y \rg@ (r, ")
r’'=0

|A(T,r,i)| < M(D,d, k, 0t —r,¢)

M(D,d,k,é,t,€) (800>T (|J('Ui_1)|)r
+ A=) [ =52 Lyt 3.13

To see this, if |J(v;—1)| < 1, we use the bound from Claim 3.6.7 as the first term in (3.13).
Otherwise |J(v;—1)] > 1, in which case we use the bound from Claim 3.6.9 as the second
term in (3.13).

. 12
By Corollary 3.5.9, we can now bound Zil ,ugf) and Zle Agf) as Claim 3.6.10. Its
proof is deferred to the end of this section.
. 12
Claim 3.6.10. When &, V & does not happen, Zfil ugf) < R and Zi’;l Agf) < R? hold
for all T € (E[f}t), where
M(D,d, k,0,t
poMDdkbte) (3.14)
5-4/log (nt/e)
Complete Induction. Let § = 4/2-log(nf/e) > 1 and observe that
R+(-V2-R<B-2V2-R (due to 8> 1)
2v2-4/2-1 £
_ 2 8 (/E) (D, d k0,1 ) (due to (3.14))

5 y/log (nt/e)
< M(D,d, k,0,1,2).



CHAPTER 3. QUANTUM ADVANTAGES OVER PARITY QUERY 42

Then we have

Pr [at'e{o,...,t},aT’e <€[”]t,),3¢e[m, x

= Pr {51\/ (3Te (é[ﬁ}t)’ai e (D], ‘Xén
< Pr {(51 vE)\/ (HT € (g[ﬁ]t>,5|i e (D),

S(r—n~e+§+2ﬁ4«5ﬂﬂ
(due to (3.12), Claim 3.6.8, Lemma 3.4.5, and Claim 3.6.10)

> M (D,d, k¢, t’,s)}

> M (D,d, k,f,t,s))]

Xy

2R+6-\/§-R)1

g 1 2
<(@t-1)-e+-+--nt-e
t-e.

IN

]

Before we prove the complete level-¢ bound for parity decision trees, we first prove a
simple bound for the number of vectors with a given weight in a subspace.

Lemma 3.6.11. Let ¢ > 1 be an integer and S be a subspace of rank at most d. Let
U={S:|S|=¢8 €S8}, then |U| <min {(%),2¢ —1}.

Proof. Let {Sy,...,S¢} be a maximal set of independent vectors in U. Then d’ < d and
|S;| = ¢ holds for all ¢ € [d']. Since U C Span (Si,...,Sy) and § ¢ U, we have

\U| < [Span(S,...,S4)| —1=2¢ —1<2?—1.

On the other hand, observe that U C (S IU'ZUSd’), hence we also have

S1U---USy d-v -t
< < < .
=] (M) = (5 < () -

We remark that in Lemma 3.6.11, it is conjectured the bound should be (df) when
d>2-([Kral0, BP18].

Theorem 3.6.12. Let ¢ > 1 be an integer. Let T: {£1}" — {0,1} be a depth-d parity
decision tree where n > max {d,(}. Let p=Pr[T(z) = 1] > 27%° Then we have

3 ‘?(5)‘ gp-min{(df)zd 1, O(\/c_l-log <%>>e} - O(\Q-E-log(n))e.

SCln]:|S|=¢

Proof. For any S € ([’Z]), let ag = sgn <7A‘(S )) Now we prove the bounds separately.

M p <279 then p=0and 7T = 0.
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The First Two Bounds. Let vy,...,va be a random root-to-leaf path. Then by the
definition of 77 and S, and Fact 3.5.2, we have

Z\T \_ as-T(S)= E T(vda-zas-ﬁ;w)]
7777 d’/ S
< E |Twa) Y |Puy \ E [T(va)- V], (3.15)
----- S v0,---,Vg!

where ag = sgn <'7'(S)> and V = {S € ([’g]) ‘ S e Svd/}' Note that

rank (Sy,,) = rank (Span (Qu,, ..., Qu, ) < d' < d.

Hence by Lemma 3.6.11, we have

(3.15) < min { (dég),Qd - 1} E[T(vg)] = p - min { (df),zd - 1} .

The Third Bound. By Lemma 3.5.10, we construct a 2k-clean parity decision tree T’ of
depth D < 2d - k equivalent to 7, where k = © (log (ne /p)) > 4-/0. We also add dummy
variables to make sure n’ = max {7, k,6D,n}, where 7’ has n’ inputs and 7 is the universal
constant in Lemma 3.6.6.
Let uo, . .., up be a random root-to-leaf path in 77. Define u®, ... u®) € {~1,0,+1}"
by setting ug-i) = Py (j) for each 0 < i < D’ and j € [n]. Then extend w(®'+) = ¢(P'+2) =
- =u® to equal uP). By Lemma 3.5.6, we have

3 \?(S)\ = \?(5)‘ - E
S S

T(up)- ) as- uf.f”] < E [T(up)-|U]],

(3.16)
where U = ) s as - ugD).

Now we apply Lemma 3.6.6 with ¢ = ¢,e = © (p/d/?) < 1/2 to obtain the following

bound!? ‘
M = M(D,d,k,(,0,¢) = (0 (Va‘l‘)g <%>>>

such that Pr[|U| > M] < ¢ -e. Then, combining the first bound, we have

(3.16) =E [T (up) - |{U| - (Lpjemr + Lpm)] < M -E[T(up)] + €< <dl;£>

0Since n > max {¢,d}, we know k = O (log (n*/p)) = O(n?) and D < 2d -k = O(n®). Hence n' =

max {7, k,6D,n} = O(n?). Also n‘/e <n°® /p and by our choice of k = © (log(n’/p)) we have (né/s)ﬁ/k =
O(1).
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¢
o (3))
¢
which is maximized at p = 1, hence (3.16) = O(\/E A log(n)> as desired. O
Finally we complete the missing proofs.

Proof of Claim 3.6.8
Claim (Claim 3.6.8 restated). Pr[&)] < e/3, where & is the following event:

“JT ¢ (é[ﬁ}t)i rr,
> (100 min {k,log <”§>} . <”§>2> N cor(r,r’, C(vi_1),1)”.

Proof. Let k' = min {k;, (6 log (ne/eﬂ} < 12min {k, log (nz/e) } Then T is also a depth-D
2k’-clean parity decision tree. Observe that

Ak (r+1")/2
> (W) 'U'T(T> Tl,C(Ui—l),i)
< max Pr

Ak (r+r")/2
> - . / C i .
T C(vis1) = (772/k’) U'T(T>7"> (U 1),7,)

(4.kl)r+r’ . 272(?’#)

— <n

<1
(due to the second bound in Lemma 2.0.9 and k >4-¢0>4-(r +17))

)

Pr ‘Fgf) (r,7")

’I‘gf) (r,r")

C(’Uil)]

<n.

Thus by union bound over all T € (z[f]t),i € [D'],r €[t],0 <" <t—r, we have

. (r+r")/2
Pr |:E|T7 i, ’l“/, ng) (’I", T/) 2 <77§]7k> ’ O-T<T7 rla C(vi—1>7 Z):| < Dt2ne_t N
nt+2.g
— 3
S ’I’L3‘Z"I7

where we use the fact n > max{D,3 -t} and t > 1. By setting n = ¢/n**, we have

A 34\ & O\ v ¢ o\ b
S <"—) < 4k’ (”—) < 4-12min {k,log (”—) } ») (”—) ,
n / £ g g €

as desired. O
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Proof of Claim 3.6.10
We first need the following simple bound on M.

Lemma 3.6.13. For any integer s > 1, we have

2. M(D,d, k,(,t,¢)
(D -log (n‘/e))**

t
> M(D,dk,(;t—re) <

r=s

Proof. We simply expand the formula of M as follows:

B MDAt 10 3 (o v (£) s (4))
N N , r/2
< Z (7’ (D + dk) <n?> log <%>)

<2-(rD-log (ng/&?))fsﬂ. O

Now we prove Claim 3.6.10.

Claim (Claim 3.6.10 restated). When &,V &, does not happen, we have Zfil ugf) < R and
12

SP 18| < R? hold for all T € ([")), where

_ M(D,d,k,(,t,¢)

5-/log (nf/e)
Proof. We verify for each T' € ( e[i) as follows:
D ‘ D D ¢

> )ug) =) ‘u? <Y N AT ) (due to (3.11))
i=1 i=1 i=1 r=2,

even

Dt
M(D,d,k,t,te) 800\" (1J(wi—)[)"

i=1 r=2,
even

(due to (3.13))

Dt
M(D,d.k,te) |J(vi_1)] r/2
= Z Z (M(D7 d,k, l,t —re) + \/log(ng/g) : ( 2d : > (@) ’ 1|J(Uz'1)>1)

(Since |J(v;_1)| < 2d from Corollary 3.5.9)

i=1 r=2,
even
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2M(Ddshbite) | L1800-M(D,dokltse)
T~log(n[/8) T-\/log(ne/s)
(due to Lemma 3.6.13 and Corollary 3.5.9 and 7 = 10%)

< M(D7d7k7£7t75) — R
-5 log(n[/s)

and with similar calculation, we have

302
5
Zl it

1=

D’ t
_ | MDdkbte) [l @)l (800y7/2
S Zl Z (M(D7 d7 k; ’€7t T \/10g nf/s 2d ( = ) 1J(Uz‘1)>1>

o?idy

2

2
2-M(D,d k.0t 1.1-v/300- M(D,d,k 0 t.€) |J(v;_1)] B
- Z ( 7D-log( nl/s) T ﬁ\/log(nf/g) = S 1|J(vi1)>1) (due to 7 = 10%)

2 D'
4 ,
< <M(D,d,k,(€,t,e)) ZQ (TD + @ IJ(ggl)\ . 1J(v,-1)|>1> (due to (a + b)2 < 2((12 + bz))

log(nl/a) Py

2
S <2000.M(D,d,k,f,t,5)) — RQ. D

T~\/log(n€/a)

3.7 Fourier Growth Bounds for Noisy Decision Trees

We establish the Fourier growth bounds for noisy decision trees in this section. We begin by
defining the model.

Definition 3.7.1 (Noisy oracle). A noisy query to a bit b € {£1} with correlation v € [—1,1]
returns a bit b’ € {£1} where

b — b with probability (1 + v)/2,
—b  with probability (1 —)/2.

The cost of a noisy query with correlation ~y is defined to be 2.

Definition 3.7.2 (Noisy decision tree). A noisy decision tree T is a rooted binary tree in
which each internal node v is labeled by an index q, € [n| and a correlation ~y, € [—1,1]. The
outgoing edges are labeled by +1 and —1 and the leaves are labeled by 0 and 1.

On input © € {£1}", the tree T constructs a computation path P from the root to
leaf as follows. When P reaches an internal node v, it makes a noisy query to x, with
correlation vy, and follows the edge labeled by the outcome of this noisy query. The output of
the tree is defined by sampling a root-to-leaf path and returning the label of the leaf. Since the
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computation path P is probabilistic, this is an inherently randomized model of computation.
We use T(x) € {0,1} to denote the (probabilistic) output of T on input x. We also use
T (v) € {0,1} to denote the label on v when v is a leaf. We do not require that the indices
qv queried along a path P are distinct. The cost of any path is the sum of costs of the noisy
queries along that path; and the cost of T is the maximum cost of any root-to-leaf path.

We remark that for any noisy decision tree 7T, its Fourier coefficient 71(5 ) is given by
E [T (x)zs] where the expectation is over the randomness of both  ~ U,, and T .

Let 7 be a noisy decision tree. By adding queries with zero correlation, we assume
without loss of generality each root-to-leaf path in the noisy decision tree is of the same
length. Let v be any node of 7. We use P, to denote the uniform distribution over {£1}"
conditioning on reaching v. Note that P, is always a product distribution. As before, for any

S C [n] we define 7/3:(5’) =E,p, [xs].

Claim 3.7.3. Let T: {£1}" — {0,1} be a cost-d noisy decision tree. Let vy,...,vp be
any root-to-leaf path in T. Define v®, ... vP) € [=1,1]" by setting 'v](-l) = Py, (j) for each
0<i<Dandje€ [n|. Then for anyi e {0,...,D—1}, véijl) —v(gi)i is a mean-zero random
variable with magnitude bounded by 2 - |y, |

Proof. Fix i € {0,...,D — 1}. For convenience, let j = ¢y,, ¥ = Yo,, and o = 'v](-i). Suppose

|v] =1 then ’vj(.iﬂ) — vj(-i)

Note that for the distribution P,,, the measure of z; = 1 (resp., ; = —1) inputs is
(1+ «)/2 (rvesp., (1 —a)/2). The measure of x; = 1 (resp., x; = —1) inputs that follow
the edge labeled 1 is a := (1 + a)(1 + v)/4 (resp., b := (1 — «a)(1 — 7)/4). The total
measure of inputs that take the edge labeled 1 is a + b and the resulting node v, satisfies
vj(-iﬂ) = (a —b)/(a +b). This implies that

<2 =2"|v,| as desired. Now we turn to the case |y| < 1.

1+v-«

a— . R vy
15 with probability ==

L) {O‘—ﬂ with probability £,
j

The above calculation implies

1+v-«
1—a?
T i

J

1—a? . “1: 1+v-«
, . . with probability 1<,
oD _ () {7 p y 1_2W

with probability —;

](Hl) — 'v](i) is a mean-zero random variable. Since a € [—1,1] and v € (—1,1), we

1—a? 1—-a? 1 —o?
max , < =1+|a| <2,
l—y-a l+v -« 1 —|af

and thus v
have

(2)

which implies ”vj(-iﬂ) —v;

<2l O
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We now prove the general Fourier bounds. As before, for any S C [n], let vg) be [T;cs UJ@.

Lemma 3.7.4. There exists a universal constant T such that the following holds. Let { > 1
be an integer. Let T : {£1}" — {0,1} be a cost-d noisy decision tree.

Let vo, S UD be a random root-to-leaf path in T. Define v, ... v®P) ¢ [~1,1]" by
setting v = 771,2( ) for each 0 < i@ < D and j € [n]. Then for any sequence ag €
{-1,0, 1},5 € ([;L]), any e < 1/2 and t € {0,..., ¢}, we have

n : i
Pr (3T € (g[_]t),ﬂz € [D], Z asur - vg) > S(d,lte)| <e-t,
SCT,|S|=t

where S(d,¢,0,e) =1 and

S(d,e,z,g):\/(T.d) 1og( ) 1og(

Proof. We prove the bound by induction on ¢ and show 7 = 32 suffices. The base case t =0

is trivial, since for any T of size ¢ and any i, we have |ar - 'vq()i) <1=25(d,¢0,¢).
Now we focus on the case 1 < t < ¢. For any T € (@) define X ) .. X(D) by

X3 = Y scr sz asur - v§ - Define 87 for i € [D] as follows:

XD -XEV =Y s (o) — o)

SgT?l‘Sl:t?Squi,1

_ i i—1 (i—1)
o (v‘(lv)i_l - ’U((Ivi_1)> ’ Z a’S'U{qv I}UT vS

§'CTU{gu,_, J.|S'|=t—1
(@) (i-1) (i-1)
< Yau, quzel) XTU{%Z b

Note that by Claim 3.7.3 and conditioning on v;_1, 5(Ti) is a mean-zero random variable.
The induction hypothesis implies that with all but € - (t — 1) probability, for all ¢ € [D]

and T" € ( [n] ), we have ’Xéf,)‘ < S(d,l,t —1,¢e). By Claim 3.7.3, we have

1) fort e [l].

{—t+1

o@D

q”z 1 ;1

o -

. (i—1)
’)(Tu{q% 3

<2+ |y, | - S(d 0t —1,¢).

Denote by Ag) =2 ‘IY'U:'—1| - S(d, 0t — 1,e). We can thus express Xq@ = X(Ti_1> +
Agf) : zéf) where ‘z(Ti)) < 1. Then we apply Lemma 3.4.5 to the family of martingales

x© . xP T e (/")) with difference sequence 6 = AW . 2 satisfying

> (A< ) =4 (5@ L= 1P Y < 4 (S(d - 1,))

i=1
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Hence for any 5 > 0, we have

Pr {HT € <€[ﬁ]t)’3i e [D], X}“

Since ¢ < 1/2, we can set 3 = 2 - y/log(n’~t/¢) so that 2 - n". e7*/2 < ¢, which completes
the induction by noticing

>23-V2d- S(d, (,t — 1,5)] <e-(t—1)42-nt. e P2

28 -V2d- S(d, 0,1 —1,¢) = \/32-d-10g (n‘j) LS(d, 0t —1,8) < S(d, 0,1, ¢). 0

Theorem 3.7.5. Let ¢ > 1 and n > max {(,2} be integers. Let T: {£1}" — {0,1} be a
cost-d noisy decision tree. Let p = Pr[T (x) = 1] € (0,1/2]."' Then we have

Z ’?(S)‘ <p-O(d)"*. \/log (11)) (10g <"7f>>£_1 = O(d)"? . \/1 + (Llog(n)).

SC[nl,|S|=¢

Proof. For any S € ( ) let ag = sgn <?(S)> Let vy, ...,vp be a random root-to-leaf path
in 7. Note that

Z ‘T ‘ = as - T )
where V =3 cag g ng). By Lemma 3.7.4, we know Pr[|V| > S(¢)] < e ¢, where

s<g)—5(d,z,e,8)—\/o<d)f 1og( ) log( )<\/O(d)f.(1og(§>>g‘l.10g(§)_

For integer ¢ > 1, let I; = [S (p/ (£2Y)),S (p/ (¢2"1))] and I, = [0, S(p/f)] be intervals.
Then for each i > 1, Pr[|V| € I,] < p/2'. We also know that E,, ., [T (vp)] < p. Thus,

—+00
V|- Z 1|Ve1i]

<E[T(vp)- VIl (3.17)

E|T(vp)- Y as- vy
S

-----

HTf p > 1/2, then we can consider T=1-T by symmetry.
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< fip- \/O(d)f- ((log %))Kl + (i + 1)5_1) . <log (%) + 1+ 1) 211

(smcen>€ and (z +y)° (x +y) and r +y < o+ /y for z,y,b > 0)

<p- \/O(d)f log (1) <1°g ()"

where the last inequality follows from p < 1/2, n > 2 and

+o0o
S+ 17227 = 0 < O(1) - (I < 0(1) - (log (' /)T

=0

Note that p - (log(1/p))* < O(k)* for p € (0,1) and k > 0, thus

oo (2) (s ()™ = - yhos (2) (e1ostr) +10s (3))
O(1)" - ( (ﬁlog(n))£1+€£/2)
O(1)" - /14 (Llog(n)):~ -

IN
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Chapter 4

Quantum Advantages over Classical
Communication

The level-k Fourier weight of a Boolean function refers to the sum of absolute values of
its level-k Fourier coefficients. Fourier growth refers to the growth of these weights as k
grows. It has been extensively studied for various computational models, and bounds on the
Fourier growth, even for the first few levels, have proven useful in learning theory, circuit
lower bounds, pseudorandomness, and quantum-classical separations.

In this work, we investigate the Fourier growth of certain functions that naturally arise
from communication protocols for XOR functions (partial functions evaluated on the bitwise
XOR « ® y of the inputs = and y to Alice and Bob). If a protocol C computes an XOR
function, then C(z,y) depends only on @ ® y. This motivates us to analyze the XOR-fiber
of the communication protocol C, defined as h(z) := E, ,[C(x, y)|x © y = z].

We present improved Fourier growth bounds for the XOR-fibers of randomized protocols
that communicate d bits. For the first level, we show a tight O(v/d) bound and obtain a new
coin theorem, as well as an alternative proof for the tight randomized communication lower
bound for the Gap-Hamming problem. For the second level, we show an d*? - polylog(n)
bound, which improves the previous O(d?) bound by Girish, Raz, and Tal (ITCS 2021)
and implies a polynomial improvement on the randomized communication lower bound for
the XOR-lift of the Forrelation problem, which extends the quantum-classical gap for this
problem.

Our analysis is based on a new way of adaptively partitioning a relatively large set
in Gaussian space to control its moments in all directions. We achieve this via martingale
arguments and allowing protocols to transmit real values. We also show a connection between
Fourier growth and lifting theorems with constant-sized gadgets as a potential approach to
prove optimal bounds for the second level and beyond.

Organization. In Section 4.1, we give a brief introduction on XOR functions. In Sec-
tion 4.2, we summarize our main results and applications. An overview of our proofs is given
in Section 4.3. In Section 4.4, we quote a useful concentration inequality and give a self-
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contained proof. Section 4.5 explains a way to associate the Fourier growth to a martingale
process. The proof of level-one bound (Theorem 4.2.1) is given in Section 4.6, and the level-
two bound (Theorem 4.2.2) in Section 4.7. The Fourier growth reductions between general
gadgets are presented in Section 4.8. The future directions are discussed in Section 4.9.

4.1 Introduction

In this work, we study the Fourier growth of certain functions that naturally arise from
communication protocols for XOR-lifted functions, also referred to as XOR functions. XOR
functions are an important and well-studied class of functions in communication complexity
with connections to the log-rank conjecture and quantum versus classical separations [MO09,
HHL18, TWXZ13, SZ08, Zhal4].

In this setting, Alice gets an input € {£1}" and Bob gets an input y € {£1}" and they
wish to compute f(x®y) where f is some partial Boolean function and  ®y is in the domain
of f. Here, x ®y denotes the bitwise product of z and y. Given any communication protocol
C that computes an XOR function exactly, the output C(z,y) of the protocol depends only
on x ® y, whenever f is defined on z ® y. This gives a natural motivation to analyze the
XOR-fiber of a communication protocol defined below. We note that a similar notion first
appeared in an earlier work of Raz [Raz95].

Definition 4.1.1. Let C : {£1}" x {£1}" — {£1} be any deterministic communication
protocol. The XOR-fiber of the communication protocol C is the function h: {+1}" — [—1,1]
defined at z € {£1}" as

hz)= E [Clz,y)|zoy=2]
x,y~Un
We remark that XOR-fiber is the “inverse” of XOR-lift of a function: if C computes the
XOR function of f, then the XOR-fiber h of C is equal to f on the domain of f.

In this work, we investigate the Fourier growth of XOR-fibers of small-cost communication
protocols and apply these bounds in several contexts. Before stating our results, we first
discuss several related works.

Related Works in the Query Model. Showing optimal Fourier growth bounds for
XOR-fibers is a complex undertaking in general and a first step towards this end is to obtain
optimal Fourier growth bounds for parity decision trees. This is because a parity decision
tree for a Boolean function f naturally gives rise to a structured communication protocol for
the XOR-function corresponding to f. This protocol perfectly simulates the parity decision
tree by having Alice and Bob exchange one bit each to simulate a parity query. Moreover, the
XOR-fiber of this protocol exactly computes the parity decision tree. As such, parity decision
trees can be seen as a special case of communication protocols, and Fourier growth bounds
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on XOR-fibers of communication protocols immediately imply Fourier growth bounds on
parity decision trees.
Fourier growth bounds for decision trees and parity decision trees are well-studied. It
is not too difficult to obtain a level-k bound of O(d)* for parity decision trees of depth d,
however, obtaining improved bounds is significantly more challenging. For decision trees
of depth d (which form a subclass of parity decision trees of depth d), O’Donnell and
Servedio [0S07] proved a tight bound of O(v/d) on the level-1 Fourier growth. By in-
ductive tree decompositions, Tal [Tal20] obtained bounds for the higher levels of the form
Li(f) < y/d*-O(log(n))*1. This was later sharpened by Sherstov, Storozhenko, and

Wu [SS\\ 23] to the asymptotically tight bound of Ly(f) < \/(Z) -O(log(n))*" using a
more sophisticated layered partitioning strategy on the tree.

When it comes to parity decision trees, despite all the similarities, the structural decom-
position approach does not seem to carry over due to the correlations between the parity
queries. For parity decision trees of depth d, Blais, Tan, and Wan [BTW15] proved a tight
level- 1 bound of O(v/d). For higher levels, Girish, Tal, and Wu [GTW21] showed that
Li(f) < \/d*-O(klog(n))®*. See Chapter 3 for details. These works imply almost tight
Fourler growth bounds on the XOR-fibers of structured protocols that arise from simulating
decision trees or parity decision trees.

Related Works in the Communication Model. For the case of XOR-fibers of arbitrary
deterministic/randomized communication protocols (which do not necessarily simulate parity
decision trees or decision trees), Girish, Raz, and Tal [GRT22] showed an O(d¥) Fourier
growth® for level-k. For level-1 and level-2, these bounds are O(d) and O(d?) respectively
and are sub-optimal — as mentioned previously, such weaker bounds for parity decision trees
are easy to obtain, while obtaining optimal bounds (for parity decision trees) of O(v/d) for
level one and d - polylog(n) for level two already requires sophisticated ideas.

The bounds in [GRT22] follow by analyzing the Fourier growth of XOR-fibers of commu-
nication rectangles of measure ~ 2-¢ and then adding up the contributions from all the leaf
rectangles induced by the protocol. Such a per-rectangle-based approach cannot give bet-
ter bounds than the ones in [GRT22], while they also conjectured that the optimal Fourier
growth of XOR-fibers of arbitrary protocols should match the growth for parity decision
trees.

Showing the above is a challenging task even for the first two Fourier levels. The difficulty
arises primarily since in the absence of a per-rectangle-based argument, one has to crucially
leverage cancellations between different rectangles induced by the communication protocol.
In the simpler case of parity decision trees (or protocols that exchange parities), such cancel-
lations are leveraged in [GT'W21] by ensuring k-wise independence at each node of the tree
— this can be achieved by adding extra parity queries. In a general protocol, the parties
can send arbitrary partial information about their inputs and correlate the coordinates in

ITechnically, [GRT22] only proved a level-2 bound (as it suffices for their analysis), but a level-k bound
follows easily from their proof approach, as noted by [GRZ21].
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complicated ways that such methods break down. This is one of the key difficulties we face
here.

4.2 Our Results

We prove new and improved bounds on the Fourier growth of the XOR-fibers associated
with small-cost protocols for levels k =1 and k = 2.

Theorem 4.2.1. Let C : {£1}" x {£1}" — {£1} be a deterministic communication protocol
with at most d bits of communication. Let h be its XOR-fiber as in Definition 4.1.1. Then,

Ly(h) = 0 (V).

Theorem 4.2.2. Let C : {£1}" x {+1}"* — {£1} be a deterministic protocol communicating
at most d bits. Let h be its XOR-fiber as in Definition 4.1.1. Then, Ly(h) = O (d*/*log®(n)).

Our bounds in Theorems 4.2.1 and 4.2.2 extend directly to randomized communication
protocols. This is because Ly is convex and any randomized protocol is a convex combination
of deterministic protocols with the same cost. Moreover, we can use Fourier growth reduc-
tions, as described in Theorem 4.2.8, to demonstrate that these bounds apply to general
constant-sized gadgets g and the corresponding g-fiber.

Our level-1 and level-2 bounds improve previous bounds in [GRT22] by polynomial fac-
tors. Additionally, our level-1 bound is tight since a deterministic protocol with d + 1 bits
of communication can compute the majority vote of x1 -y, ..., xq - yq, Wwhich corresponds to
h(z) = MAJ(z1, ..., zq) with Ly(h) = ©(Vd).

In terms of techniques, our analysis presents a key new idea that enables us to exploit
cancellations between different rectangles induced by the protocol. This idea involves using a
novel process to adaptively partition a relatively large set in Gaussian space, which enables
us to control its k-wise moments in all directions — this can be thought of as a spectral
notion of almost k-wise independence. We achieve this by utilizing martingale arguments
and allowing protocols to transmit real values rather than just discrete bits. This notion
and procedure may be of independent interest. See Section 4.3 for a detailed discussion.

Below, we describe some applications and connections of our main theorems.

The Coin Problem and the Gap-Hamming Problem

The coin problem studies the advantage that a class of Boolean functions has in distinguishing
biased coins from unbiased ones. More formally, let F be a class of n-variate Boolean
functions. Let p € [~1,1] and 73" denote the product distribution over {£1}" where each
coordinate has expectation p. The Coin Problem asks what is the maximum advantage that
functions in F have in distinguishing 71'/?” from the uniform distribution 75",

This quantity essentially captures how well F can approximate threshold functions, and
in particular, the majority function. The coin problem has been studied for various models
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of computation including branching programs [BV10], AC’ and AC°[@] circuits [CGR14,
LSST19], product tests [LV18], and more. Recently, Agrawal [Agr20] showed that the coin
problem is closely related to the level-1 Fourier growth of functions in F.

Lemma 4.2.3 ([Agr20, Lemma 3.2]). Assume that F is closed under restrictions and satis-
fies Li(f) <t for all f € F. Then, for all p € (—=1,1) and f € F,

gln(l_;w)-t.

Note that communication protocols of small cost are closed under restrictions, so are their
XOR-fibers (see [GRT22, Lemma 5.5]). By noting that In (L) ~ |p| for small values of p,

E [f(2)] = E [f(2)]

®n
ZNT(O

1—|pl
we obtain the following corollary.? We also remark that, using the Fourier growth reductions
(see Theorem 4.2.8), Theorem 4.2.4 can be established for general gadgets of small size.

Theorem 4.2.4. Let h be the XOR-fiber of a protocol with total communication d. Then for

all p,
_E (=)~ E [h(=)]| <0 (lo]-Va).

In particular, consider the following distinguishing task: Alice and Bob either receive two
uniformly random strings in {£1}" or they receive two uniformly random strings in {£1}"
conditioned on their XOR distributed according to 73" for p = 1/y/n (the latter is often
referred to as p-correlated strings). Theorem 4.2.4 implies that any protocol communicat-
ing o(n) bits cannot distinguish these two distributions with constant advantage. This is
essentially a communication lower bound for the well-known Gap-Hamming Problem.

The Gap-Hamming Problem. In the Gap-Hamming Problem, Alice and Bob receive
strings x,y € {£1}" respectively and they want to distinguish if (z,y) < —/n or (z,y) >
V.

This is essentially the XOR-lift of the Coin Problem with p = +1/y/n because the
distribution of (z,y) conditioned on  ® y ~ 75" with p = —1/y/n and p = 1/y/n is mostly
supported on the YES and NO instances of Gap-Hamming respectively. Thus immediately
from Theorem 4.2.4, we derive a new proof for the Q(n) lower bound on the communication
complexity of the Gap-Hamming Problem.

Theorem 4.2.5. The randomized communication complezity of the Gap-Hamming Problem

is Q(n).

2Here we also use the fact that the upper bound O(|p| - v/d) is vacuous for large enough p as it is larger
than 1.
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Proof. Set p = 10/+/n. Fix the randomness to be any r € {0,1}* and let C, refer to the
deterministic protocol C with randomness fixed to r. Suppose d < 7 -n for a sufficiently
small constant 7, we apply Theorem 4.2.4 on p as well as —p, and apply triangle inequality
to conclude that

E ()= _E [h(z)

§2-O<\/d/_n)<1/9.

Let o, be the distribution of (x,y) induced by sampling x ~my" and z ~ 75" and letting
y = x O z, similarly define o_, but with 2 ~ 7. We now expand h,.(z) in terms of C(z, y),
take an expectation over r and apply triangle 1nequahty to conclude that

(x.y)~op (@ y)~o—p

E [Cy)- E [C(w,y>1\<1/9. (4.)

Hoeftfding’s inequality implies that for z ~ W?”, we have

Zz, —10v/n

>5\F] <2€Xp{ —20v)? }<1/18.

This implies that a random (x,y) ~ o, is a YES instance of the Gap-Hamming problem
with probability larger than 17/18. Let &, denote o, conditioned on YES instances of the
Gap-Hamming problem. Similarly define 7_, to be o_, conditioned on NO instances. Since
C(z,y) has outputs in [—1, 1], we have

E [Clzy)- E [c<m,y>1‘<1/9

(z,y)~op (z,y)~op
and
E [Cxz,y)]- E_ [C(az,y)]‘ < 1/9.
(zy)~o—p (z,y)~o_,

This, along with (4.1) and triangle inequality, implies that

By~ B, [Cewl] <13
(=,y)~0)p (z,y)~o—,

However, this contradicts the assumption that the protocol C solves the Gap-Hamming
problem with advantage at least 2/3. O

We note that there are various different proofs [CR12, Shel2, Vid12, RY22] that obtain
the above lower bound but the perspective taken here is perhaps conceptually simpler: (1)
Gap-Hamming is essentially the XOR-lift of the Gap-Majority function, and (2) any func-
tion that approximates the Gap-Majority function must have large level-1 Fourier growth,
whereas XOR-fibers of small-cost protocols have small Fourier growth.
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Quantum versus Classical Communication Separation via Lifting

One natural approach to proving quantum versus classical separations in communication
complexity is via lifting: Consider a function f separating quantum and classical query
complexity and lift it using a gadget ¢g. Naturally, an algorithm computing f with few queries
to z can be translated into a communication protocol computing f o g where we replace each
query to a bit z; with a short conversation that allows the calculation of z; = g(z;,v;). G60s,
Pitassi, and Watson [GPW20] showed that for randomized query/communication complexity
and for various gadgets, this is essentially the best possible. Such results are referred to as
lifting theorems.

Lifting theorems apply to different models of computation, such as deterministic decision
trees [RM99, GPW15], randomized decision trees [GPW20, CFK"19], and more. A beautiful
line of work shows how to “lift” many lower bounds in the query model to the communication
model [RM99, GPW15, GLM*15, G6615, dRNV16, HHL18, WYY17, CKLM19, KMR17,
S709, Shell, RS10, RPRC16, GKPW19, LRS15]. For quantum query complexity, only one
direction (considered the “easier” direction) is known: Any quantum query algorithm for f
can be translated to a communication protocol for f o g with a small logarithmic overhead
[BCWOS]. It remains widely open whether the other direction holds as well. However, this
query-to-communication direction for quantum, combined with the communication-to-query
direction for classical, is already sufficient for lifting quantum versus classical separations
from the query model to the communication model.

One drawback of this approach to proving communication complexity separations is that
the state-of-the-art lifting results [CFK ™19, LMM'22] work for gadgets with alphabet size
at least n (recall that n denotes f’s input length) and it is a significant challenge to reduce
the alphabet size to O(1) or even polylog(n). These large gadgets will usually result in
larger overheads in terms of communication rounds, communication bits, and computations
for both parties. As demonstrated next, lifting with simpler gadgets like XOR allows for a
simpler quantum protocol for the lifted problem.

Lifting Forrelation with XOR. The Forrelation function introduced by [Aarl0] is de-
fined as follows: on input @ = (z1,x) € {£1}" where n is a power of 2,

2
forr(z) = - (Hxy, ) ,

where H denotes the (n/2) x (n/2) (unitary) Hadamard matrix.

Girish, Raz, and Tal [GRT22] studied the XOR-lift of the Forrelation problem and ob-
tained new separations between quantum and randomized communication protocols. In more
detail, they considered the partial function® forr o XOR: {£1}" x {£1}" — {£1} defined as

1
1 forr(z ©y) = 5 n(n/2)’

-1 forr(z ©y) < m’

3We are overloading the notation here: technically, forr o XOR is the XOR-lift of the partial boolean
function which on input = outputs 1 if forr(z) is large and —1 if forr(z) is small.

forr o XOR(z,y) = {
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and showed that if Alice and Bob use a randomized communication protocol, then they
must communicate at least Q(n'/*) bits to compute forr o XOR; while it can be solved by
two entangled parties in the quantum simultaneous message passing model with a polylog(n)-
qubit communication protocol and additionally the parties can be implemented with efficient
quantum circuits.

The lower bound in [GRT22] was obtained from a second level Fourier growth bound
(higher levels are not needed) on the XOR-fiber of classical communication protocols. Our
level-2 bound strengthens their bound and immediately gives an improved communication
lower bound.

Theorem 4.2.6. The randomized communication complexity of forr o XOR is Q(nl/g).

Theorem 4.2.6 above gives an polylog(n) versus ﬁ(nl/:)’) separation between the above
quantum communication model and the randomized two-party communication model, im-
proving upon the polylog(n) versus Q(n'/4) separation from [GRT22]. We emphasize that our
separations are for players with efficient quantum running time, where the only prior separa-
tion was shown by the aforementioned work [GRT22]. Such efficiency features can also benefit
real-world implementations to demonstrate quantum advantage in experiments; for instance,
one such proposal was introduced recently by Aaronson, Buhrman, and Kretschmer [ABK?23].
Without the efficiency assumption, a better polylog(n) versus Q(\/ﬁ) separation is known
[Gav20] (see [GRT22, Section 1.1] for a more detailed comparison). Optimal Fourier growth
bounds of d - polylog(n) for level two, which we state later in Conjecture 4.2.7, would also
imply such a separation with XOR-lift of Forrelation.

Lifting k-Fold Forrelation with XOR. k-fold Forrelation [AA18] is a generalization
of the Forrelation problem and was originally conjectured to be a candidate that exhibits
a maximal separation between quantum and classical query complexity. In a recent work,
[BS21] showed that the randomized query complexity of k-fold Forrelation is Q(nl_l/ 5,
confirming this conjecture, and a similar separation was proven in [SSW23] for variants of
k-fold Forrelation. These separations, together with lifting theorems with the inner product
gadget [CFIKT19], imply an O(klog(n)) vs Q(n'~'/*) separation between two-party quantum
and classical communication complexity, where additionally, the number of rounds* in the
two-party quantum protocol is 2 - [k/2].

Replacing the inner product gadget with the XOR gadget above would yield an improved
quantum-classical communication separation where the gadget is simpler and the number
of rounds required by the quantum protocol to achieve the same quantitative separation
is reduced by half. Bansal and Sinha [BS21] showed that for any computational model,
small Fourier growth for the first O(k?)-levels implies hardness of k-fold Forrelation in that
particular model. See Theorem 2.0.12. Thus, in conjunction with their results, to prove the

4We remark that for k& = 2, this is exactly the XOR-lift of the Forrelation problem and can even be
computed in the quantum simultaneous model, as shown in [GRT22].
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above XOR lifting result for the k-fold Forrelation problem, it suffices to prove the following
Fourier growth bounds for XOR-fibers.

Conjecture 4.2.7. Let C : {£1}" x {£1}" — {£1} be a deterministic communication
protocol with at most d bits of communication. Let h be its XOR-fiber as in Definition 4.1.1.
Then for all k € N, we have that Ly(h) < (v/d - poly(k,log(n)))*.

Note that these bounds are consistent with the Fourier growth of parity decision trees
(or protocols that only send parities) as shown in [GTW21].

We prove the above conjecture for the case £ = 1 and make progress for the case k = 2.
While our techniques can be extended to higher levels in a straightforward manner, the
bounds obtained are farther from the conjectured ones. Thus, we decided to defer dealing
with higher levels to future work as we believe one needs to first prove the optimal bound
for level k = 2.

In the next subsection, we give another motivation to study the above conjecture by
showing a connection to lifting theorems for constant-sized gadgets.

General Gadgets and Fourier Growth from Lifting

Our main results are Fourier growth bounds for XOR-fibers, which corresponds to XOR-
lifts of functions. To complement this, we show that similar bounds hold for general lifted
functions.

Let g: ¥ x 3 — {£1} be a gadget and C: ¥" x X" — {£1} be a communication protocol.
Define the g-fiber of C, denoted by C,,: {£1}" — [—1,1], as

Ciy(2) =E[C(z,y) | g(xi, yi) = 2, Vi],

where  and y are uniform over . We use Ly (g, d) to denote the upper bound of the level-k
Fourier growth for the g-fibers of protocols with at most d bits of communication. Using this
notation, the XOR-fiber of C is simply C xor, and our main results Theorems 4.2.1 and 4.2.2
can be rephrased as

L1(XOR,d) < O (ﬂ) and  Ly(XOR, d) < O (d*?log?(n)) .
In Section 4.8, we relate Li(g,d) to Ly(XOR,d), and the main takeaway is, in the study
of Fourier growth bounds, constant-sized gadgets are all equivalent.

Theorem 4.2.8 (Informal, see Theorem 4.8.5 and Theorem 4.8.6). Let g: ¥ x ¥ — {1}
be a “balanced” gadget. Then

[2]7F - Ly(XOR, d) < L(g,d) < [S[* - Ly(XOR, d).

Theorem 4.2.8 also proposes a different approach towards Conjecture 4.2.7: it suffices
to establish tight Fourier growth bound for g-fibers for some constant-sized (actually, poly-
logarithmic size suffices) gadget g, and then apply the reduction. The benefit of switching
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to a different gadget is that we can perhaps first prove a lifting theorem, and then appeal
to the known Fourier growth bounds of (randomized) decision trees [Tal20, SSW23]. See
Section 4.9 for detail.

As mentioned earlier, lifting theorems show how to simulate communication protocols of
cost d for lifted functions with decision trees of depth at most O(d) (see e.g., [GPW20]). A
problem at the frontier of this fruitful line of work has been establishing lifting theorems for
decision trees with constant-sized gadgets. Note that the XOR gadget itself cannot have such
a generic lifting result: Indeed, the parity function serves as a counterexample. Nevertheless,
it is speculative that some larger gadget works, which suffices for our purposes.” On the other
hand, for lifting from parity decision trees, we do know an XOR-lifting theorem [HHI18].
However, it only holds for deterministic communication protocols and has a sextic blowup
in the cost.

Thus, one can see Conjecture 4.2.7 as either a further motivation for establishing lifting
results for decision trees with constant-sized gadgets, or as a necessary milestone before
proving such lifting results.

Pseudorandomness for Communication Protocols

We say G: {+1}* — {£1}" x {&1}" is a pseudorandom generator (PRG) for a (randomized)
communication protocol C: {£1}" x {£1}" — [—1, 1] with error € and seed length ¢ if

E [Clxy)]- E [CG)) <e

x,y~Un, re{£1}4 -

[INWO4] showed that for the class of protocols sending at most d communication bits, there
exists an explicit PRG of error 27¢ and seed length n + O(d) from expander graphs. Note
that the overhead n is inevitable even if the protocol is only sending one bit, since it can
depend arbitrarily on Alice/Bob’s input.

Combining Conjecture 4.2.7 and the PRG construction from [CHLT19, Theorem 4.5], we
would obtain a completely different explicit PRG for this class with error € and seed length
n + d - polylog(n/e).

4.3 Proof Overview

We first briefly outline the proof strategy, which consists of three main components:

e First, we show that the level-1 bound can be characterized as the expected absolute
value of a martingale defined as follows: Consider the random walk induced on the
protocol tree when Alice and Bob are given inputs  and y uniformly from {4+1}". Let

5In terms of the separations between quantum and classical communication, even restricted lifting results
for the specific outer function being the Forrelation function would suffice.
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X® xY® be the rectangle associated with the random walk at time t. The martingale
process tracks the inner product (u(X®), u(Y®)) where u(X®) =E [z |z € X ¥
and (Y ) =E [y | y € Y] are Alice’s and Bob’s center of masses.

e Second, to bound the value of the martingale, it is necessary to ensure that neither X ®)
nor Y® become excessively elongated in any direction during the protocol execution.
To measure the length of X® in a particular direction # € S !, we calculate the
variance Var [(z,0) |z € X®], i.e. the variance of a uniformly random = € X® in
the direction 6. If the set is not elongated in any direction, this can be thought of as
a spectral notion of almost pairwise independence. Such a notion also generalizes to
almost k-wise independence by considering higher moments.

To achieve the property that the sets are not elongated, one of the main novel ideas in
our paper is to modify the original protocol to a new one that incorporates additional
cleanup steps where the parties communicate real values (x,0). Through these com-
munication steps, the sets X® and Y® are recursively divided into affine slices along
problematic directions.

e Last, one needs to show that the number of cleanup steps are small in order to bound
the value of the martingale for the new protocol. This is the most involved part of our
proof and requires considerable effort because the cleanup steps are real-valued and
adaptively depend on the entire history, including the previous real values communi-
cated.

The strategy outlined above also generalizes to level-2 Fourier growth by considering
higher moments and sending values of quadratic forms in the inputs. We also remark that
since we view the sets X® and Y® above as embedded in R” and allow the protocol to
send real values, it is more natural for us to work in Gaussian space by doing a standard
transformation. The rotational invariance of the Gaussian space also seems to be essential
for us to obtain optimal level-1 bound without losing additional polylogarithmic factors.

We now elaborate on the above components in detail and also highlight the differences
between the level-1 and level-2 settings.

Level-One Fourier Growth

The level-1 Fourier growth of the XOR-fiber h is given by

AOESTTIEDS -y

To bound the above, it suffices to bound Y 7 | n; - E[C(x,y)x;y;] for any sign vector
n € {£1}". Here for simplicity we assume 7; = 1 and the probability of reaching every leaf
is ~ 277

E [n(z)z]

z~Un,

E [C(z,y)z:yi]| -

mvy'\“un
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A Martingale Perspective. To evaluate the quantity Y ., E[C(x,y)z;y;], consider a
random leaf £ of the protocol and let X, x Yy be the corresponding rectangle. Since the leaf
determines the answer of the protocol, denoted by C(£), the quantity above equals

ZE Elz; |z € Xo| - Ely; [y € Ye]] = E[C(£) - (1(Xe), n(Ye))] < B[ (1(Xe), n(Ye)) ]

where (X)) = E[xz |z € X, and u(Ye) = E|y |y € Yi] are the center of masses of the
rectangle. Our goal is to bound the magnitude of the random variable z = (u(Xp), u(Ye)).

We shall show that Eg[|z|] < v/d. Note that |z| can be as large as d in the worst case —
for instance if the first d coordinates of X, and Y, are fixed to the same value — thus we
cannot argue for each leaf separately.

To analyze it for a random leaf, we first characterize the above as a martingale process
using the tree structure of the protocol. The martingale process is defined as (z(t)) , where
20 = (p(X W), u(Y®)) tracks the inner product between the center of masses (X ) and
w(Y ) of the current rectangle X® x Y at step t. Denote the martingale differences by
Azt = 2D _ 2 and note that if in the t* step Alice sends a message, then

Az(t—l-l) _ <AM<X(H-1))7 M(Y(t+1))> 7
where Ap(X D) = (X D) — (X ®) is the change in Alice’s center of mass. A similar

expression holds if Bob sends a message. Then it suffices to bound the expected quadratic
variation (see Chapter 2) since

E[]z])" <E|(z)"] =E

di AzD) ] (4.2)

t=0

where the equality holds due to the martingale property: E [Az(t“) | 20 . z(t)] = 0.

To obtain the desired bound, we need to bound the expected quadratic variation by
O(d). Note that it could be the case that a single Az(*+1 scales like v/d. For instance, if
Bob first announces his first d coordinates, 1, ..., 74, and then Alice sends a majority of
T1-Y1,...,2q- Yq, then in the last step Alice’s center of mass (X)) changes by ~ 1/V/d
in each of the first d coordinates, and the inner product with Bob’s center of mass changes
by ~ v/d in a single step.

Such cases make it difficult to directly control the individual step sizes of the martingale
and we will only be able to obtain an amortized bound. It turns out, as we explain later,
that such an amortized bound on the martingale can be obtained if Alice and Bob’s sets
are not elongated in any direction. Therefore, we will transform the original protocol into a
clean protocol by introducing real communication steps that slice the elongated directions.
For this, it will be convenient to work in Gaussian space which also turns out to be essential
in proving the optimal O(v/d) bound.
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Protocols in Gaussian Space. A communication protocol in Gaussian space takes as
inputs ¢,y € R" where x,y are independently sampled from the Gaussian distribution
Yn- One can embed the original Boolean protocol in the Gaussian space by running the
protocol on the uniformly distributed Boolean inputs sgn(x) and sgn(y) where sgn(-) takes
the sign of each coordinate. Note that any node of the protocol tree in the Gaussian space
corresponds to a rectangle X x Y where X,Y C R". Abusing the notation and defining their
Gaussian centers of masses as (X) = Eqo, [z |2 € X] and pu(Y) = Eyy, [y |y € Y], one
can associate the same martingale (z(*), with the protocol in the Gaussian space:

2 — <u(X(t))7M(Y(t))>-

It turns out that bounding the quadratic variation of this martingale suffices to give a bound
on Ly(h) (see Section 4.5), so we will stick to the Gaussian setting. We now describe the
ideas behind the cleanup process so that the step sizes can be controlled more easily.

Cleanup with Real Communication. The cleanup protocol runs the original protocol
interspersed with some cleanup steps where Alice and Bob send real values. As outlined
before, one of the goals of these cleanup steps is to ensure that the sets are not elongated in
any direction, in order to control the martingale steps. In more detail, recall that we want
to control

? A0

E[(Az0)2| 20 20] —E [<AM<X(H-1))’IU(Y(H-1))>

in the t'" step where Alice speaks. There are two key underlying ideas for the cleanup steps:

e Gram-Schmidt Orthogonalization. At each round, if the current rectangle is
X x Y, before Alice sends the actual message, she sends the inner product (z, u(Y'))
between her input and Bob’s current center of mass u(Y'). This partitions Alice’s set
X into affine slices orthogonal to Bob’s current center of mass 1(Y'). Thus the change
in Alice’s center of mass in later rounds is orthogonal to u(Y") since it only takes place
inside the affine slice.

Recall that the martingale 2 is the inner product of Alice and Bob’s center of masses,
and Bob’s center of mass does not change when Alice speaks. The original communica-
tion steps now do not contribute to the martingale and only the steps where the inner
products are revealed do. In particular, if ¢, < t are two consecutive times where
Alice revealed the inner product, then the change in Alice’s center of mass is orthog-
onal to change in Bob’s center of mass between time t,., and ¢. Thus, conditioned
on the rectangle X® x Y® fixed by the messages until time ¢, we have, by Jensen’s
inequality,

E[(Az¢)? | X0 Y 0] = E [<AM(X(H1))’M<Y(U) — (Y o)) ‘ X(t)’Y(t)]
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<E [@, — (X 0), p(YO) = (v e ‘ X(t)’Y(t)] _
(4.3)

Note that the quantity on the right-hand side above is of the form (x — E[z],v). In
other words, it is the variance of the random vector  along direction v. To maintain
a bound on this quantity, we introduce the notion of “not being elongated in any
direction”.

e Not Elongated in any Direction. We define the following notion to capture the
fact that the random vector is not elongated in any direction: we say that a mean-zero
random vector ' = x — E[x] in R" is A-pairwise clean, if for every v € R™

E [(f,ﬂ <A |oll?, (4.4)

or equivalently, the operator norm of the covariance matrix E[z’x"] is at most A. This
can be considered a spectral notion of almost pairwise independence, since the pairwise
moments are well-behaved in every direction.

If the input distribution conditioned on Alice’s set X® is O(1)-pairwise clean, we say
that her set is pairwise clean. Based on the above ideas, after Alice sends the initial message,
if her set is not yet clean, she partitions it recursively by taking affine slices and transmitting
real values. More precisely, while there is direction § € S"~! violating (4.4), Alice does a
cleanup of her set by sending the inner product (z, ). This direction is known to Bob as it
only depends on Alice’s current space. In addition, this cleanup does not contribute to the
martingale in the future because the inner product along this direction is fixed now.

The resulting protocol is pairwise clean in the sense that at each step®, Alice’s current
set is pairwise clean. Similar arguments work for Bob.

Let d be the total number of communication rounds including all the cleanup steps.
Then, by the above argument, and denoting by (7)., and (7)), the indices of the inner
product steps for Alice and Bob, we can ultimately bound

E[(z)?] SE

D [la(X ) = (X P ||y ) - u(Y“r’n”)HQ]
=E [[|sX D) + [y )] (45)

where again, the last equality follows from the martingale property. The right hand side
above can be bounded by the expected number of communication rounds E[d] using the
level-1 inequality (see Theorem 2.0.6) — this inequality bounds the Euclidean norm of the
center of mass of a set in terms of its Gaussian measure.

6We remark that the sets are only clean at intermediate steps where a cleanup phase ends, but we show
that because of the orthogonalization step, the other steps do not contribute to the value of the martingale.
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Expected Number of Cleanup Steps. Since the original communication only consists
of d rounds, the analysis essentially reduces to bounding the expected number of cleanup
steps by O(d), which is technically the most involved part of the proof.

It is implicit in the previous works on the Gap-Hamming Problem [CR12, Vid12] that
large sets are not elongated in many directions: if a set X C R" has Gaussian measure
~ 274, then for a random vector & sampled from X, there are at most m < d orthogonal
directions 61, . .., 0, such that E[(a’,6,)*] > 1 where @’ = « — E[z]. This is a consequence
of the fact that the expectation of ¢ =Y ", («/, 0;)* can be bounded by O(d) provided that
X has measure ~ 279

The above argument suggests that maybe we can clean up the set X along these O(d) bad
orthogonal directions. However this is not enough for our purposes: after taking an affine
slice, the set may not be clean in a direction where it was clean before. Moreover, since the
parties take turns to send messages and clean up, the bad directions will also depend on the
entire history of the protocol, including the previous real and Boolean communication. This
adaptivity makes the analysis more delicate and to prove the optimal bound we crucially
utilize the rotational symmetry of the Gaussian distribution. Indeed, the fact that a large set
is not elongated in many directions also holds even when we replace the Gaussian distribution
with the uniform distribution on {£1}", but it is unclear how to obtain an optimal level-1
bound using the latter.

In the final protocol, since the parties only send Boolean bits and linear forms of their
inputs, conditioned on the history of the martingale, one can still say what the distribution
of the next cleanup (x, #) looks like, as the Gaussian distribution is well-behaved under linear
projections. We then use martingale concentration and stopping time arguments to show
that the expected number of cleanup steps is indeed bounded by O(d) even if the cleanup is
adaptive.

We make two remarks in passing: First, we can also prove the optimal level-1 bound
using information-theoretic ideas but they do not seem to generalize to the level-2 setting,
so we adopt the alternative concentration-based approach here and they are similar in spirit.
Second, it is possible from our proof approach (in particular, the approach for level two
described next) to derive a weaker upper bound of Vd - polylog(n) for the level one while
directly working with the uniform distribution on the hypercube.

Level-Two Fourier Growth

We start by noting that the level-2 Fourier growth of the XOR-fiber A is given by
La(r) = > [bti. 1| = > -3
i#j

i#] i#]
To bound the above, it suffices to bound ;- E[C(z, y)x;z;y:y,] for any symmetric
sign matrix (1;;). For this proof overview, we assume for simplicity that n;; = 1.

E [h(z)ziz)]

z~Up

E [Clx,y)zix;y:y;]| -
mvyNun
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Martingales and Gram-Schmidt Orthogonalization. Similar to the case of level one,
the level-2 Fourier growth also has a martingale formulation. In particular, let X® and Y®
be Alice and Bob’s sets at time t as before and define

o(X) :]E[w@w‘meX(t)] oY) =E [y(g;y‘y EY(t)}

to be the n x n matrices that represent the level-2 center of masses of the two sets. Here
x® y denotes the tensor product  ® y with the diagonal zeroed out.” To bound the level-2
Fourier growth, it suffices to bound the expected quadratic variation of the martingale (z(t))
defined by taking the inner product of the level-2 center of masses 2z := (o(X®),0(Y "))
where (-, -) is the inner product of two matrices viewed as vectors.

To this end, we again move to Gaussian space where the inputs x,y € R"™ and transform
the protocol to a clean protocol. First, we need an analog of the Gram-Schmidt orthogonaliza-

tion step — this is achieved in a natural way by Alice sending inner product <x R, O'(Y(t))>

with Bob’s level-2 center of mass, and Bob does the same. Note that Alice and Bob are now
exchanging values of quadratic polynomials in their inputs. Thus, to control the step sizes,
we now need to control the second moment of quadratic forms which naturally motivates
the following spectral analogue of 4-wise independence.

4-Wise Cleanup with Quadratic Forms. We say a random vector x is 4-wise clean
with parameter \ if the operator norm of the n? x n? covariance matrix

B|(ebo-Efeda]) (sha-Elzid)

is at most A\ where we view £ ®  — E[x ® ] as an n*>-dimensional vector. This is equivalent

to saying that for any quadratic form <M T ® m>,

E KM,:B@m—]E[m@m]ﬂ < MM, (4.6)

where || M| denotes the Euclidean norm of M when viewed as a vector. Thus, this allows
us to control the second moment of any quadratic polynomial (and in particular, fourth
moments of linear functions). We note that one can generalize the above spectral notion to
k-wise independence in the natural way by looking at the covariance matrix of the tensor
x®k,

We say a set is 4-wise clean with parameter X if (4.6) is preserved for all M with zero
diagonal®. Combined with this notion, one can define the cleanup in an analogous way to the

level-1 cleanup: While there exists some M € R™*" violating (4.6), Alice sends the quadratic
form <9c Qx, M > to Bob until her set is 4-wise clean with parameter .

"Here z ® y is an n X n matrix. We will also interchangeably view n x n matrices as n2-length vectors.
8The requirement of zero diagonal is for analysis purposes only and can be assumed without loss of

generality since x ® x is zero diagonal anyway.
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Cleanup Analysis via Hanson-Wright Inequalities. The crux of the proof is to bound
the number of cleanup steps which, together with a similar analysis as in the level-1 case,
gives us the desired bound. We show that m < d cleanup steps suffice in expectation to make
the sets 4-wise clean for A\ < d - polylog(n). Analogous to (4.2) and (4.5), this gives a bound
of d® - polylog(n) on the expected quadratic variation and implies Lo(h) < d/? - polylog(n).
Since the parties send values of quadratic forms now, the analysis here is significantly
more involved compared to the level-1 case, even after moving to the Gaussian setting, where
one could previously use the fact that the Gaussian distribution behaves nicely under linear
projections. We rely on a powerful generalization of the Hanson-Wright inequality to a
Banach-space-valued setting due to Adamczak, Latata, and Meller [Tal20]. This inequality
gives a tail bound for sum of squares of quadratic forms: In particular if My,..., M,, are
matrices with zero diagonal which form an orthonormal set when viewed as n? dimensional

} 2
vectors, then the random variable ¢ = > <:c ® x, MZ> satisfies Prg.., (g > t] < e VD)

i=1
for any ¢ > m? (see Theorem 4.4.1 for a precise statement). We remark that this tail bound
relies on the orthogonality of the quadratic forms and is much sharper than, for example,
the bound obtained from hypercontractivity or other standard polynomial concentration
inequalities.

In our setting, the matrices are being chosen adaptively. In addition, the parties are
sending quadratic forms in their inputs, and the distribution of the next <zc Qx, M > condi-

tioned on the history is hard to determine, unlike the level-1 case. To handle this, we replace
the real communication with Boolean communication of finite precision £1/poly(n). This
means that whenever Alice wants to perform cleanup (x ® x, M) for some M known to both
parties, she sends only O(log(n)) bits. On the one hand, this modification is similar enough
to the cleanup protocol with real messages so that most of the argument carries through.
On the other hand, now the protocol is completely discrete, which allows us to condition on
any particular transcript.

For intuition, assume we fix a transcript of L = d + O(mlog(n)) bits which has gone
through m cleanups. Typically, this transcript should capture ~ 2=% of the probability mass.

More crucially, the matrices My, ..., M,, for the cleanups are also fixed along the transcript,
2

and one can apply the aforementioned Hanson-Wright inequality on g = > " | <zc ® x, Ml>
Combining the two facts together, we can apply the non-adaptive tail bound above and then
condition on obtaining such typical transcript. This shows E[q] < d? - polylog(n). However,
each quadratic form comes from a violation of (4.6) and contributes at least A to g in
expectation. This implies that E[g] > A - m and by taking A = d - polylog(n), we derive
that the number of cleanup steps m < d. This shows that the level-2 Fourier growth is
O((m + d) - vVX) = d*? - polylog(n) completing the proof.

Note that if we could take A\ = polylog(n) while having the same number of cleanup steps
m = d-polylog(n), then we would obtain an optimal level-2 bound of d- polylog(n). However,
it is not clear how to use current approach to show this. In Section 4.9, we identify examples
showing the tightness of our current analysis and also discuss potential ways to circumvent
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the obstacles within.

We remark that by replacing the Hanson-Wright inequality with its higher-degree variants
and performing level-k cleanups, we can analyze level-k Fourier growth in the similar way.
However, since the first two levels already suffice for our applications and we believe that
our level-2 bound can be further improved, we do not make the effort of generalizing it to
higher levels here.

4.4 Concentration for Sum of Squares of Quadratics

Recall that We use ® to denote a tensor with zeros on the diagonal, i.e., for any z € R™,

z ® x is a n X n matrix where (m@x) = z;x; if © # j and zero if i = j.
ij
We will need a concentration inequality for sums of squares of orthogonal quadratic

forms over Gaussian random variables. In particular, we prove the following inequality
which follows from a generalization of the Hanson-Wright inequality to a Banach space-
valued setting [ALM20, Theorem 6]. Since we only need a special case that is easier to
prove, we include a self-contained proof.

Theorem 4.4.1. Let m € N be arbitrary. Let My, ..., M,, be n xn real matrices where each
M; has zero diagonal, (M;, M;) =1 and (M;, M;) =0 for i # j. Then for any r > 98m, we

have
iz:<m®a:,Mi>22r] Sexp{—Q (mlﬁ)}

=1

Pr

T~Yn

Proof. Note that the bound is trivial when m = 0. Thus from now on we assume without
loss of generality m > 1.

. 2
For each z € R™, let K, => ", <x R, MZ> . We first write K, as a squared Euclidean

norm of a vector:

e For i € [m], we view M; as a length-n? row vector.
e Let M € R™ be a matrix where the i-th row is M;.
Therefore we have

K. = |[M@é )| = 1Moo, (@7)

where ® is the standard tensor product and the second equality follows since each M; has
zero diagonal.

Define f(y) = [M(y @ y)l, 9(y) = sup.esir |M(z @ )|, h(y) = sup.egnr [[M(y @ 2)].
Let F =E,,.[f(y)], G =Ey.s,[9(y)], and H = E,,, [h(y)] be their mean. Define the set

A={yeR"| f(y) <6F, g(y) < 6G, and h(y) < 6H}.
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By Markov’s inequality and union bound, we have the Gaussian measure of A is 7,,(A) > 1/2.
Then by (2.1), we have

Yu(A+tB") > 1—e /2 holds for all ¢ > 0. (4.8)
Now for an arbitrary x € A + tB", we write x = y + tz where y € A and z € B". Then

Mz @) < [Myeyll+t- My )|+t [MEey)|+-[[M(zo2)|
< 6F +6t(G + H) + t*V,

where V' = sup,cgn-1 || M (2 ® 2)||. This, together with (4.7) and (4.8), implies

Pr |K, > (6F +6L(G + H) +2V)"| < Pr (@ ¢ A+ 1B =1 - (A+1B") < e

T~Yn T~Yn
(4.9)
Now we calculate F, G, H,V in the following claim, the proof of which will be presented
later.

Claim 4.4.2. F <2m, G,H < \/m, and V < 1.
Plugging Claim 4.4.2 into (4.9), we have

2
Pr [K:,: > (6\/ 2m + 12ty/m + t2) ] < e /2 holds for any t > 0.

T~V
1 T
t= >0
168\ m+/r —

and assume 7 > 98m. Then 6v/2m < gﬁ, 12ty/m < ﬁ r,and t? < ﬁ\/F Therefore

Now we set

m

Z<m®m,Mi>22r

Pr

L~ Yn

1 T
— Pr [K,>r]<e?/?= _ : 0
ot e zr]se P\ 56448 1

Finally we present the missing proof of Claim 4.4.2.
Proof of Claim 4.4.2. First we observe that rows of M are unit vectors, therefore
|M]lp = v/m. (4.10)

In addition, rows of M are orthogonal to each other, therefore the operator norm of M is

], < 1. (4.11)

We index the columns of M by [n]? and let the column vectors of M be (b;;), , el Since
rows of M are flattened matrices with zero diagonal, we have

b;; =0™ forallie [n]. (4.12)

Now we bound F, G, H,V separately.
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Bounding F. Observe that

2

2
F? = ( E [IIM(y®y)IH> < E [IMyoy)l’]=E || biyy;
Y~In Y~In Y~rn iien]
(by convexity)

= K > igbei)viyiyeyy | = Y (Ibisll? + (big, bia) (by (4.12))

Y g gretm) ij€ln]
<>y (HbuH + 3 (”buH + [lbjal” )—2 > bl
i,5€[n] 1,j€[n]
— 2| M| = 2m. (by (4.10))

Bounding G and H. Fix an arbitrary y € R” and we first simplify g(y). For each i € [n],

define vector b; = > ieln] b; ;y; and let B be the matrix with b;’s as column vectors. Then

2

g(y) = sup || > bzl = sup ||> bizil| = 1Bll,, < 1Bl = | Y Zbuyj

S | R 25" licm) icln) | el
(4.13)
Now we bound G:
2
G = ( E [Q(?ﬂ]) < E [9(y)?] (by convexity)
Y~In Y~In
2
< E A D byl [ = B (D DT (b s (by (4.13))
i€[n] ||s€ln] " i€l j.g'em)
= ) bl = 1M = m. (by (4.10))
i,j€[n]

Similar argument works for H.

Bounding V. Note that for any z € $"!, we have ||z ® z|| = ||z]|* = 1. Thus, by (4.11),
we have
V= sup [M(z@z)| <[|M],, O

zeSn—1
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4.5 Fourier Growth via Martingales in (Gaussian
Space

In this section, we reduce the question of bounding the level-1 and level-2 Fourier growth to
bounding the expected quadratic variation of certain martingales. To analyze these martin-
gales and to prove the optimal bound for the level-1 setting, it seems to be crucial to work in
the Gaussian setting, so first we give a generic transformation from Boolean to Gaussian. We
shall also additionally allow protocols that communicate real numbers to make the analysis
easier.

Communication Protocols in Gaussian Space

Let C : {£1}" x {£1}" — {£1} be a communication protocol with total communication d
and h be its XOR-fiber defined in Definition 4.1.1.

We embed the protocol in the Gaussian space by allowing Alice’s and Bob’s inputs, =
and y respectively, to be real vectors in R” — the new protocol C runs the original protocol
C with Boolean inputs sgn(x) and sgn(y) where sgn(v) = (sgn(vy),...,sgn(v,)) denotes the
sign function applied pointwise to each coordinate for a vector v € R™. The behavior of the
communication protocol C can be defined arbitrarily if any coordinate of sgn(z) or sgn(y)
is zero since such points have zero measure under the standard n-dimensional Gaussian
measure -,

This translation from the Boolean hypercube to the Gaussian space preserves the measure
of sets: for any subset S C {£1}", we have U, (S) = v,({x € R"|sgn(x) € S}). Moreover,
up to some normalizing factor, the Fourier coefficients of h can also be computed by looking
at Gaussian inputs. In particular, denoting by zg = [[._¢ x; for a subset S C [n], we have
the following fact.

€S

Fact 4.5.1. For all S C [n], we have B,y [M(2)zs] = (7/2)1°1 Egyor, [5(w,y)wgy5]

Proof. Note that for  ~ ~,, the random variable sgn(x) is distributed as U,,. Thus, by the
definition of the XOR-fiber A and the protocol C, we have

E [h(z)zg]= E

z~Unp T, Y~Yn

C(sgn(),sgn(y)) - [ sen(a.) - sgn<yi>]

€S

= (r/2)" E

Z,Y~"n

= (7/2)¥ E [CN(C‘%ZI)CES?JS},

T, Y~In

C(sgn(@),sen(y)) - [ [ =i - yz-]

€S
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where the second line follows since the expected value of a standard Gaussian in R condi-

tioned on its sign being fixed to 7 is \/g -1 by the following calculation:

]E [$Z|Sgn(a§l):77]:77./ \/j-r-e—r2/2d7ﬂ:\/j.rr]. D
e 0 0 T

Remark 4.5.2. We remark that instead of the Gaussian distribution above, one can work
with any distribution where the coordinates are i.i.d. and symmetric around zero. In par-
ticular, if £ s a symmetric probability measure on the real line, and x,y are independently
drawn vectors in R™ where each coordinate is i.i.d. sampled from &, then E,y, [h(2)zs] =

¢ Eaynon [Clo, y)wsys| where cc = (Buellail))

In the case of level-2 we will need
to work with the truncated Gaussian distribution where each coordinate is sampled indepen-
dently from the one dimensional standard Gaussian conditioned on being in some interval

[=T,T] for T = Q(1) in which case c¢ is upper bounded by a universal constant.

Generalized Communication Protocols

In the protocol C defined above, Alice and Bob’s inputs x and y are real vectors in R”,
but in each round they still exchange a single bit based on sgn(z) and sgn(y). In order to
bound the Fourier growth, it will be more convenient for us to define a notion of generalized
communication protocols where parties are also allowed to send real numbers with arbitrary
precision in each round. To define this formally, we place certain restrictions on the real
communication in the protocol. More formally, in a generalized communication protocol, in
each round a player with input z € R” can either send:

(i) a bit in {0, 1} which is purely a function of the Boolean input sgn(z) and the previous
Boolean messages, or

(ii) a real number that is a measurable function of z and the previous (real or Boolean)
messages.

The depth of a generalized communication protocol is defined to be the maximum number
of rounds of communication.

Note that a generalized protocol also generates a “protocol tree” where if in a round
a real number is sent, the “children” of that particular “node” are indexed by all possible
values in R. A “transcript” of the protocol can be defined in an analogous way. The set of
inputs that reach a particular node of this generalized protocol tree still form a rectangle
X XY where X,Y C R". We say that a generalized protocol C is equivalent to the protocol
C if C(x,y) = C(z,y) for every z,y € R” except on a measure zero set.

We will be interested in random walks on such generalized protocol trees when the inputs
x and y are sampled from a product measure &, x &, on R" x R" and the parties send
messages according to the protocol to reach a “leaf”. The random variables corresponding
to the messages until any time ¢ generate a filtration (F®), — this filtration can be thought
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of as specifying a particular node of the generalized protocol at depth t (equivalently, a
partial transcript of the protocol till time ¢) that was sampled by the process. In this case,
conditioned on any event in F®, (e.g., any realization of the transcript till time ¢), almost
surely the conditional probability measure on the inputs «,y is some product measure on
el x &(f) supported on a rectangle X® x Y® where X® Y ® C R”. We shall refer to the
random variable X® x Y as the current rectangle determined by F®. Since we will be
working with product measures on inputs «, y, the reader can think of conditioning on the
filtration F® as essentially conditioning on the inputs being in the rectangle X® x Y or
equivalently a partial transcript till time ¢.

Fourier Growth via Martingales

We will now relate Fourier growth to the quadratic variation of a martingale. Towards this
end, we first note that in light of Fact 4.5.1, the level-k Fourier growth of the XOR-fiber h
of the original communication protocol is given by

Li(h) =) JE [h(z)zs]| = (m/2)" > B C(z, y)zsys]
Sg[n} n Sg[n] YY~In
|S|=k |S|=k
= (r/2)F max > ns E [Clx, y)msys], (4.14)
(ns)|3\:ksc[n] x,Y~n

|S|=k

where C is any generalized protocol that is equivalent to C and ns € {£1}.

We now express the right hand side above as an inner product. Let £ be a random
leaf of the generalized protocol tree C induced by taking «,y ~ v, and let X, x Y; be the
corresponding rectangle in the generalized protocol tree. Then,

> s E[Clz,y)zsys] (4.15)

sl sl=k YT
:Ie[j: x EN Z ns - Cz,y)zsys | (x,y) € Xe x Y,
Y scin IS|=k
:Il[j: E<£)wE~ Z Ns - TsyYs (m7y) S XE X }fﬂ
! Y sl s)=k
<E Z nsElxs|z € Xo| Elys|y € Y| |, (4.16)
L |SCInl,|S|=k

where the second line follows since £ is a leaf and determines the answer and the third line
follows since  and y are independent conditioned on being in the rectangle X, x Yp.
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Thus, specializing (4.15) to the level-1 (k = 1) and level-2 cases (k = 2), from (4.14) we
get that

> niy- Elzy o€ Xo]-Elyi |y € Y

3,j=1

m
< Z.
Li(h) < 5 " max IE:

Zm'E[wi\wEXe]'E[yi\yEYZ]
=1

|

where for L; we optimize over n € {£1}" and for L, we optimize over n being an n X n
symmetric matrix with zeros on the diagonals and +1 entries otherwise.
To make the above more compact, we respectively define pu(X) € R™ and o(X) € R™*"
to be the level-1 and level-2 centers of mass of a set X C R™:
WX)= E [z|zeX] and o(X)= E [m@w‘weX] (4.17)

T~Yn T~Yn

-max E
n £

Then, upper bounding the constants in the above inequality (7/2 and 72/4) by 4, we get
Li(h) < 4 -max E{|(14(Xe),n © n(Yo)ll

(4.18)
Ly(h) < 4-max E[[{0(Xe),n © o(Y))],

where 7 is understood to be the same as before.
Moving forward, we fix an arbitrary n for both cases k € {1,2} and define a martingale

process (z,(:)> that captures the right hand side above. For this we note that a generalized
t

communication protocol, where Alice’s and Bob’s inputs are sampled from the Gaussian dis-
tribution, naturally induces a discrete-time random walk on the corresponding (generalized)
protocol tree where at time ¢ we are at a node at depth ¢ with the corresponding rectangle
X® x Y®_ Then, we have the following proposition.

Proposition 4.5.3. u(X®) and u(Y'®) are vector-valued martingales taking values in R"
and o(X®) and o(Y'®) are matriz-valued martingales taking values in R™ ™.

Note that if in the ¢™ round Alice speaks, then (Y ®) and o(Y®) do not change and
similarly if Bob speaks, then (X ®) and ¢(X®) do not change. The above proposition
implies that the real-valued processes

zgt) _ <M(X(t))’n QN(Y(t))> and zét) _ <0(X(t)),77 ® (;(Y(t))>7 (4.19)

each form a Doob martingale with respect to the natural filtration induced by the random
walk on the protocol tree. Note that taking a random walk on the tree until we hit a
leaf generates the marginal distribution on £ given in (4.18). Let d be the stopping time
when this martingale hits a leaf and stops (i.e., the depth of the random leaf). Thus, by
the orthogonality of martingale differences Az,(:) = z,(:) — z,gtfl) from (2.2), we get that for
k € {1,2}, one can upper bound the Fourier growth in terms of expected quadratic variation
of the above martingales:
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Proposition 4.5.4. For k € {1,2}, we have

1 2
1 Li(h) < maxy/E [(z,gd)) ] =max, |E

n n

> (2]

t=1

The martingale implicitly depends on 7 as used in (4.18) and hence the maximum. More-
over, the martingale also depends on the underlying generalized communication protocol C.
In the next two sections, we will show that after transforming the original communication
protocol into “clean” protocols, the expected quadratic variations of (zgt))t and (zét))t are
O(d) and O(d?) - polylog(n) respectively. This will then imply our main theorems.

Remark 4.5.5. Note that Proposition 4.5.3 still holds even if the input distribution is not the
Gaussian distribution, but some other product probability measure on the inputs x,y. This
also implies that z,gt) for k € {1,2} is a martingale. In particular, for the level-2 case, we will
need to use a truncated Gaussian distribution. In light of Remark 4.5.2, Proposition 4.5.)
still suffices for us with a different constant instead of 1/4. We also remark that we shall also
need to truncate the real messages being used in the protocol for the level-2 case to a finite
precision, so the generalized protocols for the level-2 case only have Boolean communication.
However, to obtain the optimal level-1 bound allowing generalized protocols that communicate
real values seems to be crucial.

4.6 Level-One Fourier Growth

In this section, we will give a proof of Theorem 4.2.1 that Ly(h) = O(v/d). We start with a
d-round communication protocol C over the Gaussian space as defined in Section 4.5. Given
the discussion in the previous section and Proposition 4.5.4, our task ultimately reduces to
bounding the expected quadratic variation of the martingale that results from the protocol
C. For example, one can simply take C = C, but, as discussed in Section 4.3, the individual
step sizes of this martingale can be quite large in the worst-case and it is not so easy to
leverage cancellations here to bound the quadratic variation by O(d).

So, we first define a generalized communication protocol C that is equivalent to the
original protocol C but has additional “cleanup” rounds where Alice and Bob reveal certain
linear forms of their inputs so that their sets are pairwise clean in the sense described in the
overview. These cleanup steps allow us to keep track of the quadratic variation more easily.

Pairwise Clean Protocols

To define a clean protocol, we first define the notion of a pairwise clean set. Let X C R™.
We say that the set X is pairwise clean in a direction a € S*~! with parameter \ if

E [(x—p(X),a)’|zeX] <A (4.20)

T~y
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where we recall that p(X) = Eg, [x |z € X] is the level-1 center of mass of X.

The above condition implies that for a random vector & sampled from ~ conditioned on
X, its variance along the direction a is bounded by A. We say that the set X is pairwise
clean (with parameter \) if it is clean in every direction a € S"~!. Equivalently, the operator
norm of the covariance matrix of the random vector @ is bounded by .

We call a generalized communication protocol pairwise clean with parameter A if at
the start of a new “phase” of the protocol, the corresponding rectangle X x Y satisfies that
both X and Y are pairwise clean. Starting from a communication protocol C in the Gaussian
space, we will transform it into a pairwise clean protocol C by proceeding from top to bottom
and adding certain Gram-Schmidt orthogonalization and cleanup steps.

In particular, consider an intermediate node in the protocol tree of C. Before Alice sends
her bit as in the original protocol C, she first performs an orthogonalization step by revealing
the inner-product between her input and Bob’s current level-1 center of mass. After this,
she sends her bit according to the original protocol and afterwards she repeatedly cleans her
current set X by revealing (x,a) € R while X is not clean along the direction a orthogonal
to previous directions. Once X becomes clean, they proceed to the next round. We now
describe this formally.

Construction of Pairwise Clean Protocol C from C. We set A = 100. The con-
struction of the new protocol is recursive and we first define some notation. Consider an
intermediate node of the new protocol C at depth ¢t. We use the random variable X C R™
(resp., Y C R") to denote the set of inputs of Alice (resp., Bob) reaching the node. If
Alice reveals a linear form in this step, we use a® € R to denote the vector of the linear
form; otherwise, we set a® to be the all-zeroes vector. We define b*) similarly for Bob.
Throughout the protocol, we will abbreviate u® = p(X®) and v® = p(Y'®) for Alice’s
and Bob’s current center of mass respectively.

1. At the beginning, Alice receives an input = € R and Bob receives an input y € R".
2. We initialize t < 0, X©@,Y© + R” and a@,b® + 0.

3. For each phase i = 1,2, ...,d: suppose we are starting the cleanup for a node at depth
i in the original protocol C and suppose we are at a node of depth ¢ in the new protocol
C. If it is Alice’s turn to speak in C:

a) Orthogonalization by Revealing Correlation with Bob’s Center of Mass.
Alice begins by revealing the inner product of her input x with Bob’s current
(signed) center of mass n ® v®. Since in the previous steps, she has already
revealed the inner product with Bob’s previous centers of mass, for technical
reasons, we will only have Alice announce the inner product with the component of
n®v® that is orthogonal to the previous directions along which Alice announced
the inner product. More formally, let a** be the component of n ® v that is
orthonormal to all previous directions a), ... a®, i.e.,

al™) = it (p ©v® — L (p© v, a®) - a™).
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Alice computes et!) « (z,a™™) and sends e to Bob. Set bt «— (.
Increment ¢ by 1 and go to step (b).

b) Original Communication. Alice sends the bit ¢ that she was supposed to
send in C based on previous messages and the input z. Set @D, pt+D) «— o
Increment ¢t by 1 and go to step (c).

c) Cleanup Steps. While there exists some direction a € S*~! orthogonal to the
previous directions (i.e., satisfying {(a,a™) = 0 for all 7 € [t]) such that X is
not pairwise clean in direction a, Alice computes €1 (x,a) and sends this
to Bob. Set a™*Y < @ and b(**1) < 0. Increment ¢t by 1. Repeat step (c) as
long as X® is not pairwise clean; otherwise increment i by 1 and go back to the
for-loop in step 3 which starts the new phase.

If it is Bob’s turn to speak, we define everything similarly with the role of z,a, X, v
switched with y,b, Y, U.

4. Finally at the end of the protocol, the value C(x,y) is determined based on all the
previous communication and the corresponding output it defines in C.

We note some basic properties that directly follow from the description. First we note
that the steps 3(a), 3(b), and 3(c) always occur in sequence for each party and we refer to
such a sequence of steps as a phase for that party. Note that there are at most d phases. If a
new phase starts at time ¢, then the current rectangle X® x Y is pairwise clean for both
parties by construction. Also, note that the non-zero vectors in the sequence (a®); (resp.,
(b),) form an orthonormal set. We also note that the Boolean communication in step 3(b)
is solely determined by the original protocol and hence only depends on the previous Boolean
messages.

Lastly, each phase has one 3(a) and 3(b) step, followed by potentially many 3(c) steps.
However, the following claim shows that it is always finite.

Claim 4.6.1. Let ¢ be an arbitrary leaf of the protocol C and D({) be its depth. Then
D(¢) < 2n+ 2d. Moreover, along this path there are at most 2d many steps 3(a) and 3(b).

Proof. We count the number of communication steps separately:

e Steps 3(a) and 3(b). Steps 3(a) and 3(b) occur once in every phase, thus at most d
times.

e Step 3(c). For Alice, each time she communicates at step 3(c) a € R", the direction
is orthogonal to all previous a®’s. Since the dimension of R™ is n, this happens at
most n times. Similar argument works for Bob.

Thus in total we have at most 2n + 2d steps. O

We will eventually show that the expected depth of the protocol C is O(d) when @,y ~ 7,,.
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Bounding the Expected Quadratic Variation

Consider a random walk on the protocol tree generated by the new protocol C when the par-
ties are given independent inputs «,y ~ 7,. Consider the corresponding level-1 martingale
process defined in (4.19). Formally, at time ¢ the process is defined by

zgt) = <u(t), nQ© 'v(t)> ,

where we recall that u® = (X ®) and v® = (Y ®) and n € {£1}" is a fixed sign vector.

The martingale process stops once it hits a leaf of the protocol C. Let d denote the
(stopping) time when this happens. Note that E[d] is exactly the expected depth of the
protocol C. Then, in light of Proposition 4.5.4, to prove Theorem 4.2.1, it suffices to prove
the following.

2
Lemma 4.6.2. E {Zfl (Azf)) } = 0(d).

We will prove this in two steps. We first show that the only change in the value of the
martingale occurs during the orthogonalization step 3(a). This is because in each phase,
Alice’s change of center of mass in steps 3(b) and 3(c) is always orthogonal to n ® v so
they do not change the value of the martingale z%t) as discussed in Section 4.3. Moreover,
recalling (4.3), since Alice’s node was pairwise clean just before Alice sent the message in

2
step 3(a), the expected change E [(Az§t+l)> } can be bounded in terms of the squared norm

of the change that occurred in u) between the current round and the last round where Alice
was in step 3(a). A similar argument works for Bob.

Formally, this is encapsulated by the next lemma for which we need some additional
definition. Let (F®), be the natural filtration induced by the random walk on the gener-
alized protocol tree with respect to which z%t) is a Doob martingale and also u®, v® form
vector-valued martingales (recall Proposition 4.5.3). Note that F® fixes all the rectangles
encountered during times 0, . .., ¢ and thus for 7 < ¢, the random variables u(™”, v(™), zY) are
determined, in particular, they are F®-measurable. Recalling that A = 100 is the cleanup
parameter, we then have the following. Below we assume without any loss of generality that
Alice speaks first and, in particular, we note that Alice speaks in step 3(a) for the first time

at time zero.

Lemma 4.6.3 (Step Size). Let 0 =1 < 1o < --- < d be a sequence of stopping times with
Tm being the index of the round where Alice speaks in step 3(a) for the m™ time or d if there
1s no such round. Then, for any integer m > 2,

2

b

E |:<Az§7'm+1)>2 ' F(Tm):| S - H,U(Tm) _ ,U(Tmfl)’
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and moreover, for any t € N, we have that
2
E [(Az%ﬂrl)) ‘ FO 1 1 <t < T, Alice speaks at time t| = 0.

A similar statement also holds if Bob speaks where v is replaced by U and the sequence (Ty,)
is replaced by (7)) where 7] is the index of the round where Bob speaks in step 3(a) for the

m m
m™ time or d if there is no such round.

In particular, we see that the steps 3(b) and 3(c) do not contribute to the quadratic
variation and only the steps 3(a) do. Also, since the first time Alice and Bob speak, they
start in step 3(a), we also note that w(™) and v(™) are their initial centers of mass which are
both zero.

We shall prove the above lemma later and continue with the bound on the quadratic
variation here. Using Lemma 4.6.3, we have

> (as)'| <aoe

t=1

E

S ot - oD 4 Han) U@
m>2

On the other hand, by the orthogonality of vector-valued martingale differences from (2.3),
we have

B |3 ot — o | =B [
m>2
A similar statement holds for (u®),. Therefore,
d
E Z(AZN <A (BE[[UD5] +E [Jo@]3]). (4.21)

We will soon prove the following to upper bound the quantity on the right hand side
above. Loosely speaking, by an application of level-1 inequalities (see Theorem 2.0.6), the
lemma below ultimately boils down to a bound on the expected number of cleanup steps.

Lemma 4.6.4 (Final Center of Mass). E [Hu(d)’f + Hv(d)HQ} = O(d).

Since A = 100, plugging in the bounds from the above into (4.21) readily implies
Lemma 4.6.2. Together with Proposition 4.5.4, this completes the proof of Theorem 4.2.1.

Bounds on Step Sizes (Proof of Lemma 4.6.3)

Let us abbreviate 7 = 7,,. Observe that

E [(Azﬁ”f ‘ ﬂﬂ} —E (U - U, oo’ ’ 7]
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=K [<U(T“), neo v(T)>2 — (U noe v(7)>2 ‘ }"(T)} : (4.22)

where the second line is due to (u®), being a vector-valued martingale and thus
E [U(TH) ‘]:(T)} — U™,

We first consider the case that at time 7 a new phase starts for Alice. By construction,
this means that the current rectangle X (™ x Y (") determined by F(™) is pairwise clean with
parameter ), and since Alice is in step 3(a) at the start of a new phase, a(™*) is chosen to be
the (normalized) component of n@v ™ that is orthogonal to previous directions a(®, ... a(™.
Let B(m+1 .= <77 ® v, a(T+1)> be the length of this component before normalization. Note
that B is F(™_measurable (i.e., it is determined by F(™)).

We now claim that components of w(™*? and u(™ are the same along any of the previous
directions a?,....a!™. So in (4.22), they cancel out and the only relevant quantity is the
component in the direction a(™*. This follows since, in all the previous steps t < 7, Alice
has already fixed <x, a(t)>. This implies that for any X (™ and X"+ that are determined
by FT+1, the inner product with all the previous a(®, ..., a(™ is fixed over the choice of
x from both rectangles. Formally, we have that for any z € X and 2/ € X"+D it
holds that (z,a®) = (2/,a) for any t < 7. In particular, since U™ = p(X™) and
U = (X ("+1)) are the corresponding centers of mass, we have that

(U 0"y = (U™, a") forall t < 7. (4.23)

This, together with (4.22) and recalling that 3"V is determined by F(™), implies that
E |:<AZ§T+1))2 ‘ ]_-(-r)] _ (/6(7'+1))2 E |:<U(T+1)’ a(‘r+1)>2 . <U(T), a(-r+1)>2 ’J—_-(-r):| ‘ (4'24)

We now bound the term outside the expectation by the change in the center of mass v
and the term inside the expectation by the fact that the set is pairwise clean.

Term Outside the Expectation. Recall that a(™* is chosen to be the (normalized)
component of 7 ® v(™) that is orthogonal to the span of @, ... a'™. Since n® v{™-1) is in
the span of aV, ... a1+ and 7,,_1 + 1 < 7 = 7,,, it is orthogonal to a™*"). Hence,

Bt = <77 ® o™, a(f+1)> _ <77 ® (,U(T) _ ,U(Tm_l)) ’a(7+1)>‘
Since a1 is a unit vector and each entry of 7 is in {£1}, this implies that

(ﬁwn)? < [Jo™ - v(rm)H?_ (4.25)
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Term Inside the Expectation. Since (u(™) is a vector-valued martingale with respect
to F and a™ is F(D-measurable (determined by F(7), we have that

E [<U(r+1)7 a(7-+1)>2 _ <U("), a(7-+1)>2

]_-(T)} _E [<u(7+1) —u, a(r+1)>2

Fo .

Since Alice is in step 3(a), her message fixes <$, a("+1)> at time 7 for every x € X (71,

Thus,

2
E |:<U(T+1) o U(T),G,(T+1)>2 ‘ F(T)} - K < E [m | = X(T+1)] . u(T)ya,(T+1)>

T~y

]:(T)]

=FE - E [<w —u, a(T+1)>2

T~y

x € X(T“)} ‘.7:(7)]

—E [(z — u( am)

Fo, (4.26)

where the last line follows from the tower property of conditional expectation.

Recall that w(™ = p(X () is the center of mass. Moreover, the unit vector a(™*? is
determined by F() and also the conditional distribution of & conditioned on F(7) is that of
a ~ 7 conditioned on & € X (7). Thus, using the fact that X (™) is pairwise clean since Alice
is in step 3(a), the right hand side in (4.26) is at most A.

Final Bound. Substituting the above in (4.24), we have
2
E [(AzY“)) 'ﬂﬂ} <A (BT <A [0 — )|

where the second inequality follows from (4.25). This completes the proof of the first state-
ment.

For the moreover part, let us condition on the event 7,,_; < t < 7, where Alice speaks
at time t. Note that such ¢ must all lie in the same phase of the protocol where Alice is
the only one speaking. So, Bob’s center of mass does not change from the time 7, till ¢,
ie., vt = p(Tm-1) Thus we have Azﬁtﬂ) = (U —U® no o). Analogous to
(4.23), the component of Alice’s center of mass along the previous directions are fixed. Thus
<U(t+1), a(’")> = <U(t),a(’")> for all 7 < t. Furthermore, by construction, n ® v(™-1) lies in

0)

the linear subspace spanned by a(®, ... a(™-1+1) Therefore, since 7,,_1 + 1 < t, it follows

that Az = 0.

Expected Norm of Final Center of Mass (Proof of Lemma 4.6.4)

Let Hy = Hf(‘d) be the (random) linear subspace spanned by the vectors a®, ..., a® and
similarly, let Hg = H](gd) be the linear subspace spanned by the vectors b, ... b@. For
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any linear subspace V' of R", we denote by Il and Il . the projectors on the subspace V'
and its orthogonal complement V' respectively. Then, we have that

1 = 1T, P [ s and @] = [T, 0| 4 1,0

Note that the non-zero vectors in (@), and (b)), form an orthonormal basis for the
subspaces H, and Hp respectively Moreover, for each t < d, the inner product <£L‘, a(t)>
is fixed for every € X and the inner product <y, t)> is also fixed for every y € Y@
where X(@ x Y@ ig the current rectangle determined by F(@. In particular, since u(® is
the center of mass of X (@ this implies that

d 2
I @ = 3 (), a ( (@.a") |z € X' >})
T~y
t=1

[<w,a(t)>2 ’ x < X(d)} ,

M&. ||M§..

@~y

t=1

where the second line follows from the inner product being fixed in X4 . Therefore, we have

2

d
2 2
=32 8 [(wa) [ e X 4 |11y
pPaA

In an analogous fashion,

d
[P =" E (5,60 |y e ¥ 411,00
\:lyN'y L
17; qB

We next show that both E[p4 +pg| and E[ga + gg] are at most O(d). The former follows
from stopping time and concentration arguments laid out in the overview that there cannot
be too many orthogonal directions where E [<w, a(t)>2] is large. The latter follows from an
application of level-1 inequalities.

We will bound the norm of the projection on the subspaces H4 and Hpg, which corre-
sponds to the quantity E[p4 + pg], and bound the norm of the projection on the orthogonal
subspaces Hy and Hp, which corresponds to the quantity E[ga + gg].

Projection on the Subspaces Hy, and Hp

We shall show that the expected norm of the final center of mass when projected on the
subspaces H, and Hp is

Elpa+ ps] = O(d).
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Towards this end, define the random variable k; = k;(x,y) = <£1:, a(t)>2 + <y, b(“>2 for
each t € N. Note that the vectors a®’s are being chosen adaptively depending on the
previous inner products <:13, a(T)> for 7 < t, as well as the Boolean communication bits from
step 3(b), thus they are functions of @ and y as well here. Observe that

ol

t=1

d

D_E [k | FY]

t=1

= E

Ty~

E[pa+ps|=E

We now divide the time sequence into successive intervals of different lengths r - 4d for
r =1,2,.... Then we bound the expected sum of k; within each time interval by O(rd).
We further argue that the probability that the stopping time d lies in the r-th interval is
at most 2 - 27". In particular, for r € N, letting interval I, = {(;) Ad4+1, ..., (”2“1) . 4d},
which is of length 4dr, we show the following.

Claim 4.6.5. For any r € N, we have

> ki|d> (;) -4d] < 20dr + 41n <Pr = (;).4d])‘

tel,
We shall prove the above claim later since it is the most involved part of the proof. The
previous claim readily implies the following probability bounds.

1

E

:l:,yf\/’y

Claim 4.6.6. For any r € N, we have Pr [d > (;) -4d] <2-277,

Proof of Claim 4.6.6. We bound Pr [d > (g) ~4d] by induction on r. The claim trivially
holds for r = 1.

Now we proceed to analyze the event d > (’";1) -4d. Observe that Claim 4.6.1 implies
that there are at most 2d many step 3(a) and 3(b) throughout the protocol. Thus if the
event above occurs, there are at least 4dr — 2d > 2dr many time steps ¢ € I, where the
process is in step 3(c).

By the definition of the cleanup step, if X x Y is a rectangle determined® by ¢~V {d >
(1) - 4d} where the process is in step 3(c) and Alice speaks, then

E k| (z.y) € X x Y] = E [(z,a)’ ‘ zeX|> E [(z-p(x),a") ‘ zeX| >\
T~y T~y T~y

where A = 100 is the cleanup parameter and u(X) = Eg., [z | * € X] is the center of
mass. This is because a® is chosen to be a unit vector in a direction where the current set
(conditioned on the history) is not pairwise clean. A similar statement holds if Bob speaks
in step 3(c) for the random variable <y, b(t)>2 where y is sampled from v conditioned on Y.

9Tt suffices to consider such events since we have a product measure on X ® x Y conditioned on F®)
and d is a stopping time and is F(Y)-measurable (i.e., determined by the randomness in F®)).
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By the tower property of conditional expectation, the above implies that

Sk

tel,

100-2dr - Pr[d > ("}') -4d|d > (}) - 4d] <E

d>(g)-4d].

Recall that Claim 4.6.5 implies that the right hand side is at most 20dr +41In | ——L—~— ).
Prid>(}) 4d

We consider two cases:
(i) if Pr[d > (}) - 4d] < 27", then clearly Pr[d > ("1') - 4d] < 27" as well as required;

(ii) otherwise Pr[d > (}) - 4d] > 27" and 20dr + 4 (é) < 20dr + 4r, then it
Prid> (1) 4d

follows that
Prd> ("}')-4d|d> () -4d] <1/2,

and by induction this implies Pr [d > (TH) 4d] <1/2-Pr [d > (g) . 4d} <27". O
These claims imply that

i [d > (3) - 4d] -Zkt]

tel,

Sy

tel,

Pr

(277 0(rd) + O ((r+1)277)) < O(d),

Elpa +ps| <

d>

Mg [ANgE: nMg

d> d]

IN
I

r

where the last line uses the fact that xIn(1/x) < O((r+1)27") for 0 <z <2-27"and r € N.
This proves the desired bound on E[p4 + pp] assuming Claim 4.6.5 which we prove next.

Proof of Claim 4.6.5. To prove the claim, we need to analyze the expectation of Zteb k
under x,y sampled from v conditioned on the event d > (g) -4d.

We first describe an equivalent way of sampling from this distribution which will be easier
for analysis. First, we recall that the definition of the cleanup protocol implies that the
Boolean communication in C is solely determined by the previous Boolean communication,
since it is specified by the original protocol C (and thus C) before the cleanup.

Let us fix any Boolean string ¢ € {0, 1}* that is a valid Boolean transcript in the original
communication protocol C. This defines a rectangle X, x Y, C R" x R" consisting of all pairs
of inputs to Alice and Bob that result in the Boolean transcript ¢ in C. If we sample @,y ~ ~
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conditioned on d > (;) - 4d and output the unique (X,, Y.) such that (z,y) € X. x Y,, we
obtain a distribution on rectangles. We use v(X. x Y, |d > (7) -4d) to denote the probability
of obtaining X, x Y. by this sampling process so that Y (X, x Y. |d > (;) -4d) = 1.

Now consider the following two-stage sampling process. First, we sample a rectangle
X, x Y, according to the above distribution, and then we sample the inputs «,y sampled
from 7, conditioned on the event that {(z,y) € X, x Y.} A {d > (}) - 4d}. We shall show
the following claim for any rectangle X, x Y, that could be sampled in the first step.

Claim 4.6.7. E, ., [Zteh k, ‘ d > 4d(;), (x,y) € X, X Yc] is at most

12dr +41n — .
Pr(d>4d (1) (.)€ Xex Vo]

Assuming the above, and taking an expectation over X. x Y. drawn with probability
V(X x Y. |d > (}) - 4d), we immediately obtain Claim 4.6.5:

S

tel,
< 12dr+

Y el ()0 (i (s ) i ()

2
ce{0,1}*,|c|<d

E

w?yw’y

d> (1) ~4d]

<12dr +4-In(3%) +4-In <W> (by concavity of In(+))

1

To complete the proof, we now prove Claim 4.6.7.

Proof of Claim 4.6.7. Fix any c such that y(X, x Y. |d > (}) - 4d) > 0. We will bound the

expectation of the quantity >, ., k; = >, <az, a(t)>2 + <y, b(t)>2 where x,y are sampled
from v, conditioned on the event that {(xz,y) € X. x Y.} A{d > (}) - 4d}. Note that
a®. b d are functions of the previous messages of the protocol and hence also the inputs
x,y. Once we condition on the above event, the Boolean communication is also fixed to be
c.

To analyze the above conditioning, we first do a thought experiment and consider a
different protocol that takes standard Gaussian inputs (without any conditioning) and show
a tail bound for the random variable } ,; k; for this new protocol. In the last step, we will
use it to compute the expectation we ultimately want.
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Protocol C.. The protocol C, always communicates according to the fixed transcript c in a
Boolean communication step and otherwise according to the cleanup protocol C on any input
x,y. Consider the random walk on this new protocol tree where the inputs @,y ~ 7 (without
any conditioning). Let (G®), be the associated filtration of the new protocol C, which can
be identified with the collection of all partial transcripts till time ¢. Note that the vectors
a® and b® in this new protocol are determined only by the previous real communication
since the Boolean communication is fixed to ¢. This also implies that the vectors a® and b®
form a predictable sequence with respect to the filtration (G®),. Moreover, by the definition
of the protocol the next non-zero vector a') is chosen to be a unit vector orthogonal to the
previously chosen a()’s and the same holds for the vectors b,

We denote by k:t(c) the random variable that captures k; for the protocol Ce, i.e., klfc) =
<:I:, a(t)>2 + <y, b(t)>2 for &,y ~ v and a®,b®) defined by the protocol C,. Observe that if
(z,y) € X, x Y, then k) = k.

Consider the behavior of the protocol C. at some fixed time t. The nice thing about
the protocol C. is that conditioned on all previous real messages for 7 < ¢, both « and y
are standard Gaussian distributions on an affine subspace of R™ (defined by the previous
messages). Then, at time ¢, since a®) is orthogonal to the directions used in all previous real
messages, it follows that the distribution of <a:, a,(t)> conditioned on any event in G*~Y is an
independent standard Gaussian for every t if a® is non-zero. The same holds for <y, b(t)>
as well. This last fact uses that the projection of a multi-variate standard Gaussian ~,, in
orthonormal directions yields independent real-valued standard Gaussians.

This implies that each new <zc, a(t)>2 and <y, b(t)>2 is an independent chi-squared random
variable conditioned on the history (up to depth (;) - 4d) of the random walk. Therefore,
Fact 2.0.5 implies that

Pr

z?yN’y

> k(@ y) > 2| + 5

tel,

g<(§)‘4d)] < e /4,

Since |I,| < 4dr, we have Prg ., [Zteh K\ (z,y) > 8dr + s} < e s/,

Computing the Original Expectation. Let us compare the probability of the above
tail event in the original protocol C where inputs x,y are sampled from v conditioned on
the event that {(z,y) € X. x Y.} A{d > (}) - 4d}. We can write

Pr

(mvy)NV

Zkt(m,y) > 8dr + s

tel,
Prm,yN’Y [zteh kt(w7 y) Z 8dr + S, (CC, y) S XC X Y:” d > (;) ) 4d]
)€ X x Y, d> (})-4d] '

d> () -4d, (z,y) € X. x Y, (4.27)

Prm,yN“f [(.’B, Yy
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We then bound the numerator by

P k.(x,y) > 8dr + s, (z,y) € X. x Y., d > (7) - 4d
wjygvzt(wy)_ r+ s, (z,y) X (3) ]

tel,

T, Y~y

= Pr | k% (x,y) > 8dr+ s, (x,y) € Xo x Y., d > (}) -4d]
Ltel,
(if (z,y) € X. x Y, then k) = k,)

< Pr Zkt(c)(m,y) > 8dr+s

T, Y~y
Ltel,

< e84,

Note that the inequality gives us an exponential tail on (4.27):

(4.27) < /4. ( Pr l(m,y) € X.xY,.d> (;) ~4dD_1.

:B7yN’y

We can now integrate the above inequality to get an upper bound on the expected value of
Y ote 1, k¢ under the distribution of interest. In particular, since for any non-negative random
variable w, the following holds for any parameter a > 0:

+00 +oo Hoo
E[w]:/ Pr[wzz]dz§a+/ Pr[wZz]dz:oz—l—/ Prjw > a+z]dz,
0 a 0

. ) . o 1 :
we derive the following by taking o = 8dr + 41In (Prw,yw[(m,y)eXCxYC,d>(;)~4d} )

Zkt(m,y)

icly

E d> (1)-4d, (z,y) € X. x Y,
(m’y)'\"y

“+o0o
§oz+/ et dy=a+4
0

1
< 12dr + 41 .
= edra A (PrMN7 [(@.y) € X, x Yo.d > () -4d]>

This completes the proof of Claim 4.6.7. m

Projection on the Orthogonal Subspaces H; and Hz

We shall show that the expected norm of the final center of mass when projected on the
subspaces Hy and Hy is
Elgs +gs] = O(d).
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2
Recall that g4 = HH Hju(d)H where H 4 is the (random) linear subspace spanned by

the orthonormal set of vectors a®, ..., a® and H7 its orthogonal complement. Moreover,

the vectors a® are determined by the previous Boolean and real communication. A similar
statement holds for g and the vectors b® as well.

The proof will follow in two steps. We will first show that one can bound the norm of
the projection HHXu(d), which turns out to be the Gaussian center of mass of a set that

lives in the subspace Hy, in terms of the logarithm of the inverse relative measure with
respect to the subspace. Note that the Gaussian measure here is the Gaussian measure
Yers on the subspace Hi. The case for TI H u(? will be similar. The second step will use
information theory-esque convexity argument to show that on average the logarithm of the
inverse relative measure is small.

For the first part, we observe that if we sample @,y ~ v and take a random walk on this
protocol tree, we obtain a probability measure over transcripts which includes both real and
Boolean values. Recall that the Boolean transcript is determined by the original protocol and
only depends on the previous Boolean communication and the real transcript is sandwiched
between the Boolean communication. Let £ = (¢, r) denote the random variable representing
the full transcript of the generalized protocol where ¢ is the Boolean communication and r
is the real communication. For any given transcript £, let X, x Y, denote the corresponding
rectangle consists of inputs reaching the leaf, and let X, x Y. (for X., Y. C R") denote
the rectangle consisting of all pairs of inputs to Alice and Bob that result in the Boolean
transcript €. Note that the real communication r together with ¢ fixes the subspaces H 4
and Hpg and particular affine shifts s, and sp of those subspaces depending on the value of
the inner products determined by the full transcript. In particular, the rectangle X, x Y,
consistent with the full transcript £ = (¢, r) is given by X, = X, N (H4 + s4) and Yy =
Y.N (Hp + sp), i.e., taking (random) affine slices of the original sets.

Note that u(® and v@ are distributed as the center of masses of the final rectangle
X x Yy, and thus is suffices to look at the rectangles for the rest of the argument. Since X,
(resp., Yg) lies in some affine shift of Hy (resp., H3z), defining the relative center of mass
for a set A that lives in the ambient linear subspace V', as puy (A) = Ez,, [@ | © € A] where
the Gaussian measure 7y is on the subspace V, it follows that

|
= [lttaas (T Xo) I + ez (Mg Yo |12

Recalling that v,¢ is the Gaussian measure of a set relative to its ambient space, we will
show:

2

Elga+gs] =E {HHHju(d)

Claim 4.6.8. ||[JJHj (HHXX£)||2 S 262 1n (ﬁ) and

. Y| <22 | —S ).
ey (Mg Ye) " < 2e H<%el(n))
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Note that we can ignore the case when ~,,(Xp) is zero above, since we will eventually
take an expectation over £ and almost surely this measure is non-zero.
Using the previous claim,

e
E[qa+ qs] = U‘H L H Py } <2 E {m (—)} .
| Ha i €1 \ e (X X Y7)
For the second step of the proof, we show the next claim which relies on convexity
arguments to bound the right hand side above by O(d). This is similar in spirit to chain-
style arguments from information theory.

(&
Claim 4.6.9. E, |1 _ = 0(d).
am ¢ [“ (7 (X x Yo)} (@)

This gives us the final bound E[ga + gg] = O(d) assuming the claims which we now
prove.

Proof of Claim 4.6.8. We can bound the norm of the above projection by an application of
the Gaussian level-1 inequality (Theorem 2.0.6), which, by rotational symmetry, implies that
if A is a subset of a linear subspace V' with non-zero measure, then

v (A)]* < 2¢*In ( (4.28)

)
w(A))’
where recall that puy(A) = Epoy @ | @ € A] is the center of mass with respect to the
Gaussian measure 7y, on the subspace V.

If we run the generalized protocol on @,y ~ v and condition on getting the full tran-
script £, the conditional probability measure on IT HLT is that of the Gaussian measure VL
conditioned on x € Xy — s4 and II HLY 1S that of the Gaussian measure Ve conditioned
on y € Yy — sp and they are 1ndependent This follows from the fact that so far the parties
have fixed inner products along a basis for the orthogonal subspaces H, and Hp and the
fact the projection of a standard Gaussian on orthogonal subspaces are independent.

Thus, applying (4.28), we have

I X,)|? <2e*In ¢ :2621H<L>7
H/LHA‘< H,JL{ Z)H = (’yHi_(Xg _ SA) ’Yrel(Xl)

where the last line follows since H4 + s, is the ambient space for X, (this holds almost
surely) and e (S) = v (S —1t) if V 41 is the ambient space of S. A similar argument proves
the bound on [|pgrs (Tg, Ye) || O

Proof of Claim 4.6.9. For this claim, it will be convenient to consider a different generalized
protocol C' that generates the same distribution on the leaves £. In particular, since the
Boolean messages in the generalized protocol C only depend on the previous Boolean mes-
sages, one can first send all the Boolean messages ¢, and then send all the real messages r
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choosing them according to the protocol C depending on the previous real messages and the
(partial) Boolean transcript. Note that the protocol C' generates the same distribution on
the leaves £ when the inputs @, y ~ ~,. In particular, the real communication only partitions
10 each rectangles X, x Y, that corresponds to the Boolean transcript ¢ into affine slices.

For rest of the claim, we now work with the protocol C’ where the Boolean communication
happens first. To prove the claim, we condition on a Boolean transcript ¢ = ¢ and by
induction show that

€ (&
E |In c=c|<In|——— ), 4.29
r [ <7rel(X(C,r) X }f(w‘))) } (%el(Xc X YC)> ( )

where (¢, 7) is the full transcript and X, x Y, is the rectangle containing all the inputs such
that Boolean transcript is ¢. Note that (X, X Y.) is the probability of obtaining the
Boolean transcript ¢ since the ambient space of X, and Y, is R".

Then, taking expectation over the Boolean transcript c,

2| (Gomew)) <2 o)
- ¥ Pr[c:c]1n<ﬁ)

ce{0,1}* || <d

< In(2e-2%) = O(d),

where the last line follows from concavity.

Induction. To complete the proof, we now show (4.29) by induction. For this, let us look
at an intermediate step ¢ in C’ where the Boolean communication is fixed to ¢ and Alice and
Bob have exchanged some real messages r—; := r1,...,7;_1. Let the current rectangle be
X(erer) X Yiero,) and it is Alice’s turn to speak. Note that X ,_,y and Y(.,_, live in some
affine subspaces at this point and in the current round, Alice sends the inner product of her
input = with a vector a® that is determined by the previous messages and orthogonal to
the ambient space of X(.,_,). At this step, Bob’s set Y., _,) does not change at all. We shall
show that in each step, the log of the inverse of the relative measure of the current rectangle
does not increase on average over the next message:

e e
E [m (—> c— e t} < <—> (4.30)
r<t 'Vrel(X(c,'r‘St)) < < fYrel(X(c,ng))

and an analogous statement holds when Bob speaks. Taking an expectation over r_;, the
above directly applies (4.29) by a straightforward backward induction:
e |
c=c

e
E{ln( ) C:C]SE[IH( )
<t IYrel(X(c,'r'St) X }f(c,rgt)) r<t /Yrel(X(c,ng) X Y(c,r<t))

10We remark that this protocol C’ suffices for proving this claim since we are looking only at the leaves.
However, unlike Lemma 4.6.3, directly bounding the expected quadratic variation of the martingale corre-
sponding to the protocol C’ is difficult.
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(&
<...<ln|{——m .
N N <’7rel(Xc X YC))

To see (4.30), let us write X := X(,_,) for Alice’s current set. Recall that since we have
fixed the history, Alice has fixed inner product with some orthogonal directions a™, ... a(*=1
and she has decided on the next direction a := a® along which she will send the next
inner product. Thus, X lives in some fixed affine subspace V+ + s where V is the span
of a®,...,a®Y and the next message r := r, = (z,a). Moreover, conditioned on the
history till this point, the conditional probability distribution on Alice’s input & € R"™ can
be described as follows: the projections corresponding to the non-zero vectors in the sequence
a,...,a Y ie. the inner products <zc, a(T)> where a(” # 0 for 7 < t, are fixed according
to the shift s, while the distribution on the orthogonal complement V'+ is that of the Gaussian
measure 7. on the subspace V1 after conditioning on the event that £ € X — s (which
lives in V). This uses that projections of a standard n-dimensional Gaussian in orthogonal
directions are independent.

Let k be the dimension of V' where k£ < n. Then, by doing a linear transformation, we
may assume that V1 = R** (and thus X C R™* and the shift s fixes the coordinates
n—k+1 through n) and a = ey, i.e., in the current message Alice reveals the first coordinate
of & € R"* where x is sampled from ~,_; conditioned on & € X. In this case, Y, in the
left hand side of (4.30) is exactly Ye1(X N{zy = r}) if Alice sends r as the message, while for
the right hand side of (4.30), we have Ye1(X) = 7,,—£(X). Denoting by d p,, the probability
density function of @, our statement boils down to showing

/]Rln <%e1(X ﬁi% = 7“})> At (r) < 1n (#@) .

We show the above by explicitly writing the probability density function d p,,. Denote by

dYn_w(x1, ..., 7, k) the standard Gaussian density function!! in R"~*. The density function
of the random vector & sampled from 7, _; conditioned on = € X, is given 7, (X )71 .
dYn—k(z1,...,2,) for x € X and zero outside. Thus, we have
d ( ) fXﬂ{xlzr} d”Yn—k(fEh C 71;71—]{:)
Moy \T') =
'Yn—k(X)
erert Ak (T2, T XN =
— d”)q(?") . fXﬂ{ 1= } — 1(7’) . ’Yrel( {I‘l T})

Then, by concavity, the left hand side of (4.30) is exactly given by

[ Gz 40 < ([ smmen gz e 0)

YExplicitly dvm(z1,...,2m) = [[in, d71(z;) where dyi(r) = \/%6’7’2/2 is the density function for
one-dimensional standard Gaussian.




CHAPTER 4. QUANTUM ADVANTAGES OVER CLASSICAL COMMUNICATION 92

4.7 Level-Two Fourier Growth

In this section, we prove Theorem 4.2.2 that Ly(h) = O (d*/?log®(n)). Similar to the proof

of level-1 bound Theorem 4.2.1, we start with a d-round communication protocol C over the
Gaussian space as defined in Section 4.5. Note that C in turn comes from the original Boolean
communication protocol C. Thus in the following we assume without loss of generality d < n.

Given the discussion in Section 4.5, to bound the second-level Fourier growth, one can
attempt to bound the expected quadratic variation of the martingale that results from the
protocol C directly, but similar to the case of level-1 it is hard to leverage cancellations here
to prove the bound we aim for. So, starting from C, we will define a communication protocol
C that computes the same function as C, but satisfies some additional “clean” property where
it is easier to control the quadratic variation. This new protocol will differ from C in two
ways. Firstly, the protocol C will consist of additional “cleanup steps” where Alice and Bob
reveal certain quadratic forms of their input. Secondly, the protocol C will send the real
value of the quadratic form with certain precision. Note that this protocol will not involve
sending real messages at all, instead, any potential real messages will be truncated to a few
bits of precision and be sent as Boolean messages.

We emphasize that the main difference in the protocol C from the corresponding level-1
variant comes from the precision control, which is not needed there due to the fact that
Gaussian distribution remains a (lower-dimensional) Gaussian under linear projections. For
technical reasons we shall also need to analyze the martingale under a truncated Gaussian
distribution, where all coordinates are bounded in some large interval [—T,T]. This intu-
itively doesn’t incur a noticeable difference on the distribution since it is highly unlikely that
coordinates drawn from Gaussian distribution will be outside such intervals and recalling
Remark 4.5.2 and Proposition 4.5.4, it still suffices to analyze the corresponding martingale
under the truncated Gaussian distribution.

We next define the notion of a 4-wise clean protocol.

4-Wise Clean Protocols

Consider an intermediate node in the protocol and let X C R" refer to the set of Alice’s
inputs reaching this node. We denote by S™*"~! the set of all matrices in R™*" with zero
diagonal and unit norm (when viewed as n?-dimensional vectors). For a parameter A > 0,
we say that the set X is 4-wise clean in a direction a € SVt if

E Rw bz — 0(X),a>2

x~y

wGX]<)\,

where we recall that o(X) = E,., [m ® T ) rxeX } is the level-2 center of mass of X under
the Gaussian measure. We say that the set X is 4-wise clean if it is 4-wise clean in every
direction a. Our new protocol will consist of the original protocol, interspersed by clean-
ing steps. Once Alice sends her bit as in the original protocol, she cleans X by revealing
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<x ® z, a> with a few bits of precision while there exists direction a € S™*"~! such that X

not clean in direction a. Once X becomes clean, Alice proceeds to the next round and Bob
does an analogous cleanup. We now describe this formally.

Communication with Finite Precision. Let positive integer L be a precision parameter
that we will use for truncation. In our new communication protocol, we will send real
numbers with precision 27L. This is formalized as the truncy(z) function defined at z € R
as

truncr(z) = |2 - 2%] /2"

Construct C from C. As described before, C will consist of the original protocol along
with extra steps where Alice or Bob reveal the (approximate) value of a quadratic form on
their input. Consider an intermediate node of this new protocol at depth ¢. We always
use the random variable X® (resp., Y) to denote the set of inputs of Alice (resp., Bob)
reaching the node. If Alice is revealing a quadratic form in this step, we use a® to denote
the matrix of the quadratic form revealed at this node, otherwise set a') to be the all-zeroes
matrix. We define b(*) similarly for Bob. Throughout the protocol, we will always set u®
and v® to denote o(X®) and o (Y ) respectively.

Recall that A > 0 is the parameter for cleanup to be optimized later. Since we will now
send real numbers (with certain precision) as bit-strings, their magnitudes should also be
well controlled to guarantee bounded message length. This is managed by a parameter 7" > 0
and we will restrict the inputs to the parties in C to come from the box [T, T]". Note that,

by Gaussian concentration, 7' = © < log(n)) suffices.

1. At the beginning, Alice receives an input = € [—T,T]™ and Bob receives an input

y e [=T,T)".
2. We initialize ¢ <+ 0, X, Y© « [T T, and a(®, b <« 07"
3. For each phase i = 1,2,...,d: suppose we are starting the cleanup for a node at depth

¢ in the original protocol C and suppose we are at a node of depth ¢ in the new protocol
C. If it is Alice’s turn to speak in C:

a) Orthogonalization by Revealing Correlation with Bob’s Center of Mass.
Alice begins by revealing the inner product of her input x with Bob’s current
(signed) level-2 center of mass n®wv®. Since in the previous steps, she has already
revealed the inner product with Bob’s previous centers of mass, for technical
reasons, we will only have Alice announce the inner product with the component of
n®v® that is orthogonal to the previous directions along which Alice announced
the inner product. More formally, let a** be the component of n ® v that is
orthonormal to the span of the previous directions a(™” for 7 < ¢, i.e.,

al™) = it (p ©v® — L (p© v, a®) - a™).
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Alice computes €™V « truncy, (<x ® 1z, a(t+1)>) and sends €Y to Bob. Set

b(+1) < 0", Increment ¢ by 1 and go to step (b).

b) Original Communication. Alice sends the bit €*!) that she was supposed to
send in C based on previous messages and z. Set @+, b+ «— 07" Increment
t by 1 and go to step (c).

c) Cleanup Steps. While there exists some direction a € S"*"~! orthogonal to
previous directions, i.e., <a, a(T)> =0 for all 7 < t, and X® is not 4-wise clean
in direction a, Alice computes €**V « truncy, (<x @, a>> and sends etV to

Bob. Set a®™™) < a and b+ < 0"*". Increment ¢ by 1. Repeat step (c) while
X® is not 4-wise clean; otherwise, increment i by 1 and go back to the for-loop
in step 3 which starts a new phase.

If it is Bob’s turn to speak, we define everything similarly with the role of x,a, X, U
switched with 4, b,Y , v.

4. Finally at the end of the protocol, the value C(x,y) is determined based on all the
previous communication and the corresponding output it defines in C.

Remark 4.7.1. Note that by construction, the non-zero matrices among a',a® ... form
an orthonormal set when viewed as n*-dimensional vectors (similarly for b b3 .. .) and
moreover, their diagonals are zero. Lastly, a®) and b® are known to both Alice and Bob as
they are canonically determined by previous messages.

We remark that the steps 3(a), 3(b), and 3(c) always occur in sequence for each party
and we refer to such a sequence of steps as a phase for that party. Note that there are at
most d phases. If a new phase starts at time ¢, then the current rectangle X® x Y is
4-wise clean for both parties by construction.

Now we formalize a few useful properties regarding the communication protocol C. The
first fact below follows since each u®) is an expectation of & ® x over some distribution and
x @ x has zero diagonal.

Fact 4.7.2. u© = v = 0"*" and each u®,v" has zero diagonal.

The following follows from tail bounds for the univariate standard normal distribution.
Fact 4.7.3. Let v = (X ©) . y(Y®). Then v >1-0 (n : e*T2/2>.

The next fact says that when a node fixes a quadratic form with 2% precision, for any
two inputs that reach this node, the quadratic forms differ by at most 27%.

Fact 4.7.4. In step 3(a) and 3(c), any x,z" € X"V satisfies

‘<a: ® x,a(t+1)> — <a:' R x’,a(t+1)>’ <27t
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Similarly any y,y' € Y+ satisfies ‘<y ®y, b(t+1)> — <y’ 1, b(t+1)>’ <27

The next claim bounds the maximum attainable norms for Alice and Bob’s level-2 center
of masses at any point in the protocol. This uses the fact that the inputs come from the
truncated Gaussian distribution.

Claim 4.7.5. Hu(t)HF =|no® u(t)”F < nT and H'v(t)HF =|no® 'v(t)HF < nT for all possible
t and u® v throughout the communication.

Proof. Since 7 is a matrix with zero diagonal and {#1} entries off diagonal and u® also has

zero diagonal, Hu(t)HF =|no u(t)HF. In addition, since X C X© = [T, T]", we have
Hu(t)HF < E [ ‘(sc@x)” ’w € X(t)} </ (n?—=n)-T? <nT.
T~y F
A similar analysis works for v, O

The next claim gives a bound on the length of any message in the protocol C.

Claim 4.7.6. For any x € X© and y € Y, any message in C(z,y) consists of at most
L + log(Tn) many bits.

Proof. Assume without loss of generality it is Alice’s turn to speak. On step 3(b) she sends

Snxnfl

one bits. On steps 3(a) and 3(c), she computes trunCL(<x ® z, a>) for some a € and

send the result. Since
‘<x®x,a> < Hx@x” lallp < v/ (n? —n)-T? <nT,
F

and the message is a multiple of 277 that means truncy, yields a message with L + log(nT)
many bits. O]

The last claim bounds the maximum depth of the new protocol C.

Claim 4.7.7. Let ¢ be an arbitrary leaf of the protocol C and D({) be its depth. Then
D(¢) < 2n?. Moreover, along this path there are at most n®> —n many non-zero a) and at
most n? — n many non-zero b fort € {1,...,D(()}.

Proof. We count the number of communication steps separately:

e Steps 3(a) and 3(b). Steps 3(a) and 3(b) occur once in every phase, thus at most d
times.

e Step 3(c). For Alice, each time she communicates at step 3(c), the direction a €

S™*"=1 is non-zero and orthogonal to all previous a?’s. Since the dimension of §"*"~!
is n? — n, this happens at most n? — n times. Similar argument works for Bob.
Thus in total we have at most 2(n? —n) + 2d < 2n? steps. O

We will eventually show that, with suitable choice of A, T, L, typically D({) is at most
d - polylog(n).
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Bounding the Expected Quadratic Variation

Consider the martingale process defined in (4.19) from a random walk on the protocol tree

generated by C where the inputs x,y are sampled from 7, conditioned on being in the

bounded cube [T, T]". Recall that Proposition 4.5.3 still holds (see Remark 4.5.5).
Formally, at time ¢ the process is defined by

2z = (u n o o),

where we recall that u® = ¢(X®) and v = ¢(Y®)) and 7 is a fixed sign matrix with
a zero diagonal. The martingale process stops once it hits a leaf of C. Let d denote the
(stopping) time when this happens. Note that E[d] is exactly the expected depth of the
protocol C.

In light of Remark 4.5.2 and Proposition 4.5.4, to prove Theorem 4.2.2, it suffices to
prove the following.

Lemma 4.7.8. E {Zle (Azét)>1 = O (d*log®(n)).

Lemma 4.7.8 is proved in three steps. We first show that essentially the only change in
the value of the martingale is the orthogonalization step 3(a). The reason is the same as
the level-1 bound: Alice’s messages sent in step 3(b) and 3(c) are always near-orthogonal to
Bob’s current level-2 center of mass, thus they do not change the value of the martingale zét)
much. Moreover, by level-2 analog of (4.3), since Alice’s current node was clean just before

2
Alice sent the message in step 3(a), the expected change E [(Azétﬂ)) } can be bounded in

terms of the squared norm of the change that occurred in u® (or v) between the current
round and the last round where Alice was in step 3(a). Similar argument works for Bob.
Formally, this is encapsulated by the next lemma for which we need some additional
definitions. Let (F®), denote the natural filtration induced by the random walk on the gen-
eralized protocol tree with respect to which zét) is a Doob martingale and also u®), v® form
vector-valued martingales (recall Proposition 4.5.3). Note that F® fixes all the rectangles
encountered during times 0,...,¢ and thus for 7 < ¢, the random variables (7, v(™), zéT)
are determined, in particular, they are F()-measurable. Recalling that A is the cleanup
parameter to be optimized later, we then have the following. Below we assume without any
loss of generality that Alice speaks first and, in particular, we note that Alice speaks in step
3(a) for the first time at time zero when both Alice and Bob’s center of masses are at zero:

u® = v =0,

Lemma 4.7.9 (Step Size). Let 0 =1 < 1 < --- < d be a sequence of stopping times with
Tm being the index of the round where Alice speaks in step 3(a) for the m™ time or d if there
is no such round. Then, for any integer m > 2,

E [(Azgm“)f ‘ ]-"(T’")] <A o) — w0 P 41607 27E



CHAPTER 4. QUANTUM ADVANTAGES OVER CLASSICAL COMMUNICATION 97

and moreover, for any t € N, we have that
2
E [(Azétﬂ)) ‘]:(t), Tone1 < 1 < Tm, Alice speaks at time t| < 4nST2%.27%L

A similar statement also holds if Bob speaks where v is replaced by U and the sequence (Ty,)
is replaced by (T),) where T, is the index of the round where Bob speaks in step 3(a) for the
m™ time or d if there is no such round.

We indeed see that, if L = Q(log(n)) and T = O(y/log(n)), then poly(T,n) - 27 = o(1),
and steps 3(b) and 3(c) do not contribute much to the quadratic variation and only the steps
3(a) do. Also, since the first time Alice and Bob speak, they start in step 3(a), we also note
that w(™) and v(™) are their initial centers of mass which are both zero.

We shall prove the above lemma later and continue with the bound on the quadratic
variation here. Using the bounds on the step sizes from Lemma 4.7.9,

5 (Az;w)?]

t=1

E

<)\ E Z HU(Tm) _ U(Tm—l)HQ + HU(TT/n) o U(Tr/nfl) 2

Lm>2

+16n"T? . 271 . E[d]

E |} [ - wmen|F 4 HU%) _ Um0 2 a2,

Lm>2

IA
>

(by Claim 4.7.7)

On the other hand, using the orthogonality of vector-valued martingale differences from
(2.3),

B3 o)~ o) = [[o]].
m>2
A similar statement holds for (u®) as well. Therefore,
d
E|Y (Azgﬂ)Q] <X (B[R] +E[o@]3]) + 64n0T® - 27" (4.31)
=1

Then we will apply level-2 inequalities (see Theorem 2.0.6) to convert the bounding
E [HU(‘D ||i + ||[v@ Hé] into bounding the second moment E[d?]. This reduction is formalized

as Lemma 4.7.10 below and its proof is similar to [GRT22, Claim 1].
For each leaf ¢, let v(£) = (X P®)).~(Y PE)) be the Gaussian measure of the rectangle
at £. Recall 7" = 4(X©@) x ~(Y©),
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d)||? d)||? 1
Lemma 4.7.10. E |[u®|[; + o @3] < O (& + L*E[@¥]).
Finally, we will bound the second moment E[d?] for a suitable choice of parameters.

Lemma 4.7.11. It holds that E[d?] = O(d?) and v* > 2 for
L =0(log(n)), T=0(ylog(n)), and X=0O(dlog*(n)).

Given Lemmas 4.7.10 and 4.7.11,the proof of Lemma 4.7.8 naturally follows.

Proof of Lemma 4.7.8. With the parameters chosen in Lemma 4.7.11, we have

> (as))

t=1

E < O(dlog'(m) - (E J[U@[2] +E[Jo@[;]) +1  (by (431))

< O(dlog*(n)) - (1 +log*(n) - E[d*]) + 1 (by Lemma 4.7.10)
) .

(
< O(dlog*(n)) - (1 +log*(n) - d*) +1 (by Lemma 4.7.11)
= O(d®log®(n)). O

Remark 4.7.12. Note that our proof for level-2 Fourier growth actually holds for a slightly
more general setting, where Alice and Bob are allowed to send O(L) = O(log(n)) bits dur-
ing each original communication round. This can be viewed as balancing the length of the
messages in step 3(b) with step 3(a) and step 3(c).

Since one can always convert a d-round 1-bit communication protocol into a %—
round log(n)-bit communication protocol, we obtain a slightly better level-2 Fourier growth

bound of
d*?log®(n)
Ol —=— 1.
((bg log(n))*/ 2)

The conversion is done by Alice (resp., Bob) enumerating the next loglog(n)/2 bits from Bob
(resp., Alice), and providing the corresponding loglog(n)/2 bits responses for each possibility.

It is also possible to improve the log®(n) factor tolog®(n) by varying the cleanup parameter
A with depth. For example, for depth in the interval [4rd,4(r + 1)d|, one could pick X\, =
O(d - log*(n) - r?). Since our focus is mostly on improving the polynomial dependence in d
where there is still room for improvement, we do not make an effort here to improve the
polylog terms.

Bounds on Step Sizes (Proof of Lemma 4.7.9)

Let us abbreviate 7 = 7, and note that at time 7 a new phase starts for Alice. By
construction, this means that the current rectangle X (™ x Y (™) determined by F(™) is 4-
wise clean with parameter A\, and since Alice is in step 3(a) at the start of a new phase,
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a'™*Y is chosen to be the (normalized) component of n ® v(™) that is orthogonal to previous

directions a™, ..., a(™.

For each r = 1,...,7 + 1, let B : <77®v > be the length of n ® v(™ along
direction a™. Each B is F(")-measurable (i.e., 1t is determlned by F™) and n ® (™) =
> eri1 B @l In this case, we have

E |:<Az§7'+1)>2 ’ ]_—(7-)} - K [<U(~r+1) o yiG )777 o™ ‘}-(7- }

T+1 2
(Z B (D — (™), am>> FO (4.32)
r=1

Similar to the level-1 proof, the components of w(™*1) and u(™ are roughly the same
along any of the previous directions a™",..., a!™ and so they almost cancel out and the
major quantity is in the direction a!™*"). This follows since, in all the previous steps r < T,

Alice has already fixed <x ® 1, a(’")> with precision 2-%. This implies that for any X (™) and
X (7t that are determined by F(™*1, the inner product with all the previous a™, ..., a(™
is fixed with precision 277 over the choice of x. Formally, by Fact 4.7.4, we have that for
any r € X™ and 2/ € XD it holds that ‘<x Rz, a(’”)> — <x’ ® 2, a(”)>’ < 27 for all
r < 7. In particular, since u(™ = ¢(X™) and u™*Y = ¢(X"*+Y) are the corresponding
centers of mass, we have that

[(u™+D) — @ o) <278 forallr < 7. (4.33)

On the other hand, since X™+Y) € X(™ C X© = [T, T]" and a"*Y is a unit direction,
we have

}<u(7+1) — ™, a(T+1)>| < ||u(T+1) _ U(T)” < onT. (4.34)

Similarly, noting that 7 is a sign matrix, we can bound
‘ﬁ(T’_Kn@’U T)>‘<Hn®v H<H'v HgnT for all r < 7+ 1. (4.35)

Expanding the square in (4.32) and plugging these estimates to each one of the (7 + 1)?
terms gives

2
o [(Azgﬂ)) ’]_-(T)] (4.36)
<E[(B7)" () — ul®), am ) 4 (74 1) - 1) 2400 | 7]
< (B(rﬂ))? E [<u(r+1) — ), a(7'+1)>2 ‘ ]—“(")] + 120773 - 275, (4.37)

where the second line follows from Claim 4.7.7.
We now bound the term outside the expectation by the change in the center of mass v
and the term inside the expectation by the fact that the set is 4-wise clean.
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Term Outside the Expectation. Recall that a(™*" is chosen to be the (normalized)
component of n ® v(™ that is orthogonal to the span of a™, ..., a(™. Since n ® v(™~Y is
in the span of aV, ... a1+ and 7,,_1 + 1 < T = 7,,, it is orthogonal to a(™*Y. Hence

BT = (n© 0™, alT) = (n© (v — pTmD) D).

Since a(™*Y is a unit direction and 7 is a sign matrix, this implies that

(B7)" < [0 — w7, (4.38)

Term Inside the Expectation. Recall that Alice is in step 3(a), she sends <x ® x, a(T+1)>

with precision 2=% at time 7, and thus the same inner product with a(™*V is fixed with
precision 2% for every point in X (™1 determined by F("t1). Thus

X~y

2
<,u/(‘r+1)’ a(1—+1)>2 _ ( o Km & w’a(r+1)> }w c X(‘r+1)])

2
= (<x ® x,a("+1>> + E [eo]|me X("H)])
@~y
(Jex| < 27% is the truncation error by Fact 4.7.4)

. 2 .
S <~T ® x, a(”1)> + 272 otk ‘<x ®, a,<f+1)>‘

. 2
< <.CE ® x, a(T+1)> +nT 2> (4.39)
where the last line follows from ‘<x ® z, a(7+1)>‘ < Ha: ® xH and z € X© = [T, T|".

Final Bound. Since (u(”), is a matrix-valued martingale and thus E [u(™!) | F(] =
u'™), we have

E [<u(r+1) —u™, a(-:-+1)>2

]1'("')] _E [<u(r+1>7 a™HOY? (4 g(riD)?

;(r)}

Then by (4.39), we upper bound the right hand side by

TLT . 22—L + ]E |:<CU ® $,a’(7—+1)>2 _ <’U,(T),a(7+l)>2

T~y

]-"(T)} :

Since X (™) is 4-wise clean with parameter )\, it can be bounded by nT - 22-L 4+ X:

E [<u(7+1) —u™, a(T+1)>2 ‘ ]-"(T)] <nT 2214+ (4.40)
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Putting everything together, we have

E [(AZ§T+1)>2 ' ]:(‘r):| < (B(T+1))2E |:<u(1'+1) _ ’U,(T), a(r+1)>2 ‘ ]_—(1-)} 10T ok

(by (4.37)
< (BT (nT - 227 4 ) 4 120773 . 27" (by (4.40))
<A (BTHY) L pBTE L 92 L 4 1207 9L (by (4.35))
<A o™ — o )| 43T 22 E 120778 27 (by (4.38))

S - H’U(T) _ rU(Tmfl)H2 + 16n7T3 . 2—L‘

This completes the proof of the first statement in the lemma.

For the moreover part, let us condition on the event 7,1 < t < T, where Alice speaks
at time t. Note that such ¢t must all lie in the same phase of the protocol where Alice is the
only one speaking. So, Bob’s center of mass does not change from the time 7, till ¢, i.e.,
v+ = y(Tm-1) Thus we have

Azét—&-l) _ <u(t+1) —u® e ,v(Tmfl)> ) (4.41)

Analogous to (4.33), the component of Alice’s center of mass along the previous directions
are fixed with precision 27%. Thus by Fact 4.7.4,

[(u*D) — u® o™y < 27F forall r < t. (4.42)

Furthermore, by construction, n ® v(™-1) lies in the space spanned by a®, ..., a(mm-1+D.
Note that Tm_1 + 1 < t. Similar to the previous analysis, for each r = 1,...,¢t, let 8" :=
(n®v", a) be the length of n ® v") along direction a™. Then (4.35) also holds here.
Therefore

‘ t+1 D) 4 a(r)> (by (4.41))
t
< Z BT [(u™D —u® ) <Y " nT 275 (by (4.35) and (4.42))
r=1
< 2n3T 27k, (by Claim 4.7.7)

Conversion to Bounds on Depth (Proof of Lemma 4.7.10)

Recall v* = 4(X @) x 4(Y(©) and y(¢) = (X PO)) . (Y PO)) for each leaf £. The goal of
this subsection is to prove Lemma 4.7.10.
We first note the following basic fact.
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Fact 4.7.13. > ,v({) = ~v* and

Pr [C(x,y) reaches leaf (] = ~(€)/7".

a:NX(O)’yNY(O)

Now we apply Theorem 2.0.6 with £ = 2 to relate the LHS of Lemma 4.7.10 with an
entropy-type bound.

Lemma 4.714. & [Ju]} + o] < £ 5,901 ().

Proof. Let ¢ be a fixed leaf and D = D({) be its depth. Note that this also fixes the
rectangle X P x Y(P) and thus the centers of mass u(?), v(P). Define the indicator function
1,: R?" — {0,1} by

L(.y) 1 (2,y) € XP) x YD),
x? - .
ary 0 otherwise.

Then we have

™ I+ 1™

2 2
=|| E [az@w‘meX(D)} +|E [y@y’yEY(D)}
o F Yy~ F
n 2 n 9
=2, ( E [ziz;|xc XUD)]) + ( E [yiy;|y € Y<D>]>
ij=1 \T7 oo v
7 i
- 2 n 9
= <w B [z | (w,y) € X x Y(D)]) +y (w E_ [y, | (z.y) € X x Y(D>])
i,j=1 ’ = ,
g =
2 2 2
v(£)? Z (fm%yw[ g(w,y)wg]) + Z (mw%yw[ e(w,y)yso
se('y) se(n)
2 2
<sip 3 (LB )
2 Weo
fy(é) S€<[22”] Yn XVn
2 e
< - 2e2y(0)* - In® <_> by Theorem 2.0.6
SGERA N T ( )

Therefore taking expectation over a random /¢, by Fact 4.7.13, we have

e [l + 1] < 95 [ (555 ) - 25 2000w (555).

U

v
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Now in the next lemma, we bound the right hand side of Lemma 4.7.14 in terms of the
second moment of the depth, which immediately proves Lemma 4.7.10.

Lemma 4.7.15. Assume that Tn < 2. Then, 3, v(0) -In* (e/y(€)) < O(1 +~* - L*E[d?)).

Proof. By Claim 4.7.6, and the assumption Tn < 2% each message is of length at most
L +log(Tn) < 2L. We divide ¢ into two cases based on ~y(¢):

Y0’ (%)

Ly(£)<2—3L-D(6)

< Z 973L-D(O) 12 (e 23L'D(Z)) (z1n*(e/z) is increasing when 0 < z < 0.2)
(i (£)<2—3L-DO)

<Y 2 (9L + 1) - [{€: D(0) =t} (since In?(ab) < 21n’(a) + 21In%(b))
t=1
< Z 273Et . 2(9L? + 1) - 220)1 (each message is of length < 2L)
=1
<> 20907 +1)- 27 = 0(1) (since L > 2)
t=1
and
Z 7(0) - n? (%) < Z v(€) - In? (e - 23LPO)
ty(£)2-3L DO () Cy(0)>2-3LDO
<2-9L2) A(O)DE) +2) 4(0)
¢ ¢
=18L*y" - E [D(£)*] +2
= 18L°y* - E [d?] + 2.
Adding up the two estimates above gives the desired bound. O]

Second Moment Bounds for the Depth (Proof of Lemma 4.7.11)

The final ingredient is an estimate for the second moment E[d?]. This subsection is devoted
to this goal and proving Lemma 4.7.11.

For messages ¢/ = (¢,...,e"), we define y(¢') = v(X®) - v(Y®) where X® Y ® ig
defined by the protocol using the messages ¢/. Note that this definition is consistent with
v(€) for a leaf /.
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Lemma 4.7.16. There exists a universal constant o > 0 such that the following holds. Let
0 < dy < dy be two arbitrary integers with do — dy > 2d + 1. Let * = (E(l), . ,E(dl)) be
arbitrary messages of the first di communication steps. Assume 2 > 8n*T?. Then

a-diL? 1 273Ld

N (do—di—2d) "1 A

Pr(d>dy| "] <

Proof. Let @,y be sampled from 7 conditioned on & € X 9y c YO, Let £ be its corre-
sponding leaf in C and d be the depth of £. By Claim 4.7.7, £ always has finite depth. We
extend a® = b®) = 0" and X = X@ Y =Y for all t > d. Then define

VRS ((zémat) s (you)) and K= B k)]

t=di+1 Ty~
where a)’s and b()’s depend only on £.'> Equivalently, we can write K as

K= E [k:(a:,y) ’ (x,y) € X (1) Y(dl)] ,

Yy~

where X (@) and V(@) are fixed due to ¢*.

Observe that for any fixed t > di, X® x Y® induced by different £, conditioned on
¢*, is a disjoint partition of X(@) x Y(@)  Therefore sampling «,y ~ 7 conditioned on
(x,y) € X@) x V(&) is equivalent to

e first sample random messages £ = (€1 ... €") conditioned on £*,

e then sample x, y ~ v conditioned on (z,y) € X® x Y® given £
Note that we can further expand £’ to a leaf £ as a full communication path, and obtain the
following equivalent sampling process:

e Sample a random leaf £ conditioned on ¢*.

e Sample .,y ~ 7 conditioned on (x,y) € X® x Y defined by the first ¢ messages of

L.

As a result, we have

d> : 2 :
w= 3 gl [(eomat) + fyowa)

t=d1+1

i 2
E E [<m ® x, a(t)>
T~y

t=d1+1

2

(z,y) € X x Y(t)}

a

. 2
x € X(t)} + E Ry ® y,b(t)> ‘y € Y(t)]
Y~y

4*] |

12Note that £ specifies all the communication messages, which allows us to simulate the protocol and
obtain each a() and b(").
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Observe that there are at most 2d many step 3(a) and 3(b) in £. This means, if d > d,
then from the (d; + 1)-th to the do-th communication steps, there are at least dy — d; — 2d
cleanup steps (i.e., step 3(c)), each of which contributes at least A to K. Thus we can lower
bound K by

K>X-(dy—dy —2d)-Pr[d>dy| l7]. (4.43)

On the other hand by Claim 4.7.7, there are at most n? non-zero a')’s and at most n?
non-zero b\)’s in each communication path. Thus

.2
k(x,y) <n*- (max x®xH + max y®yH ) < 2niT?. (4.44)
e X (0) F yeY (0)
We now obtain another upper bound using Theorem 4.4.1. Let £ = (E(l), e ,E(dQ)) extend

¢* for the next dy —d1 messages.13 Then K = Eg [k(£) | (*] where k(() := Eq ., [k(z,y) | {].
Note that ¢ fixes a')’s and b()’s in k(zx,y). Therefore we use ks(x,y) to denote k(zx,y) with
the directions a()’s and b()’s fixed by ¢. We now continue the bound on k(¢):

> Pro, [ki(z,y) > t,(]
k(0) < Pr z,y) >t ey LT
tz; @y~ [ ‘ j Z Pry M
= Z min ¢ 1, Pray [k (iE’ y) > t1] (by the definition of 7(-))
t=0 v(0)

- imin {17 Pryyy [ke_;v, y) > 1] } ‘ (4.45)

We now analyze Pry, ., [kz(x,y) > t] using Theorem 4.4.1. Since a®¥, b} cannot be non-
zero simultaneously, we rearrange the matrices and assume a(@ . q@) p@+1) - pd")
are the only non-zero matrices where d”’ < dy. Then

/ u

2

ki(z,y) = ) <w®az,a(t)>2+ 3 <y®y,b<t>> _

t=d1+1 t=d'+1

Note that a’s (resp., b’s) satisfy the condition in Theorem 4.4.1. Let 1/k be the constant!
in €2 in Theorem 4.4.1. Hence

d . 5 "’ . 5
Pr[ky(x,y) > t] < Pr Z <m®m,a(t)> >t/2| +Pr Z <y®y,b(t)> 275/2]
t=d+1 t=d'+1

<9 1 t/2 9 1 t/2
ex exX —_
Pl % d— dy ++\/t/2 Pl d" —d +\/t/2

. . i j . —_— 17 / —_—
(by Theorem 4.4.1 and assuming ¢ > 196 - max {d' — d;,d" — d'})

I3If € becomes a leaf before ds, then we can simply pad dummy messages to it.
141n particular £ = 56448 suffices from our proof in Section 4.4.
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1
< 4exp{ t/2 } ) (since dy < d' < d" < dy)

K d2 di ++/t/2

Thus for any ¢ > 196 - (dy — dy) > 196 - max {d' — d;,d" — d'}, we have

Pr [kj(xz,y) > t] < 4exp{ = /2 } (4.46)

R dg—d1+\/

For ~(€) > 2735 we plug (4.46) into (4.45) and obtain

196-(d2—d1)? 1 t/2
k() < 1+ min { 1,2354F1 . ex
( ) Z Z { p K d2 dy + A /t/2

t=0 t>196'(d27d1)2
(by (4.46))
_1,_t/2
<196 - (dy —dy)* + 1+ Z min{1,23L'd2+1 e "2 t/?}
t2196~(d2—d1)2
<197-d5 + Zmin {1, 3Ledatl e\/;?}
t>1
<a-diL? (4.47)
where « is another universal constant. Now we have
@ / _ / _
K = 1% 7 . - ¥ J((g*)) KO+ Y 'V&*)) -k (0),
Ly (f)<2—3L-d2 Cy(£)>2—3L-do i
where the first summation can be bounded by
7 B 9—3L-dx
2 % RO < Sy D2 (by (4.44))
Ly (0)<2—3Ld2 i i ‘
9—3L-dx
S . 22L~(d2—d1) . 2—3L~(d2—d1) . n4T2
V(6)

(since * is fixed and each message is at most 2L bits)
2—3L-d1 2n4T2
Ty 2

(since do — dy > 1)

and the second summation is bounded by

1O 7 VO 21— o 2L
wagswz () k=2 V(€¥) &2k dy L. (by (4.47))
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Then combining (4.43), we have

2—3L-d1 2n4T2
Y=y 2k

Ao (dy—di —2d)-Prid>dy |07 < - d2L* +

Assume 2 > 8n*T? and dy — d; > 2d + 1. Then

a-d3L? 1 273k

SR 0O

Pr(d>dy| 0] <
r[d_d2|€]—)\.(d2_d1—2d) 4 ()

Corollary 4.7.17. Assume v* > 3/4, T < n, L > O(log(n)), and X\ > ©(dL?log?*(n)).
Then for each k =0,1,...,4log(n), we have

k
Pr(d > 4kd) <27 + —.
n

Proof. We prove the bound by induction on k. The base case k£ = 0 is trivial. For the
inductive case, let £* be the first 4(k — 1)d communication messages. Then we bound

P = 3 Wf) -Pr[d > 4kd| ("]
€*:V(€*)/7*<2_3L'4(k_1)d ’Y
and .
Q= 3 W;) -Pr[d > 4kd | ]
4*17(4*)/7*2273&4(1@-—1):1 Py
separately.

For P, observe that if k = 1 then ¢* is root of the protocol, thus v(¢*) = v* and P = 0.
On the other hand, if £ > 2, then

P < Z 9—3L-A(k—1)d < 22—3L-4(k—1)d
g*:,y(e*)/,y*<2—3L»4(k—1)d 0*

< 92LAlk=1)d  9=3L-4(k—1)d (each communication message is at most 2L bits)

= 9 Lalk=1)d < =5 (since k > 2 and L > O(log(n)))

Now we turn to . Applying Lemma 4.7.16 with ¢* and d; = 4(k — 1)d, dy = 4kd, we have

,Y(E*) 16av - k2d2 2 1 273L-4(k71)d
< . - -
©= 2 ( 2R 4 )

*
K*:,Y(K*)/,y*2273[n4(szl)d ry

(%) <8a Sk2dL? 1 )
< : +
< Eé* - 3

4ry*

:Pr[d24(k—1>d]'(w 1 )

A * 4y
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1
<Pr[d>4(k—1)d]- 5 (since v* > 3/4 and A > ©(dL?log?(n)), k < 4log(n))
-1 1 -1
< (27D 4 i <2 g i : (by induction hypothesis)
nd 2 nd
By adding up P and @), we complete the induction. O

Given Corollary 4.7.17 and suitable choice of the parameters, we now prove the second
moment bound.

Proof of Lemma 4.7.11. With L = ©(log(n)), T = O(y/log(n)), and A = O(dlog*(n)), by
Fact 4.7.3, we have v* > 3/4. Therefore the second moment of d is

4log(n)

E[d?] < (4(k + 1)d)* - Pr[d > 4kd) + Pr [d > 16dlog(n)] - (2n%)? (by Claim 4.7.7)

k=0
4log(n)
_ k 4 4log(n)
2 k 4 2\2
< 2 (4(k+ 1)d)” - (2 +$) + (n +— ) - (2n%)
(by Corollary 4.7.17)
= O(d?). O

4.8 Fourier Growth Reductions For General Gadgets

In this section, we show that Fourier growth bounds of communication protocols for general
(constant-sized) gadgets can be reduced to the bounds of XOR-fiber, and vice versa. This
implies that in the study of Fourier growth, they are all equivalent.

Let a,b be two positive integers. Let g: {41}% x {£1}* — {£1} be a gadget. We define
the g-fiber of communication protocols similar to the XOR-fiber:

Definition 4.8.1. For any randomized two-party protocol C: ({£1}%)" x ({£1}°)" — [-1,1],
its g-fiber, denoted by Cy,: {£1}" — [—1,1], is defined by

mNuan ’yNZ/{bn

where the expectation is also over the internal randomness of C.

To compare the Fourier growth bounds between gadgets, we use Lx(g,d,a,b,n) to de-
note the upper bound of the level-k Fourier growth for the g-fiber of an arbitrary randomized
communication protocol C: ({£1}%)" x ({&1}*)"* — [~1,1] with at most d bits of commu-
nication, where g: {£1}% x {£1}* — {&1} is the gadget. Since randomized protocols are
convex combinations of deterministic protocols of the same cost, using this notation, our
main results Theorems 4.2.1 and 4.2.2 can be rephrased as

L1(XOR,d, 1,1,n) go(ﬂ) and  Ly(XOR,d, 1,1,n) < O (d*?log*(n)) .
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For any set S C [a], define x5 = [[,.q s, and similarly for yr with 7" C [b]. Similar to
the standard Fourier representation of Boolean functions, the gadget g, which is a two-party
function, also has Fourier representation:

g(i’,y) = Z 3(57 T) *rsyr, where /g\(S7 T) = E [g(way) ' msyT] :

T~Ua,y~U,
SClal,TC[b) ’

For convenience, we will assume ¢ satisfies the following assumption. It’s easy to see that
the XOR gadget satisfies it.

Assumption 4.8.2. g(S,T) =04 S=0 or T = 0.

Remark 4.8.3. This assumption is equivalent to the fact that, restricted on any input to
Alice’s side, the remaining function on Bob’s side is balanced, and vice versa.

Even if g does not satisfy the assumption, then we can embed it inside a similar gadget
g {1} x {130 — {41}, where we XOR the last bit of Alice and the last bit of Bob
to the old gadget g applied to Alice’s first a bits and Bob’s first b bits, i.e.,

9 (2,Y) = Tas1Yt1 - 9(T<as Y<p)-

Then ¢' satisfies the assumption and inherits most properties of g sufficient for studies in
communication complexity tasks.

Now for a protocol C: ({£1}2)" x ({#1}*)" — [—1,1], it is also a two-party function and
thus admitting similar Fourier representation. We view an input from ({£1}%)" as indexed by
a tuple in [n] X [a]. Therefore any subset of ({£1})" is uniquely identified as [, {i} x Si,
where each S; C [a]. We use S to denote (S;)icf,. Thus the Fourier coefficients of C can
be written as

e,y =C | | it x s | {ir x T |

1€[n] 1€[n]

and the Fourier representation of C is

= 3 sty T wis - I v

Slinl Jin] i€n] Jj€[n]

where z; g = HjeS x;,; and similar for y; 7.
Under this notation and assuming Assumption 4.8.2, we can effectively compute the
Fourier coefficients of any g-fiber.

Fact 4.8.4. Assume gadget g: {21312 x {&1} — {&1} satisfies Assumption 4.8.2. Then we
have

Co(= > Cs.1h-T[a(S:. 1) for any I C In],
st.rl iel
S A0, T; A0 Viel

where we use ST to denote S with S; fized to () for all j ¢ I.
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Proof. Observe that

C(l) = E |Cyy(z sz]

z~Up,
L i€l
_E E [Clxy)|g(ziy) =2, Vi []2
z~Up, m"\‘uanvy"/ubn[ ( y) |g( y) ] g ]

9(xi, yi) = 2, VZ” :

= E E C €T, . i, Y;
z~Un | 2~Uan,y~Upp, [ ( y) ’lEHIg( y)

Since g(0, ) = 0 by Assumption 4.8.2, every pair (x,y) is sampled with the same probability
under the conditional distribution. Thus we get

E;;(I) = IE [C(a:,y) : Hg(fﬁz,yz)] :

T~Uan,Yy~Upp, X
el

Now we expand C and g in the Fourier basis and obtain

Cig(])
= — E o Z é\(S[n},T[n]) H TS, H Y515 ) H (Z :C]\(Slv Ti)mivsiyivTi)
an,Y bn gln] 7T[”] ic [TL} je [TL] el S, T

- E Z é\(SM’T[n]) H Li,S; H Yj1; Z H/g\(sza Tz’)wi,siyz’,Ti

x~Uan Y~Upn

Slnl Tln] i€[n] J€(n] ST 1T il i
=y (s, T!). Hﬁ(SZ,T)
ST I el
= Z CA(SI, . Hﬁ(Si, T;), (by Assumption 4.8.2)
st i i€l
Si#0,T; D Niel
as desired. O]

Now we present the reduction from XOR-fiber to a general g-fiber.

Theorem 4.8.5. Assume gadget g: {+1}* x {£1}* — {£1} satisfies Assumption 4.8.2.
Then

—k
LXORd,1,1,) < (max (8.7 ) oo b

S 2(a+b)k/2 : Lk (g7 d? a7 b? n)‘
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Proof. Let C: {£1}" x {£1}" — [—1,1] be an arbitrary protocol of cost at most d. Then
for a fixed set I C [n], by Fact 4.8.4 applied to the XOR gadget, we have

Crxor(I) = C(17,17). (4.48)

Let S C [a] and T' C [b] maximize |g(S5,T)|. Since g satisfies Assumption 4.8.2, we know S
and T are not empty sets.

Now define a different protocol C': ({£1}*)" x ({£1}°)" — [—1,1] as follows: After
receiving input z, Alice computes z; = z; ¢ for each block z;; and Bob computes similarly
y; = y;r upon receiving input y. Then they execute the protocol C on 2z’ and y'. That is,
C'(z,y) = C(2',y'). Therefore, for any I C [n] and ST, T satisfying S; # 0,T; # () for i € I,
we have R

~ c(t, 1ty S, =S8T,=T, Viel
CI(SI7TI): ( ) ) 7' 9 (S )
0 otherwise.
Then by (4.48) and Fact 4.8.4 applied to C’ with gadget g, we have
Cl,(1) =1’ 17) - g(S, T = Cixon(l) - (S, ).

Now summing over all I C [n] of size k, we have

LiCror) = Y |Cxon(D| = GS.TIF- > |CL (D] = (S T)* - Lu(cy)

IC[ =k IS |=k
< |9(S,7)|™" - Li(g,d,a,b,n). (since C' has cost at most d)

Since C is arbitrary, this proves the first half of Theorem 4.8.5. To prove the second half, we
use an averaging argument and Parseval’s identity on g¢:

4(5. 1) = \/2 S s = Vo .

ST

Using similar analysis, we also have a reduction from a general g-fiber to XOR-fiber.

Theorem 4.8.6. Assume gadget g: {£1}* x {&1}> — {£1} satisfies Assumption 4.8.2.
Then

k
Lyi(g,d,a,b,n) < (Z 19(5, T)|> - Li(XOR, d,1,1,n)

ST
< 2@tt)R/2. 1 (XOR,d, 1,1,n).

Proof. Let C: ({£1}%)" x ({£1}*)" — [~1,1] be an arbitrary protocol of cost at most d.
Then for a fixed set I C [n], by Fact 4.8.4 applied to gadget g and using Assumption 4.8.2,

we have - R
Cp(D)=>_cC(s", ) T]a(s:. 7).

ST, 1! i€l
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Therefore

[Ta(s.1)

il

Licy< > Y e

IC[n):|I|=k ST, T!

Now let M =} ¢+ |g(S,T)|. Let p be a distribution over subsets of [a] x [b] and its
probability density function is defined as:

p(S,T) = [9(5,T)|/M.

Then we can rewrite L;(C,,) as

Aral Ml k
Legs S B [es o]
IC[n):|I|=k
—MF.  E ‘A ITI‘ . 14
(S["],T["])Np["] Z C<S ) ) ( 9)
IC[n):|I|=k

Now we fix an arbitrary (S, 71") sampled from pl"l. Note that S; and T} are not empty
by the definition of p and Assumption 4.8.2. Then define a different protocol C': {£1}" x
{£1}™ — [—1,1] as follows: After receiving input z, Alice samples 2’ € ({£1}*)" uniformly
conditioned on ] g = z; for all i € [n]; and Bob samples similarly 3" € ({£1}")" conditioned
on y; . = y; for all i € [n]. Then they execute the protocol C on 2z’ and y'. That is,
C'(z,y) = Ep o [C(2,y’)]. Therefore, for any I C [n], we have

~

c'(1f, 1y =C(st,Th.

By Fact 4.8.4 applied to C" and the XOR gadget, we have

o — ~

CiXOR(I) - 5/(117 11) = C(SI>TI)‘

Since C' has cost at most d, we have

3 ‘CA(SI,TI)’ - ¥

ICnl:|1|=k ICnl|I|=k

Clxon(D| = Ln(Clxon) < Li(XOR.d,1,1,n).

Putting back to (4.49), we have
Li(Cyy) < M* - Ly(XOR, d, 1,1,n),

which proves the first half of Theorem 4.8.6 since C is arbitrary. To prove the second half,
we use Cauchy-Schwarz inequality and Parseval’s identity on g¢:

M= [Gs.7)) < \/2 S 4(5.1) = VI, -
S, T S.T
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As a corollary, to study the Fourier growth bounds, we can switch between gadgets
conveniently, as long as the gadgets have small size.

Corollary 4.8.7. Assume Assumption 4.8.2 holds for gadgets g: {£1}* x {£1}* — {£1}
and g': {£1}¥ x {£1}¥ — {£1}. Then

Lk (ga d7 a, ba TL) < 2(a+b+a’+b’)~k/2 ’ Lk (g/a d7 CLI, bla TL)

4.9 Directions Towards Further Improvements

In this section we propose potential directions for further improving our second level bounds.
In one approach, we show that better Fourier growth bounds can be obtained from strong
lifting theorems in a black-box way. This relies on the Fourier growth reductions in Sec-
tion 4.8. In another direction, we examine the bottleneck in our analysis and identify major
obstacles within.

Better Lifting Theorems Imply Better Fourier Growth

Let f: {£1}" — {&1} be a Boolean function. Let g : {#1}* x {£+1}®* — {41} be a gadget.
A lifting theorem connects the communication complexity of fog with the query complexity
of f. Some lifting theorems show that a low-cost communication protocol can be simulated
by a low-cost query algorithm.

To be more precise, let C : ({£1}%)" x ({&1}°)" — [~1,1] be a randomized two-party
protocol. Recall Definition 4.8.1, the g-fiber of C, denoted Cy,(z) : {£1}* — [-1,1], is
defined by

Cig(’Z) = E _ [C(a:,y) |g(mivyi) = Zi, VZ] :

T~Uagn,Yy~Upn,
We say that ¢ satisfies a strong lifting theorem if for all randomized protocols C of small
communication bits, there is a randomized decision tree of small depth that approximates
C,, on each input with error 1/poly(n) (see e.g., [GPW20]).

Theorem 4.9.1. Assume gadget g: {+1}* x {+1}> — {+1} satisfies Assumption 4.8.2.
Assume for any randomized protocol C: ({&1}%)" x ({£1}°)" — [-1,1] with at most d
bits of communication, there exists a randomized decision tree T of depth at most D that
approzimates Cy, with pointwise error at most 1/nk, i.e.,

|T(2) —Ciy(2)] < n* Ve {£1}".

Then, for any randomized protocol C': {£1}" x {£1}" — [—1,1] with at most d bits of
communication, its XOR-fiber C|xog has level-k Fourier growth

Lk(Cix()R) < (max 19(S,T)| ) \/D’€ O (log(n ) -1

< 2(a+b).k/2 . \/Dk e (log(n))k—l
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As a simple corollary, we see that if the assumption of Theorem 4.9.1 holds with k = 2,
D = d - polylog(n), and a polylogarithmic-sized gadget g (i.e., 2¢,2" < polylog(n)), then the
second level Fourier growth of the XOR-fiber of any randomized protocol of cost d is at most
d-polylog(n) as desired. In addition, by a majority vote of O(klog(n)) independent copies of
the randomized decision tree, the error condition above can be relaxed to any small constant.
We also remark that state-of-the-art lifting results hold with the gadget g being:

e The inner product on a = b = O(log(n)) bits [CFK " 19]. However, for such g the largest
Fourier coefficient squared is 1/poly(n), which yields a trivial bound in Theorem 4.9.1.

e The index function with a = poly(n), b = log(a) [GPW20].'® In this case the largest
Fourier coefficient squared is 1/a?, which again yields a trivial bound in Theorem 4.9.1.
Nonetheless, even a polynomial improvement on a, say a = n®%!, would give new non-
trivial bounds in Theorem 4.9.1 and in turn improves our lower bound on the XOR-lift
of Forrelation.

Proof of Theorem 4.9.1. Let C: ({£1}*)"® x ({£1}*)® — [~1,1] be a randomized protocol
of cost at most d. Then by assumption, Cj, can be approximated up to error 1/n* by a
randomized decision tree 7 of depth at most D. Thus any Fourier coefficient of C;, and
T differs by at most 1/n*. Therefore by the level-k Fourier growth bounds on randomized
decision trees [Tal20, SSW23], we have

L€y < > (w7t +|T(9)]) < VDT Ologn)).

SCln]:|S|=k

Since C is arbitrary, the claimed bound for C|yog follows from Theorem 4.8.5. O

Sums of Squares of Quadratic Forms for Pairwise Clean Sets

In our analysis for the level-2 bound, we showed that one can transform a general protocol to
a 4-wise clean protocol with parameter A = d - polylog(n) by adding O(d) additional cleanup
steps in expectation. If one could show that with essentially the same number of steps, one
could take A\ = polylog(n), then we would obtain the optimal level-2 bound of d - polylog(n).

We recall that to bound the number of cleanup steps, we rely on a concentration inequality
for sums of squares of orthonormal quadratic forms (Theorem 4.4.1), which says that if
M, ..., M,, are matrices with zero diagonal and form an orthonormal set when viewed as n?

) 2
dimensional vectors, then the random variable g = >\, <:c ®x, MZ> satisfies Prg,., [q >

t] < e~ VD for any ¢t > m?. Using this tail bound for m = ©(d) and conditioning on = € X
where X is an arbitrary subset of R" with Gaussian measure ~ 2~ we obtained a bound
Ez[q | * € X] < d?. This shows that there can be at most O(d) such quadratic forms M,’s

5For deterministic lifting, a better bound a = O(nlog(n)) is known [LMM22], but it doesn’t suffice for
our reduction.
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. 2
where the value Eg., [<a: R x, MZ> ‘a: € X] can be larger than d and hence, the reason

we can only take A =~ d. We note that the argument just described is for the non-adaptive
setting, while in our case the M;’s are also being chosen adaptively, so additional work is
needed.

The next example shows that the aforementioned statement is tight even in the non-
adaptive setting where the M;’s are fixed: in particular, there is a set X of large measure
and = d such orthonormal quadratic forms where the above expectation after conditioning
onx € X is O(d?).

Example 4.9.2. For 1 <i < j <+/d, let M;; = Eij fori < j where E;; denotes the n x n
matriz where only the (i,7) entry is one. Note that the matrices M;; form an orthonormal
set and they all have a zero diagonal. Let X = {x € R™||z;| 2 d"/* for all i < d"/?}. Then,
the Gaussian measure v(X) = 279 put

E| Y <w®w,Mij>2 zeX| =0

T~y
1<i<j<vd

Note that the set X in the example above is not pairwise clean and for our application,
one can get around it by first ensuring that the protocol is pairwise clean and then proceeding
with the 4-wise cleanup process. Motivated by this, we speculate that when the set is pairwise
clean, then the expected value of the sum of squares of orthonormal quadratic forms is much
smaller unlike the example above. Assuming such a statement and combining it with our
ideas for handling the adaptivity suggests a potential way of improving the level-2 bounds.
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Chapter 5

The Power of Adaptivity in Quantum
Query Algorithms

Motivated by limitations on the depth of near-term quantum devices, we study the depth-
computation trade-off in the query model, where the depth corresponds to the number of
adaptive query rounds and the computation per layer corresponds to the number of parallel
queries per round. We achieve the strongest known separation between quantum algorithms
with r versus r — 1 rounds of adaptivity. We do so by using the k-fold Forrelation problem
introduced by Aaronson and Ambainis (SICOMP’18). For k = 2r, this problem can be
solved using an r round quantum algorithm with only one query per round, yet we show
that any r — 1 round quantum algorithm needs an exponential (in the number of qubits)
number of parallel queries per round.

Our results are proven following the Fourier analytic machinery developed in recent works
on quantum-classical separations. The key new component in our result are bounds on the
Fourier weights of quantum query algorithms with bounded number of rounds of adaptivity.
These may be of independent interest as they distinguish the polynomials that arise from
such algorithms from arbitrary bounded polynomials of the same degree.

Organization. In Section 5.1, we give a brief introduction on adaptivity in quantum query
algorithms. In Section 5.2, we explain our main results. An overview of our Fourier growth
analysis is provided in Section 5.3. Section 5.4 contains the full proof of our Fourier growth
bounds. In Section 5.5, we discuss the tightness of our result in the non-adaptive setting. In
Section 5.6, we generalize our result to quantum query algorithms with classical preprocessing
power.

5.1 Introduction

A quantum query algorithm has “black-box access” to the input and is only charged for
quantum queries to the input, while any intermediate computation is considered free. Most
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well-known quantum algorithms, such as Grover’s search [Gro96], Deutsch-Josza’s algo-
rithm [DJ92], Bernstein-Vazirani’s algorithm [BV97], Simon’s Algorithm [Sim97], and Shor’s
period-finding algorithm [Sho99], are captured by this black-box access model. There are
slightly different models of black-box access to the input and in this work, we consider the
most basic access model where each query returns a bit of the input.

Our focus is to identify the exact limits of quantum depth in the query model. One of the
primary motivations for studying the power of depth comes from near-term quantum hard-
ware which is restricted to quantum circuits of small depth in order to combat decoherence
due to noise. Because of depth limitations, one needs to use wider circuits with more gates
in each layer to perform computation, thus making parallel operations quite desirable. This
makes optimizing the depth-width trade-off a fundamental task in quantum circuit synthesis
for the near-term: reducing circuit depth allows the computation to be completed before the
qubits decohere too much, but it also requires more quantum gates per layer.

On the positive side, Cleve and Watrous [CW00] showed how to implement the quantum
Fourier transform in a parallel fashion, which leads to the parallelization of Shor’s factor-
ing algorithm [Sho99]. Regev [Reg25] employed parallelization followed by polynomial-time
classical post-processing, to design a more efficient quantum algorithm for factoring under
certain number-theoretic conjectures. On the other hand, Moore and Nilsson [MNO1] con-
jectured that certain staircase-shaped quantum circuits cannot be efficiently parallelized.

In the query model abstraction, the circuit depth corresponds to the number of adaptive
rounds, denoted by 7, and the circuit width corresponds to the maximal number of parallel
queries, denoted by ¢, per round. An extreme case r = 1 is the non-adaptive quantum
query algorithm, where all queries are made in parallel. Perhaps surprisingly, van Dam
[vD98] showed that any n-bit Boolean function can be computed with bounded error using
only t < n/2 4+ O(y/n) non-adaptive quantum queries, which is essentially tight for total
functions [Mon10]. Techniques have been developed to establish lower bounds for various
problems in this non-adaptive setting [NY04, KLPY10, Burl9], but less is known when we
have more adaptive rounds. Zalka [Zal99] considered the unordered search problem on n-bit
database and showed that ¢t = Q(n/r?) is needed. This matches the simple divide-and-
search algorithm: Partition the space into O(n/r?) parts of O(r?) size each and execute
Grover’s algorithm [Gro96] on each part in parallel in r steps. Jeffery, Magniez, and de Wolf
[JMdW17] proved tight ¢t = ©(n/r*?) trade-off for the element distinctness problem and
tight t = ©(n/r'+*/*) trade-off for the k-sum problem.

The above results show that being more adaptive indeed reduces the need of quantum
queries. However the improvement is quite marginal: Even if we double the number of
rounds, the saving is still only a constant factor. This naturally leads to the following
question:

What is the largest possible saving in queries offered by more rounds of adaptivity?
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5.2 Our Results

We answer the above question in the strongest sense and along the way prove structural
theorems about the Fourier spectrum of polynomials that arise from low-depth quantum
algorithms.

Our main result shows that the aforementioned k-fold Forrelation problem separates dif-
ferent levels of quantum computational power, measured in terms of adaptivity. Informally,
the saving in the number of parallel queries can be unbounded, even when we just have one
more adaptive round.

Theorem 5.2.1. For any constant r > 2, the 2r-fold Forrelation problem on n-bit inputs

1. can be solved with advantage 27°" by r adaptive rounds of queries with one quantum
query per round, yet

2. any quantum query algorithm with r — 1 adaptive rounds requires Q(nl/r2) parallel
queries to approrimate it.

[tem 2 continues to hold even in the presence of a large amount of classical pre-processing.
In more detail, we consider algorithms that are allowed to first make classical queries and
based on the outputs, choose a quantum algorithm to run that has £ — 1 rounds of ¢ parallel
queries each. We show that any such algorithm must either make Q(n'/(?")) classical queries
or @(nl/ 7"2) quantum queries. See Section 5.6 for more details.

We note two easy modifications of the above theorem that also follow from our work,
which we do not state in the theorem statement above for brevity. First, in the first item
above, one can boost the advantage of the quantum algorithm to any constant close to 1 by
making 2°() parallel queries per round without increasing the number of rounds since error
amplification can be done by making parallel queries. Second, we can more generally obtain
an 7 versus 7’ separation for any 7’ < r where the lower bound in the second item improves
as 1’ decreases and is of the form Q(n°"")) where

-1 for " =1
)= ; ’ 5.1
e(r,r) {—7’_7“ >4 for2<y <r—1. (5:1)

For example, reducing the number of rounds by a factor of 2, i.e., when r = 27/, gives
c(r,r") = 1/(r +1). Furthermore, notice that the case when " = 1 corresponds to a non-
adaptive lower bound: here we obtain that any non-adaptive quantum algorithm that solves
2r-fold Forrelation must make Q(n'~'/") parallel queries.

Remark 5.2.2. We recall that k-fold Forrelation is a partial function and being a partial
function is necessary for Item 1. [Zal99, JMdW17] showed that for any total Boolean function
f, the number of parallel quantum queries needed with r rounds is t = Q(bs(f)/r?), where
bs(f) is the block sensitivity complexity of f. Note that Simon [Sim83] proved that bs(f) =
Qlogn) if f is a non-degenerate n-bit Boolean function. This implies that t = Q(logn)
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when r is a constant. Similarly, Ambainis and de Wolf [AdW1/] showed that any non-
degenerate n-bit total function requires Q(logn/loglogn) quantum queries in total, which
implies t = Q(logn/(rloglogn)). In summary, for total functions and constant rounds, the
best possible separation is only logarithmic-vs-polynomial, instead of the O(1)-vs-polynomial
separation we obtain.

As mentioned previously, Item 1 of Theorem 5.2.1 was already known since the work
of [AA18] and the crux of our result is the lower bound in Item 2. Lower bounds for
k-fold Forrelation are quite non-trivial to prove even for classical query algorithms and
the known techniques rely on the polynomial method. The polynomial method cannot be
directly applied since k-fold Forrelation is a low-degree bounded polynomial and as such one
needs to find a way to distinguish it from the polynomials of much higher degree that are
computed by the computational model of interest. In particular, we use Fourier growth as
the distinguisher.

Fourier Growth of Low-Depth Quantum Algorithms

Following [RT22, Tal20], Bansal and Sinha [BS21] successfully related the advantage of
approximating k-fold Forrelation for k = 2r with the (low-level) Fourier growth of the model
of computation in question. See Theorem 2.0.12 for detail. As a direct application, Item 2
of Theorem 5.2.1 follows from the following Fourier growth bounds.

Theorem 5.2.3. Let A be a quantum query algorithm on n-bit inputs with arbitrarily
many auxiliary qubits. Assume A has r adaptive rounds of t < n parallel queries. De-
fine f: {£1}" — [0,1] by f(z) = Pr[A accepts x]. Then

Li(f) <Oy (tz' < ”/t> L(lé)q) :

Moreover, this bound holds when some bits of x are fixed in advance.

Remark 5.2.4. In the non-adaptive case (i.e., r = 1), the bound in Theorem 5.2.3 can be
improved (see Section 5.3 for detail) to

Li(f) < O (7 - nt").
This is also tight as shown in Section 5.5.

Proof of Theorem 5.2.1 and (5.1). Since Item 1 follows from Fact 2.0.11, we focus on Item 2.
By Theorem 2.0.12, it suffices to show

1\ /
(7) (L)Y <r™ forall2r <0< 20 (2r —1) and t < O, (n< >) (5.2)
n
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where the Fourier growth bound L,(f) is from Theorem 5.2.3 and satisfies

Lelf) < Ore (’fZ (vnit) L(l;“m) <0, (b )

for low levels of £ < O(r?). Putting c(r,r’) = M’,;://Q gives the desired bound in (5.1).

For the special case ' = 1, we apply the improved bound from Remark 5.2.4:

Lo(f) < O, (te/4 ) n£/4) <0, (t1/4 ) n1/4)4
for low levels of £ < O(r?). Now (5.2) holds with ¢(r,r’) =1 — 1/r as desired. O

The acceptance probability of any quantum query algorithm that makes d queries can
be expressed as a degree-2d bounded polynomial. Most of the techniques in the literature
do not distinguish polynomials that come from quantum algorithms from general bounded
polynomials and we lack a sufficiently good understanding of such distinctions.

Our Fourier growth bounds are far better than the bounds that can be obtained by
directly applying the Fourier growth estimates for low-degree bounded polynomials [[RR 21,
F122]. Thus, this points to one way in which polynomials computed by low-depth quantum
algorithms are different than general bounded polynomials of the same degree.

Classically Simulating Low-Depth Quantum Algorithms

We mention an open problem related to the question of where the exact limits of the trade-
offs between depth and the number of parallel queries lie. As mentioned before, if there is
only one query per round (¢ = 1), then Aaronson and Ambainis [AA18] conjectured that
any r-round quantum algorithm can be simulated with O(n'=/2") classical queries and this
conjecture was proved by [BGGS22]. Does such a classical simulation continue to exist for
low-depth quantum algorithms that make multiple parallel queries per round? We believe
this is the case and make the following conjecture.

Conjecture 5.2.5. Any quantum query algorithm on n-bit inputs with r adaptive rounds
and t parallel queries per round can be classically simulated with O, (n1*1/2’°) qUETIES.

It is worth mentioning that the Fourier growth bounds of classical query models (aka
decision trees) [Tal20, SSW23] scales roughly like (D - logn)®? where D is the number of
classical queries. Our Fourier bound matches the Fourier bound for decision trees of depth
O,¢ (n'=1/?") giving some support to the above conjecture.

Related Works in Communication Models. Aside from the aforementioned results in
the quantum query complexity, the round-query trade-off in the query model can also be
deduced from the round-communication trade-off in the model of communication complexity.
In this model, Alice and Bob are given n-bit inputs x and y separately and their goal is to
evaluate some function F'(x,y) by communication.
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Given such a communication task F', we immediately get a query task f by letting
z = (z,y) and defining f(z) = F(x,y). Then each quantum query to z can be implemented
in the communication setting by Alice and Bob exchanging one round of O(logn) qubits.!
Therefore if I’ requires sending ¢ log n qubits in each round, then the corresponding f requires
Q(t) parallel queries in each round. Via this reduction, the pointer chasing problem with r
jumps needs SNYT(n) parallel queries with r — 1 adaptive rounds [KNTZ01, JRS02], whereas it
can be solved with r adaptive rounds of O(logn) queries. Since the pointer chasing problem
is a total function, by Remark 5.2.2 this logarithmic-vs-polynomial separation cannot be
further improved to an O(1)-vs-polynomial separation.

We remark that? it is possible to define a variant of the pointer chasing problem which
only uses one quantum query per round. This is achieved by using the Bernstein-Vazirani
trick (see [Wat09]) to encode the address of each jump by the Hadamard code. Note that
this is a partial function (due to the Bernstein-Vazirani trick), and it is conceivable that it
will require n*M) queries if the number of adaptive rounds is reduced. In light of this, we
highlight that our results generalize to the setting of quantum query algorithms with classical
preprocessing, where the algorithm is allowed to first perform n®(1) classical queries, then
adaptively choose a quantum query algorithm with prescribed number of rounds and parallel
queries. See details in Section 5.6. In this setting, variants of the pointer chasing problem
would be solved already in the classical preprocessing phase, whereas the 2r-fold Forrelation
problem still exhibits an O(1)-vs-polynomial separation.

Related Works in Hybrid Models. There is another line of work on hybrid quantum-
classical query algorithms that is related to the questions studied here. In particular, this line
of work [CM20, CH23, HG22, ACCT23] considers the trade-off between quantum depth and
the number of classical queries in a model that allows both. Although some of these works
prove a fine-grained depth separation that seems similar to ours, the models considered
in these works do not allow parallel queries (or only allow polylog(n)-parallel queries in
[CM20]) and they do not study the trade-offs between depth and parallel quantum queries.
Consequently, these results are not comparable to ours.

5.3 Proof Overview

Describing Quantum Algorithms with Parallel Queries. Quantum algorithms which
make parallel queries have the following form. First, we have an initial state |u); this state
has some registers to index coordinates of the input and some registers for workspace. The
algorithm has several rounds, where each round consists of a few parallel oracle queries
followed by a unitary operator. The parallel queries are modelled by O2* @ I. Here, O, is an

Here log n is required for indexing an n-bit string in superposition, which is not needed classically. By
switching the role of Alice and Bob between communication rounds, we can simulate r queries in r rounds
of communication and one party in the end will compute the answer.

2We thank an anonymous QIP’24 reviewer for pointing this out.
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(n+1) x (n+ 1) unitary that maps |i) to z; |i) for all i € [n] and keeps |0) fixed, and this is
equivalent to the usual quantum query oracle. The operator O%" implements ¢ parallel oracle
queries and [ acts as the identity matrix on the workspace. Finally, the algorithm applies
some two-outcome measurement and returns the outcome as the output. See Figure 5.1 for
depiction.

— H — H A tput
= o B o EiTor o, EIZ o

)

Figure 5.1: Quantum algorithm with r adaptive rounds of ¢ parallel queries each.

For simplicity, let us imagine that there is no workspace memory. Additionally, let us
ignore the action of the oracle O, on the basis state |0) and treat O, as an n X n unitary
matrix. These simplifications are only for the proof overview, and our proof works in full
generality. In this case, the acceptance probability of this algorithm can be expressed as

f(z) = u'OZ M, 0% - - - My,_10%", (5.3)

where k is twice the number of rounds, u = v corresponds to the initial state, M; =
Mg_l,MQ = M,I_Q, ooy My ey = Mg/2+1 are the % — 1 unitary operators applied by the
quantum algorithm and M, is the final measurement operator. For the rest of our proof,
we can forget about the exact details of these matrices, we will only need that My, ..., M;_4

have bounded operator norm and u, v are unit vectors.

Fourier Growth of Quantum Algorithms. Let us now understand the Fourier growth
of functions as in (5.3) where Mj, ..., My_; have bounded operator norm and u,v are unit
vectors. We first set up some notation. We use I € [n]* to denote a t-tuple of elements in
[n]. We can view I as an ordered multiset of [n] of size t (when counted with multiplicity).
Accordingly, we use @I to denote the set of elements that appear an odd number of times
in [ and use &I & I’ to denote (&) & (&l') for I,1' € [n]'.

When we expand the matrix multiplication in (5.3), many variables cancel out due to
the identity #? = 1. Assume for simplicity that « and v are real vectors, i.e., (u[l])* = u[l].
Thus, for all S C [n], the coefficient of the monomial [[,.qx; in (5.3) is given by

F$)=" > LML, LIMy[Iy, I5) - My [T, TiJo[ Ty,

Il,...,IkE[n]t
€BI1€B...@IkZS

Fix complex numbers ag = f(5)*/|f(S)]| for each S C [n] of size . We wish to upper bound

-~

L(f) = Z|S|:£ ag - f(S), which by the above is

Lg(f) = Z Oz[@]l@@fk] 'u[fl]Ml[Il,Ig]MQ[Ig713]---Mk_l[fk_l,]k]v[]k]. (54)

It,....Ix€[n]t
|®L - DI |=¢
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To highlight the difficulties in upper bounding (5.4), we first present a few failed ap-
proaches and then describe our high-level proof approach. First, let us focus on the base
case k = 2. For ease of notation, we will switch from indices I, I to indices I, J and from
the matrix M; to M. Our goal is to upper bound

L(f)= Y al@laJ-ul]M[I,JlJ].

I,Jen]t
|@I®J|=¢

One natural approach is to express L,(f) as a product of matrices (with bounded operator
norms). One way to do this is to incorporate the phases a[®I @ J] and the constraint

| & J| = ¢ into the matrix M[I, J]. For instance, define M such that

M[I,J] = o[@l @ J] - 1|el & J| = (- M[I,.J).

It is easy to see that Ly(f) = u'Mv and consequently, Li(f) < HMH What is the best upper
bound that we can prove for ||M |7 At first glance, it might seem that we cannot do better
than v/nt. Indeed, given an n! x n! unitary matrix M, if we multiply each entry by arbitrary
numbers in the unit disk, this could blow up the operator norm by as much as v/nt (the
Hadamard matrix gives a tight example of this). However, we can do much better. This is
because the terms multiplying each entry of M are highly constrained; the term multiplying
the (I, J)-th entry depends only on &I @ J.

To get an improved bound, consider the matrix D whose rows and columns are indexed by
all possible @1 and @.J respectively, and the (&1, ®J)-th entry is a[@I B J]|-1[|® & J| = {].
It is not too difficult to convince oneself that M is a sub-matrix of M & D. Therefore,
M| < ||M]|| - [|D]| < ||D]]. Now, what is the best upper bound we can show for ||D||?
Consider the row corresponding to @1 = (). For this row, we need to choose a column @.J

such that |@.J| = £ and there are (%) such columns. This already means that || D|| > 1/ (})

(and this turns out to be tight). While a bound of L¢(f) < /(%) would already be a

great improvement over the previous bound, it is still a trivial bound that holds for all
bounded functions! Indeed, all Boolean functions which map into the complex unit disk

satisfy Lo(f) < +/(})-

To get the optimal bound of ngi 4. ¢4/4 the idea is to reduce the operator norm of D.
For instance, suppose we defined D to be D, except that we zero out entries for which
|1\ &J| # ¢/2 (or equivalently |&J \ ©I| # ¢/2). In this case, for any fixed &1, the number
of possibilities for &.J is only (572) : (el/tz) and we can actually prove that ||D|| < nf/4- /4 as
desired. Of course this doesn’t suffice as we also need to sum over terms zeroed out.

In the full proof, the idea is to implicitly consider all possible values of |®1 \ ®J|. We fix
any {1,y such that |®1 \ &J| = ¢, and |®J \ ©I| = ls. Since {1+ 5 = ¢, either (1) {1 < (/2
or (2) £y < /2. We will define two different matrix product decompositions to handle each
of these cases separately. It will turn out that the decomposition for case (1) satisfies an
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operator norm bound of nf/2 . #*2/2 and the decomposition for case (2) satisfies a bound of
nt2/2 . t6/2 Together, taking the geometric mean of the two bounds would give the desired
bound of n#/* . /4,

We remark that our proof does not explicitly list out these cases; instead, it defines two
different decompositions and simply takes the minimum of the two bounds which essentially
captures these two cases. We describe the details of this soon. For k£ > 2, it turns out that
there is a subtle but crucial over-counting issue that is too technical to describe at this point.
To address this, we need to introduce new matrices in the decompositions as well as carry
out a step similar to Mobius inversion to undo the over-counting. We will highlight this issue
later.

Technical Overview: k =2

Recall from (5.4) that we wish to upper bound

L(f)y= > al@l®.J)-uI]M[I, JulJ]. (5.5)

I,J€ln]t
Bl |=

The high-level idea is as follows. We will express Ly(f) as > s, s.en g(s) for some function
s1+s0=F
g(s), where s = (s1,$2) and we shall group the terms based on the sizes s; and sy of the

sets @I \ &J and @J \ &I respectively. We shall then upper bound g(s) for any s1,s € N
satisfying s; + so = £. To do this, we will express g(s) in two different ways, namely, as
wWR'v and as u'W’'Rv, for some matrices W, W', R, R’ with bounded operator norms, and
we will upper bound these by |[u||||W]|||R||||v|| and ||uw|/[|W||||R]]||v] respectively. Recall
that [Ju|| = [|v|| = 1. We will show that || R, [|R|| <1 and

iy (0) (o) e sy () ()

We upper bound the minimum of the two bounds by their geometric mean and use the fact
that s; + s = ¢ to obtain

g(s) < Vno2tor - peitsr = pflAt

as desired. We now describe the function g(s) and the matrices W, W’ R, R’ in more detail.
We group the terms in (5.5) based on the sizes of &I \ @J and &J \ @I. For any
(s1,82) € N x N, define the indicator function Size®*(Sy, S3) for any subsets S, Sy C [n] by

SiZes(Sh SQ) =1 HSI \ SQ| = 51 and |SQ \ Sl| = 82] .

We will consider Size®(®1, ®.J) as depicted in Figure 5.2.
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el DJ
() Size s

Size s

\ 4

Union is ®I © J
Figure 5.2: The constraint Size*(¢I, ®J) = 1.

Let g(s) denote the contribution to (5.5) from terms satisfying Size®(®1, ®.J) = 1, that
is,
g(s) == > Size®(@®I,®J) - a[®l @ J] - u[I]M[I, J]v[J].
1,Je[n]t
From (5.5), we have Ly(f) = > s .s.en g(s). Fix any sq,s2 € N such that s; + s, = £. We

s1+so=~
will now bound g¢(s). As described before, we will express g(s) in two different ways, namely,

as W R'v and as u!W’Rv, for some matrices W, W', R, R’ with bounded operator norms.

Expressing ¢(s) as u/W R'v. The rows and columns of W are indexed by I and (I’, ®.J)
respectively, and those of R’ by (I’,®J) and J’ respectively. These matrices are defined as
follows

W, (I''e)] =1[I =1']-Size*(®I,8J) - a[al & J],
R([(I',®J),J ] =1@®J =aJ] - M[I',J].
Intuitively, W is a matrix that multiplies by the signs a[®I @ J]| as well as enforces the

Size® constraint on &1 and &.J, and R’ is a matrix that implements the action of M, as well
propagates information about &.J backwards. This is depicted in Figure 5.3.

R/

Figure 5.3: Expressing g(s) as ulW R'v.
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It is not too difficult to see that indeed g(s) = u'W R'v. We now show the desired upper
bounds of ||R'|| <1 and ||[W] < (8”2) ().

e Bounding ||R'||: We rearrange the columns of R’ according to @.J. Under this ordering

of the columns, observe that R’ is a block diagonal matrix, where each block is a
submatrix of M. Since ||M]| < 1, this implies that | R'|| < 1.

e Bounding ||IWV]|: We rearrange the columns of W according to I and with this or-
dering, W is block-diagonal. We now use the fact that [|[W]| < \/[[W]|; - [|[W||s where
|W]|1 and [|[W]|s are the max-column-norm and the max-row-norm respectively. Ob-
serve that |||y < 1, since each column has at most one non-zero entry, which in turn
is of unit magnitude. We now bound ||W||«. For any row I € [n]*, observe that there
are at most (') - () many columns ®J such that Size’(®1,®J) # 0. Since each
non-zero entry of W is of unit magnitude, this implies that ||| < (87;) : (stl). This
gives us the desired bound of

W < (”) - (t) (5.6)

Expressing ¢(s) as u' RIW'v. The rows and columns of R are indexed by I and (J', ®I")
respectively and those of W’ are indexed by (J',@®I") and J respectively, and

W'\(J,el'),J] =1[J = J]- Size*(®I', ®J) - a[dI' ® J],
R[I,(J el =1[al =al'|- M[1,J.
Here, W’ implements a[@I @ J] as well as enforces the Size® constraint on &/ and &.J, and

R implements the action of M, as well propagates information about @&/ forward. This is
depicted in Figure 5.4. A calculation similar to the previous case implies the desired bound

of
<y /(2)- (L) 57)

This completes the proof overview for k£ = 2.

Technical Overview: k£ =3

For simplicity of notation, we will switch from indices Iy, I, I3 to indices I, .J, K. We need
to upper bound

L(f)= Y a@leJeK]| )M, J]M[J,KvK].

1,J,K€e[n)t
|BIeJoK|=t
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I J, bl J
— - T
I —_— L _ J
I =[] |
R Jel|l i '
{

W/
Figure 5.4: Expressing g(s) as ul RW'v.

As before, we will express Ly(f) as > s,...ssen g(s) grouping terms based on sizes of certain
s1+-+s4=CL
sets and in order to bound each g(s), we will try to express it in three different ways as

uWy R Rhv, ul RiWoRbv and ul Ry RyWav. Tt will turn out that || Ry ||, | B ||, | Rzl | Ry < 1
and that

WAl < (n/t)s2 o2 8t W] < (n/t) a2t W] < (/)1 Ho2)/2 ¢ (5.8)

Since s; + s + s3 < £, taking the minimum of the three bounds would give us the desired
bound of (n/t)¥3-t*. There is an issue that comes up that we will later highlight. To describe
it now in a nutshell, it turns out we cannot express g(s) in the form of a matrix product
with operator norms bounded as desired. Nevertheless, with some additional work, we can
express a different function h(s) in this form, furthermore, h(s) = >, PJs, s'|g(s") for some
invertible matrix P such that P~! has bounded norms. Therefore, using bounds on h(s), we
can derive the desired bounds on g(s). We describe all this in more detail.

We start with the description of g(s). Similar to the previous case, we will fix the sizes
of certain sets in the Venn diagram of &1, ®J, K as depicted in Figure 5.5. More formally,

oI DJ

. Size s4
D Size s1

Size s9

@ Size s;

Unionis @I ¢ J P K

DK

Figure 5.5: The constraint Size*(¢I, ®J) = 1.
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let s € N%. Define Size®*(S1, Sz, S3) to be the indicator function of
|S]_\(SQU53)‘ = 51, |SQ\(S]_U53)|:$2, ‘53\(51U52)’283, \Slﬂ52ﬂ53| = S4.
Let
g(s) := Z Size*(@I,®J, 0K) - a[®] & J & K] - u[I|My[1, J|Ms[J, K]v]J].
I1,J,K€[n]t
|BIDIBK|=¢
We attempt to express g(s) in three different ways as

wWiR, Ryv, u'R\WyRhw, and u'RyR,Wsv.

The simplest to describe is the second expression. Here, we have matrices Ry, W, R whose
indices are as depicted in Figure 5.6.

I J, el J eK K
I ; ;
u I """" | [ K
Rl ........ S I U
J ol J eK
Wo R,

Figure 5.6: Expressing g(s) as ul Ry Wy Rjv.

Based on the intuition from before, there is a very natural way to define these matrices,
namely,

Ri[I, (@I, J)] = 1@l = ®I')- My[I,J] and Ry[(J,BK), K] = 1[®K' = ®K] - My[J, K],
Wa[(J, 1), (J',6K)] =1[J = J'| - Size* (@], &J, 8K) - o[l & J & K.

Note that given the row (J, 1) and the column (J, K ), we can compute Size*(®1, ®J, BK)
and a[®I @ J @ K]. A similar calculation to before shows that ||Ry||, || R5]| < 1 and

< ) LI LIt

Let us try to define the other two decompositions u'W; R R,v and ul Ry RyWov as depicted
in Figure 5.7. Suppose we could define W; and W5 such that
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129

] E—
=

Figure 5.7: Expressing g(s) as u!W; R, Ryv and u' Ry RyWsv respectively.

Wi, (I'y®J & K)] = 1[I = I'] - Size*(®I,dJ, BK) - a[®l & J & K], (5.9)
. )

WylK, (K, ®I & K)| = 1[K = K'] - Size*(&1, &J, & K) - a[®] & J & K].

Then, a calculation similar to the previous case would give the desired operator norm
bounds on W; and W3 as in (5.8). The problem is that we cannot define matrices Wy, Ws
that satisfy (5.9). We explain this issue for W;. Given a row I and a column (I, &J & K), we
cannot compute Size®*(&1,®J, ®K). After all, we only have the information about &7 and
@J @ K, and hence the matrix W, can only enforce the constraints that |1 \ (&J @ K)| =
s1 + s4 and |(®J & K) \ @I| = s2 + s3, but it cannot enforce |®.J \ (&I UBK)| = sy or
|OK \ (&I U®J)| = s3. In particular, if we only define W) to enforce the constraints that
it is able to enforce, we will end up counting terms corresponding to I’, J’, K’ which satisfy
Sizesl(@l, ®J,®K) for s’ with s}, # s, and sy # s3. In this case, instead of estimating the
target g(s), we would be over-counting. We need two new ideas here.

1. First we need to provide W; some additional information. One might hope that with
a little extra information, W, can enforce Size®, but this turns out to be false. Giving
this information will increase the operator norms by too much. Instead, the idea is to
provide some information that enforces a variant of the Size® constraint.

2. This variant will allow us to bound a different function h(s). This function is still an
over-counting of ¢(s), but the important point is that it is a predictable over-counting,
that is, h(s) = > P[s, ']g(s) for some invertible matrix P such that P! has bounded
norm. Therefore, we can derive bounds on ¢(s) using bounds on A(s).

We first explain step (2). Let L(I,J,K) = a[®] & J & K| - u[I|M;[I, J|M,s]J, K]v[K].

While we would like to bound the expression

g(s):== > L(I,J,K)-Size’(I, ] K),

1,J,Ke[n]t
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what we can bound turns out to be the expression

h(s)== > L(I,JK)- > Subset®(A, B, C, D),
I,J,K€n]t A,B,C,De[n]t

A,B,C,D are disjoint
AUBUCUD=@I®J®K

where Subset®(A, B, C, D) is the indicator function of the constraint that
ACa®l|Al =5, BC®J|Bl=s, CCoK,|C|=s3, DCaIN®JNGK,|D| = s4.

(5.10)
This is depicted in Figure 5.8.

oI DJ

. Size sy
D Size $1

Size s

) Size s3

.Size Sy4
() Size s
Size s

@ Size s3

OK DK

(a) What we want to sum over (b) What we end up summing over

Figure 5.8: The summation in ¢(s) versus h(s).

Observe that one of the terms in h(s) is A = &I\ (BJUBK),B=dJ\ (@IUBK),C =
SK\ (@IUdJ)and D =&l NdJNGK. Hence, h(s) consists of g(s) plus some additional
terms. For example, elements from D can be moved to either A, B, or C' and still satisfy
the constraints in (5.10). However, we can express

h(s) = Pls.s'lg(s")

for a structured matrix P. This matrix is invertible and has bounded ||P~!||;. Therefore,
our goal of bounding ||g||; reduces to bounding ||h||; as h = Pg. This is done in step (1)
which we now explain.

We now explain how to bound h(s). We will blow up the matrices in the decomposition
uWR|Ryv to include information about A, B,C, D C [n]. We will also introduce new
matrices ()1, @, %, Q5 to enumerate A, B,C, D and verify that they satisfy the Subset®
constraints in (5.10). Consider the expression u'Q;W;Q} R Q4 R,Q4v, where the matrices
are as depicted in Figure 5.9.

The matrices Wi, R, R}, perform the same role as before and in addition, propagate
information about the sets A, B,C, D. The matrices @1, @}, @5, Q% impose constraints on
A, B,C, D as well as add and delete information as required. In more detail,
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I, aJo K IL,eJe K JeK J, &K

I ILAD ADRC _CDR CDR CD KCD K

m - T | e K
......... -

W
R, R,
Q Qi 2 Q) e
enforce D, A C &1 enforce D, A C &I enforce B, D C ¢&J enforce C,D C &K

Figure 5.9: Expressing h(s) = u'QW1Q’ R, Q4 R,Q%v.

1. @ propagates I and introduces A, D such that that A, D C @I, |A| = s; and |D| =
s4. Given I, there are at most (Stl) . (;4) possibilities for (A, D) and it follows that

Q] < Vo - 151

2. Wi enforces AUBUCUD = &I & J & K and the size constraints on B, C. It also
applies a[®] & J @ K]. For each I, A, D, there are at most (] 2) (r ) possibilities for
(B, C) and once we fix A, B,C, D and I, we also fix &J & K = @[@(AUBUCUD)

So [|[Wh]| < v/ns2 - ns.
3. Q% back-propagates K and introduces C, D such that C,D C &K, |C| = s3, and
|D| = s4. Given K, there are at most (;3) : (;4) possibilities for (C, D) and hence

Q4 < VT

4. R} back-propagates @K, C, D and introduces J. It also applies the operator M. As
before, || Rs|| < 1.

5. Q% back-propagates J,®K,C, D, introduces B, and enforces that B,D C @&.J and
|B| = s5. Given J, there are at most (! ) possibilities for B, hence, ||Q2|| < Vits2,

6. R, back-propagates D, B,C,®J @ K, introduces I, and applies the operator M;. As
before, || Ry|| < 1.

7. Q) back-propagates D, B,C,&J @ K, I, introduces A, and enforces D A C &I and
|A| = s;1. Given I, there at most (! ) possibilities A, hence ||Q}|| < v/t

Combining all these bounds gives us an upper bound on h(s) of
satss . 48a+s1+(s2+s3)/2 _ (s2+s3)/2 44
n t (n/t) t°.

By a symmetric argument, we blow up the matrices in the decomposition ufR;RyWsv to
include information about A, B,C, D C [n] and get

h(s) < (n/t)(81+52)/2 .

Combining the three upper bounds on h(s) we get h(s) < (n/t)"? - t-.
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5.4 Fourier Growth of the Quantum Query Model

One way to think of O, is to view the input z as a truth table of length (n + 1) where x, is
fixed to 1. In this sense, the oracle query can be unified as O, |i) = x; |i) for alli € {0,...,n}.
Meanwhile, for our purposes, it is desired to obtain Fourier growth bounds for downwards
closed families. That is, the Fourier growth bounds should hold for the function even after
fixing variables to values. This is usually not an issue regarding complexity measures, but the
quantum query model is not evidently downwards closed. Therefore we prove the following
more general theorem.

Theorem 5.4.1. Let n,t > 1 and m > 0 and d > 2 be integers. Define A = [n|' x [m]. Let
u,v € CA be two unit vectors. Let My, ..., My € CY™4 be matrices satisfying ||M;]| < 1
for each i € [d —1]. Define f: {+1}l" — C as

flz) =" (02 @ I,) My (05" @ L) My - -+ My_y (05" @ Iy) 0.

Let p € {£1,x}™ be an arbitrary restriction’ and 7t = |p~'(x)|. Then for any > 0, we
have
Li(fl,) = Z )f|p(5)‘ < orld) 4t | max{l, (ﬁ/t)%L(d—l)E/dj}’

SCo1()1SI=¢
where k(d,¢) = O(dl) - min {de,ﬁd}.

Before proving Theorem 5.4.1, we first summarize its application to the Fourier growth
of quantum query algorithms, via the conversion stated in Chapter 2.

Corollary 5.4.2 (Formal Version of Theorem 5.2.3). Assume A is a query algorithm given
oracle access O, and uses arbitrarily many auziliary qubits. Assume A makes r rounds of
queries where each round consists of t < n parallel queries. Let f: {£1}" — [0,1] be its
acceptance probability, i.e., f(x) = Pr[A accepts x]. Then

Le(f) < 2500 40 ()2 L5

?

where r(r, ) = O(r() - min {27, ¢4}
Moreover, this bound holds when some bits of x are fixed in advance.

Now we proceed to the proof of Theorem 5.4.1. Note that

f(z) = Z ul(I1, cn)]v[(1a, aa)] H Mi[(Li; i), (Ligr, iga)] ] - H 37[[](]{7)]
A1y, g €[M] i€[d—1] jE[d],ket]
I,..., Ide[n}t

3f], is a sub-function on 7 variables of f by fixing z; to p(i) for i ¢ p~!(x).
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By rearranging coordinates, we assume without loss of generality p~!(x) = [n], i.e., p fixes
all but the first n bits of . Now we expand f|, as

flo@ =Y ul(l,a)l(a,a0)] ] Mil(L,00), (I, i)

al,...,aqg€[m] 1€[d—1]

| ) |} )
JEld] kelt] J€ld]kelt]
Ij (k‘)>7~1 Ij (k‘)S’rNL

Recall that A = [n]* x [m] is the space of parallel queries and ancillary qubits. Now we define
matrices Z\/[l, .. Md 1 € CA%4 g

Mi[(Li, ca), (Tisn, ai0)] = Mi[(F 0a), (B, cas)] - [T o))

kelt],I;(k)>n

then define vectors @, € C* as & = u and

Ul 00) =vlTaoq)] - [ pla(k)).

ke(t], Iq(k)>n
Therefore we have

f‘p(x) = Z ﬂ[([hal Id;ad H M [zaaz z+1>041+1)] ’ H x[I](k)]

at,...,ag€[m) i€[d—1] jE[d],keEt]
I,..., Ide[n}t Ij(k’)gﬁ

In addition, each ]\Z, u, v is the original M;, u, v left multiplied by a +1-diagonal matrix. By
the norm guarantees of M;, u, v, this means

[ull = [[oll =1 and

<1. (5.11)

Note that any index appearing twice in the multi-set {I;(k)};c(y ;g cancels due to

(£1)* = 1. We can compute each Fourier coefficient E(S ) as

f1o(8) = Z ul(y, a)]o[ (g, aa)] H M [(Li, i), (Lis1s i),
(Il,al) ..... (Id,ad)GA ze[d 1]
L& ®Ig=S
where, from now on, we use @77 ® T, @ --- C [n] to denote the set of indices in [n] that

appear odd times in the multi-set consisting of indices from 77,75, . . ..
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Now we introduce a(S) = Phase™ (E(S)) to denote the inverse of the phase of E(S),
then

Le(f1p) (5.12)
= D a8 fluS)
SCn],|S|=¢
= Z a(®hL ®--- & 1y) - ul(f1, a1)]v[(1a, aq)] H M [(£is 4), (Lig1, cvig)] -
(1,00),(Ia,aa)€A icld—1]
S & Blg|=L —~ ,

L(I1,a1,...,Iq,04)

(5.13)

For the analysis purpose, we will partition the binary strings {0,1}? and for this we
introduce some notation. For each b, € {0,1}¢, we say &' > b if ' is no smaller than b
entrywise; and we say O’ > bif O > b and b’ # b. For i € [d], we write ¢ € b if b; = 1, and
igbifb,=0.

Let B = {be {0,1}*|[|bl, =1 mod 2} be the set of strings of odd Hamming weights,
according to which we will partition &I, & --- ® Iy mto parts based on the membership in
cach @1;. Formally, for cach I = (I1,...,1,) € ([n]")* and b € B, define I® C [7] to be the
set of indices in [n] that appears in and only in those @1; satisfying b; = 1. Formally,

= (Q @L-) \ (L;;Jb @L-) .

We emphasize that the intersection M and union U operators are applied to the inner sets
@®I;. Due to the construction, |B| = 2971 and @I, @ --- @ I; equals the (disjoint) union of
all 1()s
Recall the definition of L(I, v, . .., Iy, ag) from (5.13). Now for each s = (s)),cp € N?
satisfying ||s||, = ¢, we write the contribution of all the (I3, v, ..., 4, aq) consistent with s
as
g(S): Z L(Ilaala"'7ldaad>' (514)
(In,001)yeees(Ig,00q)EA
|1®)|=s®) vbeB

Then we can express Ly(f|,) equivalently as
Lfl)= Y 4(s). (5.15)
seNB ||s||;=¢

Here we are grouping (11, ..., ;) based on the sizes of the intersections and bounding the
contribution from each group separately. We now count the number of possible sizes of
intersection patterns. By a balls-into-bins counting, there are only

(+|B] -1 (+2¢1 -1
= ()= (50 = 0w (519
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many possible s in the summation of (5.15).

Thus, our goal becomes bounding ||gl[1 = >, [9(s)| and to do this we would like to
bound each ¢(s). However, as described in the proof overview, what we can bound turns
out to be a function h(s) where h(s) = 3,2, 9(s) - P[s, s'] for some matrix P. We will
now describe this function A and the matrix P. Lemma 5.4.3 will prove an upper bound on
each |h(s)| and we will use this lemma and properties about P to show the desired bound

on [|g[[s-
For each s = (s®)),cp € N® satisfying ||s||, = ¢, define

h(s) = > > LI, o, ..., Iy, ag). (5.17)

(I1,a1)5-s(Ia,a) €A JOIC[A] of size s(P) YbeB
[©h®-@lal=t  j®)s are pairwise disjoint
JO Uy, 1) VbeB

See Section 5.3 for a concrete example for the relation between h and g.
Each h(-) will be reformulated as a product of matrices that we can bound.

Lemma 5.4.3. |h(s)| gtf-max{ 1, (7 /) L0~ 1)@/@}‘

The proof of Lemma 5.4.3 is deferred to the end of this section. Now we continue the task
of bounding L,(f|,) assuming Lemma 5.4.3. To relate h(-) with g(-), we count for any fixed
(Iy,0),. .., (14, 0q) € A satisfying |®I, @ --- @ I;] = ¢, the number of possible (J®)ycp.
By the condition J® C (J,», I ) Wb € B, we enumerate J® in the decreasing order of
|6]|, ,b € B. Then the number of possibilities for each J® is exactly

Zb’gb }](b/) - Zb’>b |‘](b/)} _ Zb’gb |I(b/)| - Zb’>b S(b/)
|J®)] o 5 ’

where we fix s = (5)),cp and each J® has size s). Therefore the total number of choices

is the telescoping product
H Zb/zb ‘I(b) =Dy s
50 ’

beB

which allows us to rewrite h(s) as

h(s) = Z LI, aq, ..., Iq,aq) - H <Zb’>b |[(b/)} - Zb’>b S(b/)) (recall (5.17))

s
(11,041) ..... (Id,ad)GA beB
O @B Iq|=,
’ 5 Z , S
= E H ( i b) b= ) : E L(]laala"'a]daad)
s'eNB HS/”l*ebEB (Il,al) ..... (Id,ad)EA

‘I(b/)‘:s/<b/),\7b’eB
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PUCON sy s
= > g(s').H<Zb'2b S(b)Zb > (recall (5.14))

s'eNB ||s'||;=¢ beB

=: Z g(s') - P[s, s]. (5.18)

s’eNB ||s'||,=¢

Therefore, viewing h and g as two vectors, they satisfy the relation h = Pg where P is the
coefficient matrix defined above and the dimension of P is D x D by (5.16). Recall the ¢,
norm of a matrix from Fact 2.0.3. The following lemma studies the properties of P itself.

D

Lemma 5.4.4. P is an invertible matriz over C and ||P~'||, < D - (Mz_l)

Then with the same linear algebraic notation, (5.15) completes the proof:

.01\ "
L) = 07)g < gl = P, < P el < 0+ (7)o,
(by Lemma 5.4.4)

_2d71 D
<o ("77) D

14
< 90WD) 48 max {1, (71/t)z L@t dJ} .

. (02N, 7 /4)3Ld=De/d)
< D*. -t" - max {1, (n/t)2 } (by Lemma 5.4.3)

Finally by (5.16), we note that

Do (€+2d£—1_1) < (25) < 2d€ ¢ < 2d—1 B 17
ClGEL) S G o<t izt

This gives the desired bounds in Corollary 5.4.2.
Now we prove Lemma 5.4.4.

Proof of Lemma 5.4.4. We extend the partial order > on elements in B to an arbitrary total
order, denoted as >.* Let T'= {s € N? | ||s||, = ¢} and let >> be the lexicographical order
on T induced by > on B, i.e., s >> s iff there exists some b € B such that s® > s'® and
s®) = ¢ holds for all ¥ > b.

Now we show that the matrix P, with rows and columns sorted according to >, is
lower-triangular with ones on the diagonal. This proves that P is invertible and det(P) = 1.

4For example, one can think of > as the decreasing order in the Hamming weight, and lexicographical
order within the same Hamming weight.
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Let s >> s’ be arbitrary elements from T and let b* € B be such that s > ") and
s = ¢'®) holds for all ' > b*. Then we have

ICON (")
Pls.s') =] (Zb’zbs S(b)Zb’>b3 ) (recall (5.18))

b* b/ / b !
_ 8,( ) 4 Zb/>b* 8/( ) Eb’>b* s®) . H Zb’Zb s/( — Zb’>b 5®)
b#b*
b* b/ , b/ /
_ §O) 4 s CON o 5O ‘ H > ysb ) _ S yap s
S(b*) b;ﬁb* S(b)

(since > is extended from >)

Db §®) — zb’>b s(®)
=0-J] ( o = 0.

b£b*
(since s@) > ¢'®) and s®) = ¢ for all V' > b*)

The diagonal values can be calculated similarly:

Pls,s] = T <Zb/>b3 n = Ly ) = (g CE:) —1

beB

Now we bound |[P~!||,. Let P_;_y be matrix P removing the s-th row and the s'-th
column. Then the matrix inversion formula (See e.g., [Wik23]) gives

[P s 5| =

where per(+) denotes the permanent and the last inequality uses the fact that the dimension
of Pis D. Thus

det (P_y _s)

| = et (Pl < per(P) < IPIE

[P, < D max |P7'[s,s']| < D-||P|! (5.19)

s,s'€T

and it suffices to bound || P||;, = maxyer ) ., |P[s,s]|. Fix the maximizer s', we have

1Pl =>"11 (ZM}S 3<b>261>b5 ) 211 (Zb/;l;s,(b )

s€T beB seT beB
14 :
<11 () (since |1, = 1)
seT beB
= the coefficient of z* in ((1+ x)€)|B| (since ||s||, = ¢)
[ 20
— ( / )7 (since |B| = 2471)

which completes the proof by plugging into (5.19). O
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Finally we prove Lemma 5.4.3 which bounds A(-) entrywise. For convenience, we recall
the definition of h(s) and L(I1,a, ..., 14, aq) from (5.17) and (5.13):

h(s) = > > LI, o, ... Iy ay)

(I1,01)5s(Ia,a) €A JO)C[RA) of size s(P) WbeB
|®L®-®lal=L  jO)g are pairwise disjoint
T Ty, 101 Wb B

and

L(Ilaa17"‘7ld7ad) :a(@ll@"'@ld)'ﬂ[(ll,al Idyad H M Izyaz Iz+17ai+1)]'
1€[d—1]

Proof of Lemma 5.4.3. Let r € [d] be an index to be optimized later. We will write h(s) as

a product of matrices:

h(s) =u'QiR1Q2Rs -+ Q1 R 1 Q. WQLRLQL Rl y -+ Qly_ Ry QU (5.20)

where

e (); enforces constraints on J®s and propagates information about them forward,
e Q) enforces constraints on J®s and propagates information about them backward,
e R, implements the action of ]\fjz and propogates information about ®1;®- - -®I; forward,

e R implements the action of ]\A/[/Z and propogates information about @&/1;, 1 & - H Iy
backward,

e IV is a sign matrix constructed to multiply by the phases a(-), as well as aggregate
information about J® @ & ... ® I and &L @ ... D Iy .

e the vector @ (resp., U) is simply the vector u (resp., v) padded with zeros to fit with
the dimension of @y (resp., Q).

In the following, we use the symbol L to denote the value is unassigned. For any b € {0,1}¢
and ¢ € [d], we use b<; to denote string (by, ba, ..., b;), and define similarly for b;, b>;, b~,.
We index the rows of matrix O € {Q;, R;,W,Q}, R} by (In,an) € A, S C [n], and
J(b) 2 U {1} for all b € B; and its columns are similarly indexed by (I5, a5), S4, and
T
Likewise, we index the coordinates of vector & € {u,v} by (Iy, ), S, and J<(>b). In
particular for the vectors, we assign

<>[(I<>,a<>)] S<> = () and J(b) =1,Vbe B,
0 otherwise.

<>[(IQ’O‘<>75<>7 J<(>b))] = {

Despite the dimension of the vectors u,v being increased, they are simply padded by zeros.
Therefore the norm is preserved from (5.11):

[l = o]l = 1. (5.21)

Now we turn to the matrices.
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Construction of the Blow-Up Matrix ();. Each [0 = (; is a zero-one matrix where
the entry is assigned one iff I/, = In, af; = an, S;; = So, and for each b € B,

1. if i € b, then JL C @1,
2. a) If be; = 011, then J® = 1 and

J/D(b)’ _ 4,

b) If be; # 011, then J& = J1,®,

The intuition behind this expression is the following. We need to ensure two conditions,
namely, (1) for all 4, we have J® C @I, if b 3 i, and, (2) ’J(b)’ = 5® for all b. Condition (1)
will be checked by the matrix @; in Item 1. Condition (2) will be checked by the matrix @Q;
in Item 2a, where 7 is the first non-zero coordinate in b. In contrast, Item 2b is to inherent
Condition (2) from previous blow-up matrices. It will turn out that these conditions are
enough to guarantee that the sets J®) are pairwise disjoint (as shown in (5.32) and (5.33)).

We now upper bound the operator norm of ¢);. On the one hand, each column of [] has
at most one non-zero entry since the row index is a refinement of the column index. On
the other hand, each row of [J only has the possible freedom to select J5® if bo; = 0711 in

Item 2a, each of which amounts to at most ('f{,ﬁ') < (S(tb)) options. Therefore by Fact 2.0.3,

we have
< | ] (;b)). (5.22)

b:bgi:0i711

Construction of the Blow-Up Matrix @,. Each [0 = @’ is a zero-one blow-up matrix
similar to @);, with the role of the columns and rows exchanged: The entry is assigned one
iff In =14, ag = ofy, So = S;, and for each b € B,

1. if i € b, then Jo® C @In, and
2. a) if bs; = 109, then J5® = L and ‘Jg(b)‘ = s,
b) if bs; # 1077, then J,® = J©,

By the same argument for (5.22), we have

Qi1 < 11 (Sfb)). (5.23)

b:bzz‘:lod_i

Construction of the Operator Matrices R;, R,. Each 0 = R; is constructed to imple-
ment the action of M; as well as to propagate forward information about ©I; @ - -- @ I; and
this information will be captured by S{;. Each entry of R; is either M;[(In, an), (15, af)] or

zero, where the former case requires S = &Sp @ Io and J’D(b) = Jéb) for all b € B.
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To bound operator norm, we view row index (In, am, So, {J ® }) as (Io, am, 1o, {Jg b)})
where Ty = ®Sn @ Ig. Note that this is indeed a bijection since Sg = ®TH @ In. Moreover
in the new indexing way, the entry is M;[(Io, an), (IL, ap)] iff S5 = Th and JL® = JS) :
which means O = R; is a block diagonal matrix with block indexed by (7f, {Jéb)}). Since
each block is a sub-matrix of ]\A/f,-, by Fact 2.0.2 and Fact 2.0.1 the operator norm is preserved
from (5.11):

| R:|| < 1. (5.24)

Each OO0 = R} is similarly constructed to implement ]\,/‘7“ as well as to propagate infor-
mation about ®/;.1 & -+ ® I using Sp: Its entry is either M;[(Io, an), (15, afy)] or zero,

where the former case requires Sp = @S5 @ I, and JDb) J/D(b for all b € B. By the same
argument, we have

IRl < 1. (5.25)

Construction of the Sign Matrix W. The final piece is to incorporate phases a(:) in
the matrix O = W. To this end, the entry is assigned a(®So @ In @ Sf) if (otherwise the
entry is assigned zero)

L I = Iy an = ofy, and [950 & o @ 55| = £
2. for each b € B,

a) if by =07, then J = 1, J1® = 1 and

/ Uﬁ‘ — 50

b) else if bs, = 09"+ then J,® = 1, J® £ 1 and

Jéb)‘ — 50
c) else (i.e., b<, # 0" and bs, # 097"t1) then Jéb) = J.® C 7] of size s®,

3. ®So® In® ShH = Uy, —or Ty Ub:b<T7é0T JO.

The analysis of ||W|| is similar to the one of ||Q;]|. Each row of O is allowed to select J5,®
if b<, = 0" in Item 2a, each of which has at most (, (,,) options. Let S = |, b =07 JO U

Ub:b<r7é07‘ J® which is fixed after enumerating J’D(b)’s. By Item 3, we have S5 = ®So®In®S
which is also fixed. Since each a(-) is a phase which has unit norm, we have

wi.< I (?))

bib, =07

Similarly, we can bound ||[W||, < Hb:b>r:0d77+1 (j;). Therefore by Fact 2.0.3, we have

wi< | I (S(ﬁb))-b:b 11 (SZ)) (5.26)

blbgr:OT Zr:0d7T+l
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Optimizing Bounds. To conclude the proof of Lemma 5.4.3, it suffices to verify (5.20)
and optimize the choice of r € [d]. We will deal with the former later, and focus on the
bounds first.

Assuming (5.20), we have

B(s)] < @l @l IR - - 11 Qo |l | Roall QA IW QLR - | Qs || | B || Q51 1]

non ()T () ()T ()

B \ =1 b:bgizoi_ll i=r b:b> =104~ < bib> =
by (5.21), (5.22), (5.23), (5.24), (5.25), and (5.26))

t t n n
0 (6) T (o) JL (o) T (5)
\ b:b< . #0" b:b> - b:b<,=0" bibs,=0d-T+1

750d r+1

IN

(\/_)Zb b< #07 S +Zb b> ;god r+1 5< >(\/ﬁ)2b:b§T:0r 8<b)+zb;b27>:0d—r+1 S(b)
tt

0 g s® _
(Rt T Bt (since [sl|, = ¢
=t (V/n/t)er.
If t > n, then |h(s)| < t’ since e, > 0. Now consider the case t < n. For each b € B,
define

z(b) =max{r eN|j¢bVj<r} and 2/(b)=min{r e N|j¢bVj>r}.
Since ||b||; > 1, we have 0 < z(b) < d, 0 < 2/(b) < d+ 1, and z(b) < 2/(b) — 2. Therefore

Zer:Z Z s(b)—l—z Z s Zs b) +d+1—2'(b))

r=1 bb<,=0" r=1 bib>,=0d-7+1 beB
< Zs(b) (d—1)=(d— 1), (since z(b) < 2/(b) — 2 and ||s||, =)
beB

which by averaging argument implies there exists a choice r € [d] such that e, < |(d — 1)¢/d].
This particular choice of r allows us to bound

[h(s)| < ¢ - (/)LD

as desired.

Verifying (5.20). Finally we verify the multiplication in (5.20) is consistent with the
definition of h(s) in (5.17).

For each i € [r], define vector y*) = (uTQ1R1Q2 i_lQi)T. For any fixed Iy,...,1;,
define the following indicator functions.

JO = | if bey = 0

. (d) b1y . -
Size ({J®}) =1 T = s® if be; # 0
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Subset? ({J®}) := 1 [@; 2 J®,¥j <i,b > j]

We also define an indicator functions that captures the constraints of Q);.

JO = 1 J® C @I has size s® b, = 07711
QD 7)) =1 W = g0 Car beio # 071, b; = 1

Claim 5.4.5. The (I,a, S, {J®})-th entry of y9 equals

i—1
Yoo szl (IO} Subset (SO A1, )] [ My1(15, ), (L1, @541)] (5:27)
(I1,01),-, (5,0 ) €A j=1
Ii=Ia;,=a
SN ®l;—1=5

We proof Claim 5.4.5 by induction. We now verify the base case ¢ = 1. In this case, the

JO = | ifblzo] ~
. . I,a)]. We
O =0 b= ], )

have y(1) = (ETQl)T, and the (I, a, S, {J®})-th entry of yV) equals

= Z ﬂ[(]/70/7 s’ {J/(b)})] . Q1[(1,,O/, s {J/(b)})7 (IaOé, s, {J(b)})]

(I'a,8" {7}

= Z u[(I', )] - Qu[(I', o/, 0,{L}), (I, S, {JT®})] (by the definition of w)
(0" 0,{L})

expression in Claim 5.4.5 reduces to 1

JO C @l |JO]| =5 ifb>1,

_ b1 (by the definition of Q1)

—uf(l,a)] 1S =1] 1 {

This proves the base case of © = 1 for Claim 5.4.5. We now handle the inductive case i > 2.
. . T :

We have y® = ((y(’_l))TRi_lQi> and hence, the (I,a,S,{J®})-th entry of y* equals
the sum over all possible (I’,a/, 5", {J®}) and (I”,”, 5", {J""}) of the product of the
following three terms:

1. y(i—l)[([/’ a/’ S/, {J/(b)})]’

2. Ri[(I',a!, S, {J'D}), (I", ", 8", {J"})], and

3. Q;[(I",a", 5", {Ju(b)})’ (I, S, {J(b)})].
It is easy to see from the definition of R;_; that (2) is non-zero only if S” = &I’ ® S’ and
Jro = ), Similarly, it follows from the definition of @); that (3) is non-zero only if I” = I,
o’ = a, and S” = S. We now use the inductive hypothesis to express the (I, a, S, {J®})-th

entry of y¥) as the sum over all possible (I’, o/, 5", {J’(b)}) where S = @I’ @ .S’ of the product
of the following three terms:
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Ly O[T, o, S, {J’(b)})], which by induction can be expressed as
3 Size V({J'"}) - Subset! "V ({7/*})

SL DI _2=5"
i—2

(L, o)) [T M51(E, ), (Ljas ).

j=1
2. R [(I', o/, 8" {J'OV), (I, a, S, {J/®})], which is equal to M;_1[(I’, &), (I,a)].
3. Qil(1,a, S, {J'(b)}), (I,, S, {J®})], which is equal to Q(Z’l)({J’(b)7 JO)

We now combine the indicator functions in (1) and (3) by a case analysis. It is not too
difficult to show that

SizeV({7'"}) - QU S0

JO = o = | if be; = 0
. 1(0) _ ®) C @l if bey = 011
=Szl (g0} 1| T TS CHl
Size ({J"}) JO — g0 C o1 if bey #0710 = 1
Jl(b) — J( ) if bgi ?é 01’—1’ bz =0

Furthermore, setting I; = I, we have

b

JO = g = | if bey = 0F
JO =1 JO Cel ifby =071 D g ) )
) = <z i— o 1 (b)
1 T g0 C o by £ 07 by = 1 - Subset" ({J"7}) = Subset’ ({J7}).
Jl(b):J() 1fb§z7é()z_1,bz:0

Putting this together with the above facts completes the proof of Claim 5.4.5.
The (I,a, S, {J®})-th entry of 4/ = Q'R!---Q,_,R, QT can be analyzed analo-
gously as

d—1
> Sizel({7®}) - Subset ({T}) - Ly, aa)) [ M1, ), (L1, )
(I; az),_..f(l?l,_ad)eA j=i
Ol 1 & BIg=5
(5.28)
where any fixed I, ..., I;, we define the following indicator functions.
(b) e d—itl
Size({J"}) =1 fj )| = 50 i Ziz ” 8d—i+1 ]

Subset! ({J®}) := 1 [®1; 2 J®,Vj >i,b 3 j]
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Hence the RHS of (5.20) equals (y(’"))T Wy'") and evaluates to

S YOI, SA{TONWIT, 0, S LT, (I, o, 8 T O I o5 T P)]
(I,a,5,{J®})
(I’,a’,S’,{J’(b)})

= Y Ol a S TONWITL a5 T, (La, 8 LT ON)Y (L a, 8 {7 O)]
1,a,8,5’

{70, (0

|@SeIas’|=¢

(by condition Item 1 of the definition of W)
= Y WS {7, (e (1))

1,a,8,8’
{70}
|BSeIBS! |=¢
r—1
Yoo size ({JO) - Subset® ({J0}) (1, on)) [ [ Mil(Fi, 04), (Lo, 0i41)]
(11,a1) ..... (IT,QT)EA =1
Ir=I,ar=a
®L@--Dl—1=5
(by Claim 5.4.5)
d—1
S szl (7)) - Subset?) ({7 - B(1g, aa)] [ Mil(Li, ), (Tir, )]
([T,oar):.j,(ld,_ad)eA i=r
EBIT+T1EB"“éId=5'
(by (5.28))
d—1 N
= > al(, en)[o](Ia, )] [ [ Mil(Ti, @), (Tig1, i) (5.29)
(I1,01)5.-,(Ig,0q)EA i=1

|®L®--DIg|=¢

S Wl e @h @ @ Loy {IOY), I ar, @L @ @ I, (7)) (5.30)
(IO} {7 )

- Size™ ({T®1) - Subset™ ({T®}) - Size™ ({7 1) - Subset™ ({/®)}). (5.31)

Notice that b<, and b, cannot both be zeros for b € B. Thus conditions Items 2a to 2c
of W show that we can enumerate J”*) C [7] of size s® and then let J® J® be L or
J"® based on b. After this, (5.31) simply becomes the indicator of J”® C Nicy ©1i, and

condition Item 3 of W becomes ©I; @ - @ Iy = Jyep J"® That is, (5.30) and (5.31) when
combined, is equal to

a(@[l@...@[d). Z @Il@"‘@ld:UJ”(b) .

J”<b>g[7~z} of size s(®) WbeB beB
Jl/(b)gmieb 520
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Now recall the definition of L(I1,a,..., L4, ag) from (5.13) and combine (5.29). The RHS
of (5.20) equals

Z [J”(b) gﬂ@[l A @Il@@ld: UJ//(b)] -L(Il,Oél,...,Id,Ozd).
(I1,01),5(1g,04) €A i€b beB

S & Dlg|=L
J"® 7] of size s

(5.32)
Finally it suffices to show this is equivalent to the summation in (5.17) which we restate
here:

2

(In,01),e,(Iag,0q)€EA
|11 DD Ig|=L
J®C[7] of size s

J® C U IV A J® g are pairwise disjoint] LIy, 00, ... g, ),
b>b

(5.33)
where we recall that 1) = (Nicw EBQ)\(UZ-@/ ®1;). To this end, we fix (I1, 1), ..., Iy, cq) €
A satisfying |, & - -+ @ I,| = ¢ and show cach possible {J”®} from (5.32) is also counted
as {J®} in (5.33), and vice versa.

From (5.32) to (5.33). By the definition of 1), we know ®;NI") = () whenever i ¢ ¥'.
Since J"® C N,., ®I;, we have J”® N 1®) 2 ) implies & > b. Note that ©, @ --- @ I, =
U, I¥). Therefore | J, Jr® = U, /¥, and thus J"® Uy sy I® as desired in (5.33). On the
other hand, 37, |J"| = ||s|, = ¢ = |@L, ® --- @ I,|. Thus ®L ® ---© I, = |J, J"® implies
that J”®s are pairwise disjoint as desired in (5.33).

From (5.33) to (5.32). Since ®1,®--- Iy = |J, I?, we have |J, J® C U, Uy, I =
U, 1) =@l @ --- @ I. On the other hand, >, [J¥| = ||s||, = ¢ = |®L ® - -+ ® I4|. Thus
J®)’s being pairwise disjoint implies that &I, @ --@® I; = |J, J® as desired in (5.32). By the
definition of I*), we know 1) C N, &I;. Therefore J® C oy I C Upoy Nicy ©Li =
iy, ©1i as desired in (5.32). O

5.5 Tightness of the Non-Adaptive Case

Recall the definition of k-fold Forrelation problem from Definition 2.0.10. Here we show the
tightness of our Fourier growth bounds for the non-adaptive parallel query algorithms using
two-fold Forrelation function:

1 , .
forra (21, 29) = - Z x1(2) - Hyj - 22(5).

i,5€[n]

Since H is the orthonormal Hadamard matrix, each H,; is £1/y/n. As a result, forrs is a
degree-2 homogeneous function with

Ly(forry) = /n. (5.34)



CHAPTER 5. POWER OF ADAPTIVITY IN QUANTUM QUERY 146

Let @ be the quantum query algorithm from Fact 2.0.11 for £ = 2. Then its acceptance
probability function f(x) = Pr[Q accepts z] equals (1 + forra(x))/2.

Now, for a fixed positive odd number s, let Maj,: {£1}* — {£1} be the majority function
on s bits. Define forry o Maj,: {£1}*" — R by replacing input bits of forry with majorities
on disjoint sets of s bits:

. 1 ) .
forr, o Maj, (y) = — > Maj,(y14) - Hij - Maj,(2;), (5.35)
]

i,j€[n

where ¥y = (Y11, Y1ms Y215 - - -, Y2,n) and each yy ;,y2; € {£1}°.

We substitute the quantum query of ) on x by s parallel queries on y. This produces a
non-adaptive quantum query algorithm @) with s parallel queries, and its acceptance proba-
bility function is

— 1 4 forrs o Maj (y

Now for a fixed positive integer L, consider executing @ in parallel on L disjoint inputs
and taking the parity of the results. This is a non-adaptive quantum query algorithm @’
with t = sL parallel queries, and its acceptance probability function is

f'(z) = ! + % H forry o Maj, (y"), (5.36)

2
ke[L]

where z = (y',...,y") and each y* = (41, ..., Yl Y51, -, u5,) € {£1}".

We lower bound the level-¢ Fourier weight of f’ with ¢ = 2L. To this end, we observe
that m(Q) = 0 and recall that forry is degree-2 homogeneous. Since f’ is essentially the
product of L disjoint copies of forry o Maj, (see (5.36)) and each forry o Maj, is a sum of
products of two disjoint Maj, (see (5.35)), the level-¢ Fourier coefficients of f’ comes from
expanding the products of level-1 Fourier weight of Maj,, weighed by the level-2 Fourier
coeflicients of forr,. Therefore

Li(F') = 5+ (Lalforny) - Ly(Ma, )"
—Q(Vn-s)" (by (5.34) and L;(Maj,) = ©(,/5))
Recall that £ = 2L, t = sL, and f’ is a function on n = 2sLn input bits. This implies
Lo(f) = Q (nf/4 - 144

matching the bound in Remark 5.2.4.

5.6 Quantum Query with Classical Preprocessing

In this section, we show that our Fourier analytic approach can be generalized to handle a
more general setting, where the quantum query algorithm is allowed to first perform many
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classical queries as a preprocessing phase. More precisely, we prove Lemma 5.6.1 analogous
to Theorem 5.2.3.

Lemma 5.6.1. Let A be an algorithm on n-bit inputs:

e Classical Preprocessing Phase. First A performs at most d classical queries.

e Quantum Parallel Query Phase. Then based on the results of the previous phase, A
executes a quantum query algorithm B with arbitrarily many auziliary qubits and r
adaptive rounds of t < n parallel quantum queries per round.

Define f: {£1}" — [0,1] by f(x) = Pr[A accepts x]. Then

Le(f) < Org ((d ) ( n/t> I_(lle)ZJ) ‘

Moreover, this bound holds when some bits of x are fixed in advance.

By a similar calculation as in the proof of Theorem 5.2.1, Lemma 5.6.1 strengthens
Theorem 5.2.1 as the following theorem.

Theorem 5.6.2. For any constant r > 2, the 2r-fold Forrelation problem on n-bit inputs

1. can be solved with advantage 27'° by r adaptive rounds of queries with one quantum
query per round, yet

2. any algorithm with n*/®") classical preprocessing queries and r — 1 adaptive quantum

query rounds requires ﬁ(nl/ T2) parallel quantum queries to approximate it.
Now we prove Lemma 5.6.1 which is a simple black-box reduction to Theorem 5.2.3.

Proof of Lemma 5.6.1. We view the classical preprocessing phase of A as a decision tree D of
depth at most d, where each leaf z of D selects a quantum query algorithm B,. In addition,
we identify each z as a partial assignment in {41, x}" where the £1 values correspond to
classical queries and their outcome, and *’s correspond to bits that are not queried in this
phase. In particular, there are at most d non-* values for each z and we use 27! (x) C [n] to
denote the entries of these non-* values.

For each z, define g,(z) = Pr[B, accepts z|z] as the acceptance probability function of
B. conditioned that x is consistent with z on entries in z71(x). By Theorem 5.2.3, we have

Li(g.) < Oy (tk ~ <\/n_/t> L(l_é)ﬂ) for each k >0 (5.37)

~

For each S C [n] of size ¢, define as = sgn(f(S)) as the sign of the Fourier coefficients at
level . Then we have

Li(f)=E f(a:)Zas-wS :IzE IEI f(a:)ZaS-:cg z

xr
|S|=¢ |S|=¢
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:IZE IE gz(w)Zag-mg z
i |S|=¢
(z is sampled by a random root-to-leaf path in D)
=E |E |g.(x) Z arur, * 21 T, | 2 (by the definition of z)
’ TiCz1(x)
T>Cln]\z"" ()
L |T1|+[Te|=£ 44

SRS 172D SRR

ThCz—1(x),|Th|<L T2 Cln]\z~1 (%)
_ |T5|=¢—|T1]
(by the definition of g,)
<E Z Lo_ir(92) (by the definition of L,_j and since zp, € {£1})
* | 71 C21 (), T <
¢
<S¢ E[L4(92)] (since |2~ (+)] < d)
k=0 *
¢ 1= L) (e=k)
<SS &0, (tf-k : ( n/t) L(=2r) J) (by (5.37))
k=0

= Ovy ((d~t)f~ < n/t) L(1—5)4J> O
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Chapter 6

Other Projects

The theme of this thesis is quantum advantages via Fourier growth analysis of Boolean func-
tions, which includes the works described in detail above. There are several other projects
that I was involved in and completed during the PhD study, which do not fit within scope.
Nevertheless, I give short descriptions on them here in chronological order.

Sketching Algorithm for Edit Distance. This is the work [JNW21] joint with Ce Jin
and Jelani Nelson.

The edit distance between two binary strings x and y is defined to be the minimal number
of changes on x to get y, where each change can be deletion, insertion, and substitution.
This metric captures DNA edits and document similarities.

We consider the setting where = and y are stored apart by Alice and Bob respectively; and
they aim to compute the edit distance (and recover a corresponding edit sequence) by some
efficient communication with a referee Carol. More formally, Alice computes a bit-string
sketch s, based on her string z; and Bob computes s, from y; then Carol should be able
to compute the edit distance between x and y solely from s, and s,, with high probability.
In real life, Carol can be seen as a central server that stores sketches of documents for
comparisons of similarity, and Alice Bob are users to upload their documents.

One natural approach for this is to set s, =  and s, = y. It turns out that in many
cases this is not necessary. In our work, we show that if the edit distance between x and y is
guaranteed to be small, say, at most k. Then Alice and Bob can efficiently prepare sketches of
length roughly &% where n is an upper bound on the lengths of z, y. Our bound quantitatively
improved the previous &% bound by Belazzougui and Zhang [B716], and was subsequently
improved by Kociumaka, Porat, and Starikovskaya [KPS22] to k* and by Koucky and Saks
[KS24] to k.

Sample Solutions to Local-Lemma-Type k-CNFs. This is the work [HSW21] joint
with Kun He and Xiaoming Sun.

A k-CNF is a conjunction of clauses, where each clause is a disjunction of exactly k
variables or their negations. It is well-known that the satisfiability of £-CNF's is NP-complete
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even for £ = 3. However in some cases, the k-CNFs in question have some additional
assumption, for example, every variable appears in at most d clauses for d being relatively
small. This is what we call local-lemma-type k-CNF's, as the celebrated Lovasz local lemma
[Erd75] guarantees satisfiability if d < 2% and the famous Moser-Tardos algorithm [MT10]
efficiently finds a solution in this regime.

Our focus is to sample a uniformly random solution of these local-lemma-type k-CNFs.
This is closely related to the partition function in statistical physics and inference of graphical
models [Moil9]. One natural approach for this sampling task is to do rejection sampling,
which unfortunately fails as the solution space is exponentially small. Another tempting
algorithm to try is the metropolis algorithm, which however also fails due to large distances
between solutions. We analyzed a Markov chain algorithm that is intuitively metropolis
algorithm under projection, and showed how to sample a uniform solution in polynomial
time as long as d < 2017 This bound was further improved to d < 2%2* by He, Wang,
and Yin [HWY23a]. Our algorithm was also the first perfect sampler that samples a perfect
uniformly random solution, and the idea extended easily to larger alphabets for sampling
random coloring of local-lemma-type hypergraphs.

Sample Solutions to Random k-CNFs. This is the work [HWY23b] joint with Kun
He and Kuan Yang.

Pertinent to the local-lemma-type k-CNFs above, here we consider random k-CNFs,
where each clause is itself uniformly random. This model is particularly interesting as each
variable appears limited number of times in average but a small fraction of variables will
appear for many times with high probability. Hence, the Lovasz local lemma and Moser-
Tardos algorithm, served as a worst-case analysis, do not apply here and the satisfiability of
random k-CNFs is highly non-trivial [DSS15] and relates to phase transitions in statistical
physics. Nevertheless, let d be the average degree of variables; then for d < 2%, a random
k-CNF is satisfiable with high probability and a solution can be found efficiently [CO10].

Our focus is again trying to sample a solution uniformly at random. Just like the local-
lemma-type k-CNFs, the solution space of random k-CNF's is also highly fragmented and
prohibits many natural samplers. We analyzed a recursive sampling algorithm inspired by
[HWY23a] to sample bit by bit of a random solution, and showed that it runs in polynomial
time as long as d < 2F/3. This was a significant improvement over the d < 2¥/3% from
previous work [CCGGY21] and our 2°/3 threshold was, for the first time, better than the
threshold of worst-case local-lemma-type k-CNFs for efficiently sampling solutions. Our
result was recently improved by Chen, Lonkar, Wang, Yang, and Yin [CLW 24] to d < 2%,
which, up to low order terms, matches the satisfiability threshold of random k-CNF's [DSS15].

Differential Private Algorithm for The Counting Problem on Trees. This is the
work [GKICT23] joint with Badih Ghazi, Pritish Kamath, Ravi Kumar, and Pasin Manu-
rangsi.
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Consider the scenario where Google wants to analyze the popularity of each webpage
by the number of user clicks on it. This can be abstracted as a rooted tree with some
non-negative integers weight on each leaf node, and the task is to compute for each internal
node the total weight of leaves below it. Here, the tree structure represents the hierarchical
nature of domains and sub-domains, and the value for each internal node represents the
total number of user clicks accumulated on it, by visiting its sub-domains. This is, of course,
a simple algorithmic task that only needs a linear-time bottom-up dynamic programming.
The extra demand here is privacy.

The simple algorithm that outputs each node value is not considered private, as each
leaf weight change will influence all its ancestors and can be detected easily. In real life,
this is saying that each user’s behavior, though subtle, can be detected. A private algorithm
should be resilient to such perturbation, i.e., the algorithm’s output should not be too
sensitive to any individual change. This is formalized in a mathematically rigorous way as
differential privacy [DIXM7T06]. In a nutshell, the privacy is guaranteed by blurring the exact
output values with some random, but still controlled, shifts. The contribution of our work
is differential private algorithms for the above problem with (optimal) trade-offs regarding
privacy and accuracy.

Parameterized PCP and Hardness of Approximation. This is the works [GLR"24,
GLR25] joint with Venkatesan Guruswami, Bingkai Lin, Xuandi Ren, and Yican Sun.

The satisfiability of Boolean formula is a well-known NP-complete problem, meaning
that, given a solution x of the input formula ¢, we can verify its correctness in polynomial
time; however we do not expect to find such a solution in polynomial time, unless P = NP.
The celebrated PCP theorem [AS98, ALMT98] shows that the verification of ¢(z) = True
can be further sped up, if we moderately increase the size of the proof. More precisely, let
V' be a verifier of the satisfiability of ¢. If ¢ is satisfiable, then we can write a proof 7 of
binary bits and polynomial length, such that V' always accepts the proof m; however if ¢
is not satisfiable, then any proposed proof 7 will fail to convince V' with high probability.
Moreover, V' only reads a constant number of random locations in 7. Of course a natural V'
will be the one directly verifying if 7 is a solution of ¢, but this is inefficient as it necessarily
needs to read every bit of 7. Indeed the PCP theorem is highly non-trivial.

One motivation for proving such a PCP theorem is to prove hardness of approximation.
For example, it is well-known that the clique number is NP-hard to compute [Kar09], but
what if we are satisfied by a constant approximation of the clique number. With the help of
the PCP theorem above, it was shown that this relaxation remains NP-hard [FGL91].

The contribution of our works is to study the trade-off between the alphabet size and
proof length in the PCP theorem. More concretely, we show that for any parameter k,
the PCP theorem holds with proofs of alphabet size 2*/* and length k'*°(M) where n is
the size of the input ¢. This parameterized version recovers the classic PCP theorem when
k = ©(n), but is more flexible to use. Indeed, it implies that, under the standard assumption
Ezxponential Time Hypothesis [IP01], finding a clique of size k/10 in a graph promised to have
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size-k cliques still requires time N klfo(l), where N is the size of the input graph. Note that
N* is the runtime of the brute-force algorithm, and hence this bound is essentially optimal.

(Post-Quantum) Security of Cryptographic Salting. This is the work [DLW24] joint
with Fangqi Dong and Qipeng Liu.

Imagine that Alice and Bob want to use some public channel for communication, and the
adversary Eve aims to steal their secret. As a public-key protocol, the messages between Alice
and Bob are broadcasted and the security of the protocol heavily relies on some cryptographic
primitive such as hash function f. It is usually the case that Eve succeeds if f is broken,
e.g., Eve discovers some = # y producing a collision f(z) = f(y).

While the primitive f can be highly complicated to prevent an efficient way of finding
collisions, Eve, in real life, can study f with unlimited time and efforts, before executing an
efficient attack. This is because both the protocol and the primitive are announced in public
in advance. Under this consideration, Eve can trivially store some particular collision as a
witness for breaking f. In fact, it is not hard to see that any fixed hash function becomes
vulnerable against adversaries with a preprocessing phase like this.

To regain security, Morris and Thompson [MT79] proposed a natural fix, called crypto-
graphic salting, as follows. Instead of announcing a single hash function, the public protocol
includes many different hash functions fi,..., fx and Alice and Bob will later pick a uni-
form random k from {1,2,..., K} and use f; for their communication. This heuristically
prevents attacks if K is sufficiently large, as a space-bounded adversary cannot store colli-
sions of every hash function possibility now. The contribution of our work is to rigorously
analyze this enhanced protocol against both classical and quantum adversaries. Our bound
quantitatively improves the prior works [CDGS18, Liu23]; in fact, our result achieves asymp-
totically optimal security parameter in most settings and generalizes beyond hash functions
and colision finding problems.

Optimal Clifford+7 Circuit for Preparing Quantum States. This is the work
[GKW24] joint with David Gosset and Robin Kothari.

Quantum state preparation is a fundamental subroutine in many quantum algorithms,
metrologies, communication, and more. In this problem, we are given a classical description
of some n-qubit quantum state [1)) and aim to construct it from scratch. More formally, we
start with the all-zero state, then apply some amount of quantum gates, to convert the state
into a quantum state that is close enough to the target |¢/). A natural and standard choice
of quantum gates is the Clifford+7" gate set, consisting of Clifford gates (Hadamard gate,
phase gate, and CNOT gate) and T gate. Interestingly, T" gate is considered more expensive
than Clifford gates for various reasons from classical simulation [GOT98], quantum error
correction [BK05], and quantum magic [VMGE14]. Hence, reducing the number of T gates
used in the state preparation scheme becomes a vital task.

While an n-qubit state has roughly 2" degrees of freedom, surprisingly it can always be
prepared in a Clifford+71" circuit with roughly /2" - nlogn T gates due to Low, Kliuchnikov,
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Schaeffer [LI(S24]. They also proved a lower bound of V2", almost matching the upper
bound. The main contribution of our work is to bring down the upper bound to /27, and,
more generally, to achieve an optimal trade-off regarding the dimension n, the approximation
error £, and the number of T" gates in the state preparation circuit. Our techniques also have
interesting consequences and savings for implementing certain unitaries.

Sampling Power of Shallow Boolean Circuits. This is the works [KOW24, KOW25]
joint with Daniel M. Kane and Anthony Ostuni.

A Boolean circuit consists of AND, OR, and negation gates with bounded fan-in, as well
as designated input gates and output gates. The depth of a Boolean circuit is the maximum
length of a computation path from input to output. We consider shallow Boolean circuits
that have constant (or slightly superconstant) depth. This computation model is typically
not interesting, as every output bit depends only on constant number of input bits; hence it
cannot compute any function that needs to aggregate information of many input bits. For
example, the parity function on n bits is obviously not computable here.

However things become interesting as we move to sampling tasks, where we view input
bits as independent unbiased coins and aim to produce some target output distribution. In
this setting, we can actually sample a distribution naturally induced by the parity function:
uniform n-bit strings with even Hamming weight. To see this, assume rq, ..., r, are unbiased
coins, then the joint distribution of (ry ®re,ro @13, ..., 7, ®ry) is uniform over even strings.
If we could compute the parity function, this distribution can be sampled in a more direct
way by (r1,...,7_1,71 @ re ® -+ @ ry_1), which is, of course, not feasible in our model.

It is now natural to ask if there are other examples like above: can we use shallow circuits
to sample a uniform n-bit string conditioned on some Hamming weight constraint, despite
that the constraint function itself is not computable by shallow circuits. Our work shows
that unfortunately the above example is the only miracle, confirming a conjecture by Filmus,
Leigh, Riazanov, and Sokolov [FLRS23]. Our result also leads to interesting applications in
data structure lower bounds [Viol2], quantum-classical separation [BGK18], and learning
theory [Dial6].
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