THE UNIVERSITY OF CHICAGO

ADVENTURES IN DECODING DIRECT SUM CODES

A DISSERTATION SUBMITTED TO
THE FACULTY OF THE DIVISION OF THE PHYSICAL SCIENCES
IN CANDIDACY FOR THE DEGREE OF
DOCTOR OF PHILOSOPHY

DEPARTMENT OF MATHEMATICS

BY
DYLAN QUINTANA

CHICAGO, ILLINOIS
JUNE 2021



Copyright (©) 2021 by Dylan Quintana
All Rights Reserved



To Mom and Dad



Table of Contents

LIST OF FIGURES . . . . . . . s vii
LIST OF TABLES . . . . . . e viii
ACKNOWLEDGMENTS . . . . . . ix
ABSTRACT . . . . e X
1 INTRODUCTION . . . . e e 1
1.1 Codes . . . . . e 1

1.2 Direct Sum Codes . . . . . . . . . . 2
1.3 Decoding Direct Sum Codes . . . . . . . . . . .. .. .. ... ... ..... 3
1.4 Decoding Direct Sum Codes Near the GV Bound . . . . . . ... ... ... 5

2 LIST DECODING OF DIRECT SUM CODES . .. ... ... ... .. ..... 7
2.1 Introduction . . . . . . ..o 7
2.2 Preliminaries . . . . . . . ... 13
2.2.1 Simplicial Complexes . . . . . . . . .. ..o 13

2.2.2 Codes and Lifts . . . . . . . ... 14

2.2.3  Constraint Satisfaction Problems (CSPs) . . . . . ... ... ... .. 16

2.2.4  Sum-of-Squares Relaxations and t-local PSD Ensembles . . . . . . . . 17

2.3 Proof Strategy and Organization . . . .. ... ... ... ... ....... 21
2.4 Pseudorandom Hypergraphs and Robustness of Direct Sum . . . . . . . . .. 25
2.4.1 Expander Walks and Parity Sampling . . . . . . ... ... ... ... 26

2.4.2 High-dimensional Expanders . . . . . . ... .. .. ... ... ... 26

2.4.3 HDXs are Parity Samplers . . . . . . . ... 28

2.4.4 Rate of the Direct Sum Lifting . . . . . ... ... ... ... .... 32

2.5 Unique Decoding . . . . . . . . . . . 34
2.5.1 Unique Decoding on Parity Samplers . . . . . ... .. .. ... ... 34

2.5.2  Concrete Instantiations . . . . . . . ... ... 36

2.6 Abstract List Decoding Framework . . . . . .. ... ... ... ... .. .. 39
2.6.1 Entropic Proxy . . . . . ... .. 39

2.6.2 SOS Program for List Decoding . . . . . . . .. ... ... ... ... 40

2.6.3 Properties of the Entropic Proxy . . . . ... ... ... ... .... 40

2.6.4 Propagation Rounding . . . . . .. ... ... oL 43

2.6.5 Tensorial Structures . . . . . . ... 45

2.6.6 Further Building Blocks and Analysis . . . . . . ... ... ... ... 48

2.7 Instantiation I: Direct Sum on HDXs . . . . . . . . ... ... .. ... 64
2.7.1 HDXs are Two-Step Tensorial . . . . . . . . ... ... .. ... ... 66

2.7.2 Instantiation to Linear Base Codes . . . . . . ... .. ... .. ... 68

2.7.3 Instantiation to General Base Codes . . . . . ... ... ... .... 70

2.8 List Decoding Direct Product Codes . . . . . . . . . ... ... ... .... 72

v



2.9

2.10

2.8.1 Direct Product Codes . . . . . . . . . . .. 72

2.8.2 Direct Product List Decoding . . . . . . ... ... ... ... .... 73
Instantiation II: Direct Sum on Expander Walks . . . . . . . . ... ... .. 79
2.9.1 Expander Walks are Two-Step Tensorial . . . . . ... .. ... ... 82
2.9.2 Instantiation to Linear Base Codes . . . . . . . ... ... ... ... 93
2.9.3 Instantiation to General Base Codes . . . . .. .. .. ... .. ... 96
Auxiliary Results . . . . . . . . .. 96
2.10.1 Basic Facts of Probability . . . . ... ... ... ... ... ... 96
2.10.2 Further Properties of Liftings . . . . . .. ... ... ... ... ... 97
2.10.3 Derandomization . . . . . . .. ... oo 98

UNIQUE DECODING OF EXPLICIT e-BALANCED CODES NEAR THE GILBERT-

VARSHAMOV BOUND . . . . . .. e 101
3.1 Imtroduction . . . . . . . .. 101
3.2 Preliminaries and Notation . . . . . . . . . ... ... ... 107
321 Codes . . . . . . 107
3.2.2 Direct Sum Lifts . . . . . .. ... 108
3.2.3 Linear Algebra Conventions . . . . . . . ... .. ... ... ..... 109
3.3 Proof Overview . . . . . . . .. 109
3.4 Ta-Shma’s Construction: A Summary and Some Tweaks . . ... ... ... 116
3.4.1 The s-wide Replacement Product . . . . . . .. .. ... ... .... 116
3.4.2 The Construction . . . . . . . . . ... 119
3.4.3 Tweaking the Construction . . . . . . . ... ... ... ... ... .. 121
3.5 Code Cascading . . . . . . . . . . L 127
3.5.1 Warm-up: Code Cascading Expander Walks . . . . . . ... ... .. 128
3.5.2 Code Cascading Ta-Shma’s Construction . . . . . . . ... ... ... 130
3.6 Unique Decoding of Ta-Shma Codes . . . . . . . . . . .. .. ... ... ... 131
3.6.1 Unique Decoding via Code Cascading . . . . . . . ... .. ... ... 133
3.6.2 Fixed Polynomial Time . . . . . . . . .. .. ... ... ... ... .. 139
3.7 Satisfying the List Decoding Framework Requirements . . . . . . ... . .. 144
3.7.1 Parity Sampling for the Code Cascade . . . . ... .. ... .. ... 146
3.7.2 Splittability of Ta-Shma’s Construction . . . . . . . ... .. ... .. 150
3.7.3 Integration with Sum-of-Squares . . . . . . . . ... ... ... ... 153
3.7.4 Splittability Implies Tensoriality . . . . . . . .. ... ... ... ... 160
3.8 Choosing Parameters for Ta-Shma’s Construction . . . . . . . ... ... .. 166
3.8.1 Round I: Initial Analysis . . . . . . . .. .. ... ... 167
3.8.2 Round II: A More Careful Analysis . . . . . .. ... ... ... ... 172
3.8.3 Round III: Vanishing f as € Vanishes . . . . . . ... ... ... ... 174
3.8.4 Round IV: Arbitrary Gentle List Decoding . . . . . . ... ... ... 176
3.9 Instantiating the List Decoding Framework . . . . . . . .. ... .. ... .. 177
3.9.1 List Decoding Framework . . . . ... ... .. ... ... ... .. 178
3.10 Auxiliary Results . . . . . . .. . 181
3.10.1 Obtaining Tensoriality . . . . . . . . ... .. ... ... ... ... 181



3.10.2 Explicit Structures . . . . . . ..o
3.10.3 Zig-Zag Spectral Bound . . . . ... ...
3.10.4 Derandomization . . . . . . . . . ... ...

REFERENCES

vi



2.1

3.1
3.2
3.3
3.4
3.5

List of Figures

The list decoding framework with the assumptions required in each stage . . . .

Unique decoding ball along with error from approximation . . . .. .. ... ..
Unique decoding and list decoding balls along with error from approximation . .
Code cascading. . . . . . . . . . . e
An example of the 1-wide replacement product . . . . . . ... ... ... ...
Two levels of code cascading for Ta-Shma’s construction . . . . . . . .. .. ..

vii



List of Tables

2.1 List decoding SOS formulation

3.1 Binary codes near the GV bound

viii



ACKNOWLEDGMENTS

The work that went into this thesis would not have been possible without the help of a great
deal of people. Thank you to my advisors, Sasha Razborov and Madhur Tulsiani, for sharing
your deep technical wisdom and guidance on navigating the academic world; my coauthors,
Vedat Levi Alev, Fernando Granha Jeronimo, Shashank Srivastava, and Madhur Tulsiani
(again), for providing the insights and motivation to push our work as far as we did; and the
entire Chicago theory group, for being a welcoming community full of interesting ideas.

Thanks also to my friends who made the past six years of grad school breeze right by.
Thanking each of you individually would make these acknowledgments rival the length of
the rest of this document, so let me instead express my gratitude in bulk to everyone in The
Word, Band of Buddies, and Crossword Crew for bringing me joy—you know who you are.
Bonus appreciation to Ronno Das, for all of the fun times and absurd conversations, and
Karl Schaefer, for being a great mentor as well as a great friend. And of course, I have to
thank my brothers, Kevin and Tyler, for the countless hours of time well spent schlorping
around.

Getting to where I am today was the result of the dedicated efforts of the teachers I've
had over the years. I owe so much to all of you, especially Mrs. Hamilton, who introduced
me to the wonders of math at a young age, and Mr. Oestreich, whose teaching style I aspire
to match in my own classes. Most of all, thank you to my parents, my first teachers, for
your constant love, support, and encouragement from the very beginning, and for the many

sacrifices you made for my sake. This thesis is dedicated to you.

X



ABSTRACT

Our adventures take us through several problems related to decoding a class of error-
correcting codes known as direct sum codes. These codes are obtained from a base code
Cp C F§ by summing the entries of each codeword on a collection of subsets W C [n]k to
yield a code C C FF %/V If the collection W has a particular expansion property, the resulting
direct sum code C will have a large minimum distance and (as we show) an efficient decoding
algorithm.

In our first adventure (Chapter 2, joint work with Vedat Levi Alev, Fernando Granha
Jeronimo, Shashank Srivastava, and Madhur Tulsiani), we develop a list decoding algorithm
for a generalization of direct sum codes where the direct sum can be replaced by any suitable
“lifting” operation. The algorithm creates a Sum-of-Squares program for list decoding, the
solution to which allows the desired list of codewords to be recovered through rounding.
We apply the general decoding framework to obtain list decoding algorithms for direct sum
codes constructed using a collection W which is either the set of walks of k vertices on an
expander graph or the set of k-sized faces of a high-dimensional expander.

Our second adventure (Chapter 3, joint work with Fernando Granha Jeronimo, Shashank
Srivastava, and Madhur Tulsiani) is adapting the results of Chapter 2 to decode Ta-Shma’s
[STOC 2017] direct sum codes. These codes are e-balanced, meaning any two codewords
have distance between 1/2 —¢/2 and 1/2+¢/2, and have rate nearly achieving the Gilbert—
Varshamov bound of 9(52). Decoding is accomplished using the direct sum list decoding
framework in an inductive process that sidesteps its suboptimal parameter requirements.
This process can perform both unique and list decoding for Ta-Shma’s codes, though at a

list decoding radius smaller than the minimum distance.



CHAPTER 1
INTRODUCTION

1.1 Codes

Error-correcting codes have proven to be extremely useful in both practical applications
and various areas of theoretical computer science. A binary error-correcting code C is a
collection of elements of % called codewords. When a codeword is transmitted across a
noisy communication channel that introduces some substitution errors, the recipient can
hope to recover the original message if the number of errors is small relative to the number
of differences between codewords—hence the “error-correcting” moniker.

The key parameters of a code are its rate R = %log |C|, which measures its size, and

distance § = % min_|{i | ; # y;}|, which is the minimum fraction of bits that must be

flipped to transfor,m one codeword into another. A code of distance d is theoretically resilient
to substitution errors in up to 6/2 fraction of positions before the original message becomes
ambiguous. However, coming up with an efficient unique decoding algorithm that can fix
this amount of errors in a given code is often a nontrivial task that depends heavily on the
code’s structure.

The ideal code has both a large rate and a large distance, possessing an ample quantity
of codewords with strong error correction capability. There is a natural tension between
these two parameters: cramming lots of words into F§ to achieve a high rate comes at
the expense of packing them closer together, causing the distance to suffer. Exploring the
optimal tradeoff between distance and rate has been a major area of focus in the study of

error-correcting codes since its inception. An early lower bound is due to Gilbert [Gil52] and

Varshamov [Var57]:

Theorem 1.1.1 (Gilbert—Varshamov (GV) bound for binary codes). For any 0 <46 < 1/2

and 0 < e < 1—H(0), there exist binary codes with distance 0 and rate at least 1 — H(J) —¢,
1



where H is the binary entropy function H(d) = —dlogd — (1 — ) log(1 — 9).

In fact, both random codes (where codewords are selected from F4 uniformly at random)
and random linear codes (which are random linear subspaces of F%) achieve the GV bound
with high probability. Despite what the abundance of codes at the GV bound suggests,
finding ezplicit binary codes that attain the GV bound turns out to be quite challenging.

This thesis is primarily concerned with binary codes of distance close to 1/2. (Binary
codes with distance greater than 1/2 always have rate approaching 0 as n — oco.) The holy
grail in this regime is a family of explicit codes with distance 1/2 — ¢, the GV bound rate
of 9(52), and an accompanying decoding algorithm. Previous results have come up short in

at least one of these aspects:

e Thommesen [Tho83] described concatenated codes with rate matching the GV bound
that were later decoded by Guruswami and Indyk [GI04], but the construction requires

random binary codes, making it non-explicit.

e Guruswami and Rudra [GR06] developed explicit, efficiently decodable codes with rate
Q(e3), just shy of the GV bound.

e Ta-Shma [TS17] constructed explicit codes with rate Q(25) for any fixed 5 > 0, but

did not provide an efficient decoding algorithm for them.

A more detailed summary of prior work can be found in Table 3.1.

1.2 Direct Sum Codes

Let us take a closer look at Ta-Shma’s aforementioned codes near the GV bound [TS17].
These codes have the property of being e-balanced, meaning each pair of codewords has
distance between 1/2 —¢/2 and 1/2+¢/2, and are a type of direct sum code, defined using a

“lifting” process of a base code Cy C F4 on a collection of tuples W C [n]*. Each codeword
2



in a direct sum code is obtained from a codeword in z € Cy by summing the entries in each
clement of W to obtain a new codeword y € F¥: that is, y = (2w + 2wy + - + 2w, )weW -
With an appropriate choice of W and an eg-balanced base code for constant ¢, the resulting
code can be made e-balanced for arbitrarily small €. For instance, taking W to be a random
subset of [n]¥ of size O(n/e?) and k to be sufficiently large will yield an e-balanced direct
sum code, although it would be non-explicit in this case.

Rozenman and Wigderson [Bogl2] suggested derandomizing the above construction by
taking W to be the set of all walks containing k vertices on an n-vertex expander graph G.
This choice of W still gives e-balanced codes for any € > 0 as long as the second eigenvalue
of G is small enough. However, the rate of a direct sum code depends on the size of W,
and Ta-Shma showed that even with an optimal choice of the graph G, the best rate that
this construction can attain seems to be Q(¢*). Ta-Shma improved the rate to Q(e2+7) by
restricting W to be a more limited subset of walks on an expander. The walks in this set W
can be modeled as walks on a graph formed by combining two expanders using the s-wide

replacement product, an operation similar to the zig-zag product.

1.3 Decoding Direct Sum Codes

In Chapter 2, we describe a list decoding algorithm for direct sum codes that outputs a short
list of all codewords within a given distance of a received word g € IFIQ/V Taking W to be the

set of k-vertex walks on an expander, we prove the following:

Theorem 1.3.1 (Informal version of Theorem 2.9.2). Let 0 < ¢ < g9 < 1/2. Suppose
Co C IF} is an gp-balanced linear code and G is a reqular expander graph on n vertices with
o(1)

second eigenvalue \ < ¢ . Then there is an e-balanced direct sum lifting C of Cy using the

set W of all walks on G of length k = O(log(1/¢)) with an efficient algorithm that outputs
the list of all codewords of C within distance (1/2 — /) of any § € ng

The same framework can be used to obtain list decoding algorithms for direct sum codes
3



in settings where an expansion requirement called “splittability” is satisfied, such as when W
is the set of edges of size k in a high-dimensional expander. There are several ways of defining
high-dimensional expanders as expanding hypergraphs; here we use the «-high-dimensional

expander definition of Dinur and Kaufman [DK17].

Theorem 1.3.2 (Informal version of Theorem 2.7.1). Let 0 < ¢ < g9 < 1/2. Suppose
Co C FY is an eg-balanced linear code and X is a y-high-dimensional expander on n vertices
with v < (log(1/e))~OW08(1/€) and dimension d = Q((log(1/¢))?/2). Then there is an -
balanced direct sum lifting C of Co using the set W of all edges of X of size k = O(log(1/¢))
with an efficient algorithm that outputs the list of all codewords of C within distance (1/2—/¢)

of any § € IF‘Q/V

As a corollary of Theorem 1.3.2, we also have a list decoding algorithm for direct product
codes on high-dimensional expanders, where the bits of codewords in the base code are
collected into tuples on each edge rather than added together. List decoding for these codes
works at distances approaching one thanks to their large alphabet size.

The list decoding framework operates by treating the problem of decoding a received
word y as a constraint satisfaction problem (CSP). The variables in the CSP correspond
to positions in the base code, and each element of W poses one constraint. The objective
is to find all elements z € Cy that satisfy at least (1/2 + 1) fraction of the constraints.
Fortunately, the expansion of the direct sum lifting structure guarantees that any element
2 € FY satisfying many constraints will be close to some codeword z € Cp, so it suffices to
solve the CSP ignoring the base code requirement to get a solution 2/, then run the unique
decoding algorithm of the base code to recover z. Even more fortunately, the algorithm of
Alev, Jeronimo, and Tulsiani [AJT19] based on the Sum-of-Squares (SOS) hierarchy enables
us to approximately solve the CSP for 2z’ when W is splittable.

This procedure is capable of finding at least one codeword close to g, but list decoding

introduces the additional wrinkle of needing to find every such codeword. Generating the
4



entire list requires changes to the SOS program. Solutions to the SOS program are converted
to elements of 4 by a rounding process that involves conditioning the local distributions on
a small number of fixed positions. For list decoding, we need to ensure that every z € Cgy
satisfying the appropriate number of constraints can be approximately reached by rounding
after some choice of conditioning. This is done by having the SOS program minimize a
function measuring how concentrated the solution is. The solutions to the modified SOS
program are conditioned and rounded to get a list containing a word close to every desired
codeword in the base code. Finally, the list of codewords close to 7 is extracted with the

help of the unique decoding algorithm of Cy.

1.4 Decoding Direct Sum Codes Near the GV Bound

The decoding algorithms of Theorem 1.3.1 and Theorem 1.3.2 have stringent expansion
requirements that cause the rates of the codes to end up quite far from the GV bound.
Chapter 3 is about employing a few tricks that let us use the list decoding algorithm to

decode Ta-Shma’s direct sum codes of rate Q(e277) [TS17]. The main result is as follows.

Theorem 1.4.1 (Informal version of Theorem 3.1.1). For any > 0, sufficiently small
e > 0, and infinitely many N € N, there are explicit e-balanced binary codes C C IFéV with

rate Q(£2+ﬁ) and a unique decoding algorithm that runs in time polynomial in N.

Digging a bit deeper into the parameters of Theorem 1.3.1, we find that list decoding an
e-balanced code at a distance of (1/2—+/z—n) requires a second eigenvalue of A < (/2F)0(1)
and a walk length of £ = O(log(1/¢)). Increasing the rate of the code from quasipolynomial
in € to polynomial in € can be done if we can get away with A being a constant independent
of e.

As a first step toward weakening the requirement on A, observe that if we only want a

unique decoding algorithm rather than a list decoding algorithm, it only needs to work at



half the distance of the code, which is less than 1/4. We can thus fix 7 to be any constant
strictly smaller than 1/4. For unique decoding of a word 7, we run the list decoding algorithm
at distance 1/2 — /e — n and simply pick out the word on the list closest to .

Removing the dependence of A on the walk length k is more involved. We break the
problem of decoding the direct sum code C into a sequence of easier decoding problems. Let
k = m! for integers m and /. Define the code Cq to be the direct sum lifting of the base code
Cp using m-vertex walks on our graph G. Form a new graph G’ whose vertices are m-vertex
walks of G, with a directed edge from w to w’ if the last vertex of w is adjacent to the first
vertex of w’ in G. Then take Cy to be the direct sum lifting of C1 using m-vertex walks on
G’, which is equivalent to the direct sum lifting of Cy using walks of m? vertices on G. We
continue in this fashion, defining C; to be the direct sum lifting of C;_{ using m-vertex walks
on a graph of walks on the previous level, until we reach Cp = C.

Creating such a “cascade” of codes C1,Co,...,Cp allows decoding to be accomplished
recursively. We decode C; to get a list of words at the level of C;_1, which can in turn be
decoded to get a list of words at the level of C;_9, and so on, until we get down to Cy where
we can apply the known unique decoding algorithm. The advantage of this process is that we
can choose m to be a constant, hiding away the dependence on ¢ in the number of levels ¢ and
removing it from the condition on A. Decoding Ta-Shma’s more complicated construction
in this setup is a matter of altering it slightly to meet the splittability requirement of the

direct sum list decoding framework and recomputing parameters to make sure the rate is

still Q(e217).



CHAPTER 2
LIST DECODING OF DIRECT SUM CODES

This chapter is joint work with Vedat Levi Alev, Fernando Granha Jeronimo, Shashank

Srivastava, and Madhur Tulsiani that originally appeared in [AJQ120].

2.1 Introduction

We consider the problem of list decoding binary codes obtained by starting with a binary
base code C and amplifying its distance by “lifting” C to a new code C’ using an expanding
or pseudorandom structure. Examples of such constructions include direct products where
one lifts (say) C C F4 to C' C (Fg)”k with each position in y € C’ being a k-tuple of bits
from k positions in z € C. Another example is direct sum codes where C' C ]ng and each
position in y is the parity of a k-tuple of bits in z € C. Of course, for many applications, it
is interesting to consider a small “pseudorandom” set of k-tuples, instead of considering the
complete set of size nk.

This kind of distance amplification is well known in coding theory [ABNT92, TW97,
GI01, TS17] and it can draw on the vast repertoire of random and pseudorandom expanding
objects [HLWO06, Lub18]. Such constructions are also known to have several applications to
the theory of Probabilitically Checkable Proofs (PCPs) [IKW09, DS14, DDG'15, Chal6,
Aro02]. However, despite having several useful properties, it might not always be clear how
to decode the codes resulting from such constructions, especially when constructed using
sparse pseudorandom structures. An important example of this phenomenon is Ta-Shma’s
explicit construction of binary codes of arbitrarily large distance near the (non-constructive)
Gilbert-Varshamov bound [TS17]. Although the construction is explicit, efficient decoding
is not known. Going beyond unique-decoding algorithms, it is also useful to have efficient

list-decoding algorithms for complexity-theoretic applications [Sud00, Gur01, STVO01, Tre04].



The question of list decoding such pseudorandom constructions of direct-product codes
was considered by Dinur et al. [DHK™'19], extending a unique-decoding result of Alon et
al. [ABNT92]. While Alon et al. proved that the code is unique-decodable when the lifting
hypergraph (collection of k-tuples) is a good “sampler”, Dinur et al. showed that when
the hypergraph has additional structure (which they called being a “double sampler”) then
the code is also list decodable. They also posed the question of understanding structural
properties of the hypergraph that might yield even unique decoding algorithms for the direct
sum based liftings.

We develop a generic framework to understand properties of the hypergraphs under which
the lifted code C’ admits efficient list decoding algorithms, assuming only efficient unique
decoding algorithms for the base code C. Formally, let X be a downward-closed hypergraph
(simplicial complex) defined by taking the downward closure of a k-uniform hypergraph, and
let g : IFIQC — F9 be any boolean function. X (i) denotes the collection of sets of size i in X
and X (< d) the collection of sets of size at most d. We consider the lift ¢ = dsumg((k)(C),
where C C Fg((l) andC' CTF g((k), and each bit of y € C’ is obtained by applying the function
g to the corresponding k bits of z € C. We study properties of g and X under which this
lifting admits an efficient list decoding algorithm.

We consider two properties of this lifting, robustness and tensoriality, formally defined
later, which are sufficient to yield decoding algorithms. The first property (robustness)

(1)

essentially requires that for any two words in Fg( at a moderate distance, the lifting
amplifies the distance between them. While the second property is of a more technical
nature and is inspired by the Sum-of-Squares (SOS) SDP hierarchy used for our decoding
algorithms, it is implied by some simpler combinatorial properties. Roughly speaking, this
combinatorial property, which we refer to as splittability, requires that the graph on (say)

X (k/2) defined by connecting s,t € X (k/2) if sNt = () and sUt € X (k), is a sufficiently good

expander (and similarly for graphs on X (k/4), X (k/8), and so on). Splittability requires



that the k-tuples can be (recursively) split into disjoint pieces such that at each step the
graph obtained between the pairs of pieces is a good expander.

Expanding Structures. We instantiate the above framework with two specific structures:
the collection of k-sized hyperedges of a high-dimensional expander (HDX) and the collection
of length k walks on an expander graph.! HDXs are downward-closed hypergraphs satisfying
certain expansion properties. We will quantify this expansion using Dinur and Kaufman’s
notion of a v-HDX [DK17].

HDXs were proved to be splittable by some of the authors [AJT19]. For the expander
walk instantiation, we consider a variant of splittability where a walk of length k is split into
two halves, which are walks of length k£/2 (thus we do not consider all k/2 size subsets of
the walk). The spectrum of the graphs obtained by this splitting can easily be related to
that of the underlying expander graph. In both cases, we take the function g to be k-XOR
which corresponds to the direct sum lifting. We also obtain results for direct product codes
via a simple (and standard) reduction to the direct sum case.

Our Results. Now we provide a quantitative version of our main result. For this, we split
the main result into two cases (due to their difference in parameters): HDXs and length &

walks on expander graphs. We start with the former expanding object.

Theorem 2.1.1 (Direct Sum Lifting on HDX (Informal)). Let g < 1/2 be a constant and
e € (0,e0). Suppose X(< d) is a v-HDX on n vertices with v < (log(1/¢))~O10e(/e)) gnqd
d = ((log(1/2))%/£?).

For every linear code C1 C FY with relative distance > 1/2 — ¢, there exists a direct sum
lifting Cy, C ]F‘zx(k) with k = O (log(1/¢)) and relative distance > 1/2 — 2 (1) satisfying the

following:

o [Efficient List Decoding] If § is (1/2 — g)-close to Cy,, then we can compute the list of

1. Actually, we will be working with length k& — 1 walks which can be represented as k-tuples, though this
is an unimportant technicality. The reason is to be consistent in the number of vertices (allowing repetitions)
with k-sized hyperedges.



all the codewords of Cy. that are (1/2 — €)-close to § in time ne W - f(n), where f(n)

is the running time of a unique decoding algorithm for C.
e [Rate] The rate vy, of Cy, is i, = r1 - | X(1)| / | X ()|, where r1 is the rate of C1.>

A consequence of this result is a method of decoding the direct product lifting on a HDX

via a reduction to the direct sum case.

Corollary 2.1.2 (Direct Product Lifting on HDX (Informal)). Let g < 1/2 be a constant
and e > 0. Suppose X (< d) is a v-HDX on n vertices with v < (log(1/¢))~C108(1/€)) gnq
d = 9((log(1/2))2/e).

For every linear code C1 C F§ with relative distance > 1/2 — ¢q, there exists a direct
product encoding Cp C (]Fg)X(E) with £ = O(log(1/¢)) that can be efficiently list decoded up

to distance (1 —¢).

Remark 2.1.3. List decoding the direct product lifting was first established by Dinur et al.
in [DHK™ 19] using their notion of double samplers. Since constructions of double samplers
are only known using HDXs, we can compare some parameters. In our setting, we obtain
d = O(log(1/€)2/£2) and v = (log(1/¢))~C108(1/)) whereas in [DHK 19] d = O(exp(1/e))
and v = O(exp(—1/¢)).

Given a graph G, we denote by W (k) the collection of all length k — 1 walks of G, which
plays the role of the local views X (k). If G is sufficiently expanding, we have the following

result.

Theorem 2.1.4 (Direct Sum Lifting on Expander Walks (Informal)). Let g < 1/2 be a

constant and ¢ € (0,£q). Suppose G is a d-reqular vy-two-sided spectral expander graph on n

vertices with v < 0(1)

2. In the rate computation, X (k) is viewed as a multi-set where each s € X (k) is repeated a certain
number of times for technical reasons.
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For every linear code C1 C FY with relative distance > 1/2 — ¢, there exists a direct sum
encoding Cj, C F;/VG(]C) with k = O (log(1/¢)) and relative distance > 1/2 — (1) satisfying

the following:

e [Efficient List Decoding] If § is (1/2 — €)-close to Cy,, then we can compute the list of
all the codewords of Cy, that are (1/2 —€)-close to y in time ne W - f(n), where f(n)

is the running time of a unique decoding algorithm for Cy.
e [Rate] The rate 1y, of Cj, is rj, = r1/d*~1, where r1 is the rate of C1.

The results in Theorem 2.1.1, Corollary 2.1.2, and Theorem 2.1.4 can all be extended
(using a simple technical argument) to nonlinear base codes C; with similar parameters.
We also note that applying Theorem 2.1.1 to explicit objects derived from Ramanujan com-
plexes [LSV05b, LSV05a] and applying Theorem 2.1.4 to Ramanujan graphs [LPS88] yield
explicit constructions of codes with constant relative distance and rate, starting from a base
code with constant relative distance and rate. With these constructions, the rate of the lifted
code satisfies rp. > 71 -exp (_(1Og(1/€>>0(log(1/g))) in the HDX case and rj, > rq -e@(l0s(1/¢)
for expander walks. The precise parameters of these applications are given in Corollary 2.7.2
of Section 2.7 and in Corollary 2.9.5 of Section 2.9, respectively.

Our techniques. We connect the question of decoding lifted codes to finding good so-
lutions for instances of Constraint Satisfaction Problems (CSPs) which we then solve using
the Sum-of-Squares (SOS) hierarchy. Consider the case of direct sum lifting, where for the
lifting y of a codeword z, each bit of y is an XOR of k bits from z. If an adversary corrupts
some bits of ¥ to give 7, then finding the closest codeword to j corresponds to finding 2’ € C
such that appropriate k-bit XORs of 2/ agree with as many bits of § as possible. If the
corruption is small, the distance properties of the code ensure that the unique choice for 2’
is z. Moreover, the distance amplification (robustness) properties of the lifting can be used
to show that it suffices to find any 2’ (not necessarily in C) satisfying sufficiently many con-

straints. We then use results by a subset of the authors [AJT19] showing that splittability
11



(or the tensorial nature) of the hypergraphs used for lifting can be used to yield algorithms
for approximately solving the related CSPs. Of course, the above argument does not rely on
the lifting being direct sum and works for any lifting function g.

For list decoding, we solve just a single SOS program whose solution is rich enough to
“cover” the list of codewords we intend to retrieve. In particular, the solutions to the CSP
are obtained by “conditioning” the SDP solution on a small number of variables, and we try
to ensure that in the list decoding case, conditioning the SOS solution on different variables
yields solutions close to different elements of the list. To achieve this covering property
we consider a convex proxy U for negative entropy measuring how concentrated (on a few
codewords) the SOS solution is. Then we minimize ¥ while solving the SOS program. A
similar technique was also independently used by Karmalkar, Klivans, and Kothari [KKK19]
and Raghavendra—Yau [RY19] in the context of learning regression. Unfortunately, this
SOS cover comes with only some weak guarantees which are, a priori, not sufficient for list
decoding. However, again using the robustness property of the lifting, we are able to convert
weak covering guarantees for the lifted code C’ to strong guarantees for the base code C, and
then appeal to the unique decoding algorithm. We regard the interplay between these two
properties leading to the final list decoding application as our main technical contribution. A
more thorough overview is given in Section 2.3 after introducing some objects and notation
in Section 2.2. In Section 2.3, we also give further details about the organization of the
document.

Related work. The closest result to ours is the list decoding framework of Dinur et
al. [DHK"19) for the direct product encoding, where the lifted code is not binary but rather
over the alphabet IFIQ“ Our framework instantiated for the direct sum encoding on HDXs
(c.f. Theorem 2.1.1) captures and strengthens some of their parameters in Corollary 2.1.2.
While Dinur et al. also obtain list decoding by solving an SDP for a specific CSP (Unique

Games), the reduction to CSPs in their case uses the combinatorial nature of the double
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sampler instances and is also specific to the direct product encoding. They recover the
list by iteratively solving many CSP instances, where each newly found solution is pruned
from the instance by reducing the alphabet size by one each time. On the other hand,
the reduction to CSPs is somewhat generic in our framework and the recovery of the list
is facilitated by including an entropic proxy in the convex relation. As mentioned earlier,
a similar entropic proxy was also (independently) used by Karmalkar et al. [KKK19] and
Raghavendra—Yau [RY19] in the context of list decoding for linear regression and mean
estimation. Direct products on expanders were also used as a building block by Guruswami
and Indyk [GI03] who used these to construct linear time list decodable codes over large
alphabets. They gave an algorithm for recovering the list based on spectral partitioning

techniques.

2.2 Preliminaries

2.2.1 Simplicial Complexes

It will be convenient to work with hypergraphs satisfying a certain downward-closed property

(which is straightforward to obtain).

Definition 2.2.1. A simplicial complex X with ground set [n| is a downward-closed collec-
tion of subsets of [n], i.e., for all sets s € X and t C s, we also have t € X. The sets in X
are referred to as faces of X. We use the notation X (i) for the set of all faces of a simplicial
complex X with cardinality i and X (< d) for the set of all faces of cardinality at most ds
By convention, we take X (0) := {@}.

A simplicial complex X (< d) is said to be a pure simplicial complex if every face of X

3. Note that it is more common to associate a geometric representation to simplicial complexes, with faces
of cardinality ¢ being referred to as faces of dimension i — 1 (and the collection being denoted by X (i — 1)
instead of X (i)). However, we prefer to index faces by their cardinality to improve readability of related
expressions.

13



is contained in some face of size d. Note that in a pure simplicial compler X (< d), the top

slice X (d) completely determines the complex.

Simplicial complexes are equipped with the following probability measures on their sets

of faces.

Definition 2.2.2 (Probability measures (IIy,...,11;)). Let X(< d) be a pure simplicial
complex and let I1; be an arbitrary probability measure on X (d). We define a coupled array
of random variables (59, ... (1)) as follows: sample s\ ~ I and (recursively) for each
i € [d], take 571 to be a uniformly random subset of 5(7) of size t — 1. The distribu-
tions I1y_1,...,IIy are then defined to be the marginal distributions of the random variables
s(d_l), e ,5(1). We also define the joint distribution of (5(d), e ,5(1)) as II. Note that the

choice of Il determines each other distribution 11; on X (7).

In order to work with the HDX and expander walk instantiations in a unified manner,
we will use also use the notation X (k) to indicate the set of all length k — 1 walks on a graph
G. In this case, X (k) is a set of k-tuples rather than subsets of size k. This distinction
will be largely irrelevant, but we will use W (k) when referring specifically to walks rather
than subsets. The set of walks W (k) has a corresponding distribution IT;, as well (see
Definition 2.9.1).

2.2.2  Codes and Lifts

Codes

We briefly recall some standard code terminology. Let ¥ be a finite alphabet with ¢ € N
symbols. We will be mostly concerned with the case ¥ = Fg. Given z, 2’ € X", recall that
the relative Hamming distance between z and 2’ is A(z,2) = ’{z | z; # z;}‘ /n. Any set

C C X" gives rise to a g-ary code. The distance of C is defined as A(C) = min, s A(z, ')

14



where z, 2’ € C. We say that C is a linear code if ¥ = F,; and C is a linear subspace of ]Fg.4
The rate of C is log,(|C|)/n.
Instead of discussing the distance of a binary code, it will often be more natural to phrase

results in terms of its bias.

Definition 2.2.3 (Bias). The bias of a word z € F§ is bias(z) = ‘Eie[n](—l)zi 2 The bias

of a code C is the maximum bias of any non-zero codeword in C.

Lifts

(1)

Starting from a code C; C E{( , we amplify its distance by considering a lifting operation

defined as follows.

Definition 2.2.4 (Lifting Function). Let g : ¥ — ¥ and X (k) be a collection of k-
uniform hyperedges or walks of length k — 1 on the set X(1). For z € Efm, we define
dsumg((k)(z) =y such that ys = g(z|s) for all s € X(k), where z|s is the restriction of z to
the indices in s.

The lifting of a code C1 C Z{((l) s
dsumg((k)(cl) = {dsumg((k)(z) | z € C1},

which we will also denote Cy,. We will omit g and X (k) from the notation for lifts when they

are clear from context.
We will call liftings that amplify the distance of a code robust.

Definition 2.2.5 (Robust Lifting). We say that dsumg((k) is (00, 0)-robust if for every z, 2’ €

X(1)

> we have

Az, 2") > 69 = A(dsum(z), dsum(z’)) > 6.

4. In this case, ¢ is required to be a prime power.
5. Equivalently, the bias of z € {+1}" is bias(z) = |[E;e[n2i-
15



For us the most important example of lifting is when the function g is £-XOR and ¥ =
¥;. = Fo, which has been extensively studied in connection with codes and otherwise [TS17,
STV01, GNW95, ABNT92]. In our language of liftings, k-XOR corresponds to the direct

sum lifting.

Definition 2.2.6 (Direct Sum Lifting). Let C; C F§ be a base code on X (1) = [n]. The
direct sum lifting of @ word z € F3 on a collection X (k) is dsumy ) (2) = y such that

Ys = Yojes i for all s € X (k).

We will be interested in cases where the direct sum lifting reduces the bias of the base
code; in [TS17], structures with such a property are called parity samplers, as they emulate

the reduction in bias that occurs by taking the parity of random samples.

Definition 2.2.7 (Parity Sampler). Let g: F’f — 9. We say that dsum‘g((k) is an (Po, B)-

parity sampler if for all z € Fgf(l) with bias(z) < S, we have bias(dsum(z)) < 5.

2.2.3 Constraint Satisfaction Problems (CSPs)

A k-CSP instance J(H, P, w) with alphabet size ¢ consists of a k-uniform hypergraph H, a

set of constraints

P:{Pag[q]a:aEH},

and a non-negative weight function w € RI_E_[ on the constraints satisfying > c g w(a) = 1.
We will think of the constraints as predicates that are satisfied by an assignment o if we
have o|q € Py, i.e., the restriction of o on a is contained in Pq. We write SAT5(o) for the

(weighted) fraction of the constraints satisfied by the assignment o, i.e.,

SAT5(0) = > w(a)-1[olq € Pa] = a@w [1[o]q € P4l -
acH

We denote by OPT(J) the maximum of SAT5(c) over all o € [¢]V ().
16



A particularly important class of k-CSPs for our work will be k-XOR: here the input
consists of a k-uniform hypergraph H with weighting w, and a (right-hand side) vector

r e IF%J . The constraint for each a € H requires

> o(i) =rq (mod 2).
1€a
In this case we will use the notation J(H,r, w) to refer to the k-XOR instance. When the
weighting w is implicitly clear, we will omit it and just write J(H,r).
Any k-uniform hypergraph H can be associated with a pure simplicial complex in a
canonical way by setting X5 = {b: 3 a € H with a D b}; notice that X5(k) = H. We will
refer to this complex as the constraint complex of the instance J. The probability distribution

I1;. on X5(k) will be derived from the weight function w of the constraint:

Hk(u) = U)(Cl) Ya e Xj(/{) =H.

2.2.4  Sum-of-Squares Relaxations and t-local PSD Ensembles

The Sum-of-Squares (SOS) hierarchy gives a sequence of increasingly tight semidefinite pro-
gramming relaxations for several optimization problems, including CSPs. Since we will use
relatively few facts about the SOS hierarchy, already developed in the analysis of Barak,
Raghavendra, and Steurer [BRS11], we will adapt their notation of t-local distributions to
describe the relaxations. For a k-CSP instance J = (H,P,w) on n variables, we consider
the following semidefinite relaxation given by t-levels of the SOS hierarchy, with vectors
VU(s,q) for all S C [n] with |S| < ¢, and all o € [q]°. Here, for aq € [¢]°! and a9 € [¢]°2,
a1 oag € [q] S1U52 denotes the partial assignment obtained by concatenating a1 and «o.
For any set S with |S| < t, the vectors V(8,a) induce a probability distribution pg over

S

[¢]° such that the assignment o € [¢]° appears with probability 1v(5,) 2. Moreover, these
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maximize Z ||v(a’a)\|2 =: SDP(J)
a€Pq
subject to <v(5ha1), 527a2)> =0 Vo ailsins, # @2]sins;

<U(S1,a1)a 52,a2)> = <U(S3,a3)7v(54,a4)> VS51USy=53U84, ajoas =agoay
> vy pll® =1 Vi € [n]

J€ld]

lvggll> = 1

distributions are consistent on intersections: for T C S C [n], we have pgi = prp, where
1S T denotes the restriction of the distribution pg to the set T'. We use these distributions
to define a collection of random variables Zq, ..., Z;, taking values in [g], such that for any
set S with |S| < t, the collection of variables {Z;};,c¢ has a joint distribution pg. Note
that the entire collection (Z1,...,Z,) may not have a joint distribution: this property is
only true for sub-collections of size t. We will refer to the collection (Z1, ..., Zy) as a t-local
ensemble of random variables.

We also have that that for any 7' C [n] with |T| < t — 2, and any ¢ € [¢]T, we can define
a (t—|T|)-local ensemble (Z, ..., Z!) by “conditioning” the local distributions on the event
Z7 = &, where Zp is shorthand for the collection {Z;},cp. For any S with |S| <t —|T'|, we
define the distribution of Z’S as //S = psur|{Zr = &¢}. Finally, the semidefinite program

also ensures that for any such conditioning, the conditional covariance matrix

Misian(span = Cov (125, = o). 1(Z5, = az))

is positive semidefinite, where |S1|,|S2| < (t — |T'|)/2. Here, for each pair St, S9 the covari-
ance is computed using the joint distribution “iS’lu Sy In this paper, we will only consider
t-local ensembles such that for every conditioning on a set of size at most ¢t — 2, the condi-
tional covariance matrix is PSD. We will refer to these as t-local PSD ensembles. We will

also need a simple corollary of the above definitions.
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Fact 2.2.8. Let (Z1,...,Zy) be a t-local PSD ensemble, and let X be any collection with
X(1) = [n]. Then, foralls < t/2, the collection {Za}qe x (<) is a (t/s)-local PSD ensemble,

where X (< s) = Ui_; X(4).

For random variables Zg in a t-local PSD ensemble, we use the notation {Zg} to denote

the distribution of Zg (which exists when |S| < ¢). We also define Var[Zg] as

Var[Zg] = > Var[l[Zg=q].
a€lq)®

Pseudo-expectation Formulation

An equivalent way of expressing this local PSD ensemble is through the use of a pseudo-
expectation operator, which is also a language commonly used in the SOS literature (e.g.,
[BHK'16, BKS17]). The exposition of some of our results is cleaner in this equivalent
language. Each variable Z; with i € [n] is modeled by a collection of indicator local random
variables {Zi,a}ae[q] with the intent that Z; , = 1 iff Z; = a5 To ensure they behave
similarly to indicators we add the following restrictions to the SOS formulation:

Zi,="Ziq Vi € [n],a € [q]

9

S Zig=1 vi € [n]

Let R = R[Z1 1, ..., Zpq) be the ring of polynomials on {Zi,a}ie[n],ae[q]- We will write R=%
for the restriction of R to polynomials of degree at most d. A feasible solution at the (2t)-th
level of the SOS hierarchy is a linear operator E : R=2f — R called the pseudo-expectation
operator. This operator satisfies the following problem-independent constraints: (i) E[1] = 1

(normalization) and (ii) E[P?] > 0 for every P € R<! (non-negative on Sum-of-Squares).”

6. Note that {Z; . }ic[n),ac|q are formal variables in the SOS formulation.

7. From condition (ii), we can recover the PSD properties from the local PSD ensemble definition.
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It also satisfies the problem-dependent constraints

E(Z, - P|=E[Zi,-P] and E|| Y Zi| Q| =E[Q],
a€lq]
for every i € [n], a € [q], P € R=?72 and Q € R=*~1. Note that for any collection of

local random variables Z; , ..., Zij with 7 < 2¢ we have the joint distribution

= aj) = IE [Zilﬂl c. Zij,aj} .

P(Z; =ay,...,Z

11 ij

Even though we may not have a global distribution we can implement a form of pseudo-
expectation conditioning on a random variable Z; taking a given value a € [q] as long as
P[Z; =a] = INE[ZZ',G] > 0. This can be done by considering the new operator E|Zi:a D RSA2
R defined as E|Zi=a['] = E[Zg’a-] /IE[Z%G], which is a valid pseudo-expectation operator at
the (2t — 2)-th level. This conditioning can be naturally generalized to a set of variables

S C [n] with |S| < ¢ satisfying Zg = « for some « € [g]°.

Notation

We make some systematic choices for our parameters in order to syntactically stress their

qualitative behavior.

e 1/2 — ¢ is a lower bound on the distance of the base code Cj.

1/2 — € is a lower bound on the distance of the lifted code Cj,.

e x is a parameter that will control the list-decodability of the lifted code Cp,.

1, 0, m are parameters that can be made arbitrarily small by increasing the SOS degree

and/or the quality of expansion.

[, 0 are arbitrary error parameters.
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e A\ > )\y > - are the eigenvalues of a graph’s adjacency matrix (in [—1,1]).

e 01 > 09 > --- are the singular values of a graph’s adjacency matrix (in [0, 1]).

SOS is an analytic tool so we will identify words over Fo with words over {+1}.8 We
(1)

also make some choices for words and local variables to distinguish the ground space Fg(

or {:l:l}X(l) form the lifted space IF‘QX(k) or {:I:l}X(k).

o 2.2/ 2" ... are words in the ground space Fg((l) or {il}X(l).
ey, .y, ... are words in the lifted space ]Fg((k) or {£1}X*)
o Z:={Zy,...,Z,} is a local PSD ensemble on the ground set X (1).

o Y = {Y; = (dsum(Z)), | s € X(k)} is a local ensemble on X (k).

2.3 Proof Strategy and Organization

As discussed earlier, we view the problem of finding the closest codeword(s) as that of finding
suitable solution(s) to an instance of a CSP (which is £-XOR in the case of direct sum). We

now discuss some of the technical ingredients required in the decoding procedure.

Unique Decoding. Given Cj = dsumy ;) (C1) with the lifting function as k-XOR, we can
view the problem of finding the closest codeword to a given § € IF‘QX(k) as that of finding
the unique z € Cy satisfying the maximum number of equations of the form 3 ;c52; = Us
(mod 2), with one equation for each s € X (k). By this property, y = dsum(z) is the unique
codeword of Cj, closest to §. Using the results of [AJT19], it is indeed possible to find 2’ € F}
such that A(dsum(2’),§) < A(dsum(z),§) + S for any 3 > 0. We then argue that 2’ or its
complement z/ must be close to z € C1, which can then be recovered by unique decoding.
If this is not the case, then z — 2/ must have bias bounded away from 1, which would

imply by robustness (parity sampling property of the hypergraph) that dsum(z — z’) has

8. For this, we can use any bijection from Fo — {+1}.
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bias close to zero, i.e., A(dsum(z),dsum(2’)) a~ 1/2. However, if A(7,C},) < n, then we must
have

A(dsum(z),dsum(z’)) < A(dsum(z), ) + A(dsum(2’), ) < 2n+ 3,

which leads to a contradiction if 7 is significantly below 1/4 and § is sufficiently small.

List Decoding. We start by describing an abstract list decoding framework which only
assumes two general properties of a lifting dsumg(( k)’ (i) it is distance amplifying (robust)
and (ii) it is amenable to SOS rounding (tensorial).

Suppose § € Fg((k) is a word promised to be (1/2 — /e)-close to a lifted code C; =
dsum(Cy) where Cj, has distance at least 1/2 — ¢ and C; has distance at least 1/2 — ¢g. By
list decoding ¢, we mean finding a list £ C C;. of all codewords (1/2 — /¢)-close to 3.

Our framework for list decoding ¢ consists of three stages. In the first stage, we set up and
solve a natural SOS program which we treat abstractly in this discussion.” One issue with
using a rounding algorithm for this relaxation to do list decoding is that this natural SOS
program may return a solution that is “concentrated”, e.g., a SOS solution corresponding to
single codeword in £. Such a solution will of course not have enough information to recover
the entire list. To address this issue we now ask not only for feasibility in our SOS program
but also to minimize a convex function ¥ measuring how concentrated the SOS solution is.
Specifically, if Z is the PSD ensemble corresponding to the solution of the SOS program and
if Y is the lifted ensemble, then we minimize ¥ := Eg ¢ y (1) {(E[YEY:(])Z}

The key property of the function W is that if the SOS solution “misses” any element in
the list £ then it is possible to decrease it. Since our solution is a minimizer of ¥, this is
impossible.1Y Therefore, our solution does “cover” the list £. Even with this SOS cover of

L, the list decoding task is not complete. So far we have not talked about rounding, which

9. The precise SOS program used is given in Section 2.6.2.

10. Actually an approximate minimizer is enough in our application.
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is necessary to extract codewords out of the (fractional) solution. For now, we will simply
assume that rounding is viable (this is handled by the second stage of the framework) and
resume the discussion.

Unfortunately, the covering guarantee is somewhat weak, namely, for y € £ we are only

able to obtain a word 3/ € IF‘QX(k)

with weak agreement ’<y’ , y>‘ > 2-¢e. Converting a word
y' from the cover into an actual codeword y is the goal of the third and final stage of the list
decoding framework, dubbed Cover Purification. At this point we resort to the robustness
properties of the lifting and the fact that we actually have “coupled” pairs (z,y = dsum(z))
and (/,y = dsum(z)) for some z, 2’ € ]Fg((l). Due to this robustness (and up to some
minor technicalities) even a weak agreement between y and 3/ in the lifted space translates
into a much stronger agreement between z and 2’ in the ground space. Provided the latter
agreement is sufficiently strong, 2z’ will lie in the unique decoding ball centered at z in Cq. In
this case, we can uniquely recover z and thus also y = dsum(z). Furthermore, if C; admits an
efficient unique decoder, we can show that this step in list decoding ¢ can be done efficiently.

Now we go back to fill in the rounding step, which constitutes the second stage of the
framework, called Cover Retrieval. We view the SOS solution as composed of several “slices”
from which the weak pairs (2/,7) are to be extracted. Note that the framework handles,
in particular, k-XOR liftings where it provides not just a single solution but a list of them.
Hence, some structural assumption about X (k) is necessary to ensure SOS tractability.
Recall that random k-XOR instances are hard for SOS [Gri0l, KMOW17]. For this reason,
we impose a sufficient tractability condition on X (k) which we denote the two-step tensorial
property. This notion is a slight strengthening of a tensorial property which was (implicitly)
first investigated by Barak et al. [BRS11] when k& = 2 and later generalized for arbitrary k > 2
in [AJT19]. Roughly speaking, if X (k) is tensorial then the SOS local random variables in a

typical slice of the solution behave approximately as product variables from the perspective

of the local views s € X (k). A two-step tensorial structure is a tensorial structure in which
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the local random variables between pairs of local views s,t € X (k) are also close to product
variables, which is an extra property required to perform rounding in this framework. With
the two-step tensorial assumption, we are able to round the SOS solution to obtain a list of
pairs (2/,y) weakly agreeing with elements of the code list that will be refined during cover
purification.

To recapitulate, the three stages of the abstract list decoding framework are summarized

in Fig. 2.1 along with the required assumptions on the lifting.

SOS solution code cover,
—n ool Loce oy

Cover Retrieval

=—=p| Code List

SOS minimizing ¥ Cover Purification

Tensorial Assumption| Robustness Assumption

Figure 2.1: The list decoding framework with the assumptions required in each stage.

Finding suitable hypergraphs. Fortunately, objects satisfying the necessary tensorial
and robustness assumptions do exist. HDXs were shown to be tensorial in [AJT19], and
here we strengthen this result to two-step tensorial as well as prove that HDXs possess the
particular robustness property of parity sampling. Walks on expander graphs are already
known to be robust [T'S17], and we use a modified version of the methods in [AJT19] to
show they are also two-step tensorial. For both HDXs and expander walks, we describe how
to use known constructions of these objects to get explicit direct sum encodings that can be

decoded using our abstract framework.

Reduction from direct product to direct sum. Finally, we describe how to use list
decoding results for direct sum codes to obtain results for direct product codes. Given a

direct product lifting C; on the hypergraph X (k), if A(g,y) < 1 —¢ for y € Ci, then we
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must have that

> €.

gelj(r(k) lys = Us] = 5€¥(k) LICES [Xt(Ys + Ts)]

Since x¢(ys) can be viewed as part of a direct sum lifting, we get by grouping subsets t by
size that there must exist a size ¢ such that the direct sum lifting using X (¢) has correlation
at least £ with the word ¢’ defined as y{ = x¢(s) for all t € X (i). We can then apply the
list decoding algorithm for direct sum codes on X (i). A standard concentration argument

can also be used to control the size ¢ to be approximately k/2.

Organization of Results

In Section 2.4, we show how the direct sum lifting on HDXs can be used to reduce bias,
establishing that HDXs are parity samplers. This will give a very concrete running example
of a lifting that can be used in our framework. Before addressing list decoding, we remark
in Section 2.5 how this lifting can be used in the simpler regime of unique decoding using
a k-CSP algorithm on expanding instances [AJT19]. The abstract list decoding framework
is given in Section 2.6. Next, we instantiate the framework with the direct sum lifting on
HDXs in Section 2.7. As an interlude between the first and second instantiation, Section 2.8
describes how the first concrete instantiation of Section 2.7 captures the direct product lifting
on HDXs via a reduction to the direct sum lifting. Finally, in Section 2.9, we show how to
instantiate the framework with the direct sum lifting on the collection of length & — 1 walks

of an expander graph.

2.4 Pseudorandom Hypergraphs and Robustness of Direct Sum

The main robustness property we will consider is parity sampling applied to the case of the

direct sum lifting. As this section focuses on this specific instance of a lifting, here we will
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say that a collection X (k) is a parity sampler if its associated direct sum lifting dsum X(k)
is a parity sampler. Recall that for such a parity sampler, the direct sum lifting brings the

bias of a code close to zero, which means it boosts the distance almost to 1/2.

2.4.1 FEzxpander Walks and Parity Sampling

A known example of a parity sampler is the set X (k) of all walks of length & in a sufficiently

expanding graph, as shown by Ta-Shma.

Theorem 2.4.1 (Walks on Expanders are Parity Samplers [TS17]). Suppose G is a graph
with second largest singular value at most X, and let X (k) be the set of all walks of length k
on G. Then X (k) is a (5o, (Bo + ZA)Lk/QJ)—pam'ty sampler.

Our goal in this section is to prove a similar result for high-dimensional expanders, where

X (k) is the set of k-sized faces.

2.4.2 High-dimensional Expanders

A high-dimensional expander (HDX) is a particular kind of simplicial complex satisfying
an expansion requirement. We recall the notion of high-dimensional expansion considered
in [DK17]. For a complex X (< d) and s € X (i) for some i € [d], we denote by Xg the link
complex

Xs = {t\s|sCte X}.

When |s| < d — 2, we also associate a natural weighted graph G(Xs) to a link X, with
vertex set Xs(1) and edge set Xs(2). The edge weights are taken to be proportional to the
measure Iy on the complex Xg, which is in turn proportional to the measure H|§| 1oon X,
The graph G(Xj) is referred to as the skeleton of X.

Dinur and Kaufman [DK17] define high-dimensional expansion in terms of spectral ex-

pansion of the skeletons of the links.
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Definition 2.4.2 (y-HDX from [DK17]). A simplicial complex X (< d) is said to be y-High
Dimensional Expander (y-HDX) if for every 0 < i < d—2 and for every s € X (i), the graph
G(Xs) satisfies o9(G(Xs)) < 7.

We will need the following theorem relating v to the spectral properties of the graph

between two layers of an HDX.

Theorem 2.4.3 (Adapted from [DK17]). Let X be a v-HDX and let My 4 be the weighted
bipartite containment graph between X (1) and X(d), where each edge ({i},s) has weight

(1/d)4(s). Then the second largest singular value oo of My 4 satisfies

We will be defining codes using HDXs by associating each face in some X (i) with a
position in the code. The distance between two codewords does not take into account any
weights on their entries, which will be problematic when decoding since the distributions
II; are not necessarily uniform. To deal with this issue, we will work with HDXs where the

distributions II; satisfy a property only slightly weaker than uniformity.

Definition 2.4.4 (Flatness (from [DHK'19])). We say that a distribution 11 on a finite
probability space ) is D-flat if there exits N such that each singleton w € §2 has probability
in {1/N,...,D/N}.

Using the algebraically deep construction of Ramanujan complexes by Lubotzky, Samuels,
and Vishne [LSV05b, LSV05a], Dinur and Kaufman [DK17] showed that sparse v-HDXs do
exist, with flat distributions on their sets of faces. The following lemma from [DHK™19] is

a refinement of [DK17].

Lemma 2.4.5 (Extracted from [DHK'19]). For every v > 0 and every d € N there exists an

explicit infinite family of bounded degree d-sized complexes which are v-HDXs. Furthermore,
27



there exists a D < (l/v)O(dz/VQ) such that

the distribution 11y is uniform, and the other distributions Ilg, ... Iy are D-flat.

For a D-flat distribution II;, we can duplicate each face in X (i) at most D times to
make II; the same as a uniform distribution on this multiset. We will always perform such

a duplication implicitly when defining codes on X (7).

2.4.3 HDXs are Parity Samplers

To prove that sufficiently expanding HDXs are parity samplers, we establish some properties
of the complete complex and then explore the fact that HDXs are locally complete.ll We
first show that the expectation over k-sized faces of a complete complex X on t vertices

approximately splits into a product of k expectations over X (1) provided ¢ > k2,

Claim 2.4.6 (Complete complex and near independence). Suppose X is the complete com-
plex of dimension at least k with 11, uniform over X (k) and Iy uniform over X (1) = [t].

For a function f: X(1) — R, let

i = Egorr, {H f (@')] and  py =B, [f()].
1€E85
Then
NI
’Hk _ﬂl‘ S £ 115 -

Proof. Let & = {(i1,...,i) € X(1)¥ | i1,... iy are distinct}, 6 = P, ;o [(i1,- .., g) €

11. This a recurring theme in the study of HDXs [DK17].
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&), and n = E(il,...,z‘k)eX(l)k\S[f(il) -+« f(ix)]. Then

[ = Bty [F1) - ()]
=(1=0)-Eq, _ipeclfin) - fp)l+6-Ey hexamelf (i) fig)]

=

where the last equality follows since II; is uniform and the product in the expectation is

symmetric. As iy,...,17; are sampled independently from IT, which is uniform over X (1),
' - k(k—1
o= (1-9) < X4 -2,
i<k i<k
so we have

_ k= _ ’LQ k
i = ] = 8oy =l < 55 (20115) -

We will derive parity sampling for HDXs from their behavior as samplers. A sampler is
a structure in which the average of any function on a typical local view is close to its overall

average. More precisely, we have the following definition.

Definition 2.4.7 (Sampler). Let G = (U,V, E) be a bipartite graph with a probability dis-
tribution Il on U. Let 1ly be the distribution on V' obtained by choosing u € U according
to 7, then a uniformly random neighbor v of u. We say that G is an (n,d)-sampler if for

every function f: V — [0,1] with p = E, 11, f(v),

B (Bl /()] ~ i 21] < 4

To relate parity sampling to spectral expansion, we use the following fact establishing that

samplers of arbitrarily good parameters (n,d) can be obtained from sufficiently expanding
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bipartite graphs. This result is essentially a corollary of the expander mixing lemma.

Fact 2.4.8 (From Dinur et al. [DHK'19]). A weighted bipartite graph with second singular

value o9 is an (0,03 /n*)-sampler.

Using Claim 2.4.6, we show that the graph between X (1) and X (k) obtained from a

HDX is a parity sampler, with parameters determined by its sampling properties.

Claim 2.4.9 (Sampler bias amplification). Let X(< d) be a HDX such that the weighted
bipartite graph My 4 between X (1) = [n] and X (d) is an (n,d)-sampler. For any 1 <k < d,

if z € F§ has bias at most [y, then

2

bias(dsum x1(2)) < (Bo + nk + k;i + 6.

Proof. By downward closure, the subcomplex X |¢ obtained by restricting to edges contained
within some t € X (d) is a complete complex on the ground set t. Since My 4 is an (n,)-
sampler, the bias of z|¢ must be within 7 of bias(z) on all but § fraction of the edges t.

Hence

blas(dsumX(k)(z)) — E{il,-..,’ik}wnk(_1)Zi1+".+2ik
PP il 4
- EfNHdE{ih...,z’k}eX\t(k)(_1>Z1 “ik
itz
< Been B exth) (D ias el <o+

+ P [bias(z|¢) > By + 1]
111,

Zi1+"'+zik + 4.

< Bort H ias(:0 <o+ Bl ig e X (k) (= 1)

By Claim 2.4.6, the magnitude of the expectation of (—1)% over the edges of size k in
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, which is just the bias of z|¢. Then

the complete complex Xy is close to ’]Einh(l)(_l)zi

: : 2
blas(dsumX(k)(z)) < Ego x (0 bias(2]0) < Bo+1] blas(z]t)k 4 = e
k,2

Now we can compute the parameters necessary for a HDX to be an (g, #)-parity sampler

for arbitrarily small f3.

Lemma 2.4.10 (HDXs are parity samplers). Let 0 < < Gy < 1, 0 < 0 < (1/5g) — 1,
and k > log(149)5,(8/3). If X(< d) is @ y-HDX with d > max{3k*/3,6/(6°558)} and
v=0 (1/d2), then X (k) is a (Po, B)-parity sampler.

Proof. Suppose the graph My 4 between X (1) and X (d) is an (7, d)-sampler. We will choose
d and v so that n = 65y and § = (/3. Using Fact 2.4.8 to obtain a sampler with these

parameters, we need the second singular value oy of M 4 to be bounded as

oy < 950\/?

By the upper bound on 0% from Theorem 2.4.3, it suffices to have

which is satisfied by taking d > 6/ (926(%5) and v = O (1/d2).

By Claim 2.4.9, X (k) is a (89, (8o +n)* 4 k2/d + 6)-parity sampler. The first term in the
bias is (8o +n)* = ((140)50)", so we require (1+6)8y < 1 to amplify the bias by making &
large. To make this term smaller than 3/3, k must be at least log(1g)g, (6/3). We already

chose § = 3/3, so ensuring d > 3k2/f gives us a (fy, 3)-parity sampler. [ ]
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2.4.4 Rate of the Direct Sum Lifting

By applying the direct sum lifting on a HDX to a base code C; with bias (g, parity sampling
allows us to obtain a code C = dsum x ;) (C1) with arbitrarily small bias 3 at the cost of
increasing the length of the codewords. The following lemma gives a lower bound on the

rate of the lifted code Cy..

Lemma 2.4.11 (Rate of direct sum lifting for a HDX). Let 5y € (0,1) and 0 € (0, (1/5p)—1)
be constants, and let C; be an [y-biased binary linear code with relative rate r1. For [ €
(0, Bol, suppose k, d, and ~ satisfy the hypotheses of Lemma 2.4.10, with k and d taking the
smallest values that satisfy the lemma. The relative rate ry of the code Cp, = dsumX(k) (C1)

with bias B constructed on a HDX with these parameters satisfies

r >y o O108(L/B)/(8212)

If v = C/d? for some constant C, then this becomes

32 O((log(1/8))'2/%)
k=T <(10g(1/5)>4> '

Proof. Performing the lifting from Cy to Cj does not change the dimension of the code, but
it does increase the length of the codewords from n to | X (k)|, where | X (k)| is the size of the
multiset of edges of size k after each edge has been copied a number of times proportional

to its weight. Using the bound and flatness guarantee from Lemma 2.4.5, we can compute

rn

X W)

1
Z ﬁ7

where D < (1/ ,V)O(dQ/ 7). Treating Sy and 6 as constants, the values of k and d necessary
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to satisfy Lemma 2.4.10 are

k = log(1.+9)5,(5/3) = O(log(1/8))

and

e {361 Og@w»?)
d_mx{ﬁ’e%gﬁ}_O( 5 )

Putting this expression for d into the inequality for D yields

D < (1/7)0os(1/8)"/(8*4%)

from which the bounds in the lemma statement follow. ]

From Lemma 2.4.11, we see that if C; has constant rate, then C;. has a rate which is
constant with respect to n. However, the dependence of the rate on the bias 3 is quite poor.
This is especially striking in comparison to the rate achievable using Ta-Shma’s expander

walk construction described in Section 2.4.1.

Lemma 2.4.12 (Rate of direct sum lifting for expander walks [TS17]). Let 8y € (0,1) be
a constant and C1 be an By-biased binary linear code with relative rate r1. Fiz € (0, 5p].
Suppose G is a graph with second largest singular value A = By/2 and degree d < 4/)\2. Let
k = 2loggg,(8) + 1 and X (k) be the set of all walks of length k on G. Then the direct sum

lifting C, = dsumx(3,y(C1) has bias § and rate ry, > 1 . gOQ),

Proof. From Theorem 2.4.1 with this choice of A\ and k, the direct sum lifting C;. has bias
B. For the rate, observe that the lifting increases the length of the codewords from n to the

number of walks of length k on G, which is nd¥. Thus the rate of Cy is

rn ™

= g
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As d < 16/ 8, which is a constant, and k = O(log(1//3)), the rate satisfies rj, > r1-3°1). m

2.5 Unique Decoding

In this section, we will show how parity sampling and the ability to solve k-XOR in-
stances with X (k) as their constraint complex allow us to decode the direct sum lifting
Cl, = dsumy 1 (C1) of a linear base code C1 € F4. With a more technical argument, we can
also handle different kinds of liftings and non-linear codes, but for clarity of exposition we

restrict our attention to the preceding setting.

2.5.1 Unique Decoding on Parity Samplers
(k)

Our approach to unique decoding for Cy, is as follows. Suppose a received word 3 € F‘QX is
close to y* € C., which is the direct sum lifting of some z* € C; on X (k). We first find an

approximate solution z € F} to the k-XOR instance J(X (k), y) with predicates

Zzi =7s (mod 2)

i€s
for every s € X (k). Note that z being an approximate solution to J(X (k),7) is equivalent
to its lifting dsum (1) (2) being close to §. In Lemma 2.5.1, we show that if dsumy ;) is a
sufficiently strong parity sampler, either z or its complement z will be close to z*. Running
the unique decoding algorithm for C; on z and z will recover z*, from which we can obtain

y* by applying the direct sum lifting.

Lemma 2.5.1. Let 0 <e < 1/2 and 0 < < 1/4 — /2. Suppose C1 is a linear code that is

efficiently uniquely decodable within radius 1/4— g for some pg > 0, and Cj, = dsum x (1) (C1)
(k)

where dsumy (1) is a (1/24-2p0, 2¢)-parity sampler. Let g € IF‘QX be a word that has distance

strictly less than (1/4—¢e/2— ) from Cy, and let y* = dsumx 1) (2*) € Cy, be the word closest

to q.
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Then, for any z € FY satisfying

1
A(dsum x(1y(2),9) < 1

i

DO ™

we have either

A(Z*,Z) < — HO-

S,

—ug or A(z,2) <

A

In particular, either z or Z can be efficiently decoded in Cq to obtain z* € Cj.

Remark 2.5.2. Since dsum x (3 is a (1/2+4 24, 2¢)-parity sampler, the code Cy, has distance
A(Cy) > 1/2—¢. This implies that z* € Cy is unique, since its direct sum lifting y* is within
distance A(Cy)/2 of 3.

Proof. Let y = dsum x;(2). We have
* * -~ |
Aly"y) < A" 9) + Ay, 9) < 5 —<

By linearity of dsumy ), A(dsumy, (2 — 2),0) < 1/2 — ¢, so bias(dsumy,(2* — z)) > 2e.
From the (1/2+ 240, 2¢)-parity sampling assumption, bias(z* — z) > 1/2+4 2uq. Translating
back to distance, either A(z*, 2) < 1/4—pug or A(2*, z) > 3/4+p, the latter being equivalent

to A(z*,z) < 1/4 — po. u

To complete the unique decoding algorithm, we need only describe how a good enough
approximate solution z € F4 to a k-XOR instance J(X (k),7) allows us to recover z* € C;

provided ¢ is sufficiently close to Cp..

Corollary 2.5.3. Suppose C1, X (k), z*, y* and § are as in the assumptions of Lemma 2.5.1.
If z € FY is such that

SAT3(x (k),5)(?) 2 OPTy(x (1) 5) — 5

i

then unique decoding either z or z gives z* € C1. Furthermore, if such a z can be found
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efficiently, so can z*.

Proof. By the assumption on z, we have

1 — A(dsumy ) (2), §) = SATy(x 1) ) (2)
= OPT5(x (k).p) —
> SATj(X(k),g)(Z*) - B

= 1_A(y*7g)_57

implying A(dsumX(k)(z),gj) < A(y*,3) + 8. Using the assumption that § has distance
strictly less than (1/4 — /2 — f8) from Cy, we get that A(dsumy;y(2),7) < 1/4 — /2, in

which case we satisfy all of the conditions required for Lemma 2.5.1. ]

2.5.2 (Concrete Instantiations

High Dimensional Expanders

If X (k) is the collection of k-faces of a sufficiently expanding v-HDX, we can use the following

algorithm to approximately solve the k-XOR instance J(X (k), 7) and obtain z € F%.

Theorem 2.5.4 ([AJT19]). Let T be an instance of MAX k-CSP on n variables taking values
over an alphabet of size q, and let 8 > 0. Let the simplicial complex X5 be a v-HDX with
v = BOW - (1/(kq))O®).

There is an algorithm based on (k/ﬁ)O(l) - O levels of the Sum-of-Squares hierarchy
which produces an assignment satisfying at least an (OPT~y — B) fraction of the constraints

in time n(k/ﬁ)o(l)'qo(k).

If X is a HDX with the parameters necessary to both satisfy this theorem and be a
(1/2 4 2pu0, 2¢) parity sampler, we can combine this with Corollary 2.5.3 to achieve efficient

unique decodability of C;. = dsum X (k) (Cq).
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Corollary 2.5.5. Let X (< d) be a d-dimensional v-HDX satisfying the premises of Lemma 2.4.10
that would guarantee that X (k) is a (1/2 + 2pq, 2¢)-parity sampler, and let C1 C F5 be a
linear code which is efficiently unique decodable within radius 1/4 — uq for some pg > 0.

Then the code Cy = dsumy (C1) can be unique decoded within distance 1/4 —€/2 —  in

(k/3)O1).20(k)

time n 12 where we have

Proof. By Lemma 2.4.10, we can achieve (1/2 + 2ug, 2¢)-parity sampling by taking 0 < 0 <

2
(100) (a2 (25/3), 4 2 max{i’z, MW} and v = O(1/d2). Let

g € ngk) be a received word with distance less than (1/4 —¢/2 — ) from C;. Applying

2
m — 1, k Z 10g
Theorem 2.5.4 to J(X (k),y) with ¢ = 2 and the given value of 3, we obtain a z € F% with
SATy(x (k),5)(2) = OPT5(x(k),5) — 8- This z can be used in Corollary 2.5.3 to find z* and

uniquely decode ¢ as y* = dsumx(k)(z*). ]

Expander Walks

In Section 2.9, we will show that the algorithmic results of [AJT19] can be modified to work
when X (k) is a set of tuples of size k which is sufficiently splittable (Corollary 2.9.21), which
occurs when X (k) is a set of walks on on a suitably strong expander (Corollary 2.9.18). In

particular, we have the following.

Theorem 2.5.6. Let G = (V, E) be a graph with 02(G) = X and k be a given parameter.
Let J be a k-CSP instance over an alphabet of size q whose constraint graph is the set of

walks on G of length k. Let 3 > 0 be such that A = O(8%/(k2 - ¢*%)).

q4k’ k‘7
[35

produces an assignment satisfying at least an (OPTy — B) fraction of the constraints in time

There exists an algorithm based on O( > levels of the Sum-of-Squares hierarchy which

12. Here we are assuming that uniquely decoding C; within radius 1/4 — pg takes time less than this.
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2Ol KT /85)

Using this result, one can efficiently unique decode Cj, = dsumy;(C1) when X (k) is
the set of walks of length £ on an expander strong enough to achieve the necessary parity

sampling property.

Corollary 2.5.7. Let X (k) be the set of walks on a graph G with o2(G) = X\ such that
dsumy ) s a (1/2 + 2pg,2¢) parity sampler, and let C1 C F5 be a linear code which
is efficiently unique decodable within radius 1/4 — pg for some pg > 0. Then the code

O(2*-k7/5?)

)

Ck, = dsumy 1) (C1) can be unique decoded within radius 1/4—¢/2— 3 in time n
where we have

B =0k 28

Proof. By Theorem 2.4.1, we can obtain a (1/2 + 2, 2¢)-parity sampler by ensuring 1/2 +
po+2 < land k > 2 log1/2+ﬂo+2>\(2€) +1. Let gy € Fg(kj) be a received word with distance
less than (1/4 — /2 — ) from Cj,. Applying Theorem 2.5.6 to J(X (k),y) with ¢ = 2 and
the given value of 3, we obtain a z € Fy with SAT5x (1) 5)(2) = OPT5(x(x)5) — 8- This z

can be used in Corollary 2.5.3 to find z* and uniquely decode ¢ as y* = dsumX(k)(z*). ]

Remark 2.5.8. In both Corollary 2.5.5 and Corollary 2.5.7, when puy and € are constants,
k can be constant, which means we can decode Cj, from a radius arbitrarily close to 1/4—¢/2
if we have strong enough guarantees on the quality of the expansion of the high-dimensional
expander or the graph, respectively.

Notice, however, that the unique decodability radius of the code C;. is potentially larger
than 1/4 —¢/2. Our choice of (1/2 + 2uq, 2¢)-parity sampling is needed to ensure that the
approzimate k-CSP solutions lie within the unique decoding radius of C1. Since the bias of
the code C1 will generally be smaller than the parity sampling requirement of 1/2 + 2, the
bias of the code Cy. will be smaller than 2¢. In this case, the maximum distance at which our

unique decoding algorithm works will be smaller than A(Cy,)/2.
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2.6 Abstract List Decoding Framework

In this section, we present the abstract list decoding framework with its requirements and
prove its guarantees. We introduce the entropic proxy ¥ in Section 2.6.1 and use it to
define the SOS program for list decoding in Section 2.6.2. In Section 2.6.3, we establish key
properties of ¥ capturing its importance as a list decoding tool. We recall the Propagation
Rounding algorithm in Section 2.6.4 and formalize the notion of a slice as a set of assignments
to variables in the algorithm. Then, considerations of SOS tractability of the lifting related to
tensorial properties are dealt with in Section 2.6.5. Now, assuming we have a fractional SOS
solution to our program, the analysis of its covering properties and the precise definition and
correctness of the two later stages of the framework are given in Section 2.6.6. This abstract
framework will be instantiated using the direct sum lifting: on HDXs in Section 2.7 and on

expander walks in Section 2.9.

2.6.1 FEntropic Prozy

In our list decoding framework via SOS, we will solve a single optimization program whose
resulting pseudo-expectation will in a certain sense be rich enough to cover all intended
solutions at once. To enforce this covering property we rely on an analytical artifice, namely,
we minimize a convex function ¥ that provides a proxy to how concentrated the SOS solution
is. More precisely, we use ¥ from Definition 2.6.1. A similar list decoding technique was
also (independently) used by Karmalkar et al. [KKK19] and Raghavendra—Yau [RY19], but

in the context of learning.

Definition 2.6.1 (Entropic Proxy). Let Y = {Yg}seX(k) be a t-local PSD ensemble with
t > 2. We define ¥ =V ({Ys}seX(k)) as

Vo= By, (B [YsYt])Q-
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We also denote ¥V equivalently as ¥V = ¥ (]E) where E is the pseudo-expectation operator

associated to the ensemble Y.

2.6.2 SOS Program for List Decoding

Let § € {#1}¥(%) be a word promised to be (1/2— /2)-close to a lifted code Cj, = dsum(Cy).
The word 7 is to be regarded as a (possibly) corrupted codeword for which we want to do

list decoding. We consider the following SOS program.

minimize ¥ ({Ys}ﬁe X(k)) (List Decoding Program)
subject to
IEg,NHkIF] [Us - Ys] > 2v/e (Agreement Constraint)

Zy,...,7Z, being (L + 2k)-local PSD ensemble

Table 2.1: List decoding SOS formulation for .

2.6.3 Properties of the Entropic Proxy

We establish some key properties of our negative entropic function ¥. First, we show that
¥ is a convex function. Since the feasible set defined by the SOS List Decoding Program is
convex and admits an efficient separation oracle,!® the convexity of ¥ implies that the List

O(t)

Decoding Program can be efficiently solved within n-optimality in time n - polylog(n™1)

where t is the SOS degree.

Lemma 2.6.2 (Convexity). U is convez, i.e., for every pair of pseudo-expectations El and

13. In our setting the pseudo-expectation has trace bounded by n©® in which case semidefinite program-
ming can be solved efficiently [GM12, RW17].
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Eo and o € [0,1],
V(o Ei+(1-a) Ey) < a-0(E)+(1-a) ¥(E).

Proof. Suppose s Ut = {iy,...,it}. By definition YsY¢ = dsum(Z)s - dsum(Z)y, i.e., YsY¢

is a function f on input Z; ,...,Z;, € {£1}. Let

f(Zila"‘ﬂzit): Z f(S)HZ%

SCsUt €S

be the Fourier decomposition of f. Then

E[Y;YJ=E[f]= Y F(S)-E
SCsUt

I zl-] |
ieS

_ _ _ 2
Since E [YsY¢] is a linear function of E, we obtain (E [YsYtD is convex. Now, the convexity

of W follows by noting that W is a convex combination of convex functions. ]

The (sole) problem-specific constraint appearing in the SOS List Decoding Program
allows us to deduce a lower bound on W. This lower bound will be important later to show
that a feasible solution that does not cover all our intended solutions must have ¥ bounded
away from 0 so that we still have room to decrease W. We note that an improvement in
the conclusion of the following lemma would directly translate to stronger list decoding

parameters in our framework.

Lemma 2.6.3 (Correlation = entropic bound). Let {Yﬁ}seX(k) be t-local PSD ensemble

with t > 2. If there is some y € {:I:l}X(k) such that

‘]EENHkE [Ys - Ys]‘ >,
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then

U ({Yslsexy) = B

Proof. We calculate

Eq o, (E[Y5Y()" = Eqpum, (El(55Ys) (5Y0)])’
> (Eo o B[y Ye) (YD) (Jensen's Inequality)
(B [(Esrr,vs - Ys) DQ
> (E [Egu, [vs - Yi]])* (Cauchy Schwarz Tnequality)
(E

5~Hk [Ys - Ys]) > 64-

We now show the role of ¥ in list decoding: if an intended solution is not represented in
the pseudo-expectation I~E, we can get a new pseudo-expectation E which attains a smaller

value of W.

Lemma 2.6.4 (Progress lemma). Suppose there exist z € {+1}*X(1) and y = dsum(z) €
{:I:l}X(k) satisfying

E [(Eswﬂkys 'Ys>2} < 52,

If U > 62, then there exists a pseudo-ezpectation B such that
2
= 2 )
B ¢y, (E, [YsYtD < ¥ - u

2

In particular, if U > 262, then
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Proof. Let E’ be the pseudo-expectation!
E = (1—a)-fEi—|—oz-E5z,

where E;_ is the expectation of the delta distribution on z and a € (0,1) is to be defined

later. We have

~ 2 ~ 2
Eg o, (B [YsY{])" = Egpor, (1— ) E[YsY{] + o ysui)
= (1-0)* U+ 0” B oy, (ysy0)” + 20(1 — @) - Eg g, [E[YsYJysin]

< (1—a)? U+a?+20(1-a)- 62

The value of @ minimizing the quadratic expression of the RHS above is

. T — 52
14U — 282

Using this value yields

2\ 2
) 2 (v —42)
2
U — §2
A
- 2
where in the last inequality we used ¥ < 1. ]

2.6.4 Propagation Rounding

A central algorithm in our list decoding framework is the Propagation Rounding Algo-

rithm 2.6.5. It was studied by Barak et al. [BRS11] in the context of approximating 2-CSPs

14. By summing the pseudo-expectation E and actual expectation E;,, we mean that we are summing E
to pseudo-expectation of the same dimensions obtained from operator Es_ .
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on low threshold rank graphs and it was later generalized to HDXs (and low threshold rank
hypergraphs) in the context of k-CSPs [AJT19].

Given an (L + 2k)-local PSD ensemble {Z1,...,Z,}, the Propagation Rounding Algo-
rithm 2.6.5 chooses a subset of variables S C [n] at random. Then it samples a joint assign-
ment o to the variables in S according to {Zg}. The value of the remaining variables Z; are
sampled according to the conditional marginal distributions {Z;|Z¢ = o}. An important
byproduct of this algorithm is the 2k-local PSD ensemble Z' = {Z1,...,Zy|Zg = o}.

The precise description of the Propagation Rounding Algorithm 2.6.5 follows.

Algorithm 2.6.5 (Propagation Rounding Algorithm).
Input An (L + 2k)-local PSD ensemble {Z1,...,Zyn} and some distribution 11}, on

X (k).
Output A random assignment (o1,...,0p) € [q|" and 2k-local PSD ensemble Z'.
1. Choose m € {1,...,L/k} uniformly at random.
2. Independently sample m k-faces, s; ~ 1l for j=1,... ,m.
3. Write S = Uznzl s, for the set of the seed vertices.

4. Sample assignment o : S — [q] according to the local distribution {Zg}.

5. SetZ ={Zy,...,Zn|Zg = o}, i.c. the local ensemble Z conditioned on agreeing with

g.

6. For all j € [n], sample independently o; ~ {Z;}

7. Output (o1,...,00) and Z.

To our list decoding task we will show that an ensemble minimizing ¥ covers the space of
possible solutions in the sense that for any intended solution there will be a choice of S and

o such that the conditioned ensemble Z’ enables the sampling of a word within the unique
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decoding radius in C; of this intended solution.
An execution of the Algorithm 2.6.5 is completely determined by the tuple (m, S, o)

which we will refer to as a slice of the PSD ensemble.

Definition 2.6.6 (Slice). We call a tuple (m, S, o) obtainable by Algorithm 2.6.5 a slice and

let Q) denote the set of all slices obtainable by Algorithm 2.6.5.

We can endow () with a natural probability distribution, where the measure of each
(m, S, o) is defined as the probability that this slice is picked during an execution of Algo-

rithm 2.6.5. We also define a pseudo-expectation operator for each slice.

Definition 2.6.7 (Pseudo-Expectation Slice). Given a slice (m, S, o), we define the pseudo-
expectation operator IE|SU which is the pseudo-expectation operator of the conditioned local

PSD ensemble {Z1,...,2Zn|Zs = 0}.

2.6.5 Tensorial Structures

In general, a local PSD ensemble Z' = {Z/,... ,Z"} output by the Propagation Rounding
Algorithm 2.6.5 may be far from corresponding to any underlying joint global distribution.!?
In our application, we will be interested in the case where the ensemble approximately
behaves as being composed of independent random variables over the collection of “local
views” given by the hyperedges in X (k). In such case, rounding the SOS solution via
independent rounding is straightforward. A collection of local views admitting this property
with a given SOS degree parameter L is denoted tensorial (variables behave as products over

the local views).

Definition 2.6.8 (Tensorial Hypergraphs). Let X (k) be a collection of k-uniform hyperedges

endowed with a distribution 1., p € [0,1], and L € N. We say that X (k) is (u, L)-tensorial

15. In fact, if this was the case, then we would be able to approximate any k-CSP with SOS degree (L+2k).
However, even for L as large as linear in n this is impossible for SOS [Gri01, KMOW17].
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if the local PSD ensemble Z returned by Propagation Rounding Algorithm 2.6.5 with SOS
degree parameter L satisfies

Ig'aNEHk H{Z,“} B {Zill} o {Zilk}Hl < pe (2.1)

To analyze the potential ¥ we will need that the variables between pairs of local views,

i.e., pairs of hyperedges, behave as product.

Definition 2.6.9 (Two-Step Tensorial Hypergraphs). Let X (k) be a collection of k-uniform
hyperedges endowed with a distribution Il pn € [0,1], and L € N. We say that X (k) is (, L)-
two-step tensorial if it is (u, L)-tensorial and the PSD ensemble Z' returned by Propagation
Rounding Algorithm 2.6.5 with SOS degree parameter L satisfies

e, 5, 11220 - () {70, <o

In Section 2.7.1, we establish the relationship between the parameters p and L and the
expansion that will ensure HDXs are (u, L)-two-step tensorial. Similarly, in Section 2.9.1 we

provide this relationship when X (k) is the collection of walks of an expander graph.

Tensorial over Most Slices

By choosing p sufficiently small it is easy to show that most slices (m, S, o) satisfy the tenso-
rial (or two-step tensorial) statistical distance condition(s) with a slightly worse parameter
i such that 1 — 0 as p — 0. If we could construct tensorial (or two-step tensorial) objects
for arbitrarily small parameter u with L = Oy, ,(1), then we would be able to obtain fi
arbitrarily small. Lemma 2.7.4 establishes that HDXs of appropriate expansion satisfy this
assumption, and Lemma 2.9.20 does the same for walks on expanders.

We introduce two events. The first event captures when a slice (m, S, o) leads to the

conditioned local variables Z, ..., 7! being close to k-wise independent over the k-sized
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hyperedges.

Definition 2.6.10 (Ground Set Close to k-wise Independent). Let i € (0,1]. We define the

event K R

K, = {(m, Soyeq| E |{ZaZs = 0} — {2y |25 = 0} -+ {2y |Zg = o}, < u2/2}-

The second event captures when the variables between pairs of hyperedges are close to

independent.

Definition 2.6.11 (Lifted Variables Close to Pairwise Independent). Let u € (0,1]. We

define the event P, as

Po={n S0 €| | B (22ias = o) - (Z2s = o} Eizs = o)y <s/2).

These events satisfy a simple concentration property.

Claim 2.6.12 (Concentration). Suppose a simplicial complex X (< k) with X (1) = [n]
and an (L + 2k)-local PSD ensemble Z = {Z1,...,Zp} are given as input to Propagation
Rounding Algorithm 2.6.5. Let € (0,1]. If X (k) is (u*/4, L)-two-step tensorial, then

2
P KOl <—, 2.2
(m,SJ)NQ[ ‘J -2 (22)
and
2
P Pl < =—. 2.3
(m,S,U)NQ[ M} -2 (2:3)

Proof. We only prove Eq. (2.2) since the proof of Eq. (2.3) is similar. Define the random
variable R := Eq 17, H{Za} - {Z&l} e {Z’ak}Hl on the sample space Q = {(m, S,0)}. From
our (u4/4, L)-two-step tensorial assumption we have

4
Eq[R] < Mz-
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Now, we can conclude

2 2
0 i
R>—| < —

_2 _27

(m,S.0)0 il = (.80

using Markov’s inequality. [ ]

2.6.6  Further Building Blocks and Analysis

Before we delve into further phases of the list decoding framework, we introduce some nota-

tion for the list of codewords we want to retrieve.

Definition 2.6.13 (Code list). Given § € {£1}X®) and a code C on X (k) with relative

distance at least 1/2 — e, we define the list L(g,C) as

£@.0) = {vec|awp < ;- ve}.

[\]

Under these assumptions the Johnson bound establishes that the list size is constant

whenever € > 0 is constant.
Remark 2.6.14. The Johnson bound [GRS19] guarantees that
£@:0)] < -
PR =9
provided the relative distance of C is at least 1/2 — ¢.

In the case of lifted codes, it is more appropriate to consider a list of pairs £(7,Cq,Cy,)

defined as follows.

Definition 2.6.15 (Coupled code list). Given § € {£1}X®) and a lifted code C), on X (k)

with relative distance at least 1/2 — e, we define the coupled code list L(y,C1,Cp) as

L(y,C1,Ch) = {(z,dsum(z)) | z€C1 and A(dsum(z),7y) < 1o \/E}

2
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Recovering this list £(g,C1,Cy,) is the main goal of this section. This task will be accom-
plished by Algorithm 2.6.16 stated below whose building blocks and analysis we develop in

this section.

Algorithm 2.6.16 (List Decoding Algorithm).
Input A word j € {+13XF) which is (1/2 — \/2)-close to Cj, = dsum(Cy).
Output Coupled code list L(g,Cy,Cy,).
1. Solve the List Decoding Program with n-accuracy, obtaining Z, where n = 58/222

2. Let M be the output of the Cover Retrieval Algorithm 2.6.29 on Z

3. Let L' be the output of the Cover Purification Algorithm 2.6.36 on M

4. Let L = {(z,y) € L' | A(y,y) < 1/2 - V/e}

5. Output L"

As shown in Fig. 2.1 of Section 2.3, the first step is to solve the List Decoding Program
which results in a pseudo-expectation “covering” the list £(7,C) as we will make precise.
A precursor property to covering and some considerations about SOS rounding are treated
in Section 2.6.6. Next, the formal definition of cover is presented in Section 2.6.6 and we
have all the elements to present the Cover Retrieval Algorithm 2.6.29 with its correctness
in Section 2.6.6. Then, we use the robustness properties of the lifting to purify the cover
in Section 2.6.6. Finally, in Section 2.6.6, we assemble the building blocks and prove the
main technical result, Theorem 2.6.17, whose proof follows easily once the properties of the
building blocks are in place.

Note that Theorem 2.6.17 embodies an abstract list decoding framework which relies only
on the robustness and tensorial properties of the lifting. We provide a concrete instantiation

of the framework to the direct sum lifting on HDXs in Section 2.7 and to the direct sum
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lifting on expander walks in Section 2.9.2.

Theorem 2.6.17 (List Decoding Theorem). Suppose that dsum is a (1/2—eq, 1/2—¢)-robust

(e8/222 | L)-two-step tensorial lifting from Cy to Cy, which is either
e linear and a (1/2 + €9, 2 - €)-parity sampler; or
o (1/4—¢0,1/2 —¢/2)-robust and odd.

Let § € {£1}X(®) be (1/2—/2)-close to Cp,.. Then w.v.h.p. the List Decoding Algorithm 2.6.16

returns the coupled code list L(y,C1,C}.). Furthermore, the running time is
nOEFR) (polylog(e ™) + f(n)

where n = | X (1)| and f(n) is the running time of a unique decoding algorithm of Cy.

Remark 2.6.18. Regarding Theorem 2.6.17, we stress that although the lifting is (1/2 —
€0, 1/2 — €)-robust and we can perform list decoding at least up to distance 1/2 — /e, our
framework does not recover the Johnson bound. The issue is that our framework requires one
of the additional amplification guarantees of Theorem 2.6.17, which both make the distance
of Cj. become 1/2 — (1) 5 1/2 — e. Efficiently recovering the Johnson bound remains an

interesting open problem.

We observe that the algorithms themselves used in this framework are quite simple (al-
though their analyses might not be). Moreover, the tasks of cover retrieval and purification
are reasonably straightforward. However, Section 2.6.6 combines tensorial properties of the
lifting with properties of ¥, requiring a substantial analysis. The list decoding framework is
divided into stages to make it modular so that key properties are isolated and their associ-
ated functionality can be presented in a simple manner. Most of the power of this framework
comes from the combination of these blocks and the concrete expanding objects capable of

instantiating it.
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SOS Rounding and Recoverability

We show that if a slice (m, S, o) “captures” an intended solution y € {#1}(*¥) (this notion is
made precise in the assumptions of Lemma 2.6.20), then we can retrieve a z € {il}X (1) such
that dsum(z) has some agreement with y. This agreement is somewhat weak, but combined
with the robustness of the lifting, it will be enough for our purposes. In this subsection, we
first explore how to recover such words within a slice, which can be seen as local rounding in
the slice. Next, we establish sufficient conditions for an intended solution to be recoverable,
now not restricted to a given slice but rather with respect to the full pseudo-expectation.
Finally, we use all the tools developed so far to show that by minimizing ¥ in a two-step
tensorial structure we end up with a pseudo-expectation in which all intended solutions are
recoverable. The interplay between weak agreement and robustness of the lifting is addressed
in Section 2.6.6.

We will be working with two-step tensorial structures where the following product dis-

tribution associated to a slice naturally appears.

Definition 2.6.19 (Product Distribution on a Slice). We define {Z®‘(S,a)} to be the product

distribution on the marginals {Z;|Zg = o};c x (1), i-e., {Z®|(S,0)} = lliex(1){ZilZs = o}.

Under appropriate conditions, Lemma 2.6.20 shows how to round the pseudo-expectation

in a slice.

Lemma 2.6.20 (From fractional to integral in a slice). Let (m,S,0) €  be a slice. Suppose

L {Za|Zs = 0} = {Za)|Zs = 0} - {Za|Zs = o}||, < (2.4)
and
B WZeZdZs = o} = {ZslZs = o}{ZilZs = o}l < (2.5)
W
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For B € (0,1), if p < B-k%/6 and y € {£13X®) is such that
Es,tNHzE\S,J lysy(Ys Y| > K%,

then

9
ZN{Zg](S ) [’EﬁNHkyg . dsum(z)5’ >4\/1-75- Ii] > b 4/{ . (2.6)

Proof. Let psy = |{ZsZi|Zs = 0} — [lies{Zi|Zs = 0} [lict{Zi|Zs = o}||;. Using triangle

inequality and simplifying, we get

pst < {ZsZi|Zs = 0} = {Zs|Zs = o H{Zi|Zs = o} |,

+

{Zs|Zs = o} — H{Zilzs =0}

€5

+ {Z¢|Zs = o} — H{Zilzs =0}

et

1 1

From our assumptions Eq. (2.4) and Eq. (2.5), it follows that E, (12 st < 3 u. Using the

fact that |ysy¢| = 1 and Hélder’s inequality, we get

E; m2B{ze 5} [YsytYs Y] > E, omEls,o [YsytYs Y| — B pom2fis,t

_ N
= Es,wngE\s,a [Ysye Ys Y| —3 - pu > (1 -5 )

Alternatively,
E E sy Ys Y =E (E ~dsum(z))2> A
s 4~ T12 522 (5 )} YsYt X s X ¢ 2~ A{Z%) (5,01} 511, Ys 5) =2 5 .

2
Define the random variable R = (EsNHk [Ys - dsum(z)s]) . Using Fact 2.10.1 with approxi-

mation parameter /2, we get

B K2
4 )

JE[R]Z(1—/3)-#;»&[{{2(1—5)%2}2
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from which Eq. (2.6) readily follows. |

To formalize the notion of a word being recoverable with respect to the full pseudo-
expectation rather than in a given slice we will need two additional events. The first event

captures correlation as follows.

Definition 2.6.21 (y-Correlated Event). Let s € (0,1] and y € {£1}XF) . We define the

event Ci(y) as

Culy) = {(m.5.0) € Q| By Bl 1w Yo Y > 12}

The second event is a restriction of the first where we also require the slice to satisfy the

two-step tensorial condition from Definition 2.6.9.

Definition 2.6.22 (y-Recoverable Event). Let s, € (0,1] and y € {£1}X®) . We define
the event Ry ;(y) as
R u(y) = Ku N Py 0 Cr(y).

Lemma 2.6.20 motivates the following “recoverability” condition.

Definition 2.6.23 (Recoverable Word). Let i, € (0,1] and y € {1355 We say that y

is (K, p)-recoverable provided

(m7SI,E:;)NQ {R&u(?/)} > 0.

One of the central results in our framework is the following “recoverability” lemma. It

embodies the power SOS brings to our framework.

Lemma 2.6.24 (Recoverability lemma). Let Cp. be a lifted code on X (< k) with X (1) = [n]
and distance at least 1/2 — . Let § € {£1}X*) be a word promised to be (1/2 — \/€)-close

to Cp. and let L = L(7,Cy.) be its code list.
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Let 6 € (0,1] be arbitrary and set p = k-0/2 and k = (4—0)-c. Suppose Z = {Z,...,Zy,}
is an (L + 2k)-local PSD ensemble which is a solution to the List Decoding Program with
objective value U within n additive value from the optimum where 0 < n < 62 . e,

If X(k) is (u*/4, L)-two-step tensorial, then everyy € L is (k, p)-recoverable. In partic-

ular, for every 6 € (0,1) and under the preceding assumptions, we have that every y € L is

((4—6)-¢,0)-recoverable.

Proof. First observe that since ¢ is (1/2 — y/¢)-close to Cj, the List Decoding Program is
feasible and so the solution Z is well defined. Towards a contradiction with the n-optimality

of the SOS solution Z, suppose there exists a word y € £ that is not (k, pu)-recoverable. Let

z € {#1}¥() be such that y = dsum(z). Then

1 = P R ¢ < P K¢ P P¢ P C .
(m,S,o)NQ[ )] < (m,S,a)NQ[ i +(m,5,a)~9[ d +(m,s,a)~9[ ()
Using Claim 2.6.12, we get
P [Cey)] 21— (2.7)

(m,S,0)~Q

Since E is a valid solution to the List Decoding Program, Lemma 2.6.3 implies the lower

bound

U ({Ysloex() > 16-€% (2.8)

By definition, for (m,S,0) € Ck(y)¢ we have
Eﬁ,tNH%E\S,a [Ysyt Ys Y| < /€2,
implying

~ 2 ~ 2 D)
E [(Eswﬂkys : Yﬁ) ] < Em,S7JE|S,U [(Eswﬂkys : YE) : 1Cg(y)} +(m,S],IZ)~Q [Ch(y)] < w7+p".
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Let E be the pseudo-expectation of the ground set ensemble Z and let E' be the expec-
tation on the delta distribution d,. Note that the pseudo-expectation obtained from E’ is a

valid solution to the List Decoding Program. Since
2, 2 *\ 6> 2 2 2
kY +pe < 1+Z CRT = 1+Z (4—-0)"-e“<(16—-2-0)-¢~,

and 6 > 0, Lemma 2.6.4 gives that there is a convex combination of E and E’ such that the

new ¥, denoted U/, can be bounded as

(v (2 +12))°

v o< U — <V -—2.0%. 4

contradicting the n-optimality of the SOS solution Z since n < 62 . et [ ]

Coupled Pairs, Coupled Lists, and Covers

The List Decoding Program minimizing ¥ was instrumental to ensure that every 3 €
L(g,Cy,) is recoverable in the sense of the conclusion of Lemma 2.6.24. Unfortunately, this
guarantee is somewhat weak, namely, associated to every y' € L(#,C}) there is a slice

(m, S, o) from which we can sample y (our approximation of y') satisfying
Es11,Ys - yl| > C ¢, (2.9)

where C' is a constant strictly smaller than 4. A priori this seems insufficient for our list
decoding task. However, there are two properties which will help us with list decoding.
The first is that SOS finds not only y but also z € {£1}¥(1) such that y = dsum(z). The
second property is that the lifting is robust: even the weak agreement given by Eq. (2.9)
translates into a much stronger agreement in the ground set between z and 2z’ € C; where

y' = dsum(2’). This stronger agreement on the ground set can be used to ensure that z (or
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—2) lies inside the unique decoding ball of 2’ in the base code Cj.
To study this coupling phenomenon between words in the lifted space {jzl}X (k) and on
the ground space {#+1}% (1) we introduce some terminology. The most fundamental one is a

coupled pair.

Definition 2.6.25 (Coupled Pair). Let z € {13 X1 and y € {£13XE) . We say that (z,y)

is a coupled pair with respect to a lift function dsum provided y = dsum(z).

Remark 2.6.26. If the function dsum is clear in the context, we may assume that the

coupled pair is with respect to this function.

Coupled pairs can be combined in a list.

Definition 2.6.27 (Coupled List). We say that a list M = {(z(1), y(1)), ..., (200 y("M)} s
coupled with respect to lift function dsum provided (z(i), y(i)) is a coupled pair for every i in

(1]
A coupled list can “cover” a list of words in the lifted space {:I:l}X (k) as defined next.

Definition 2.6.28 (Coupled Bias Cover). Let M = {(z(1) 4y, (2 ()Y e a cou-
pled list and £ C {£1}XF) . We say that M is a 8-bias cover of L provided

(v € £) (O(z) € M) (B, 16l > 6)

A 4-bias cover for “small” § might seem a rather weak property, but as alluded to, when
combined with enough robustness of the lifting, it becomes a substantial guarantee enabling

list decoding.

Cover Retrieval

When the code list L(7,C),) becomes recoverable in the SOS sense as per Lemma 2.6.24, we

still need to conduct local rounding on the slices to collect a bias cover. Recall that this
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local rounding is probabilistic (c.f. Lemma 2.6.20), so we need to repeat this process a few

times to boost our success probability.0 This is accomplished by Algorithm 2.6.29.

Algorithm 2.6.29 (Cover Retrieval Algorithm).
Input An (L + 2k)-local PSD ensemble Z which is a (82c*)-optimal solution to the

List Decoding Program.
Output A 2e-bias cover M for L(§,C}.).

1. Let M =10
2. Let T =4-In(|Q|)-n/(3-2)

3. For (m,S,0) € Q do

4. If (m,S,0) € K;, N P, then

d. Run Propagation Rounding T times conditioned on (m, S, o)

6. Let M|, 5.6 = {4y D) YD) be the coupled list
7. Set M= MUM|,, 5+

8. Output M.

The correctness of Algorithm 2.6.29 follows easily given the properties established so far.

Lemma 2.6.30 (Cover lemma). Let § € (0,1). Suppose that dsum is a (1/2 —¢eg,1/2 —¢)-
robust (5% - €8 /218, L)-two-step tensorial lifting from Cy to Ci. Let § € {jzl}X(k) be (1/2 —
Ve)-close to Cy,. If 0 < 5-6/24, then w.v.h.p.\7 the Cover Retrieval algorithm 2.6.29 returns

a 0-bias cover M of the code list L(y,C}.) where 6 = (4 — 5) - €. Furthermore, the running

16. In fact, this process can be derandomized using standard techniques in our instantiations.
See Lemma 2.10.5 for details.

17. The abbreviation w.v.h.p. stands for with very high probability and means with probability 1 —
exp(—0(n)).
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time is at most n9EtE) /(5. £2) where n = | X (1)].

Proof. Let Z = {Z,...,Zy} be an n-optimum solution to the List Decoding Program where
n<6. ctandb=3- 5/24. By our (5% - £8/2!8 L)-two-step tensorial assumption and our
choice of SOS degree for the List Decoding Program, we can apply Lemma 2.6.24 to conclude
that every y € L = L(9,Cy) is ((4—0) -€,(4—0) -€-0/2)-recoverable. Then for y € L, there

exists (m, S, o) € Q such that Lemma 2.6.20 yields

6-(4—9>2-6226-e?

Esorr,ys - dsum(z)‘ > (4—3) - 5} > % .

ZN{Zg(s,g)} H

where {Z®|( 570)} (c.f. Definition 2.6.19) is the product distribution of the marginal distri-
butions after conditioning the ensemble on slice (m, S, ). By sampling {Z®|( 570)} indepen-

dently T" times we obtain 2(1), ..., 2(T) and thus also the coupled list
M50 = {0, 4Oy, D) Ty,

where y(*) = dsum(z()). Then

. : B.e2.T
P Vie[l]: [Equrm,us-d N<@=p) ¢ < _pee
20, 2D Z8) (5 )} BT [ i€ [T ‘ s~ 11, Ys - ASUM (z )’ (4-5) 5} < exp ( 1
exp (—n)
B
where the last inequality follows from our choice of T". Then by union bound
. : exp (—n)
P [M is not a 2e-bias cover of L] < |L] - T < exp (—n),
concluding the proof. [ ]
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Cover Purification and Robustness

Now we consider the third and final stage of the list decoding framework. We show how
despite the weak guarantee of the bias cover returned by the Cover Retrieval Algorithm 2.6.29
we can do a further processing to finally obtain the coupled code list £(7,Cq,Cy,) provided
the lifting admits some robustness properties. We first develop these properties and later

present this process, denoted Cover Purification.

Further Lifting Properties

Given two coupled pairs (z,y = dsum(z)) and (2/,y" = dsum(z’)) (where 2z € C1), we show
how weak agreement between y and 3’ on the lifted space is enough to provide non-trivial

guarantees between z and 2’ as long as the lifting admits appropriate robustness.

Claim 2.6.31 (Coupled unique decoding from distance). Suppose that dsum is a (1/4 —
£0/2,1/2 — €)-robust lifting from Cy to C,. Let (z,y) and (2',y') be coupled pairs. If y € Cp.
(equivalently z € C1) and A(y,y') < 1/2 — €, then A(z, z’) < 1/4—¢e0/2, i.e., 2 is within

the unique decoding radius of z.

Proof. Towards a contradiction suppose that A(z,z) > 1/4 — gp/2. Since the lifting is
(1/4—e¢/2,1/2—¢)-robust, this implies that A(y, y’) > 1/2—¢ contradicting our assumption.

|
From bias amplification (i.e., parity sampling), we deduce Claim 2.6.32.

Claim 2.6.32 (Coupled unique decoding from bias I). Suppose dsum is a (1/2—¢g,1/2—¢)-
robust linear lifting from Cy to Cj. which is also a (1/2 + £q,2 - €)-parity sampler. Let (z,y)

and (2',y') be coupled pairs. If y € C}, (equivalently z € C1) and Es11, [Us - Yl > 2-¢, then

B [2i - 21| = 1/2 + eo,
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i.e., either 2’ or —2' is within the unique decoding radius of z.

Proof. The verification follows easily from our assumptions. Towards a contradiction suppose
that [, [2 - 2f]| < 1/24+¢0, i.e., the word 2" = z- 2’ has bias at most 1/2+¢(. Using the
assumption that the lift is linear, we have dsum(z”) = dsum(z) - dsum(z’). Since the lifting

takes bias 1/2 4 g to 2 - £, we have
bias(dsum(z) - dsum(2")) = bias(dsum(z”)) < 2 ¢,

or equivalently [Eqy, [ys - ys]| < 2 - € contradicting our assumption. n

If the lifting function is odd, then we obtain Claim 2.6.33.

Claim 2.6.33 (Coupled unique decoding from bias II). Suppose dsum is a (1/4—¢¢/2,1/2—
e)-robust lifting from Cy to C which is odd, i.e., dsum(—z) = —dsum(z). Let (z,y) and
(2',y') be coupled pairs. If y € Cj, (equivalently z € C1) and |Egory, [ys - ys]| > 2 -, then

either 2 or —z' is within the unique decoding radius of z.

Proof. Since |Eq 1, [Us - ¥s]| > 2 - € and the lifting is odd, either
EENHk [yﬁ ’ dSllIIl(Z/)s] >2- &,

or

Egrty s - dsum(—=")s] = Egrr, [~ys - dsum(2')s] > 2.

Then either A(y,dsum(z")) < 1/2—¢ or A(y,dsum(—2")) < 1/2 —¢. Using Claim 2.6.31 we

conclude the proof. [ ]

Cover Purification

A é-bias cover M of L for small 6 may require further processing in order to actually retrieve

L. Provided the lifting is sufficiently robust, trying to unique decode z for (z,y) € M=,
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where M™ is the sign completion as defined next, and then lifting the decoded word yields
a new coupled list that contains £. This process is referred to as cover purification and its

formalization is the object of this section.

Definition 2.6.34 (Sign Completion). Let M be coupled list. We say that MT defined as
M* = {(z,dsum(2)), (—z,dsum(—2)) | (z,y) € M},

is the sign completion of M.
The correctness of the cover purification process is established next.

Lemma 2.6.35 (Purification lemma). Suppose dsum is a (1/2 — eg,1/2 — €)-robust lifting

from Cy1 to Cy. which is either

e linear and a (1/2 + €9, 2 - €)-parity sampler; or

o (1/4 —eg/2)-robust and odd.
Let §j € {+£1}X0) pe (1/2 — /&)-close to Cj, and L = L(ij,Ck) be its code list. If M =
{9 yDV|i € [h]} is a 2e-bias cover of L, then

LC {dsum(z) | 2 € Decg, (Pl (Mi»} = [

where Py is the projection on the first coordinate and Dece, is a unique decoder for Cy.
Furthermore, L' can be computed in time O (|JM|- f(n)) where f(n) is the running time of

a unique decoding algorithm of Cy.

Proof. Lety € L. By the 2e-cover property, there exists a coupled pair (2, 1) € M satisfying
Es11, [Us - y4]| > 2-e. Combining this bound with the appropriate robustness assumptions,

Claim 2.6.32 or Claim 2.6.33 yields that either 2’ or —z' can be uniquely decoded in Cj.
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Then
Y€ {dsum(z) | z € Dece, (Pl (Mi))} :

Finally, observe that computing £’ with the claimed running time is straightforward. ]

Algorithmically, cover purification works by running the unique decoding algorithm of

Cy on every element of the sign completion M¥, described below in Algorithm 2.6.36.

Algorithm 2.6.36 (Cover Purification Algorithm).
Input A 2¢-bias cover M for L(7,Cy,).

Output Coupled List L s.t. Po(L") D L(7,C},).

1. Let L' =10

2. For (2,y) € M* do

3. If 2 is uniquely decodable in Cy then
4. Let z = UniqueDecodeg, (2')

5. Let y = dsum(z)

6. Set L' = L' U{(z,v)}

7. Output L'.

Correctness of the List Decoding Algorithm

The building blocks developed so far are assembled to form the final list decoding algorithm

(Algorithm 2.6.16), which is restated below for convenience.
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Algorithm 2.6.37 (List Decoding Algorithm).
Input A word j € {+1}XF) (1/2 — \/8)-close to Cj, = dsum(Cy)
Output Coupled code list L(g,Cy1,Cy,).
1. Solve the List Decoding Program with n-accuracy obtaining Z where n = 58/222

2. Let M be the output of the Cover Retrieval Algorithm 2.6.29 on Z

3. Let L' be the output of the Cover Purification Algorithm 2.6.36 on M

4. Let L = {(z,y) € L' | A(y,y) < 1/2 — e}

5. Output L.

We are ready to prove the main theorem of the abstract list decoding framework which

follows easily from the properties developed so far.

Theorem 2.6.38 (List Decoding Theorem (Restatement of Theorem 2.6.17)). Suppose that
dsum is a (1/2—eq,1/2 —e)-robust (3222, L)-two-step tensorial lifting from Cy to Cj, which

is either
e linear and a (1/2 + £q, 2 - €)-parity sampler; or
o (1/4—¢€¢,1/2 —¢/2)-robust and odd.

Let § € {£1}X*) be (1/2—/)-close to C. Then w.v.h.p. the List Decoding Algorithm 2.6.16

returns the coupled code list L(y,C1,C}.). Furthermore, the running time is
n@EFR) (polylog(e ™) + f(n))

where n = | X (1)] and f(n) is the running time of a unique decoding algorithm of Cy.

Proof. Under the assumptions of the theorem, Lemma 2.6.30 establishes that the Cover

Retrieval Algorithm 2.6.29 returns w.v.h.p. a 2e-bias cover. Then, Lemma 2.6.35 states
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that providing this 2e-bias cover as input to the Cover Purification Algorithm 2.6.36 yields
a coupled list containing the code list £(g,C1,C;.). Finally, the last step in Algorithm 2.6.16

ensures the output is precisely L(y,C1,Cp.). [ ]

2.7 Instantiation I: Direct Sum on HDXs

We instantiate the list decoding framework to the direct sum lifting on HDXs obtaining The-
orem 2.7.1, which is the main result in this section. For this instantiation we need to establish

that HDXs are two-step tensorial which will be done in Section 2.7.1.

Theorem 2.7.1 (Direct Sum Lifting on HDX). Let g < 1/2 be a constant and € € (0,£q).
There exist universal constants ¢,C > 0 such that for any v-HDX X (< d) on ground set
X(1) = [n] and 111 uniform, if

v < (log(1/e))~Cloel/e)  yng  d>c- M

Y

then the following holds:
For every binary code C1 with A(C1) > 1/2—eqg on X (1) = [n], there exists a binary lifted
code C, = dsum 3,y (¢(C1)) with A(C) > 1/2 — 20) op X (k) where k = O (log(1/¢)), ¢

is an explicit linear projection, and

e [Efficient List Decoding] If § is (1/2 — \/€)-close to Cp., then we can compute the list
L(g,C1,Cp) (c.f. Definition 2.6.15) in time

where f(n) is the running time of a unique decoding algorithm for Cy.

e [Rate] The rate 1y, of Cy, satisfies r, = r1 - |X(1)| /| X (k)| where ry is the relative rate

of C1.
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o [Linearity] If C1 is linear, then ¢ is the identity and Cj = dsum x (1)(C1) is linear.

In particular, invoking Theorem 2.7.1 on HDXs extracted from Ramanujan complexes

(as in Lemma 2.4.5), we obtain Corollary 2.7.2.

Corollary 2.7.2. Let eg < 1/2 be a constant and € € (0,£0). There is an infinite sequence
of HDXs X1, Xo,... on ground sets of size ni,na, ... such that the following holds:
()

For every sequence of binary codes Cy’ on [n;] with rate and distance uniformly bounded
by r1 and (1/2 — eg) respectively, there exists a sequence of binary lifted codes C]Ej) =
dsumX(k,)(go(CY))) on a collection X;(k) with A(C,(j)) > 1/2 — e20() where  is an ex-
plicit linear projection and

e [Efficient List Decoding] If § is (1/2 — \/€)-close to C}., then we can compute the list

—-0(1)

L(y,C1,C) (c.f. Definition 2.6.15) in time n® f(n), where f(n) is the running

time of a unique decoding algorithm of Cq.

o [Explicit Construction] The collection X;(k) is part of an explicit v-HDX X;(< d)
where k = O (log(1/2)), d = O ((log(1/¢))?/<), and 7 = (log(1/e))~OUoel1/2)),

o [Rate] The rate r](:) of C,(f) satisfies r](:) > 11 - exp (—(log(l/e))O(IOg(1/5>)).
o [Linearity/ If C%i) is linear, then ¢ is the identity and C,(j) = dsumX(k)(Cy)) is linear.

Proof. Efficient list decoding and linearity follow directly from Theorem 2.7.1, and the pa-
rameters of the explicit construction match the requirements of the theorem. The only thing
left to do is to calculate the rate. Since the lifting dsum Xi(k) needs to be a (2¢q, 2¢)-parity

(i) of o)

sampler to achieve the promised distance, by Lemma 2.4.11 the rate 7, i, satisfies

7A](j) > .70((10g(1/€))4/(€27))
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Since v = (log(1/¢))~0108(1/2)) this reduces to

ri > 1 (log(1/2)) ~OW0BW/ENY/ () = iy exp(1/70M) = ry-exp (—(log(1/2))OMoe1/2))

2.7.1 HDXs are Two-Step Tensorial

Theorem 2.7.3 proven in [AJT19] establishes that HDXs of appropriate expansion parameter

are tensorial objects for constant L = Oy, ,(1).

Theorem 2.7.3 (HDXs are Tensorial). There exist some universal constants ¢ > 0 and
C' > 0 satisfying the following: If L > ¢ - (¢" - k°/u*), Supp(Z;) < q for all j € [n], and
X is a y-HDX for v < C' - pu*/(k3TF - 265 . ¢2%) and size > k, then X (k) endowed with a

distribution 11y, is (u, L)-tensorial.

The next result shows that HDXs are also two-step tensorial objects with the same

parameters as above.

Lemma 2.7.4 (HDXs are two-step tensorial). There exist some universal constants ¢’ > 0
and C' > 0 satisfying the following: If L > c'-(qk . k5/u4), Supp(Z;) < q for all j € [n], and
X is a y-HDX for v < C" - p*/(k8FF . 26K . 02K) and size > k, then X (k) is (u, L)-two-step

tensorial.

Proof. Under our assumptions the (i, L)-tensorial property follows from Theorem 2.7.3 (this

is the only place where the assumption on + is used), so we only need to show

5 ez —{zHz ] <

which can be proven by adapting a potential argument technique from [BRS11|. First, set
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the potential

o= E E E Var|Zs|Zg = o], 2.10
TSI o~ {Zig ) sy, Zs | Zs =0l (2.10)

and consider the error term

E E D(S o), (2.11)

= B E

where D(S,0) = Eq 11, [[{ZsZ¢ | Zg = 0} — {Zs|Zg = 0 {Zt|Zg = o}|l1]. I i > p1/2,
then

[D(S,a) > Mm/Q} >

RS

P
S~ o~ {Zs }
Let G = (V = X(k), E) be the weighted graph where F = {{s,t} | 5s,t € X(k)} and each
edge {s,t} receives weight II;(s) - II;.(t). Local correlation (expectation over the edges) on
this graph G is the same as to global correlation (expectation over two independent copies

of vertices). Then, we obtain!®

2

7
b, — @ > P D(S,0) > 2| —=+.
m m+1 =2 SNH?,JN{ZS}[ ( ) > /2] 242F

Since 1 > @1 > -+ > @y . > 0, there can be at most 8¢2F /1i® indices m € [L/k] such that

tm > /2. In particular, since the total number of indices is L/k, we have

k
po ko 8¢?
E <=4 =
melm ™= 2L 3
Our choice of L is more than enough to ensure E,, c(r /p[m] < p. n

18. See [AJT19] or [BRS11] for the details.
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2.7.2 Instantiation to Linear Base Codes

First, we instantiate the list decoding framework to the seemingly simpler case of binary
linear base codes in Lemma 2.7.5. As we show later, with a simple observation we can

essentially use the proof of Lemma 2.7.5 to obtain Theorem 2.7.1 for general codes.

Lemma 2.7.5 (Direct sum lifting of linear biased codes). Let eg < 1/2 be a constant and
e € (0,e0). There exist universal constants ¢,C > 0 such that for any v-HDX X (< d) on

ground set X (1) = [n] and 11y uniform, if

v < log(1/e)~CWs/E) gpd  d>c- (log(1/2))*
€

Y

then the following holds:
For every binary 2eg-biased linear code C1 on X (1) = [n], there exists a 2¢-biased binary

lifted linear code Cj, = dsumy 1) (C1) on X (k) where k = O (log(1/¢)) and

e [Efficient List Decoding] If § is (1/2 — \/€)-close to C}., then we can compute the list
L(y,C1,C) (c.f. Definition 2.6.15) in time

where f(n) is the running time of a unique decoding algorithm for Cy.

e [Rate] The rate 1y, of Cy, satisfies r, = r1 - |X(1)| /| X (k)| where ry is the relative rate
of C1.19

e [Linear] The lifted code C}, is linear.

Proof. We show that under our assumption on the v-HDX X (< d) we obtain sufficient

robustness and tensorial parameters to apply Theorem 2.6.17. In this application, we will

19. For the rate computation, we assume that X (k) can be expressed as a multi-set such that the uniform
distribution on it coincides with IIj, which is true in the case that II; is D-flat.
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rely on parity sampling for robustness. If dsum X (k) is a (2eq, 2¢)-parity sampler, using the
linearity of C; we obtain a lifted code Cj = dsumy;(C1) which is linear and has bias 2e;
thus the lifting is indeed (1/2—¢q, 1/2—¢)-robust. If we want to fully rely on parity sampling
in Theorem 2.6.17, the lifting must be a (fy = 1/2+-¢q, § = 2¢)-parity sampler, which is more
stringent than the first parity sampling requirement.QO To invoke Lemma 2.4.10 and obtain
this (Bo, B)-parity sampler, we need to choose a parameter 6 (where 0 < 6 < (1 — fy)/Bo)

and

k > log(149)5,(8/3),

3-k2 6 )
d>max | ——,—5—-— |, and
- ( B 0233

=0 (h)

To get a (u, L)-tensorial HDX, Theorem 2.7.3 requires

where we used that our alphabet is binary (i.e., ¢ = 2) and ¢/,C’ > 0 are constants. Fi-
nally, Theorem 2.6.17 requires p < &8 / 222 The conceptual part of the proof is essentially
complete and we are left to compute parameters. Set (g = 3/4 + ¢ — 5%. We choose
0 = 1/2 — g9 which makes (14 6)5y equal to (y (provided g < 1/2 we have (5 < 1). This

choice results in

k> [logg,(2¢/3)] and  d=0 <max <log40f€/3), i _153)4 ' 6)) .

Combining the parity sampling and tensorial requirements and after some simplification, the

20. Recall that this strengthening is used in our list decoding framework.
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expansion 7 is constrained as

<" mi 7832 a 1/4—2)" &2
7=& k8+k.28k’ﬁ’(/ _€0> )

where C" > 0 is a constant. We deduce that taking v as

(1/4 - 5(2))4 . g32
L8+k . 98k ’

7§0//.

is sufficient. Further simplifying the above bound gives

(1/4 - 8%)4 . g32
(logCO (25/3))8+IOgC0 (2¢/3) ‘

v=0
(22/3)%/ 1og(Co)

Now, we turn to the SOS-related parameter L which is constrained to be

ok . 5
/!
Lz~

where ¢’ > 0. Note that in this case the exponent O(L + k) appearing in the running time

of Theorem 2.6.17 becomes O(L). Similarly, further simplification leads to

(10g<0(25/3))5 - (3/2¢) 1/ log(Co)
32

L=0

Taking ¢ to be a constant and simplifying yields the claimed parameters. ]

2.7.8 Instantiation to General Base Codes

We can extend Lemma 2.7.5 to an arbitrary (not necessarily linear) binary base code C1 with
the natural caveat of no longer obtaining linear lifted code C;, = dsum X(k;)(cl)- However,

even if C1 has small bias, it might not be the case that the difference of any two codewords
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will have small bias, which is required for list decoding. To this end we modify the code
C1 by employing a projection ¢ which converts a condition on the distance of the code to a

condition on the bias of the difference of any two codewords.

Claim 2.7.6. IfCy is binary code on [n| with relative distance 6 and rate r, then there exists
an explicit linear projection ¢: FY — FY such that the code C| = p(C1) has relative distance

at least §/2 and rate r. Furthermore, for every z,z' € C| we have

)
bias(z — ') <1 — 3

Proof. Take ¢ to be the projector onto Fy™* @ {0}® where s = |dn/2]. Then
Cl =) ={(21,...,2n-5,0,...,0) | (21,...,2n) € C1},
—_———

and the claim readily follows. [ ]
With this modification in mind, we can now restate and prove Theorem 2.7.1.

Theorem 2.7.7 (Direct Sum Lifting on HDX (Restatement of Theorem 2.7.1)). Leteg < 1/2
be a constant and ¢ € (0,eq). There exist universal constants ¢,C > 0 such that for any

v-HDX X (< d) on ground set X (1) = [n]| and 111 uniform, if

5 < (log(1/e))"C108W/2)  gng > c. (log(1/¢))*

)

then the following holds:
For every binary code C1 with A(C1) > 1/2—¢eg on X(1) = [n], there exists a binary lifted
code C, = dsum x 3,y (¢(C1)) with A(C) = 1/2 — 0 op X (k) where k = O (log(1/¢)), ¢

is an explicit linear projection, and

e [Efficient List Decoding] If § is (1/2 — \/€)-close to Cp., then we can compute the list
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L(g,C1,Cy) (c.f. Definition 2.6.15) in time

where f(n) is the running time of a unique decoding algorithm for Cy.

o [Rate] The rate 1y, of Cy, satisfies r, =11 - |X(1)| /| X (k)| where ry is the relative rate
of C1.

o [Linearity] If Cy is linear, then ¢ is the identity and Cj = dsum x(1)(C1) is linear.

Proof. By virtue of Lemma 2.7.5, it is enough to consider when C; is not linear. Note that
in the proof of Lemma 2.7.5 the only assumption about linearity of C; we used to obtain
(1/2—¢g, 1/2—¢)-robustness was that the sum of two codewords is in the code and hence it has
small bias. For a general code C; of constant distance 1/2—¢g, applying Claim 2.7.6 we obtain
a new code C] with this guarantee at the expense of a distance 1/2 times the original one.
Naturally, in the current proof we no longer obtain a linear lifted code Cj, = dsum y( k)(Ci).
Excluding the two previous remarks the proof of Theorem 2.7.1 is now the same as the proof

of Lemma 2.7.5. ]

2.8 List Decoding Direct Product Codes

2.8.1 Direct Product Codes

Having developed a decoding algorithm for direct sum, a promising strategy for list decoding
other lifted codes on expanding objects is reducing them to instances of direct sum list
decoding. One such reduction involves the direct product lifting, which was first studied in
the context of samplers by Alon et al. in [ABNT92]. The direct product lifting collects the

entries of a code on each subset of size /.
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Definition 2.8.1 (Direct Product Lifting). Let C1 C F} be a base code on X (1) = [n]. The
direct product lifting of a word =z € F3 on a collection X ({) is dprodx y)(2) = (#)¢ex(s);
where vy = (z;)iet. The direct product lifting of the entire code is dprod y (y)(C1) = {dprodx(y)(2) |

z € C1}, which is a code of length | X ()| over the alphabet FS.

If X is a HDX, its sampling properties ensure that the direct product lifting has very
high distance. It follows from the definition that if the bipartite graph between X (1) and
X (k) is an (n, d)-sampler and the code C; has minimum distance 7, then the direct product
lifting dprodx(¢)(C1) has minimum distance at least (1 — d). Recalling from Fact 2.4.8 that
the bipartite graph between two levels of a HDX can be a sampler with arbitrarily small
parameters if the expansion is good enough, we can reasonably hope to list decode the direct
product lifting on a HDX up to a distance close to 1. In fact, Dinur et al. [DHK ' 19] provided
a list decoding algorithm accomplishing exactly that. We offer a very different approach to

the same list decoding problem.

2.8.2  Direct Product List Decoding

We will reduce direct product decoding on X () to direct sum decoding on X (k), where
k ~ ¢/2. This requires converting a received word & € (Fé)X ® to a word Y€ Fg(k) that
we will decode using the direct sum algorithm. If we knew that & = dprod X(g)(i) for some
zZ € ]Fg((l), we would do so by simply taking gs = > ;cs Z; to be the direct sum lifting on
cach edge s; that is, § = dsumx ) (2).

Unfortunately, performing list decoding also involves dealing with words & that might
not have arisen from the direct product lifting. To construct a corrupted instance of direct
sum ¢ from Z, we need to assign values to each face s € X (k) based only on the information
we have on the faces X (¢), as there is no word on the ground set to refer to. Since different
faces t,t' € X (¢) containing s might not agree on s, there could be ambiguity as to what

value to assign for the sum on s.

73



This is where the D-flatness of the distribution II, (which holds for the v-HDX construc-
tion described in Lemma 2.4.5) comes in. Recall that to obtain codewords in dprod X(0) (C1)
without weights on their entries, we duplicate each face t € X ({) at most D times to make
the distribution IT, uniform. To perform the same kind of duplication on X (k) that makes
I1;, uniform, note that each face s € X (k) has II(s) proportional to [{t € X (¢) |t D s}|
(where X (¢) is thought of as a multiset), so we will create one copy of s for each t containing
it. Thus we can assign a unique t D s to each copy. By downward closure, the distribution
on X (¢) obtained by choosing s uniformly from the multiset X (k) and then selecting its
associated face t will be uniform, just like II,. With this careful duplication process, we are
ready to define the function p;. that takes a corrupted direct product word Z to a corrupted

direct sum word .

Definition 2.8.2 (Reduction Function). Let k < ¢ and X be a HDX where the distribution
Iy is D-flat. Duplicate faces in X (k) so that ;. is uniform, and assign a face ts € X (¢)
to each s € X (k) (after duplication) such that ts is distributed according to 11, when s is

selected uniformly from X (k). The function py, : (IF%)X(K) — Fg((k) is defined as

(P(2))s = D (Tt )i-
1€8
The reduction function pj resolves the ambiguity of which face t D s to sample the
sum from by assigning a different face to each copy of s in a manner compatible with the

distribution IIy. Observe that if & = dprodx () (%) for some Z € IF‘QX(U

, then py(7) =
dsum x(1(Z).

The following lemma shows that performing this reduction from direct product to direct
sum maintains agreement between words. It essentially says that if a received word & exhibits

some agreement with 2 € dprodx(y)(C1), then there is a k for which py(Z) and py(z) have

agreement larger than 1/2.
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Lemma 2.8.3 (Product-to-sum agreement). Fiz ¢ > 0 and C' > 2. Let z € C1, v =

dprody () (z), and T € (FS)X@). If A(x,2) < 1—¢, then there exists a k satisfying

e — 0/2] < ;/Cfuogu/g)

such that
Aly,5) <1/2—¢/2+572,

where y = pi(x) and § = pi(Z) are words in Fgf(k).

Proof. For t € X(£) and s C t, define the function g ¢: F5 — {—1,1} by

Xs,t(w) = H(_l)wi‘

1€5
For each face t € X(¢), consider the expectation Egc¢[xs ¢(2¢ — Z¢)], where s is a subset of t
of any size chosen uniformly. If zy = Z¢, which happens for at least ¢ fraction of faces t, the
expression in the expectation is always 1. Otherwise, this expectation is zero, so taking the
expectation over the faces yields

E¢om, Esctlxs (vt — 7¢)] = tNPHZ [t =3¢ > &

We would like to restrict to a fixed size of faces s for which this inequality holds; as this
will be the size of the direct sum faces, we need to make sure it’s large enough to give
us the expansion required for decoding later. Using a Chernoff bound (Fact 2.10.2 with
a= \/W(l/&t) ), we see that the size of the faces is highly concentrated around ¢/2:

> ;\/C’Elog(l/a)

< 9~ C'log(1/¢)/2 < 2&?OI/2.

N >

|| —

7|
sCt

5



Let I be the interval

I= <§ - ;\/C’Klog(l/e), g + ;\/C’Elog(l/s)> :

The expectation inequality becomes

e < Epory [Esctsier - Xot(mt — T0)] + Esctl |5 ¢1 - X, t(2¢ — 7))

- /2
< Egort, Bocy ofer [Xs (e — T0)] +2697/2.

Thus there exists a k € I such that
!
2 ~
e —2:012 <Eyur B o)k ot — 20)).

Choosing a face t and then a uniformly random s C t of size k£ results in choosing s
according to II;.. Moreover, the edge ts containing s from Definition 2.8.2 is distributed

according to II,. Bearing in mind the definitions of ys and g5, we have

/
2 ~
e —2e¢ / < EtNHKEsgf,|5|:k [Xs,t(xt — )]

= Egorr,, [Xs ts (Tt — Tty)]

= Eeui, [(_1>(Pk($))s—(pk(ff))s]

= bias(y — 7)

which translates to a Hamming distance of A(y,7) < 1/2 —¢/2 + eC'2. n

With Lemma 2.8.3 in hand to reduce a direct product list decoding instance to a direct

sum list decoding instance, we can decode by using a direct sum list decoding algorithm as

a black box.
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Algorithm 2.8.4 (Direct Product List Decoding Algorithm).
Input A word & € (Fg)X(e) with distance at most (1 —¢) from dprody y)(C1)

Output The list L' = {z € FY | A(dprody ) (2), %) < 1 — ¢}

1. Let T be the interval (£/2 — /C'Clog(1/€)/2,0/2 + /C"Clog(1/e)/2).

2. For each integer k € I, run the direct sum list decoding algorithm on the input § =
pr(Z) € Fg((k) to obtain a coupled list Ly of all pairs (z,y) with Ay,7) < 1/2 —

5/24—50//2.
3. Let L=Uper{z €C1 | (2,y) € L1}
4. Let L' ={z€ L| A(dprody () (2),7) <1 —e}.

5. Output L.

Theorem 2.8.5 (Product-to-sum Reduction). Let € > 0 and C' > 2. Let dprod y () (C1)
be the direct product lifting of a base code C1 on a simplicial compler X . If the direct sum
lifting dsum x (,)(C1) s list decodable up to distance (1/2 —€/2+ 80//2) in time f(n) for all
k satisfying |k — (/2| < \/W(l/a)/l then Algorithm 2.8.4 list decodes dprodx () (C1) up

to distance (1 — €) in running time

VC'log(1/2) f(n) + X (O)]|L].

Proof. Let T € (Fg)X(E) be a received word and let z € Cy satisfy A(dprody(y)(2),7) < 1—e.
By Lemma 2.8.3, there exists a k € I such that A(y,g) < 1/2 —¢/2 + e¥’/2 Thanks to
this distance guarantee, the pair (z,y) will appear on the list £;, when the direct sum list
decoding algorithm is run for this k. Then z will be on the combined list £ and the trimmed
list £/, with the trimming ensuring that no elements of C; appear on this list beyond those

with the promised distance. The set {dprodx(z) | z € L'} thus contains all words in
7



dprodx (¢)(C1) with distance at most (1 —¢) from .
To obtain the promised the running time, note that Algorithm 2.8.4 runs the direct sum
list decoding algorithm /C’/log(1/¢e) times and then computes the direct product lifting of

each element of £ in the trimming step. [

Combining the parameters in the reduction with those required for our direct sum list
decoding algorithm, we obtain the following. Note that for very small values of ¢, we can

choose the constant C’ to be close to 2, and we will be list decoding the direct sum code up

to distance 1/2 — /B~ 1/2 — ¢/4.

Corollary 2.8.6 (Direct Product List Decoding). Let ey < 1/2 be a constant, and let € > 0,
C'>2+4/log(1/e), and 8 = (¢/2 — 50//2)2. There exist universal constants c¢,C' > 0 such

that for any v-HDX X (< d) on ground set [n] and 11 uniform, if

2
y <log(1/8)-Cl8W/B)  gpg  g> . 8LB)"

B

then the following holds:
For every binary code C1 with A(C1) > 1/2 —eg on X(1) = [n], there ezists a lifted code
Cy = dprody (4)(¢(C1)) on Cy where £ = O(log(1/B)), ¢ is an explicit linear projection, and

o [Efficient List Decoding] If T is (1 — €)-close to Cy, then we can compute the list of all

-0(1)

codewords of Cy that are (1 — €)-close to T in time n® - f(n), where f(n) is the

running time of the unique decoding algorithm for C1.

e [Rate] The rate vy of Cp satisfies rp = r1 - |X(1)| /(€| X (£)]), where r1 is the relative

rate of Cq.
o [Linearity] If Cy is linear, then ¢ is the identity and Cp is linear.

Proof. Let k = (/2—,/C"llog(1/e)/2. The choice of parameters ensures that dsum x;y(C1) is

list decodable up to distance 1/2—+/3 = 1/2—5/2%—5072 in running time g(n) = nﬂio(l)f(n)
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by Theorem 2.7.1 (noting that the bound on €’ implies 3 > £2/16). Since increasing k
increases the list decoding radius of the direct sum lifting, this holds for any value of k with
|k — /2] < \/C'l1og(1/e)/2. By Theorem 2.8.5, the direct product lifting dprodx(4)(C1) is

list decodable up to distance (1 — ) in running time

SO og(1/69n” %Y £n) + 1X(0)] 12).

The HDX has [X ()| < (2‘) = nO0og(1/B)) " and the list size |£| is bounded by the
sum of the sizes of the lists £; obtained from each direct sum decoding. Each of these
lists has |£;| < 1/(2f8) by the Johnson bound (see Remark 2.6.14) and the number of lists
is constant with respect to n, so the overall running time is dominated by the first term,
WY fn) = 0 ().

The rate and linearity guarantees follow in the same manner as they do in Theorem 2.7.1,
where the rate calculation requires a slight modification for dealing with the increased al-

phabet size and ¢ is the projection from Claim 2.7.6. [

Using Corollary 2.8.6 with HDXs obtained from Ramanujan complexes as in Corol-
lary 2.7.2, we can perform list decoding with an explicit construction up to distance (1 — ¢)
with HDX parameters d = O(log(1/£)2/2) and v = (log(1/¢))~108(1/))  The direct prod-
uct list decoding algorithm of Dinur et al. [DHK™'19] is based on a more general expanding
object known as a double sampler. As the only known double sampler construction is based
on a HDX, we can compare our parameters to their HDX requirements of d = O(exp(1/¢))

and v = O(exp(—1/¢)).

2.9 Instantiation II: Direct Sum on Expander Walks

We instantiate the list decoding framework to the direct sum lifting where the sum is taken

over the collection X (k) of length k walks of a sufficiently expanding graph G. To stress the
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different nature of this collection and its dependence on G we equivalently denote X (k) by

W (k) and endow it with a natural measure in Definition 2.9.1.

Definition 2.9.1 (Walk Collection). Let G = (V, E,w) be a weighted graph with weight
distribution w: E — [0,1]. For k € NT, we denote by W (k) the collection of all walks of

length k in G, i.e.,
Wea(k) ={w = (wy,...,w) | wis a walk of length k in G}.

We endow W (k) with the distribution 11y, arising from taking a random vertex wy according
to the stationary distribution on V and then taking k — 1 steps according to the normalized

random walk operator of G.

One simple difference with respect to the HDX case is that now we are working with a
collection of (ordered) tuples instead of subsets. The Propagation Rounding Algorithm 2.6.5
remains the same, but we need to establish the tensorial properties of W (k) which is done
in Section 2.9.1.

The main result of this section follows.

Theorem 2.9.2 (Direct Sum Lifting on Expander Walks). Let g < 1/2 be a constant and
e € (0,e9). There exists a universal constant C > 0 such that for any d-reqular vy-two-sided
expander graph G on ground set We (1) = [n], if v < €©, then the following holds:

For every binary code C1 with A(C1) > 1/2—eg on W (1) = [n], there ezists a binary lifted
code Cj, = dsumy () (0(C1)) with A(Cy) = 1/2 — 20l op Wea(k) where k = O (log(1/e)),

© s an explicit linear projection, and

e [Efficient List Decoding] If § is (1/2 — \/€)-close to Cp., then we can compute the list
L(g,C1,Cyr) (c.f. Definition 2.6.15) in time



where f(n) is the running time of a unique decoding algorithm for Cy.
e [Rate] The rate 1}, of Cj, satisfies rj, = r1/d* 1 where r1 is the relative rate of Cy.
o [Linearity] If Cy is linear, then ¢ is the identity and Cj, = dsumX(k) (Cy1) is linear.

In particular, we apply Theorem 2.9.2 to the explicit family of Ramanujan expanders of

Lubotzky et al. from Theorem 2.9.3.

Theorem 2.9.3 (Lubotzky-Phillips-Sarnak abridged [LPS88]). Let p = 1 (mod 4) be a
prime. Then there ezists an explicit infinite family of (p + 1)-reqular Ramanujan graphs

G1,Ga,... onny <ng <--- vertices, i.e., 02(G;) < 2-/p/(p+1).

In order to construct Ramanujan expanders with arbitrarily good expansion, we will use

the following lemma for finding primes.

Lemma 2.9.4 (From [TS17]). For every o > 0 and sufficiently large n, there exists an
algorithm that given a and m relatively prime, runs in time poly(n) and outputs a prime

number p with p = a (mod m) in the interval [(1 — a)n, n].
This results in Corollary 2.9.5.

Corollary 2.9.5. Let ¢g < 1/2 be a constant and € € (0,eg). There is an infinite sequence
of explict Ramanujan expanders G1,Ga, ... on ground sets of size n1 < ng < --- such that

the following holds:
(2)

For every sequence of binary codes Cy” on [n;] with rate and distance uniformly bounded

by rgi) and (1/2 — eqg) respectively, there ezists a sequence of binary lifted codes C]E/,i) =

dsumX(k)(go(Cy))) on a collection X;(k) with distance (1/2 — 5950(1)) where ¢ is an explicit
linear projection and

e [Efficient List Decoding] If § is (1/2 — \/€)-close to Cp., then we can compute the list

—-0(1)

L(y,C1,C) (c.f. Definition 2.6.15) in time n® f(n), where f(n) is the running

time of a unique decoding algorithm of Cy.
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e [Explicit Construction] The collection Wg, (k) is obtained from length k walks on a

Ramanujan d-reqular expander G; where k = O (log(1/¢)), d = 8- OW) and y = eOW).

e [Rate] The rate r]({i) of Clii) satisfies r](j) > rgi) . £0(log(1/¢))

o [Linearity/ If C%i) is linear, then ¢ is the identity and C,ii) = dsumX(k)(Cy)) is linear.

Proof. Using Lemma 2.9.4 with a = 1 and m = 4, we see that given n, o, a prime p such that
p =1 (mod 4) may be found in the interval [(1 —«)n, n] for large enough n. For Ramanujan

expanders, the condition that v < £C translates to p>4- £72C. Choose o = 1 /2 and

c 20

n > 8- 2C g0 that we find a prime greater than 4 - 5_20, but at most 8 - e~
Based on this prime, we use the above Theorem 2.9.3 to get a family of Ramanujan
graphs G1,Go, ... with n1 < no < --- vertices, such that the degree is bounded by ge2C

Using the parameters of this family in Theorem 2.9.2, we obtain the desired claims. ]

2.9.1 Ezpander Walks are Two-Step Tensorial

To apply the list decoding framework we need to establish the tensorial parameters of ex-
pander walks W (k) for a y-two-sided expander graph G. Although the tensorial property
is precisely what the abstract list decoding framework uses, when faced with a concrete
object such as W (k) it will be easier to prove that it satisfies a splittable property defined
in [AJT19] for complexes which implies the tensorial property. In turn, this splittable prop-
erty is defined in terms of some natural operators denoted Swap operators whose definition
is recalled in Section 2.9.1 in a manner tailored to the present case X (k) = Wg(k). Then,
in Section 2.9.1, we formally define the splittable property and show that the expansion of
the Swap operator is controlled by the expansion parameter v of G allowing us to deduce
the splittable parameters of W (k). Finally, in Section 2.9.1, we show how W (k) being
splittable gives the tensorial parameters. Some results are quite similar to the hypergraph

case in [AJT19] (which built on [BRS11]). The key contribution in this new case of W (k) is
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observing the existence of these new Swap operators along with their expansion properties.

Emergence of Swap Operators

To motivate the study of Swap operators on W (k), we show how they naturally emerge
from the study of k-CSPs. The treatment is quite similar to the hypergraph case developed
in [AJT19], but this will give us the opportunity to formalize the details that are specific to
Wea (k). Suppose that we solve a k-CSP instance as defined in Section 2.2.4 whose constraints
were placed on the tuples corresponding to walks in W (k). The result is a local PSD
ensemble {Z} which can then be fed to the Propagation Rounding Algorithm 2.6.5. It is
easy to show that the tensorial condition of Eq. (2.12) (below) is sufficient to guarantee an
approximation to this k-CSP on W (k) within p additive error. The precise parameters are
given in Section 2.9.1. For now, we take this observation for granted and use it to show how

the Swap operators emerge in obtaining the inequality

g E Ny = {zu ] < e (212)

present in the definition of tensoriality.
The following piece of notation will be convenient when referring to sub-walks of a given

walk.

Definition 2.9.6 (Sub-Walk). Given 1 < i < j < k and w = (wy,...,wp) € Wg(k), we

define the sub-walk w(i, j) from w; to w; as

”LU(Z,]) = (wiﬂwi+17 s 7w])

We will need the following simple observation about marginal distributions of II;. on

sub-walks.
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Claim 2.9.7 (Marginals of the walk distribution). Let k € NT and 1 < i < j < k.

Then sampling w ~ Iy, in Wg(k) and taking w(i,j) induces the distribution I1;_; 11 on

Wa(j—1+1).
Proof. Letw = (w1,...,w;,...,wj,...,wy) ~ . Since wy ~ 111 where Il is the stationary
measure of G and wy, ..., w; are obtained by (i — 1) successive steps of a random walk on

(G, the marginal distribution on w; is again the stationary measure II;. Then by taking
(j —1) successive random walk steps from w; on G, we obtain a walk (w;, ..., w;) distributed

according to II;_;11. [
We also need the notion of a splitting tree as follows.

Definition 2.9.8 (Splitting Tree [AJT19]). We say that a binary tree T is a k-splitting tree

if it has exactly k leaves and

o the root of T is labeled with k and all other vertices are labeled with positive integers,
o the leaves are labeled with 1, and

e cach non-leaf vertex satisfies the property that its label is the sum of the labels of its

two children.

The Swap operators arise naturally from the following triangle inequality where the

quantity ., oy, k) H{Z;u} - Hf—l{ziv(i)} 1

form

is upper bounded by a sum of terms of the

w~Wea( k’1+k2 H{Z;U} {Z/ 1 kl)}{Z/ (k1+1, k2)}H

We view the above expectation as taking place over the edges W (k1 + k) of a bipartite
graph on vertex bipartition (Wg(k1), W (k2)). This graph gives rise to a Swap operator
which we formally define later in Section 2.9.1. The following claim shows how a splitting
tree defines all terms (and hence also their corresponding graphs and operators) that can

appear in this upper bound.
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Claim 2.9.9 (Triangle inequality). Let k € N and T be a k-splitting tree. Then

< > H{Z {z;(l’kl)}{z’ (k1 +1, kg)}'

w~Walk) (k1,k2) wWe( k1+k

k
Zi} ~ 2_131{%(0}

1

where the sum Z(kl,,@) is taken over all pairs of labels of the two children of each internal

node of T.

Proof. We prove the claim by induction on k. Let (kg, k2) be the labels of the children of the
root of the splitting tree 7. Suppose 71 and 73 are the corresponding splitting trees rooted
at these children with labels k1 and ko, respectively. By this choice, we have k = k1 + ko.

Applying the triangle inequality yields

- T

T (AR A LA

wNWG(
k1
wNVIEG(k;) {Z;J(Lkl)}{zit)(kl—&—l,kg)} —i:1{Z@i}{z’ (i, kQ)} 1+
k1
wNVIgg(k) zl;Il{Z{wi}{Ziu(h-i-l,kQ)} _Zl;Il{Zéul} 1

Using the marginalization given by Claim 2.9.7 on the second and third terms and simplify-

ing, we get
BTN AR (! I PN (LSRR CA AN
k1
I\ /
wNWI/EG(kl) {Zw} Zl;Il{sz} 1+
ko
I\ /
oty | ) = L2l

Applying the induction hypothesis to the second term with tree 77 and to the third term

with tree 79 finishes the proof. [ ]
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Swap Operators Arising from Expander Walks

We define the Swap operator associated to walks on a given graph G as follows.
Definition 2.9.10 (Graph Walk Swap Operator). Let G = (V, E,w) be a weighted graph.
Let k1, ko € NT be such that k = k1 + ko. We define the graph walk Swap operator

SP ok RWa(k2) _y pWalk)

such that for every f € RWG(]@),

(S5, (1) (W) = B iy [ ()],

where ww' denotes the concatenation of the walks w and w'. The operator 521 ey COM be

defined more concretely in matriz form such that for every w € Wg (k1) and w' € We(ks),
o Hk’(ww/>

(Skl k2) P '

’ w,w Hkl (w)

Remark 2.9.11. Swap operators are Markov operators, so the largest singular value of a

Swap operator is bounded by 1.

Unlike the Swap operators for HDXs described in [AJT19], which are defined using un-

ordered subsets of hyperedges, the Swap operators S7 ;. use sub-walks and are thus directed
1,k2

operators. Instead of analyzing such an operator directly, we will examine the symmetrized

version

0 S%LkQ
( 21,162)T 0

and show that U( %1 k2) is the normalized random walk operator of an undirected graph. In

u<521 ,k:g) =

particular, U(S} defines an undirected weighted bipartite graph on the vertices W (k1)U
k1,k2 G

We(ko), where each edge ww'’ in this graph is weighted according to the transition probability
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from one walk to the other whenever one of w, w’ is in W (k1) and the other is in W (ko).

This becomes clear when taking a closer look at the adjoint operator (S )T.
1,k2

Claim 2.9.12. Let ky,k € N and k = k1 + ko. Define the operator &y, ., . RWe(k1)

RWek2) sych that for every f € RWG(kl),

<6k1,k2,(f)) (w/) = Ew:ww’eW(k)[f(w)]

for every w' € Wg(ks). Then

(Szh/@)T = Gy ky,.

Proof. Let f € CWak1) and g € cWa(k2) . We show that <f, 521 k29> = <6k1’k27f,g>. On

one hand we have

(£:S0.029) = Bwewg k) [F 0 Ewrwwrewqmo(w)]

0}, (ww')

= ]EwGWg(kl) f(UJ) Z g(w/)

w' eWe (ko) Hkl (w)

=Y myfw) Y )

weWg (k1) w' eWg(kz) M, (w)

= Yoo flw)g(w) I (ww).

ww'eWg (k)

g(w')
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On the other hand we have

<6k1,k27f7g> = Ew’GWg(kQ) [Ew:ww’GWG(kz) [f(w)]g(w/)]

I}, (ww')

= Ew’GWg(kz) Z f(w)g(w’)

welWg(ky) (W)

= > IO,w) >

/
w'eWg(k2) weWe (k1) ey (')
ww'eWg (k)

Hence, &g, r, =(Sg, k2)T as claimed. u

Swap Operators are Splittable

At a high level, the expansion of a certain collection of Swap walks 521 ki, CTSUres that we
can round the SOS solution and this gives rise to the splittable notion, which we tailor to

the W (k) case after recalling some notation.

Remark 2.9.13. We establish the definitions in slightly greater gemerality than needed for
our coding application since this generality is useful for solving k-CSP instances on We(k)
for more general graphs G that are not necessarily expanders (c.f. Section 2.9.1). Solving
these kinds of k-CSPs might be of independent interest. For the coding application, the

threshold rank (Definition 2.9.14) will be one, i.e., we will be working with expander graphs.

Definition 2.9.14 (Threshold Rank of Graphs (from [BRS11])). Let G = (V, E,w) be a
weighted graph on n wvertices and A be its normalized random walk matriz. Suppose the

eigenvalues of A are 1 = \y > --- > \,. Given a parameter T € (0,1), we denote the

threshold rank of G by rank>,(A) (or rank>.(G)) and define it as

ranks>-(A) = [{i | \; > 7}].
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Let Swap(7T, W (< k)) be the set of all swap graphs over W (< k) finding representation
in the splitting tree T, i.e., for each internal node with leaves labeled k; and ko we associate
the undirected Swap operator U(S, . )-

Given a threshold parameter 7 < 1 and a set of normalized adjacency matrices A =

{A1,...,As}, we define the threshold rank rank>(A) of A as

rank>,(A) = meax rank>(A),

where rank>;(A) denotes the usual threshold rank of A as in Definition 2.9.14.

Definition 2.9.15 ((7,7,r)-splittability [AJT19]). A collection W (< k) is said to be

(T, 7,7)-splittable if T is a k-splitting tree and
rank>,(Swap(7,Wg)) < 7.

If there exists some k-splitting tree T such that W (< k) is (T, 7,1)-splittable, the instance

Wa(< k) will be called a (7, 7)-splittable instance.

We show that the expansion of U(S}, ;. ) is inherited from the expansion of its defining
1:k2
graph G. To this end we will have to overcome the hurdle that W (k) € V¥ is not necessarily

a natural product space, but it can be made so with the proper representation.

Lemma 2.9.16. Let G = (V = [n], E) be a d-reqular graph with normalized random walk
operator Ag. Then for every ki,ks € NT, there are representations of S%l o and Ag as
matrices such that

Sq ik = A @ J/d"2 7,
where J € R[d]kl_lx[d]krl s the all ones matrix.

Proof. Partition the set of walks W (k1) into the sets W1, ..., Wy, where w € Wj if the last

vertex of the walk is wy, = 4. Similarly, partition Wg(ke) into the sets Wi,..., W}, where
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w' € WJ/ if the first vertex of the walk is w] = j. Note that |W;| = dF1=1 for all i and
‘W]" = d"2=1 for all j.

Now order the rows of the matrix 5217 iy SO that all of the rows corresponding to walks
in W7 appear first, followed by those for walks in W5, and so on, with an arbitrary order
within each set. Do a similar re-ordering of the columns for the sets Wi, ..., W}. Observe

that
1 [wkl is adjacent to wﬂ

( o ) _ Hkl—i-kg(ww/) .
w,w’ Iy, (w) dk2—1 ’

Sk17/<?2

which only depends on the adjacency of the last vertex of w and the first vertex of w’. If the

, = 1/dk?_1 for every w € W; and v’ € W/;

vertices ¢ and j are adjacent, then ( Zl k2>w w

otherwise, (S% i ) , = 0. Since the walks in the rows and columns are sorted according
1L,N2/ w,w

to their last and first vertices, respectively, the matrix 521 ko exactly matches the tensor

product Ag ®J/ d*2=1 where the rows and columns of Aq are sorted according to the usual

ordering on [n]. u

Corollary 2.9.17. Let G = (V, E) be a y-two-sided spectral expander with normalized ran-

dom walk operator Ag. Then for every ki,ko € NT,

A2 (USE, 1)) < -

Proof. To make the presentation reasonably self-contained, we include the proof of the well-
known connection between the singular values of 521, k, and the eigenvalues of U/ (SZL kz)'
Using Lemma 2.9.16 and the fact that ;(Ag ® J/d*2~1) = o;(Ag), we have oi(Sg, kz) =

oi(Ag). Since

0

)

T
S9 Sh
(U(Sh, 1)) USE 1) = b () o e
0 (k1,/€2) k17k2

the nonzero singular values of U(S7 ;. ) are the same as the nonzero singular values of S} ;. .
k1,k2 k1 ,k2
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AsU (S%1 k2) is the random walk operator of a bipartite graph, the spectrum of U (S%1 kg) is

symmetric around 0 implying that its nonzero eigenvalues are

ial(s%l,k2)7 j:ag(s%l’]@), ..=x01(Aq), xo2(Aq), - -

Hence, the second-largest of these is Ao (U (Sz1 k2)) =o02(Aq) < 7. ]

Applying this spectral bound on U(S7 ;) to each internal node of any splitting tree readily

gives the splittability of W (k).

Corollary 2.9.18. If G is a vy-two-sided spectral expander, then for every k € NT the

collection W (k) endowed with 11, is (v, 1)-splittable (for all choices of splitting trees).

Splittable Implies Tensorial

By a simple adaptation of an argument in [AJT19] for hypergraphs which built on [BRS11],
we can use the splittable property to obtain tensorial properties for W (k). More precisely,

we can deduce Theorem 2.9.19.

Theorem 2.9.19 (Adapted from [AJT19]). Suppose W (< k) with W (1) = [n] and an (L+
2k)-local PSD ensemble Z = {Z1,...,Zy} are given. There exist some universal constants
¢y >0 and C" > 0 satisfying the following: If L > C" - (¢*F - k7 - r/uP), Supp(Z;) < q for

all j € [n], and We(< k) is (cq - (u/(4k - ¢¥))2, r)-splittable, then

IngI/%G(k) H{Z;"} N {Zé"l}{zz’k}Hl S H (2'13)

where Z' is as defined in Algorithm 2.6.5 on the input of {Z1,...,Zn} and II,.

Using Theorem 2.9.19, we can establish conditions on a ~-two-sided expander graph

G = (V, E,w) in order to ensure that W (k) is (i, L)-two-step tensorial.
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Lemma 2.9.20 (Expander walks are two-step tensorial). There exist some universal con-
stants ¢ >0 and C' > 0 satisfying the following: If L > ¢ - (¢** - k7 /i), Supp(Z;) < q for
all j € [n], and G is a y-two-sided expander for v < C'- 12/ (k:2 . qzk) and size >k, then

Wea (k) is (u, L)-two-step tensorial.

Proof. The proof is similar to the proof of Lemma 2.7.4 for HDXs, so we omit it. [

Interlude: Approximating k-CSP on Walk Constraints

Now, we digress to show how using Theorem 2.9.19 it is possible to deduce parameters for
approximating k-CSPs on W (k). We believe this result might be of independent interest

and note that it is not required in the list decoding application.

Corollary 2.9.21. Suppose J is a q-ary k-CSP instance with constraints on W (k). There
exist absolute constants C"" > 0 and cq4 > 0 satisfying the following:
If We(k) is (cq - (1) (4k - ¢7))2, r)-splittable, then there is an algorithm that runs in time
O(q k7 /1i%) w5, koA : :
n based on (C" - k2 -q% -r/u*)-levels of SOS-hierarchy and Algorithm 2.6.5 that

outputs a random assignment § : [n] — [q] that in expectation ensures SAT(E) = OPT(J)—p.

Proof. The algorithm will just run Algorithm 2.6.5 on the local PSD-ensemble {Z1,...,Zy}
given by the SDP relaxation of J strengthened by L = (C" - k5 - 28 /u#)-levels of SOS-

hierarchy and IIj,, where C” > 0 is the constant from Theorem 2.9.19. Z satisfies

SDP(J)= E E [1|Zy € Pyl]| > OPT(J). 2.14
)= B | E (70 ePu] ) (214

Since the conditioning done on {Z’} is consistent with the local distribution, by law of

total expectation and Eq. (2.14) we have

E E 1[Z], € Py] = SDP(J) > OPT(J). (2.15)
QwNHk
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By Theorem 2.9.19 we know that

EE Iz} =120 (2] < e (2.16)

Now, the fraction of constraints satisfied by the algorithm in expectation is

E[SAT;(¢)]=E E E 1[¢]w € Pull.
ESATH (O =F B (51,...7§n)~{z’1}---{zg}[ €] ]

By using Eq. (2.16), we can obtain

IE[SAT;;(S)] > Ig% ZIE 1[Z!, satisfies the constraint on w]| — .

{Zw}

Using Eq. (2.15), we conclude

E[SAT;(¢)] > SDP(3) — 1= OPT(3) .

2.9.2 Instantiation to Linear Base Codes

We instantiate the list decoding framework to the direct sum lifting given by the collection
Wea(k) of length k walks on a sufficiently expanding graph G = (V, E,w). For parity

sampling of expander walks, we will rely on the following fact.

Theorem 2.9.22 (Walks on Expanders are Parity Samplers [TS17] (Restatement of Theo-
rem 2.4.1)). Suppose G is a graph with second-largest eigenvalue in absolute value at most
A, and let X (k) be the set of all walks of length k on G. Then X (k) is a (Bo, (8o + 2A) F/2])-
parity sampler. In particular, for any B > 0, if Bo + 2A < 1 and k is sufficiently large, then

X(k) is a (Bo, B)-parity sampler.
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First, we instantiate the framework to linear codes which already encompasses most of

the ideas need for general binary codes.

Lemma 2.9.23 (Direct sum lifting of linear biased codes II). Let g < 1/2 be a constant and
e € (0,e9). There exists a universal constant C > 0 such that for any d-reqular vy-two-sided
expander graph G on ground set W (1) = [n], if v < 50, then the following holds:

For every binary 2eg-biased linear code C1 on W (1) = [n], there exists a 2e-biased binary

lifted linear code Cj, = dsum x4y (C1) on W (k) where k = O (log(1/¢)) and

e [Efficient List Decoding] If § is (1/2 — \/€)-close to C}., then we can compute the list
L(g,C1,Cy) (c.f. Definition 2.6.15) in time

where f(n) is the running time of a unique decoding algorithm for Cy.
e [Rate] The rate 1}, of Cj, satisfies rj, = r1/d* 1 where r1 is the relative rate of Cy.

o [Linear] The lifted code Cy, is linear.

Proof. The proof is analogous to the one given in Lemma 2.7.5. We want to define parameters
for a y-two-sided expander G = (V, E,w) so that W (k) satisfies strong enough robust and
tensorial assumptions and we can apply Theorem 2.6.17. In this application, we will rely
on parity sampling for robustness. If dsumWG(k) is a (2eq, 2¢)-parity sampler, using the
linearity of Cq, we obtain a lifted code C;, = dsum X(k)(cl) which is linear and has bias 2¢;
thus the lifting is indeed (1/2—¢q, 1/2—¢)-robust. If we want to fully rely on parity sampling
in Theorem 2.6.17, the lifting must be a (g = 1/2+4¢(, 8 = 2¢)-parity sampler, which is more

stringent than the first parity sampling requirement.?! To invoke Theorem 2.9.22 and obtain

21. Recall that this strengthening is used in our list decoding framework.
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this (Bo, B)-parity sampler, we need to choose a parameter 6 (where 0 < 6 < (1 — Sy)/Bo)

such that

k> 2-log(149)5,(8) +2 and

0 - Bo
<7
TS5

which will ensure that
(Bo+ 20/ < ((1+0)8)FH < .

To get a (u, L)-tensorial collection of walks, Lemma 2.9.20 requires

J - 24k . k‘7 ' 2

and v < H

L> s

where we used that our alphabet is binary (i.e., ¢ = 2) and ¢/,C’ > 0 are constants. Fi-
nally, Theorem 2.6.17 requires p < &8 / 222 The conceptual part of the proof is essentially
complete and we are left to compute parameters. We choose 0 = 1/2 — g¢, so that provided
eg < 1/2 we have (140)5y = 3/4+¢g —5% < 1. Combining the parity sampling and tensorial

requirements and after some simplification, the expansion v is constrained as
7 el® 2
VSC .m1n<M,(1/4—80)>,

where C" > 0 is a constant. We deduce that taking v as

(1/4 - 5(2)) . l6
k2 .92k

’YSC”’

is sufficient. Further simplifying the above bound gives v as in the statement of the theorem.

95



Now, we turn to the SOS related parameter L which is constrained to be

24/41 . k’7

/!
bz~

where ¢ > 0. Note that in this case the exponent O(L + k) appearing in the running

time of Theorem 2.6.17 becomes O(L). Further simplification of the bound on L leads to a

—-0(1)

running time of n® f(n) as in the statement of the theorem. |

2.9.3 Instantiation to General Base Codes

The proof of Theorem 2.9.2 follows from Lemma 2.9.23 in the same way that Theorem 2.7.7

follows from Lemma 2.7.5 in the case of HDXs.

2.10 Auxiliary Results

2.10.1 Basic Facts of Probability

In this section, we collect some basic facts of probability used in the text.
Fact 2.10.1 (First Moment Bound). Let R be a random variable in [0, 1] with E [R] = a.
Let B € (0,1) be an arbitrary approximation parameter. Then

PR>(1-6) o> 4 a,

In particular,
a Q@
P|R > ] > <
R=>g)>3

Fact 2.10.2 (Chernoff Bound [MU17]). Let Ry, ..., Ry, be independent and identically dis-
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tributed random variables where R; is uniformly distributed on {£1}. For every a > 0,

n

> R;

1=1

P

Fact 2.10.3 (Hoeffding Bound [MU17]). Let Ry,..., Ry, be independent random variables

such that E[R;] = p and Pla <R; < b| =1 fori € [n]|. For every >0,

.32
<2 (5 550)

2.10.2 Further Properties of Liftings

P > p

1 n
nz‘:zlei_M

We show that a uniformly random odd function g¢: {jzl}k — {£1} yields a parity lifting
w.v.h.p. in k. Thus, parity liftings abound and we are not restricted to k-XOR in the
framework. In fact, SOS abstracts the specific combinatorial properties of the lifting function

being able to handle them in a unified way.

Lemma 2.10.4. Let k € Nt be odd. For every p, 3,0 > 0 satisfying 6 > \/log(2/5)/v/pk,

k
P [, pempyor [sC*F@)]| > 8] <2 k- exp <_B - (L(l - 9)ka>/ 8) |

where g: {£1Y% — {£1} is a uniformly random odd function and x: (Fo,+) — ({£1},-) is

the non-trivial character.

Proof. Tt is enough to consider p € (0,1/2] since the case p € [1/2,1) can be reduced to the
current case by taking the complement of the bit strings appearing in this analysis. Applying
the Hoeffding bound Fact 2.10.3 yields

R @) pephecpr] £ 2 exp(—C?)

($))1we[pkic-pkﬂ + g,

I["?JJ:NBern(p)®”f l9(x)] = EwNBinom(k,p) [Q(X

k
= ]EwNBinom(k,p) {9<X®
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where the last equality follows from choosing C' = 6+/pk and the assumption that 6§ >

V/10g(2/8)/V/pk.

Since p < 1/2, (= (L(l—g) J) is a lower bound on the number of binary strings of the

.p-k
Boolean k-hypercube in a single layer of Hamming weight in the interval [pk + C - pk]. A
second application of the Hoeffding bound Fact 2.10.3 gives that the bias within this layer

is

2 [Exeﬂ?’;: )= {9(X®k($))H > 5/2} <2-exp (8% (/8).

By union bound over the layers the result follows. [ ]

2.10.3 Derandomaization

We show how to derandomize the list decoding framework (which amounts to derandom-
ize Algorithm 2.6.29) when the lifting function is a parity sampler and it satisfies a bounded
degree condition (cf Eq. (2.17)). We observe that this is the setting of our two concrete
instantiations, namely, for HDXs and expander walks. In the former case, we work with
D-flat distributions and in the latter case with walk length and graph degree that are both
functions of €. Roughly speaking, we show that replacing a random sample by the majority

works as long as parity sampling is sufficiently strong.

Lemma 2.10.5 (Majority Word). Let z* € {£1}X(1) where X(1) = [n]. Suppose that

Y= dSUHlX(k)(Z*) satisfy
Eenfz)(50} [Ear,zis - dsum(z)s] >3-,

and

L 53] < g(ng). (2.17)

If also dsum gy is a (1=¢&, 2¢e)-parity sampler for some & € (0,1), & > 2exp (—C 2. g(e)?- n) =
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on(1) where C' > 0 is an universal constant and £ > 1/(n(1 — & — op(1))), then

’Eze[n]zék : ZZ/’ >1-— 7\/%,

where 2’ € {£1}" is the majority defined as z, = argmaxpc (41} Pr{Z®|(5 )}[Zi =0l

Proof. Define f(z) = ‘Eswnky;" : dsum(z)s‘. Then, using Eq. (2.17) we claim that f(z) is

O(g(€)/n)-Lipschitz with respect to ¢1 since

EORN OIS oSS ST NEEE R C2) AN

iex(n) Mk

Since the underlying distribution of {Z®|( S,0)} 1s a product distribution on {£1}" and

f is O(g(¢)/n)-Lipschitz, applying Hoeffding’s inequality yields

U << B |[fE) ~ Eaggey g, /)] 2 €| < exp (-0(E) ),

P
2 AZ%](5,0)} 2 AZ%(5,0)}

where ¢/(e) = €2 - g(e)?.

Using the assumption that dsum is a (1 — £, 2¢)-parity sampler, we obtain
E.o(z8] ) [ (521 2 1= €= 2exp (~0(¢ () - ).
By Jensen’s inequality,
* 2 * 2 ! 2
E.(26] 50} (25 0)°] 2 (Banzo) g,y (5 2) 2 (1€~ 2exp (-O(d/ () - m)))>.
Using indepdence, we get
E E *rizi2t] <E B[4 E [2,] 2%+ = (Bye 2°E [2])° + —
25,0} [Bijein) #0275 ] < Bijel R IR [3] 2 + 0 = (Biggu2fElal) +
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Thus, in particular ’Eie[n]Z;E [ZZ]’ >(1—-¢&—op(1)) —1/((1 =& —op(1l))n) > 1 — 3¢ which

implies
1-3¢< Eie[n]Z* ( Pr [Z,=1]— Pr [Z; = —1])‘
|(S o) ‘(510)
< Ejcpy | Pr [2; =1] = Pr [Z; = —1]
l(S,0) (S,0)
Since
Bicpl | Pr [Zi=1 - PriZ;= 1] <3¢
(S,0) (S,0)

Markov’s inequality yields

P

i€[n] -y

Pr [Z, =1]— Pr [Z; = —1]
(5,0 |(S,0)

Now, let 2/ € {1}" be as in the statement of the lemma. Then,

1= 3¢ — 4/ < [Bypuar - 2]

Hence, we conclude that ‘Eie[n] z zé‘ >1-7E€. [

Remark 2.10.6. The parity sampling requirement might be slightly stronger with this deran-
domized version but it does not change the asymptotic nature of our results. More precisely,

we are only asking for (1 — &, 2e)-parity sampler for a different constant value £ > 0.
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CHAPTER 3
UNIQUE DECODING OF EXPLICIT e-BALANCED CODES
NEAR THE GILBERT-VARSHAMOYV BOUND

This chapter is joint work with Fernando Granha Jeronimo, Shashank Srivastava, and Mad-

hur Tulsiani that originally appeared in [JQST20].

3.1 Introduction

Binary error correcting codes have pervasive applications [Gurl0, GRS19] and yet we are
far from understanding some of their basic properties [Gur09]. For instance, until very
recently no explicit binary code achieving distance 1/2 — ¢/2 with rate near Q(e2) was
known, even though the existence of such codes was (non-constructively) established long
ago [Gil52, Var57] in what is now referred as the Gilbert—Varshamov (GV) bound. On the
impossibility side, a rate upper bound of O(e2 log(1/¢)) is known for binary codes of distance
1/2 —¢/2 (e.g., [Del75, MRRWT77, NS09)]).

In a breakthrough result [T'S17], Ta-Shma gave an explicit construction of binary codes
achieving nearly optimal distance versus rate trade-off, namely, binary codes of distance
1/2 — £/2 with rate Q(e217) where 3 vanishes as ¢ vanishes.! Actually, Ta-Shma obtained
e-balanced binary linear codes, that is, linear binary codes with the additional property
that non-zero codewords have Hamming weight bounded not only below by 1/2 — ¢/2
but also above by 1/2 + ¢/2, and this is a fundamental property in the study of pseudo-
randomness [NN90, AGHP92].

While the codes constructed by Ta-Shma are explicit, they were not known to admit
efficient decoding algorithms, while such results are known for codes with smaller rates. In

particular, an explicit binary code due to Guruswami and Rudra [GR06] is known to be even

1. In fact, Ta-Shma obtained 3 = 8(e) = ©(((loglog1/¢)/log1/¢)'/3) and thus lim. o B(g) = 0.
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list decodable at an error radius 1/2 —e with rate Q(e3). We consider the following question:
Do explicit binary codes near the GV bound admit an efficient decoding algorithm?

Here, we answer this question in the affirmative by providing an efficient unique decod-
ing algorithm for (essentially) Ta-Shma’s code construction, which we refer to as Ta-Shma
codes.2 More precisely, by building on Ta-Shma’s construction and using our unique decod-

ing algorithm we have the following result.

Theorem 3.1.1 (Unique Decoding). For every e > 0 sufficiently small, there are explicit

binary linear Ta-Shma codes C . 3 C IF%V for infinitely many values N € N with
(i) distance at least 1/2 —¢/2 (actually e-balanced),

(ii) rate QUe2P) where B = O(1/(logy(1/e))Y/6), and

(17i) a unique decoding algorithm with running time N O5(1).

Furthermore, if instead we take 3 > 0 to be an arbitrary constant, the running time becomes

(log(1/£))0M) . NOs() (fized polynomial time).

We can also perform “gentle” list decoding in the following sense (note that this partially

implies Theorem 3.1.1).

Theorem 3.1.2 (Gentle List Decoding). For every e > 0 sufficiently small, there are explicit

binary linear Ta-Shma codes Cy . 3 C IF%V for infinitely many values N € N with
(i) distance at least 1/2 —¢/2 (actually e-balanced),
(ii) rate Q2P where B = O(1/(logs(1/2))1/%), and

(7ii) a list decoding algorithm that decodes within radius 1/2 — 2—6((0g2(1/e)"%) iy pime

Nos,ﬁ(l) .

2. By “efficient”, we mean polynomial time. Given the fundamental nature of the problem of decoding
nearly optimal binary codes, it is an interesting open problem to make these techniques viable in practice.
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We observe that the exponent in the running time N Oc,5(1) appearing in Theorem 3.1.1
and Theorem 3.1.2 depends on e. This dependence is no worse than O(loglog(1/¢)), and if
f > 0 is taken to be an arbitrarily constant (independent of ¢), the running time becomes
(log(1/¢))°M) . N9 Avoiding this dependence in the exponent when 8 = B(e) is an
interesting open problem. Furthermore, obtaining a list decoding radius of 1/2—¢/2 in The-
orem 3.1.2 with the same rate (or even Q(¢?)) is another very interesting open problem and

related to a central open question in the adversarial error regime [Gur09].

Direct sum codes. Our work can be viewed within the broader context of developing
algorithms for the decoding of direct sum codes. Given a (say linear) code C C F} and a

collection of tuples W C [n]?, the code dsumyy (C) with block length |WW| is defined as
dsumyy (C) = {(zw; + 2wy + -+ + 2w Jwew | 2 € C}.

The direct sum operation has been used for several applications in coding and complexity
theory [ABNT92, IW97, GI01, IKW09, DS14, DDG ™15, Chal6, DK17, Aro02]. It is easy
to see that if C is gg-balanced for a constant eg, then for any € > 0, choosing W to be
a random collection of tuples of size O(n/e?) results in dsumyy (C) being an e-balanced
code. The challenge in trying to construct good codes using this approach is to find explicit
constructions of (sparse) collections W which are “pseudorandom” enough to yield a similar
distance amplification as above. On the other hand, the challenge in decoding such codes is
to identify notions of “structure” in such collections W, which can be exploited by decoding
algorithms.

In Ta-Shma’s construction [T'S17], such a pseudorandom collection W was constructed
by considering an expanding graph G over the vertex set [n], and generating t-tuples using
sufficiently long walks of length ¢ —1 over the so-called s-wide replacement product of G with
another (small) expanding graph H. Roughly speaking, this graph product is a generalization

of the celebrated zig-zag product [RVWO00] but with s different steps of the zig-zag product
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instead of a single one. Ta-Shma’s construction can also be viewed as a clever way of
selecting a sub-collection of all walks in GG, which refines an earlier construction suggested
by Rozenman and Wigderson [Bogl2] (and also analyzed by Ta-Shma) using all walks of

length t — 1.

Identifying structures to facilitate decoding. For the closely related direct product
construction (where the entry corresponding to w € W is the entire t-tuple (2, ..., 2w;))
which amplifies distance but increases the alphabet size, it was proved by Alon et al.
[ABNT92] that the resulting code admits a unique decoding algorithm if the incidence graph
corresponding to the collection W is a good sampler. Very recently, it was proved by Dinur
et al. [DHK'19] that such a direct product construction admits list decoding if the incidence
graph is a “double sampler”. The results of [DHK"19] also apply to direct sum, but the use
of double samplers pushes the rate away from near optimality.

For the case of direct sum codes, the decoding task can be phrased as a maximum t-
XOR problem with the additional constraint that the solution must lie in C. More precisely,
given g € IFgV within the unique decoding radius of dsumyy (C), we consider the following
optimization problem

argmin A(g, dsumyy (z)),
zeC

where A(+,-) is the (normalized) Hamming distance. While maximum ¢-XOR is in general
hard to solve to even any non-trivial degree of approximation [Has97|, previous work by
the authors [AJQ120] identified a structural condition on W called “splittability” under
which the above constraint satisfaction problem can be solved (approximately) resulting in
efficient unique and list decoding algorithms. However, by itself the splittability condition
is too crude to be applicable to codes such as the ones in Ta-Shma’s construction. The
requirements it places on the expansion of G are too strong and the framework in [AJQ™20]
is only able to obtain algorithms for direct sum codes with rate 9~ (log(1/¢))? < e2th,

The conceptual contribution of this work can be viewed as identifying a different recursive
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structure in direct sums generated by expander walks, which allows us to view the construc-
tion as giving a sequence of codes Cp,Cy, .. .,Cyp. Here, Cy is the starting code C and Cy is the
final desired code, and each element in the sequence can be viewed as being obtained via a
direct sum operation on the preceding code. Instead of considering a “one-shot” decoding
task of finding an element of Cp, this facilitates an iterative approach where at each step we
reduce the task of decoding the code C; to decoding for C;_1, using the above framework
from [AJQT20]. Such an iterative approach with a sequence of codes was also used (in a
very different setting) in a work of Guruswami and Indyk [GIO3] constructing codes over a
large alphabet which are list decodable in linear time via spectral algorithms.

Another simple and well-known (see e.g., [GI04]) observation, which is very helpful in
our setting, is the use of list decoding algorithms for unique decoding. For a code with
distance 1/2 — £/2, unique decoding can be obtained by list decoding at a much smaller
error radius of (say) 1/2 — 1/8. This permits a much more efficient application of the
framework from [AJQ720], with a milder dependence on the expansion of the graphs G and
H in Ta-Shma’s construction, resulting in higher rates. We give a more detailed overview of

our approach in Section 3.3.

Known results for random ensembles. While the focus in this work is on explicit
constructions, there are several known (non-explicit) constructions of random ensembles of
binary codes near or achieving the Gilbert—Varshamov bound (e.g., Table 3.1). Although
it is usually straightforward to ensure the desired rate in such constructions, the distance
only holds with high probability. Given a sample code from such ensembles, certifying
the minimum distance is usually not known to be polynomial time in the block length.
Derandomizing such constructions is also a possible avenue for obtaining optimal codes,
although such results remain elusive to this date (to the best of our knowledge).

One of the simplest constructions is that of random binary linear codes in which the

generator matrix is sampled uniformly. This random ensemble achieves the GV bound with
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high probability, but its decoding is believed to be computationally hard [MMT11].

Much progress has been made on binary codes by using results for larger alphabet
codes [Gur09]. Codes over non-binary alphabets with optimal (or nearly optimal) param-
eters are available [vL99, Sti08, GR06] and thanks to this availability a popular approach
to constructing binary codes has been to concatenate such large alphabet codes with binary
ones. Thommesen [Tho83] showed that by concatenating Reed—Solomon (RS) codes with
random binary codes (one random binary code for each position of the outer RS code) it is
possible to achieve the GV bound. Note that Thommesen codes arise from a more structured
ensemble than random binary linear codes. This additional structure enabled Guruswami
and Indyk [GI0O4] to obtain efficient decoding algorithms for the non-explicit Thommesen
codes (whose minimum distance is not known to admit efficient certification). This kind of
concatenation starting from a large alphabet code and using random binary codes, which
we refer as Thommesen-like, has been an important technique in tackling binary code con-
structions with a variety of properties near or at the GV bound. An important drawback
in several such Thommesen-like code constructions is that they end up being non-explicit
(unless efficient derandomization or brute-force is viable).

Using a Thommesen-like construction, Gopi et al. [GKOT17] showed non-explicit con-
structions of locally testable and locally correctable binary codes approaching the GV bound.
More recently, again with a Thommesen-like construction, Hemenway et al. [HRW17] ob-
tained non-explicit near linear time unique decodable codes at the GV bound improving the
running time of Guruswami and Indyk [GI04] (and also the decoding rates). We summarize
the results discussed so far in Table 3.1.

There are also non-explicit constructions known to achieve list decoding capacity [GROS,
MRRZ"19] (being concatenated or LDPC/Gallager [Gal62] is not an obstruction to achieve
capacity). Contrary to the other results in this subsection, Guruswami and Rudra [Gur05,

GRO06, Gur09], also using a Thommesen-like construction, obtained explicit codes that are
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Binary Code Results near the Gilbert—Varshamov bound
Who? Construction GV Explicit | Concatenated | Decoding Local
[Gil52, Varb7] | existential yes 1no no no n/a
[Tho83| Reed-Solomon + yes no yes no n/a
random binary
[GI04] Thommesen [Tho83] | yes no yes unique decoding n/a
GKO™17] Thommesen-like yes no yes unique decoding LTC/LCC
HRW17] Thommesen-like yes no yes near linear time n/a
unique decoding

[TS17] Expander-based Q28 | yes no no n/a

‘ this paper ‘ Ta-Shma [TS17] ‘ Q(e210) ‘ yes ‘ no ‘ gentle list decoding ‘ n/a

Table 3.1: Binary codes near the GV bound.

efficiently list decodable from radius 1/2—¢ with rate 9(53 ). This was done by concatenating
the so-called folded Reed—Solomon codes with a derandomization of a binary ensemble of

random codes.

Results for non-adversarial error models. All the results mentioned above are for the
adversarial error model of Hamming [Ham50, Gurl10]. In the setting of random corruptions
(Shannon model), the situation seems to be better understood thanks to the seminal result
on explicit polar codes of Arikan [Ari09]. More recently, in another breakthrough Guruswami
et al. [GRY19] showed that polar codes can achieve almost linear time decoding with near op-
timal convergence to capacity for the binary symmetric channel. This result gives an explicit
code construction achieving parameter trade-offs similar to Shannon’s randomized construc-
tion [Sha48] while also admitting very efficient encoding and decoding. Explicit capacity-
achieving constructions are also known for bounded memory channels [SKS19] which restrict

the power of the adversary and thus interpolate between the Shannon and Hamming models.

3.2 Preliminaries and Notation

3.2.1 Codes

We briefly recall some standard code terminology. Given z, 2’ € F%, recall that the relative
Hamming distance between z and 2’ is A(z,2') == ’{z | z; # zé}‘ /n. A binary code is any
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subset C C Fy. The distance of C is defined as A(C) = min,_./ A(z, 2') where 2,2 € C. We
say that C is a linear code if C is a linear subspace of F. The rate of C is logy(|C|)/n.
Instead of discussing the distance of a binary code, it will often be more natural to phrase

results in terms of its bias.

Definition 3.2.1 (Bias). The bias of a word z € FY is defined as bias(z) =

Ejcpp(—1)]-

The bias of a code C is the mazimum bias of any non-zero codeword in C.

Definition 3.2.2 (s-balanced Code). A binary code C is e-balanced if bias(z + 2') < e for

every pair of distinct z, 2 € C.

Remark 3.2.3. For linear binary code C, the condition bias(C) < € is equivalent to C being

an e-balanced code.

3.2.2  Direct Sum Lifts

Starting from a code C C F4, we amplify its distance by considering the direct sum lifting
operation based on a collection W (k) C [n]¥. The direct sum lifting maps each codeword of

C to a new word in F|2W(k)| by taking the k-XOR of its entries on each element of W (k).

Definition 3.2.4 (Direct Sum Lifting). Let W (k) C [n]*. For z € FY, we define the direct
sum lifting as dsumW(k)(z) =y such that ys = Y jcs 2 for all s € W (k). The direct sum

lifting of a code C C FY is

dsumyy () (C) = {dsumyy () (2) | z € C}.

We will omit W (k) from this notation when it is clear from context.

Remark 3.2.5. We will be concerned with collections W (k) C [n]k arising from length-
(k — 1) walks on expanding structures (mostly on the s-wide replacement product of two

expander graphs).
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We will be interested in cases where the direct sum lifting reduces the bias of the base
code; in [TS17], structures with such a property are called parity samplers, as they emulate

the reduction in bias that occurs by taking the parity of random samples.

Definition 3.2.6 (Parity Sampler). A collection W (k) C [n)¥ is called an (e, ¢)-parity

sampler if for all z € F§ with bias(z) < ¢g, we have bias(dsumw(k)(z)) <e.

3.2.3 Linear Algebra Conventions

All vectors considered in this paper are taken to be column vectors, and are multiplied on
the left with any matrices or operators acting on them. Consequently, given an indexed
sequence of operators Gy, ..., Gy, (with k1 < kg) corresponding to steps k1 through kg of a

walk, we expand the product Hfi K, Gi as

ko
H Gi = sz---Gk

1=k

1"

Unless otherwise stated, all inner products for vectors in coordinate spaces are taken to be
with respect to the (uniform) probability measure on the coordinates. Similarly, all inner
products for functions are taken to be with respect to the uniform measure on the inputs.

All operators considered in this paper are normalized to have singular values at most 1.

3.3 Proof Overview

The starting point for our work is the framework developed in [AJQ™"20] for decoding direct
sum codes, obtained by starting from a code C C F4 and considering all parities corre-
sponding to a set of t-tuples W(t) C [n]'. Ta-Shma’s near optimal e-balanced codes are
constructed by starting from a code with constant rate and constant distance and consid-
ering such a direct sum lifting. The set of tuples W (¢) in his construction corresponds to

a set of walks of length ¢ — 1 on the s-wide replacement product of an expanding graph G
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with vertex set [n] and a smaller expanding graph H. The s-wide replacement product can
be thought of here as a way of constructing a much smaller pseudorandom subset of the set
of all walks of length ¢ — 1 on GG, which yields a similar distance amplification for the lifted

code.

The simplified construction with expander walks. While we analyze Ta-Shma’s con-
struction later in the paper, it is instructive to first consider a W (t) simply consisting of all
walks of length t — 1 on an expander. This construction, based on a suggestion of Rozenman
and Wigderson [Bogl2|, was also analyzed by Ta-Shma [TS17] and can be used to obtain
e-balanced codes with rate Q(E4+O(1)). It helps to illustrate many of the conceptual ideas
involved in our proof, while avoiding some technical issues.

Let G be a d-regular expanding graph with vertex set [n| and the (normalized) second
singular value of the adjacency operator Ag being X. Let W (t) C [n]' denote the set of
t-tuples corresponding to all walks of length ¢t — 1, with N = [W ()| = n - d~!. Ta-Shma

proves that for all z € FY, W(t) satisfies
bias(z) < g9 = bias(dsumy4(2)) < (g0 + 2)\)L(t—1)/2J :

i.e., W(t) is an (c0,¢)-parity sampler for e = (g + 2A)[E=1/2] " Choosing £y = 0.1 and
A = 0.05 (say), we can choose d = O(1) and obtain the e-balanced code C’ = dsumyy(4(C)

with rate ¢~ (1) = 0(1) (although the right constants matter a lot for optimal rates).

Decoding as constraint satisfaction. The starting point for our work is the framework
in [AJQ120] which views the task of decoding § with A(C’, ) < (1 —¢)/4 — & (where the
distance of C’' is (1 — ¢)/2) as an instance of the MAX t-XOR problem (see Fig. 3.1). The

goal is to find

argmin A (dsumW(t)(z), y]) ,
zeC
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which can be rephrased as

argmax E

Ty, 0. —& .
zeC  w=(i1,...,it) EW(t) Liy tziy =}

It is possible to ignore the condition that z € C if the collection W (t) is a slightly stronger

parity sampler. For any solution Z € F§ (not necessarily in C) such that

1—¢

A(dsumw(t) (2) , y) <

+9,

we have
1—¢
2

A(dsumyy 4 (%), dsumyy () (2)) <

by the triangle inequality, and thus bias(dsumyy ;) (2 — 2)) > e. If W(¢) is not just an (g9, €)-
parity sampler, but in fact a ((1 4 €g)/2, €)-parity sampler, this would imply bias(z — 2) >
(14 €9)/2. Thus, A(z,2) < (1 —eg)/4 (or A(z,2) < (1 —¢gg)/4) and we can use a unique

decoding algorithm for C to find z given Z.

[ Small approximation error §

. “~ _(comparable to €)
Unique decoding radius

(1/4—¢/4)

Figure 3.1: Unique decoding ball along with error from approximation.

The task of finding such a z € C boils down to finding a solution Z € F§ to a MAX t-XOR
instance, up to a an additive loss of O(d) in the fraction of constraints satisfied by the optimal
solution. While this is hard to do in general [Has01, Gri01], [AJQ*20] (building on [AJT19])
show that this can be done if the instance satisfies a special property called splittability. To

define this, we let W([t1, 9] C [n]f271+1 denote the collection of (to —t1 + 1)-tuples obtained
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by considering the indices between t1 and t9 for all tuples in W (t). We also assume that
all w € Wty,t9] can be extended to the same number of tuples in W (¢) (which is true for

walks).

Definition 3.3.1 (Splittability (informal)). A collection W (t) C [n]t is said to be T-

splittable, if t = 1 (base case) or there exists t' € [t — 1] such that:

1. The matriz S € RWILTIXWIESLI gefined by S(w,w') = Liywewy has normalized

second singular value at most T (where ww' denotes the concatenated tuple).

2. The collections W[1,t'] and W[t' + 1,t] are T-splittable.

For example, considering walks in G of length 3 (t = 4) and ¢ = 2, we get that W[1,2] =
W([3,4] = E, the set of oriented edges in G. Also S(w,w’) = 1 if and only if the second
vertex of w and first vertex of w’ are adjacent in G. Thus, up to permutation of rows and
columns, we can write the normalized version of S as Ag ® J;/d where Ag is normalized
adjacency matrix of G and J; denotes the d x d matrix of 1s. Hence such a W (t) satisfies
02(S) < 7 with 7 = 02(Aq), and a similar proof works for walks of all lengths.

The framework in [AJQ120] and [AJT19] gives that if W (t) is 7-splittable for 7 =
(6/21Y0() | then the above instance of MAX t-XOR can be solved to additive error O(8)
using the Sum-of-Squares (SOS) SDP hierarchy. Broadly speaking, splittability allows one
to (recursively) treat instances as expanding instances of problems with two “tuple variables”
in each constraint, which can then be analyzed using known algorithms for 2-CSPs [BRS11,
GS11] in the SOS hierarchy. Combined with parity sampling, this yields a unique decoding
algorithm. Crucially, this framework can also be extended to perform list decoding up to
a radius of 1/2 — y/e — ¢ under a similar condition on 7, which will be very useful for our

application.3

3. While unique decoding can be thought of as recovering a single solution to a constraint satisfaction
problem, the goal in the list decoding setting can be thought of as obtaining a “sufficiently rich” set of
solutions which forms a good cover. This is achieved in the framework by adding an entropic term to the
semidefinite program, which ensures that the SDP solution satisfies such a covering property.
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While the above can yield decoding algorithms for suitably expanding G, the require-
ment on 7 (and hence on ) makes the rate much worse. We need § = O(e) (for unique

Q(l), yielding

decoding) and ¢t = O(log(1/¢)) (for parity sampling), which requires A = ¢
only a quasipolynomial rate for the code (recall that we could take A = O(1) earlier yielding

polynomial rates).

Unique decoding: weakening the error requirement. We first observe that it is
possible to get rid of the dependence § = O(e) above by using the list decoding algorithm
for unique decoding. It suffices to take § = 0.1 and return the closest element from the the
list of all codewords up to an error radius 1/2 — /e — 0.1, if we are promised that A(g,C) is
within the unique decoding radius (see Fig. 3.2). However, this alone does not improve the

rate as we still need the splittability (and hence A) to be 27 ") with ¢ = O(log(1/¢)).

/
Unique decoding radius

C(1/a-2/1)

-1 ____, Constant approximation
List decoding radius \—j/ error (0.1)
(1/2 = ve)

Figure 3.2: Unique decoding and list decoding balls along with error from approximation.
Note that the list decoding ball contains the unique decoding ball even after allowing for a
relatively large amount of error.

Code cascades: handling the dependence on walk length. To avoid the dependence

of the expansion on the length ¢t — 1 of the walk (and hence on ), we avoid the “one-shot”
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decoding above, and instead consider a sequence of intermediate codes between C and C’.
Consider the case when t = k2, and instead of computing ¢-wise sums of bits in each z € F%,
we first compute k-wise sums according to walks of length £ —1 on G, and then a k-wise sum
of these values. In fact, the second sum can also be thought of as arising from a length £ —1
walk on a different graph, with vertices corresponding to (directed) walks with k vertices in
G, and edges connecting w and w’ when the last vertex of w is connected to the first one
in w’ (this is similar to the matrix considered for defining splittability). We can thus think
of a sequence of codes Cy,C1,Co with Cp = C and Cy = C’, and both C; and Cy being k-wise
direct sums. More generally, when ¢t = k! for an appropriate constant k£ we can think of a
sequence C = Cy,C1,...,Cp = C', where each is an k-wise direct sum of the previous code,
obtained via walks of length & — 1 (hence k vertices) in an appropriate graph. We refer to

such sequences (defined formally in Section 3.5) as code cascades (see Fig. 3.3).

dsum dsum
G |——|C |— -+ —|Ci—1 C; e — | Cy

Crude parity sampling via Markov chain walk

Refined parity sampling via Ta-Shma’s walk

Figure 3.3: Code cascading.

Instead of applying the decoding framework above to directly reduce the decoding of a
corrupted codeword from C’ to the unique decoding problem in C, we apply it at each level
of a cascade, reducing the unique decoding problem in C; to that in C;_q1. If the direct sum

at each level of the cascade is an (ng, n)-parity sampler, the list decoding algorithm at radius
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1/2 — /n suffices for unique decoding even if 7 is a (sufficiently small) constant independent
of €. This implies that we can take k to be a (suitably large) constant. This also allows
the splittability (and hence \) to be 9-0(k) = (1), yielding polynomial rates. We present,
the reduction using cascades in Section 3.6 and the parameter choices in Section 3.8. The
specific versions of the list decoding results from [AJQT20] needed here are instantiated in
Section 3.9.

While the above allows for polynomial rate, the running time of the algorithm is still
exponential in the number of levels ¢ (which is O(logt) = O(loglog(1/¢))) since the list
decoding for each level potentially produces a list of size poly(n), and recursively calls the
decoding algorithm for the previous level on each element of the list. We obtain a fixed poly-
nomial time algorithm by “pruning” the list at each level of the cascade before invoking the
decoding algorithm for the previous level, while only slightly increasing the parity sampling

requirements. The details are contained in Section 3.6.

Working with Ta-Shma’s construction. Finally, to obtain near-optimal rates, we need
to work with with Ta-Shma’s construction, where the set of tuples W (t) C [n] corresponds
to walks arising from an s-wide replacement product of G with another expanding graph H.
One issue that arises is that the collection of walks W (t) as defined in [T'S17] does not satisfy
the important splittability condition required by our algorithms. However, this turns out to
be easily fixable by modifying each step in Ta-Shma’s construction to be exactly according
to the zig-zag product of Reingold, Vadhan and Wigderson [RVW00]. We present Ta-Shma’s
construction and this modification in Section 3.4.

We also verify that the tuples given by Ta-Shma’s construction satisfy the conditions for
applying the list decoding framework, in Section 3.7. While the sketch above stated this
in terms of splittability, the results in [AJQT20] are in terms of a more technical condition
called tensoriality. We show in Section 3.7 that this is indeed implied by splittability, and

also prove splittability for (the modified version of) Ta-Shma’s construction.
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3.4 Ta-Shma’s Construction: A Summary and Some Tweaks

In this section, we first discuss the s-wide replacement product that is central to Ta-Shma’s
construction of optimal e-balanced codes, and then we describe the construction itself (we
refer the reader to [TS17] for formal details beyond those we actually need here).

As mentioned before, we will also need to modify Ta-Shma’s construction [T'S17] a little to
get splittability which is a notion of expansion of a collection W (k) C [n]¥ (and it is formally
defined in Definition 3.7.9). The reason for this simple modification is that this splittability
property is required by the list decoding framework. Note that we are not improving the
Ta-Shma code parameters; in fact, we need to argue why with this modification we can
still achieve Ta-Shma’s parameters. Fortunately, this modification is simple enough that we
will be able to essentially reuse Ta-Shma’s original analysis. In Section 3.4.3, we will also
have the opportunity to discuss, at an informal level, the intuition behind some parameter
trade-offs in Ta-Shma codes which should provide enough motivation when we instantiate

these codes in Section 3.8.

3.4.1 The s-wide Replacement Product

Ta-Shma’s code construction is based on the so-called s-wide replacement product [TS17].
This is a derandomization of random walks on a graph G that will be defined via a product
operation of G with another graph H (see Definition 3.4.2 for a formal definition). We will
refer to G as the outer graph and H as the inner graph in this construction.

Let G be a dy-regular graph on vertex set [n] and H be a da-regular graph on vertex set
[d1]®, where s is any positive integer. Suppose the neighbors of each vertex of G are labeled
1,2, ..., dy. For v € V(G), let vg[j] be the j-th neighbor of v. The s-wide replacement
product is defined by replacing each vertex of G with a copy of H, called a “cloud”. While
the edges within each cloud are determined by H, the edges between clouds are based on the

edges of GG, which we will define via operators Gg, G1, ..., Ggs_1. The i-th operator G; specifies
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one inter-cloud edge for each vertex (v, (ag,...,as—1)) € V(G) x V(H), which goes to the
cloud whose G component is v[a;], the neighbor of v in G indexed by the i-th coordinate
of the H component. (We will resolve the question of what happens to the H component
after taking such a step momentarily.)

Walks on the s-wide replacement product consist of steps with two different parts: an
intra-cloud part followed by an inter-cloud part. All of the intra-cloud substeps simply move
to a random neighbor in the current cloud, which corresponds to applying the operator
| ® Apr, where Ap is the normalized adjacency matrix of H. The inter-cloud substeps are
all deterministic, with the first moving according to Gg, the second according to Gp, and so
on, returning to Gq for step number s + 1. The operator for such a walk taking ¢ — 1 steps

on the s-wide replacement product is

t—2

H Gi mod s(l ® AH)'
=0

Observe that a walk on the s-wide replacement product yields a walk on the outer graph
G by recording the G component after each step of the walk. The number of (¢ — 1)-step

walks on the s-wide replacement product is
V(G- V()| -dy™t = n-di - dg

since a walk is completely determined by its intra-cloud steps. If do is much smaller than
dy and t is large compared to s, this is less than ndtl_l, the number of (¢t — 1)-step walks on
G itself. Thus the s-wide replacement product will be used to simulate random walks on G
while requiring a reduced amount of randomness (of course this simulation is only possible
under special conditions, namely, when we are uniformly distributed on each cloud).

To formally define the s-wide replacement product, we must consider the labeling of

neighbors in G more carefully.
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Definition 3.4.1 (Rotation Map). Suppose G is a dy-regular graph on [n]. For each v € [n]
and j € [d1], let va[j] be the j-th neighbor of v in G. Based on the indezing of the neighbors

of each vertex, we define the rotation map rotg: [n] x [d1] — [n] X [d1] such that for every

(v,4) € [n] x [di],

rotg((v,5)) = (', j') & vglj] = v and vg i) = v.

Furthermore, if there exists a bijection ¢: [d1] — [d1] such that for every (v, j) € [n] x [d1],

rotg((v,4)) = (valil, (9));

then we call rot locally invertible.

If G has a locally invertible rotation map, the cloud label after applying the rotation map
only depends on the current cloud label, not the vertex of G. In the s-wide replacement
product, this corresponds to the H component of the rotation map only depending on a
vertex’s H component, not its G component. We define the s-wide replacement product
as described before, with the inter-cloud operator G; using the i-th coordinate of the H

component, which is a value in [d1], to determine the inter-cloud step.
Definition 3.4.2 (s-wide replacement product). Suppose we are given the following:

o A dy-regular graph G = ([n], E) together with a locally invertible rotation map rotq: [n]x
[d1] = [n] x [da].

o A do-regular graph H = ([d1]*, E').
And we define:

e Forie{0,1,...,s—1}, we define Rot;: [n] x [d1]® — [n] x [d1]* as, for every v € [n]
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and (ag,...,as—1) € [d1]?,

Rot;((v, (ag, ...,a5—1))) = (v/, (agy---,a;_1, a;, it ls-eyUs—1))s

where (V/, a) = rotg(v, a;).

Denote by G; the operator realizing Rot; and let Ag be the normalized random walk
operator of H. Note that G; is a permutation operator corresponding to a product of

transpositions.

Then t — 1 steps of the s-wide replacement product are given by the operator

t—2

H Gz' mod s(l ® AH)‘
1=0

Ta-Shma instantiates the s-wide replacement product with an outer graph G that is a

Cayley graph, for which locally invertible rotation maps exist generically.

Remark 3.4.3. Let R be a group and A C R where the set A is closed under inversion. For

every Cayley graph Cay(R, A), the map ¢: A — A defined as p(g) = g1 gives rise to the

locally invertible rotation map

rOtCay(R,A)«T? a)) = (r - a, @_1)7

for everyr € R, a € A.

3.4.2 The Construction

Ta-Shma’s code construction works by starting with a constant bias code Cp in F5 and

boosting to arbitrarily small bias using direct sum liftings. Recall that the direct sum lifting

is based on a collection W (t) C [n]?, which Ta-Shma obtains using ¢ — 1 steps of random walk
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Figure 3.4: An example of the 1-wide replacement product with outer graph G = K5 and
inner graph H = (4. Vertices are labeled by their H components. Note that the rotation
map is locally invertible, with ¢(1) =2, p(2) =1, ¢(3) =4, and ¢(4) = 3.

on the s-wide replacement product of two regular expander graphs G and H. The graph G
is on n vertices (same as blocklength of the base code) and other parameters like degrees d
and do of G and H respectively are chosen based on target code parameters.

To elaborate, every t — 1 length walk on the replacement product gives a sequence of ¢
outer vertices or G-vertices, which can be seen as an element of [n]¢. This gives the collection
W(t) with [W ()| =n-dj - dg_l which means the rate of lifted code is smaller than the rate
of Cy by a factor of di déﬁl. However, the collection W (t) is a parity sampler and this means
that the bias decreases (or the distance increases). The relationship between this decrease
in bias and decrease in rate with some careful parameter choices allows Ta-Shma to obtain

nearly optimal e-balanced codes.
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3.4.3 Tweaking the Construction

Recall the first s steps in Ta-Shma’s construction are given by the operator
Gs—1(1® Ap)Gs—2---G1(12 Ag)Go(l @ Ap).

Naively decomposing the above operator into the product of operators Hf;& G;(I®Af) is not
good enough to obtain the splittability property which would hold provided o9(G;(I ® Ag))
was small for every ¢ in {0,...,s —1}. However, each G;(I ® Ag) has |V (G)| singular values
equal to 1 since G; is an orthogonal operator and (I ® Agr) has |V(G)| singular values equal

to 1. To avoid this issue we will tweak the construction to be the following product

s—1

[[U®AL)G(1®Ag).
1=0

The operator (1 @ Ap)G;(1 ® Apr) is exactly the walk operator of the zig-zag product
G@H of G and H with a rotation map given by the (rotation map) operator G;. This
tweaked construction is slightly simpler in the sense that G @) H is an undirected graph. We
know by the zig-zag analysis that (I ® Ag)G;(l ® Ag) is expanding as long G and H are

themselves expanders. More precisely, we have a bound that follows from [RVWO00].

Fact 3.4.4. Let G be an outer graph and H be an inner graph used in the s-wide replacement

product. For any integer 0 <i < s —1,
o2 (19 Ag)Gi(1© Ag)) < 09(G) + 2 oo(H) + oo(H).

This bound will imply splittability as shown in Section 3.7.2. We will need to argue that
this modification still preserves the correctness of the parity sampling and that it can be
achieved with similar parameter trade-offs.

The formal definition of a length-t walk on this slightly modified construction is given
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below.

Definition 3.4.5. Let t € N, G be a dy-regular graph and H be a da-regular graph on di
vertices. Given a starting vertex (v,h) € V(G) x V(H), a (t —1)-step walk on the tweaked s-
wide replacement product of G and H is a tuple ((vo, ho), - .., (vi—1, hi—1)) € (V(G)x V(H))!

such that
e (vo,ho) = (v, h), and

o for every 0 < i <t—1, we have (v;, h;) adjacent to (vi11,hir1) N 1QAH)G; mod s(1®

Ag).

Note that each (1@ Ap)Gi mod (1 @ Agr) is a walk operator of a d3-regular graph. Therefore,
the starting verter (v,h) together with a degree sequence (my,...,m¢) € [d3]P=1 uniquely

defines a (t — 1)-step walk.

Parity Sampling

We argue informally why parity sampling still holds with similar parameter trade-offs. Later
in Section 3.4.3, we formalize a key result underlying parity sampling and, in Section 3.8, we
compute the new trade-off between bias and rate in some regimes. In Section 3.4.1, the def-
inition of the original s-wide replacement product as a purely graph theoretic operation was
given. Now, we explain how Ta-Shma used this construction for parity sampling obtaining
codes near the GV bound.

For a word z € IF;/ (@) in the base code, let P, be the diagonal matrix, whose rows and
columns are indexed by V(G) xV(H), with (P2)(, 4) (»,n) = (—=1)*. Proving parity sampling

requires analyzing the operator norm of the following product

s—1

P. [[ 1®@AR)GP.(1®Ag), (3.1)
i=0
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when bias(z) < ¢eg. Let 1 € RYV(G)xV(H) be the all-ones vector and W be the collection of
all (t — 1)-step walks on the tweaked s-wide replacement product. Ta-Shma showed (and it
is not difficult to verify) that

t—2
bias (dsumyy(z)) = <1, P. ] 0 ®AH)G; mod sP-(1® AH)1>

1=0

From the previous equation, one readily deduces that

s—1 L(t=1)/s]
bias (dsumyy (2)) < o1 (PZ II (@ Ag)GP.(I1® AH)) :

1=0
Set B := P, Hf;& (1® Ag)G;P.(1 ® Agr). To analyze the operator norm of B, we will first
need some notation. Note that B is an operator acting on the space V = RV (G) @ RVH).

Two of its subspaces play an important role in the analysis, namely,
wil = span{a ® b € RV () g RV (H) |b=1} and Wt = (W”)J‘.

Note that the complement subspace is with respect to the standard inner product. Observe
that V = Wl @ WL, Given arbitrary unit vectors v,w € V, Ta-Shma considers the inner

product

<U, 81:[1 (1®Ag)GP.(I® AH)w> . (3.2)

1=0
Each time an operator (I ® Ag) appears in the above expression, the next step of the walk
can take one out of do possibilities and thus the rate suffers a multiplicative decrease of
1/ds. We think that we are “paying” ds for this step of the walk. The whole problem lies in
the trade-off between rate and distance, so the crucial question now is how much the norm
decreases as we pay do. For a moment, suppose that the norm always decreases by a factor
of A9 = 09(H) per occurrence of (I ® Ag). If in this hypothetical case we could further

assume Ao = 1/1/dp, then if B was a product containing [logy, (¢)] factors of (I® Ap), the
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final bias would be at most € and the rate would have suffered a multiplicative decrease of
(essentially) €2 and we would be done.

Of course, this was an oversimplification. The general strategy is roughly the above, but
a beautiful non-trivial step is needed. Going back to the bilinear form Eq. (3.2), if w € wt
(or v € WL), we pay do and we do obtain a norm decrease of \g9. More generally, note
that can decompose w = wll + wt with wl € Wil and wt e Wt (decompose v = oll 4+ vt

similarly) and we can carry this process iteratively collecting factors of Ag. However, we are

stuck with several terms of the form for 0 < k1 < k9 < s,

kg
<v£1, I (1@ Ar)GP:(1® AH)U’/U32> ,

1=k

with Vg Wk, € WH, and for which the preceding naive norm decrease argument fails. This
is the point in the analysis where the structure of the s-wide replacement product is used.
Since v,'ll , w,|€|2 € W”, these vectors are uniform on each “cloud”, i.e., copy of H. Recall that
a vertex in H is an s-tuple (my,...,mg) € [d1]®. Ta-Shma leverages the fact of having a

uniform such tuple to implement ko — k1 + 1 (up to s) steps of random walk on G. More

precisely, Ta-Shma obtains the following beautiful result:

Theorem 3.4.6 (Adapted from Ta-Shma [T'S17]). Let G be a locally invertible graph of
degree d1, H be a Cayley graph on F;logdl, and 0 < k1 < ko < s be integers. If l=v@1

and wl = w® 1, then

ko
<U||’ I] Gi(l® AH)Pzw|> — <U, (AM,)k2—k1+1 w>

i=k1

where M, € RV(GXV(G) s the diagonal matriz defined as (M, )y == (—1)% for v e V(G).

)

Remark 3.4.7. Note that the walk operator in this theorem corresponds to the original con-

struction. Theorem 3.4.6 was used by Ta-Shma to obtain Fact 3.4.9 whose Corollary 3.4.10
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corresponds to the modified construction.

Ta-Shma proved Theorem 3.4.6 under the more general condition that H is O-pseudorandom.
Roughly speaking, this property means that if we start with a distribution that is uniform
over the clouds, and walk according to fixed H-steps jg,j1, - ,Js—1, then the distribution
of G-vertices obtained will be identical to the distribution obtained if we were doing the
usual random walk on GG. We will always choose H to be a Cayley graph on Fg log dl, which
will imply that H is also O-pseudorandom. The proof of Theorem 3.4.6 crucially uses the
product structure of F; logdi, every vertex of H can be represented by s registers of log d
bits each, and both inter-cloud and intra-cloud steps can be seen as applying register-wise
bijections using some canonical mapping between [d] and F;Og .

Ta-Shma’s original parity sampling proof required g + 260 + 209(G) < o9(H)?, where &g
is the initial bias and @ is an error parameter arising from a number theoretic construction
of Ramanujan graphs for the outer graph G. This is because gy + 20 + 202(G) is the
reduction of bias in every two steps while taking a walk on G (see Theorem 3.5.2). Having
£0+204209(G) < 09(H)? ensured that after establishing Theorem 3.4.6, we were collecting
enough reduction for d% price we paid for two steps. In the modified construction, we now
have d% possibilities for each step in (I ®A%I) (so d% price for two steps), and so if instead we
have £9420+209(G) < o(H)? in the modified construction, we claim that the correctness of
the parity sampling analysis is preserved as well as (essentially) the trade-off between walk

length and norm decay. Fortunately, Ta-Shma’s parameters decouple and we can choose

parameters to satisfy the above requirement.

Remark 3.4.8. This modification on the s-replacement product of G and H essentially
amounts to taking a different inner graph H which can be factored as H = vVHVH (and is

still 0-pseudorandom,).*

4. The only differences occur at the first and last factors in the product of operators.

125



Spectral Analysis of the Modified Construction

We formally show that we don’t loose much by going from Ta-Shma’s original s-wide product
construction to its tweaked version. The key technical result obtained by Ta-Shma is the
following, which is used to analyze the bias reduction as a function of the total number walk

steps t — 1.

Fact 3.4.9 (Theorem 24 abridged [TS17)). If H is a Cayley graph on F;logdl and ey + 2 -
0+2-09(G) < 09(H)?, then

< o9(H)* +5-09(H) L+ 5% o9(H)* 3,
op

s—1
H PZGZ'(I ® AH)
=0

where P, € RWV(G)xV(H))x(V(G)xV(H)) s the sign operator of a g biased word z € IF;/(G)

defined as a diagonal matriz with (PZ)(v,h)(v,h) = (=1)* for every (v,h) € V(G) x V(H).

We reduce the analysis of Ta-Shma’s tweaked construction to Fact 3.4.9. In doing so, we

only lose one extra step as shown below.

Corollary 3.4.10. If H? is a Cayley graph on F;logdl and ey +2-042-09(G) < o9(H)4,

then

s—1

[[(®AL)P.G(1®Ag)
i=0

<oa(H) T (s—=1)-02(HYD 24 (s — 1) - o9(H?)5 ™4,
op

where P, is the sign operator of an €g-biased word z € F;/(G) as in Fact 3.4.9.

126



Proof. We have

s—1 s—1
[T0@AnP.GI@AL)| <I(I©Am)op | II PGl @AR)|| [IP2Go(l© Ag)llop
i=0 op i=1 op
s—1
< H PzGi(l ® A%{)
i=1 op
< op(H?) T4 (s — 1) 02(H?) 2 + (s — 1)% - o (H?)* 4,
where the last inequality follows from Fact 3.4.9. ]

Remark 3.4.11. We know that in the modified construction H? is a Cayley graph since H

is a Cayley graph.

From this point onward, we will be working exclusively with the modified construction
instead of using it in its original form. Any references to Ta-Shma’s construction or the
s-wide replacement product will actually refer to the modified versions described in this

section.

3.5 Code Cascading

A code cascade is a sequence of codes generated by starting with a base code Cy and recur-

sively applying lifting operations.

Definition 3.5.1. We say that a sequence of codes Cy,C1,...,Cp is a code cascade provided
C; = dsumWi(ti)(Ci_l) for every i € [£]. Each Wj(t;) is a subset of [n;_1]%, where nj_1 =

|Wi_1(t;—1)]| is the block length of the code C;_1.

Let us see how code cascades may be useful for decoding. Suppose we wish to lift the
code Cy to Cp, and there is some W (t) C [ng]? such that C; = dsumyy(4)(Co). In our case of
bias boosting, this ¢ will depend on the target bias e. However, the expansion requirement

of the list-decoding framework of [AJQ120] has a poor dependence on t. A way to work
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around this issue is to go from Cy to Cy via a code cascade as above such that each t; is a
{
constant independent of the final bias but [] ¢; = ¢ (which means ¢ depends on ¢). The final
1=1
code Cy of the cascade is the same as the code obtained from length-(¢ — 1) walks. While

decoding will now become an f¢-level recursive procedure, the gain from replacing ¢ by ¢; will

outweigh this loss, as we discuss below.

3.5.1 Warm-up: Code Cascading Fxpander Walks

We now describe the code cascading construction and unique decoding algorithm in more
detail. Let G = (V, F) be a d-regular graph with uniform distribution over the edges. Let
m be a sufficiently large positive integer, which will be the number of vertices of the walks
used for the lifting between consecutive codes in the cascade. At first, it will be crucial
that we can take m = O(1) so that the triangle inequality arising from the analysis of the
lifting between two consecutive codes involves a constant number of terms. We construct a

recursive family of codes as follows.

e Start with a code Cy which is linear and has constant bias g.

e Define the code C1 = dsumW(m) (Co), which is the direct sum lifting over the collection

W(m) of all length-(m — 1) walks on G using the code Cy.

o Let G; = (Vi, E;) be the (directed) graph where V; is the collection of all walks on

m’ vertices on G with two walks (vy,...,v ;) and (ug, ... ,u,.i) connected iff v _; is

m’L

adjacent to u1 in G.

e Define C; to be the direct sum lifting on the collection W;(m) of all length-(m — 1)

walks on Gj_1 using the code C;_1, i.e., C; = dsumyy, ;) (Ci—1).

e Repeat this process to yield a code cascade Cy,...,Cy.
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Thanks to the definition of the graphs CA}Z and the recursive nature of the construction,
the final code Cy is the same as the code obtained from Cy by taking the direct sum lifting
over all walks on ¢ = m! vertices of G. We can use Ta-Shma’s analysis (building on the ideas
of Rozenman and Wigderson [Bog12]) for the simpler setting of walks over a single expander

graph to determine the amplification in bias that occurs in going from Cy all the way to Cp.

Theorem 3.5.2 (Adapted from Ta-Shma [TS17]). Let C be an eg-balanced linear code, and
let ¢ = dsumW(t) (C) be the direct sum lifting of C over the collection of all length-(t — 1)
walks W (t) on a graph G. Then

bias(C') < (g0 + 209(G)) E=D/2],

If 02(G) < €p/2 and ¢ = [1ogm(210g250(5) —1—3”, taking t = m! > 2logg.,(€) + 3 in
the above theorem shows that the final code Cy is e-balanced. Observe that the required
expansion of the graph G only depends on the constant initial bias g, not on the desired
final bias €. It will be important for being able to decode with better parameters that both
02(G) and m are constant with respect to &; only ¢ depends on the final bias (with more
care we can make 09(G) depend on e, but we restrict this analysis to Ta-Shma’s refined
construction on the s-wide replacement product).

As mentioned before, to uniquely decode Cy we will inductively employ the list decoding
machinery for expander walks from [AJQ720]. The list decoding algorithm can decode a
direct sum lifting ¢’ = dsumW(m) (C) as long as the graph G is sufficiently expanding, the
walk length m — 1 is large enough, and the base code C has an efficient unique decoding
algorithm (see Theorem 3.6.1 for details).

The expansion requirement ultimately depends on the desired list decoding radius of C’,
or more specifically, on how close the list decoding radius is to 1/2. If the distance of C’ is
at most 1/2, its unique decoding radius is at most 1/4, which means list decoding at the

unique decoding radius is at a constant difference from 1/2 and thus places only a constant
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requirement on the expansion of GG. In the case of the code cascade C; = dsumWi (m) (Ci—1),
unique decoding of C; 1 is guaranteed by the induction hypothesis. It is not too difficult to
see that each graph C:'Z will have the same second singular value as (G, so we can uniquely

decode C; if G meets the constant expansion requirement and m is sufficiently large.

3.5.2 Code Cascading Ta-Shma’s Construction

We will now describe how to set up a code cascade based on walks on an s-wide replacement
product. Consider the s-wide replacement product of the outer graph G with the inner graph

H. The first s walk steps are given by the walk operator

s—1

[[e@ARG(®AgL).
i=0

Let Aq1 = (1@ Ap)Gs—2(l @ Apr) - - (1@ Apr)Go(I ® Apg). If the total walk length ¢ — 1 is
a multiple of s, the walks are generated using the operator

(1®AL)Gs1(1@ Ag)As1)=D/s

Here (1@ Ag)Gs—1(1® A ) is used as a “binding” operator to connect two walks containing
s vertices at level Co, s2 vertices at level Cg, and so on. More precisely, we form the following

code cascade.
e (Cp is an ep-balanced linear code efficiently uniquely decodable from a constant radius.

o C1 = dsumyy, (5)(Co), where Wi(s) is the set of length-(s-1) walks given by the operator

(I1®Ag)Gs—2(l®Ap) - (10 Ag)Go(l @ Ap).
(s — 2)th step Oth step

e Cp = dsumyy,(4)(C1), where Wa(s) is the set of length-(s — 1) walks over the vertex set
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W1(s) (with the latter being the set of length-(s—1) walks on the replacement product

graph as mentioned above).

e Ciy1 = dsumWiH(S)(Ci), where W;,1(s) is the set of length-(s — 1) walks over the
vertex set Wi(s).5 Similarly to the cascade of expander walks above, the lift can be
thought of as being realized by taking walks using a suitable operator analogous to CAJZ
Since its description is more technical we postpone its definition (see Definition 3.7.2)

to Section 3.7.2 where it is actually used.

e C; denotes the final code in the sequence, which will later be chosen so that its bias is

at most ¢.
Binding operator Binding operator
HGs_oH HGyH HGs_1H HG4_1H HGys_oH HGyH
(s — 1) steps (s —1) steps
(s — 1) steps

Figure 3.5: Two levels of code cascading for Ta-Shma’s construction involving codes Cy, Cq,
and Co (to make the notation compact we use H to denote | ® Agr).

3.6 Unique Decoding of Ta-Shma Codes

We show how code cascading together with list decoding for each level of the cascade allow
us to obtain an efficient unique decoding algorithm for Ta-Shma’s construction. We obtain
a sequence of results of increasing strength culminating in Theorem 3.1.1 (which we recall

below for convenience). The approach is as follows: we use several different instantiations

5. For simplicity we chose the number of vertices in all walks of the cascade to be s, but it could naturally
be some s; € N depending on .
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of Ta-Shma’s construction, each yielding a value of s (for the s-wide replacement product)
and expansion parameters for the family of outer and inner graphs, and show how the list

decoding framework can be invoked in the associated cascade for each one.

Theorem 3.1.1 (Unique Decoding). For every € > 0 sufficiently small, there are explicit

binary linear Ta-Shma codes C . 3 C IF%V for infinitely many values N € N with
(i) distance at least 1/2 —¢/2 (actually e-balanced),

(ii) rate Q2P where B = O(1/(logs(1/2))1/%), and

(17i) a unique decoding algorithm with running time N O:,5(1).

Furthermore, if instead we take 8 > 0 to be an arbitrary constant, the running time becomes

(log(1/£))0M) . NOs() (fized polynomial time).

In this section, we will fit these objects and tools together assuming the parameters
are chosen to achieve the required rates and the conditions for applying the list decoding
results are satisfied. The concrete instantiations of Ta-Shma codes are done in Section 3.8.
Establishing that the list decoding framework can be applied to this construction is done
in Section 3.7 after which the framework is finally instantiated in Section 3.9.

Ta-Shma uses the direct sum lifting on an s-wide replacement product graph to construct
a family of e-balanced codes Cyy . 3 with rate 9(52+ﬁ ) and finds parameters for such codes to
have the required bias and rate. We will discuss unique decoding results for several versions
of these codes. Throughout this section, we will use collections W (k) which will always
be either the set of walks with k£ = s vertices on an s-wide replacement product graph
(corresponding to the first level of the code cascade), which we denote W[0,s — 1], or a set

of walks where the vertices are walks on a lower level of the code cascade.
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3.6.1 Unique Decoding via Code Cascading

To perform unique decoding we will use the machinery of list decoding from Theorem 3.6.1
(proven later in Section 3.9), which relies on the list decoding framework of [AJQ™20].
Proving that this framework can be applied to Ta-Shma’s construction is one of our technical

contributions.

Theorem 3.6.1 (List decoding direct sum lifting). Let ng € (0,1/4) be a constant, n €
(0,70), and
k> ko(n) = ©(log(1/n)).

Suppose C C FY is an no-balanced linear code and C' = dsumW(k) (C) is the direct sum lifting
of C on a T-splittable collection of walks W (k). There exists an absolute constant K > 0

such that if

778

< k) = ——+
T_TO(na ) K-k-24k7
then the code C' is n-balanced and can be efficiently list decoded in the following sense:

If g is (1/2 — \/m)-close to C', then we can compute the list

L(g,C,C) = {(z,dsumw(k)(z)) | z € C,A(dsumw(k)(z),gj> < 5~ \/ﬁ}

in time

nOW/MMEY) . i)

Y

where f(n) is the running time of a unique decoding algorithm for C. Otherwise, we return

L(§,C,C") = 0 with the same running time of the preceding case.

Note that the requirement on k in the above theorem is necessary for the lifted code C’
to be n-balanced. Splittability will imply that the walk collection W (k) is expanding, which

gives us parity sampling for large k. Specifically, £ must be large enough for W (k) to be a

(1/2 + ng/2,n)-parity sampler.
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Applying the list decoding tool above, we can perform unique decoding in the regime of
1o, 1, and k being constant. With these choices the expansion required for splittability and

the parity sampling strength are only required to be constants.

Lemma 3.6.2 (Decoding Step). Let ng € (0,1/4) and n < min{ng, 1/16}. If W (k) is a walk
collection on vertex set [n| with k > ko(n) and splittability T < 19(n, k), where ko and 19 are
as in Theorem 3.6.1, we have the following unique decoding property:

If C C FY is an np-balanced linear code that can be uniquely decoded in time f(n), then

¢ = dsumyy 3,y (C) is an n-balanced code that can be uniquely decoded in time nO/mo(1k)") .
f(n).

Proof. Using Theorem 3.6.1, we can list decode C’ up to a radius of 1/2 — /1 for any n if
(k)

we have the appropriate parameters k and 7. Let § € IF‘Q/V be a received word within the
unique decoding radius of C’. To perform unique decoding, we simply run the list decoding
algorithm on ¢ and return the codeword on the resulting list which is closest to g; this will

yield the correct result as long as the list decoding radius is larger than the unique decoding

radius. It suffices to have 1/2 — /n > 1/4 > A(C’) /2. We choose parameters as follows:

1. Take n < 1/16 to ensure 1/2 — /5 > 1/4.

2. Let kg = O(log(1/n)) be the smallest integer satisfying the assumption in Theo-

rem 3.6.1 with the chosen 7. Take k > k.
3. Take 7 < 19(n, k) = n8/(K - k - 2%%).

Note that k£ and 7 satisfy the conditions of Theorem 3.6.1, so we can use this theorem to
4
list decode a received word ¢ in time nO1/0(n.k)%) . f(n). To unique decode, we return the

closest y on the list to ¢ (or failure if the list is empty). ]

Iteratively using the decoding step given by Lemma 3.6.2 above, we obtain unique de-

codability of all codes in a cascade (under suitable assumptions).
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Lemma 3.6.3 (Code Cascade Decoding). Let ng € (0,1/4) and n < min{ng, 1/16}. Suppose
Co C Fgo,Cl C IF;”, ..,Cp C ]Fg( is a code cascade where Cy is an ng-balanced linear code
that can be uniquely decoded in time g(ng).

If for every i € [£] we have that C; is obtained from C;_1 by a 7;-splittable walk collection
W;(k;) on wvertex set [nj_1] with k; > ko(n) and 7, < 709(n, k;), where kg and 19 are as

in Theorem 3.6.1, then Cy is uniquely decodable in time

14 - \4
g(no)_ H nO(l/ 0(1,k:) )

i—1
1=1
Proof. Induct on ¢ € [{] applying Lemma 3.6.2 as the induction step. The code C; produced
during each step will have bias at most n < 1p, so the hypothesis of Lemma 3.6.2 will be

met at each level of the cascade. ]

We are almost ready to prove our first main theorem establishing decodability close to the
Gilbert—Varshamov bound. We will need parameters for an instantiation of Ta-Shma’s code
that achieves the desired distance and rate (which will be developed in Section 3.8.1) and a
lemma relating splittability to the spectral properties of the graphs used in the construction

(to be proven in Section 3.7.2).

Lemma 3.6.4 (Ta-Shma Codes I). For any 8 > 0, there are infinitely many values of
e €(0,1/2) (with 0 as an accumulation point) such that for infinitely many values of N € N,

there are explicit binary Ta-Shma codes C . 5 C IF%V with
(1) distance at least 1/2 —€/2 (actually e-balanced), and
(ii) rate Q(e25).

Furthermore, Cy . 5 is the direct sum lifting of a base code Cy C Fgo using the collection
of walks W10,t — 1] on the s-wide replacement product of two graphs G and H, with the

following parameters:
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s > sp = max{128,26/5}.

The inner graph H is a reqular graph with oo(H) < g, where Ay = (1653 log s)/3232.

The outer graph G is a reqular graph with oo(G) < A1, where \{ = )\%/6.

The base code Cy s unique decodable in time nOO(l) and has bias g < )\%/3.

(1-5/5)(1-1/s)(t-1) _

The number of vertices t in the walks satisfies )\g €.

Lemma 3.6.5. Let W (k) be either the collection W0,s — 1] of walks of length s on the
s-wide replacement product with outer graph G and inner graph H or the collection of walks
over the vertex set W[0,r], where r = —1 (mod s). Then W (k) is T-splittable with T =
09(G) + 209(H) + o9(H)?.

The statement of this first decoding theorem is more technical than Theorem 3.1.1, but it
will be easier to prove while the latter will build on this theorem with a more careful tuning

of parameters.

Theorem 3.6.6 (Main I). For every 8 > 0, there are infinitely many values ¢ € (0,1/2)
(with 0 an accumulation point) such that for infinitely many values of N € N there are

explicit binary linear Ta-Shma codes C . 5 C Fé\] with

(i) distance at least 1/2 —e/2 (actually e-balanced),

(ii) rate Q2F), and
(iii) a unique decoding algorithm with running time NOp(log(log(1/¢)))
Proof. We proceed as follows:

1. Let ng = 1/10 and n = 1/100 (these choices are arbitrary; we only need ny < 1/4,
n < 1/16, and n < ng). Let kg = ko(n) be the constant from Theorem 3.6.1 with this

value of 7.
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2. Given 8 > 0, Lemma 3.6.4 provides a value sg such that the direct sum lifting on the
s-wide replacement product with s > sp can achieve a rate of Q(€2+IB ) for infinitely
many € € (0,1/2). Choose s to be an integer larger than both kg and sg that also

satisfies

_ 2 8
9 (s\ ® n
2 < .
s (16) S IR (3.3)

where K is the constant from Theorem 3.6.1.

3. Use Lemma 3.6.4 with this value of s to obtain graphs G and H and a base code C
having the specified parameters A1, Ao, €0, and ¢, with the additional requirement that
t = s for some integer £. These parameter choices ensure that the resulting code Cy . g
has the desired distance and rate. Since s > 128, we have Ay = (1653 log (9)/5232 <
s=%". From the choice of t satisfying )\3(1_5/8)(1_1/8)@_1) < &, we deduce that ¢ =

O(log(log(1/¢))). Note also that the bias gg of the code Cy is smaller than 7.

4. Create a code cascade with ¢ levels using the s-wide replacement product of the graphs
G and H as in Section 3.5.2, starting with Cp and ending with the final code Cy = Cy 3.

{4

As the total number of vertices in a walk is t = s*, each level of the code cascade will

use walks with s vertices. Let Cy,Cq,...,Cp be the sequence of codes in this cascade.

5. In order to satisfy the splittability requirement of Lemma 3.6.3, the walk collection
W;(s) at each level of the code cascade must be T-splittable, where 7 < 79(7, s?). (We

2 instead of k = s in the requirement for a technical reason that will be clear

use k = s
in Section 3.8.2.) The bounds on the singular values of G and H and Lemma 3.6.5
ensure that

7 = 09(G) + 209(H) + 02(H)? < 40 < 45,
ol i 2 8 2, 9ds?
which is smaller than m9(n, s*) = n°/(K - s*-2*%) by Eq. (3.3)

6. As all hypotheses of Lemma 3.6.3 are satisfied by the code cascade, we apply it to
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conclude that Cpy . g is uniquely decodable in time

0 0
g(no) - I[ n_O(l/To(n78)4) < NOO).. 11 NOs(1) = NOg(log(log(1/2)))

i—1
=1 =1
where we use that Cy is uniquely decodable in time ng(l), 1/79(n,s) = 20(1/5), nj_1 <
ny = N for every i € [{], and ¢ = O(log(log(1/¢))).

In the code cascade constructed in Theorem 3.6.6, the final number of vertices in a walk
ist=st , where s is a sufficiently large constant that does not depend on e. The limited
choices for t place some restrictions on the values of the final bias € that can be achieved.
To achieve any bias € for Cy we need to choose the parameters more carefully, which will be

done in Section 3.8.2 to yield our next main result.

Theorem 3.6.7 (Main II). For every 5 > 0 and every e > 0 with § and € sufficiently small,
there are explicit binary linear Ta-Shma codes C . 5 C IF%V for infinitely many values N € N
with

(1) distance at least 1/2 — e/2 (actually e-balanced),

(i) rate Qe2HP), and
(iii) a unique decoding algorithm with running time N Op(log(log(1/¢)))

Ta-Shma obtained codes of rate Q(€2+B ) with vanishing /3 as £ goes to zero. We obtain a
unique decoding algorithm for this regime (with slightly slower decreasing [ as € vanishes).
More precisely, using the parameters described in Section 3.8.3 and the running time analysis

in Section 3.6.2, we obtain the following theorem which is our main result for unique decoding.

Theorem 3.6.8 (Main Unique Decoding (restatement of Theorem 3.1.1)). For every e > 0
sufficiently small, there are explicit binary linear Ta-Shma codes Cy . 3 C Fév for infinitely

many values N € N with
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(i) distance at least 1/2 — /2 (actually e-balanced),
(ii) rate Q2P where B = O(1/(logo(1/2))1/%), and
(17i) a unique decoding algorithm with running time N Oc5(1),

Furthermore, if instead we take 8 > 0 to be an arbitrary constant, the running time becomes

(log(1/£))0M) . NOs() (fized polynomial time).

Theorem 3.1.2 about gentle list decoding is proved in Section 3.8.4 after instantiating

Ta-Shma codes in some parameter regimes in the preceding parts of Section 3.8.

3.6.2 Fized Polynomial Time

In Theorem 3.6.7, a running time of N98108(108(1/2))) was obtained to decode Ta-Shma
codes Cy . g of distance 1/2 — ¢/2 and rate Q(e2+P) for constant B > 0 and block length
N. The running time contains an exponent which depends on the bias € and is therefore
not fixed polynomial time. We show how to remove this dependence in this regime of § > 0

being an arbitrary constant. More precisely, we show the following.

Theorem 3.6.9 (Fixed PolyTime Unique Decoding). Let > 0 be an arbitrary constant.
For every e > 0 sufficiently small, there are explicit binary linear Ta-Shma codesCp . g C IF%V

for infinitely many values N € N with
(i) distance at least 1/2 — /2 (actually e-balanced),
(ii) rate Qe2HP), and
(7ii) a unique decoding algorithm with fized polynomial running time (log(l/s))O(l) .NOs(1).

The list decoding framework finds a list of pairs (2,4 = dsum(z)) of size at most

N/ 70 (1)) O at each level of the code cascade and recursively issues decoding calls to
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all z in this list. Since the number of lifts in the cascade is Q(log(log(1/¢))), we end up with
an overall running time of NO8(og(log(1/¢))),

We will describe a method of pruning these lists which will lead to fixed polynomial
running time. Let 1/2 — /5, where n > 0 is a constant, be the list decoding radius used for
a unique decoding step in the cascade. To achieve fixed polynomial time we will prune this
polynomially large list of words to a constant size at each inductive step in Lemma 3.6.3.
As we are working with parameters within the Johnson bound, the actual list of codewords
has constant size (1/ 77)0(1). At every step, we will be able to find a small sublist whose size
only depends on 7 that has a certain covering property, and then issue decoding calls to this

much smaller list.

Definition 3.6.10 (C-cover). Let W(k) C [n]F, C C F% be a code, A C C, and L =

{(z,dsumw(k)(z)) | z € A}. We say that
r = {(z(l)’ dsumW(k) (2(1)))7 o (Z(m), dsumW(k) (Z(m)))}

is a (-cover of L if for every (z,y) € L, there exists some (2, y') € L with bias(z—2") > 1-2(
(that is, either A(z,2') < ¢ or A(z,2') >1—().
Lemma 3.6.11 (Cover Compactness). Let W (k) C [n]¥, C C F% be a linear no-balanced

code, C' = dsumyy 1) (C) be an n-balanced code, and § € ng(k). Define

L(g,C,C) = {(z,dsumW(k)(z)) | z € C,A(dsumW(k)(z),g) < ; — \/ﬁ} _

Suppose L' is a (-cover of L(§,C,C") for some ¢ < 1/2. Further, suppose that for every
(2, y) € L, we have A(y’,gj) < 1/2 —/m. If W(k) is a (1 — 2¢,n)-parity sampler, then
there exists L C L' with ‘E”’ < 1/n which is a (2¢)-cover of L.

Proof. Build a graph where the vertices are pairs (2,4') € £’ and two vertices (Z(i), y(i)),

(21), ()Y are connected iff bias(z() — 2(7)) > 1 — 2¢. Let £” be any maximal independent
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set of this graph. Any two vertices ({9, y(1), (20), ()} € £ have bias(z()) — 20)) < 1-2¢
and thus bias(y() — y)) < 5 since W (k) is a (1 — 2¢,n)-parity sampler. This means
that {y" | (2”,y") € £} is a code of distance at least 1/2 — n/2. By the condition that
Ay",5) <1/2 -/ for all (z”,y") € £ and the Johnson bound, we have ‘E”‘ <1/n.
Finally, we will show that £” is a (2¢)-cover of L. Let (z,y) € £. As L is a (-cover of L,
there exists a pair (2/,y’) € £ with bias(z — 2/) > 1 — 2¢, so z is within distance ¢ of either
2/ or its complement z/. The construction of £ as a maximal independent set ensures that
there is some (2", y") € £ with bias(z’ — 2”") > 1 — 2(, so 2" is also within distance ¢ of
either 2/ or its complement z/. Applying the triangle inequality in all of the possible cases,
we see that either A(z, 2”) < 2¢ or A(z,2”) > 1 — 2¢, which implies £” is a (2¢)-cover of

L. ]

To decode in fixed polynomial time, we use a modification of the list decoding result The-
orem 3.6.1 that outputs a (-cover £’ of the list of codewords £ instead of the list itself.
Theorem 3.6.1 recovers the list £ by finding £’ and unique decoding every element of it. To
get £/, we use the same algorithm, but stop before the final decoding step. This removes
the unique decoding time f(n) of the base code from the running time of the list decoding
algorithm. We will apply Lemma 3.6.11 after each time we call this (-cover algorithm to
pare the list down to a constant size before unique decoding; note that this loses a factor
of 2 in the strength of the cover. To compensate for this, we will use a collection W (k)
with stronger parity sampling than required for Theorem 3.6.1. In that theorem, W (k) was
a (1/2 4+ no/2,n)-parity sampler to ensure that we obtained words within the list decoding
radius (1/4 — ng/4) of the base code. By using a stronger parity sampler, the words in the
pruned list £” will still be within the unique decoding radius even after accounting for the
loss in the bias from cover compactness, which means decoding will still be possible at every
level of the cascade. Fortunately, improving the parity sampling only requires increasing the

walk length k by a constant multiplicative factor. The cover retrieval algorithm below will
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be proven in Section 3.9.

Theorem 3.6.12 (Cover retrieval for direct sum lifting). Let ng € (0,1/4) be a constant,

n e (0,m9), ¢=1/8—mny/8, and
k> ko(n) = ©(log(1/n)).

Suppose C C FY is an ng-balanced linear code and C' = dsumW(k) (C) is the direct sum lifting
of C on a T-splittable collection of walks W (k). There exists an absolute constant K > 0
such that if

8

Ui
T <710(n, k) = K k.ol

then the code C' is n-balanced, W (k) is a (1—2(, n)-parity sampler, and we have the following:

If § is (1/2 — \/n)-close to C', then we can compute a (-cover L' of the list

L(j,C.C') = {(z,dsumw(k)(z)) | z € C,A(dsumw(k)(z),g]) < 5~ \/ﬁ}
in which A(y',5) < 1/2 =/ for every (z',y') € L', in time

L0 /7(n k)

Otherwise, we return L' = 0 with the same running time of the preceding case.

We now have all of the pieces necessary to prove Theorem 3.6.9. The process is essentially
the same as our earlier unique decoding algorithm, except we use the cover retrieval algorithm
from Theorem 3.6.12 instead of the full list decoding from Theorem 3.6.1. This allows us to
insert a list pruning step in between obtaining the (-cover and calling the unique decoding

algorithm for the previous level of the cascade.

Proof of Theorem 5.6.9. We use the code Cy . g from Theorem 3.6.7 to get the desired dis-
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tance and rate, with the slight modification of ensuring s is larger than k{ from Theo-
rem 3.6.12 rather than kg from Theorem 3.6.1.

Each level of the code cascade between C;_1 and C; uses constant ng < 1/4 and n <
min{ng, 1/16}, which allows for decoding in a similar fashion to Lemma 3.6.2 and Lemma 3.6.3.
The difference is that we use Theorem 3.6.12 as the decoding step to obtain a ¢(-cover £’ of
the list £(7,C;—_1,C;) for § € Fy*, where ¢ = 1/8 —n9/8. By Lemma 3.6.11 and the fact that
the walk collection is a (1 — 2¢,n)-parity sampler, £ has a (2¢)-cover L” C L' of size at most
1/n. The covering property says that for every (z,y) € L, there exists some (2”,3y") € £
such that z is within distance 2¢ = 1/4 — 1 /4 of either 2" or its complement z”. This is the

unique decoding radius of the ng-balanced code C;_1, so we can recursively decode the list
L U{(", dsum(2")) | (2", dsum(:")) € £}

to obtain the complete list of codewords in C;_.

Now we analyze the running time. On each level of the code cascade, we run the cover
retrieval algorithm once to get £’, prune the cover to get £, and then feed the union of £”
and its complement (which has size at most 2/n) into the unique decoding algorithm for the
next level of the cascade. Letting T;(n;) be the running time of unique decoding a single
word in the code C; C F;i, we have the following recurrence:

Ty(ng) < nOW/mORY 5 Tya(miy) and  Tp(ng) = g,

?

Note that the base code Cy has constant bias g and thus it has a fixed polynomial time
decoding algorithm (e.g. Theorem 3.6.7). The height of the recursive call tree is the num-
ber of levels in the code cascade, which is ¢ = O(log(log(1/¢))), as in the proof of Theo-
rem 3.6.6. Each node of this tree has a constant branching factor of 2/n. Thus, the tree

O(1/7o(nk)h) < NO/10(mE)"Y) time.

1

has (log(1/€))?() nodes, each of which costs at most n
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Furthermore, in this regime of 5 > 0 being a constant, k is constant as well as 7, so we have

NOW/mmk)Y) = NOs(1) and the total running time is (log(l/s))o(l) . NOs(1), |

3.7 Satisfying the List Decoding Framework Requirements

The list decoding framework of [AJQ20] is capable of decoding codes obtained from direct
sum liftings, provided they satisfy a few requisite properties. The framework was originally
shown to work for expander walks; we need to adapt it to our case of a code cascade based
on walks on the s-wide replacement product. We will start with a broad overview of the list
decoding algorithm and point out where various requirements arise.

The problem of finding a list of codewords in a direct sum lifting close to a received
word can be viewed as finding approximate solutions to a k-XOR instance. This is done
by solving a particular SOS program and rounding the resulting solution. The algorithm
is unable to perform rounding if the k-XOR instance is based on an arbitrary collection of
walks W (k); it can only handle liftings in which W (k) satisfies a property called tensoriality.
If W (k) is tensorial, the SOS local variables in the solution can be approximated by product
distributions, which will allow us to obtain a list of solutions by independent rounding.
Tensoriality for expander walks is a consequence of a simpler property known as splittability,
which is a certain measure of the expansion of a walk collection.

Unfortunately, the list returned by the rounding process will not contain codewords
directly—instead, we only get a guarantee that all of the codewords we are looking for have
a weak agreement (just over 1/2) with something on this list. We will find the desired
codewords by relying on the parity sampling of W (k). If W (k) is a sufficiently strong parity
sampler, weak agreement in the lifted space corresponds to a much stronger agreement in
the ground space. This will allow us to recover the codewords using the unique decoding
algorithm of the base code.

To recap, applying the list decoding framework in our setting requires doing the following:
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1. Proving parity sampling for the walks used in the code cascade (Section 3.7.1).

2. Showing that the walk collection of the s-wide replacement product is splittable (Sec-
tion 3.7.2).

3. Making Ta-Shma’s construction compatible with the Sum-of-Squares machinery (Sec-

tion 3.7.3) and then obtaining tensoriality from splittability (Section 3.7.4).

An additional complication is introduced by using a code cascade instead of a single
decoding step: the above requirements need to be satisfied at every level of the cascade.
The details of the proofs will often differ between the first level of the cascade, which is
constructed using walks on the s-wide replacement product, and higher levels, which are
walks on a directed graph whose vertices are walks themselves. Once we have established all
of the necessary properties, we will instantiate the list decoding framework in Section 3.9.

We will first define some convenient notation which will be used throughout this section.

Notation 3.7.1. Let G be a dy-regular outer graph and H be a da-regular inner graph used
in Ta-Shma’s s-wide replacement product.

Let 0 < k1 < ko be integers. We define W k1, ka] to be the set of all walks starting at
time k1 and ending at time ko in Ta-Shma’s construction. More precisely, since G and H
are reqular graphs, the collection Wky, ko] contains all walks obtained by sampling a uniform

verter (v, h) € V(G) x V(H) and applying the operator

(1@ AL)Gr,—1(I®Ay)--- (1@ Ap)Gy, (1 @ Ag),

where the index i of each G; is taken modulo s. Observe that when k1 = ko, we have

Wlki, ko] = V(G) x V(H).

We define a family of Markov operators which will play a similar role to the graphs CAJZ
from the cascade described in Section 3.5.1, but for Ta-Shma’s construction rather than

expander walks.
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Definition 3.7.2 (Split Operator). Let 0 < k1 < ko < k3. We define the graph walk split
operator

o Wlka+1,k Wik k
Shydoks: R [ka+1k3] _, pWk1.k2]

such that for every f € RWIka+Lks]

(Skl,kg,k;g(f)) (w) = Ew’:ww’EW[kl,kzg] [f(w/>]7

where ww' denotes the concatenation of the walks w and w'. The operator Sky ko ks COTV
be defined more concretely in matriz form such that for every w € Wlky, ko] and w' €

Wiks + 1, k3],

“éww’EW[kl,kg] o “éww’EW[kl,kg}

(Sk17k27k3)w’w/ - |{QI] W E W[k‘17 ]{j3]}| dg(k?]_k?)

3.7.1 Parity Sampling for the Code Cascade

To be able to apply the list decoding machinery to the code cascade Cy C Fgo,Cl C
IF;”, .,Cp C ]F;Le , we need the direct sum lifting at every level to be a parity sampler.
The first level in the cascade uses walks directly on the s-wide replacement product, which
we can show is a good parity sampler using the spectral properties proven in Section 3.4.3.
However, it will be more convenient for calculating parameters later on to prove a weaker
result, which will suffice for our purposes since we only need to obtain constant bias for every
level of the cascade. We analyze the parity sampling of these walks with the same strategy
Ta-Shma employed to show parity sampling for walks on expander graphs (which resulted
in Theorem 3.5.2).

Claim 3.7.3. Let W|0, s — 1] be the collection of walks on the s-wide replacement product of

(@)

the graphs G and H and z € ]F;/ be a word with bias(z) < ng. Let P, be the diagonal matriz

with entries (P2), p),(v,n) = (=17 for (v, h) € V(G)xV(H). If o2((I9AH)Gi(1©AR)) < v
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forall0 <1< s—2, then

s—2

[T(®AR)G(I1®AL)P:
i=0

< (no +2y) =D/,

2

Proof. Let 0 < j < s — 2 be even. Take a vector v € RV (G)*V(H) with |v]lg = 1 and let il
and v be its parallel and orthogonal components to the all ones vector. For 0 <i < s — 2,
let A; = (1@ Ag)G;(1® Ap). Consider two terms A;1P.A;P of the product appearing in

We have

the claim. Since P is unitary,

Aj1PoAP: |, = [Aj1P2A

IN

HAJ+1P2AJUH2 A]—FIPZAjUH’ 9 + ’ Aj—|-1PZAjULH2

IN

AjHPZAij] )+ ]AjviHQ

IN

Aj+1PZ'U|| H2 + JQ(AJ>

Aj+1(PzUH)H

IN

‘2 + ‘A]_,_l(PzU”)J'H2 + O’Q(A])

IA

(PZUH)H H2 4+ 0‘2(Aj+1) + UQ(A])

<o+ 27.

Applying this inequality to every two terms of the product, the result follows. ]

Corollary 3.7.4. Let W0, s—1] be the collection of walks on the s-wide replacement product
of the graphs G and H and ng > 0. If oo((1 @ Ag)G;(1 @ Ag)) < v forall0 < i < s—2,

then W10, s — 1] is an (ng,n)-parity sampler, where n = (ny + QV)L(S_U/%.

Proof. Let z € F§ have bias at most 79. The bias of dsumW[O’Sfl](z) is given by

)

5—2
bias(dsumyy(o s_1](2)) = ‘<1, P. (H (12 AF)G(I® AH)PZ) 1>

1=0

where P is the diagonal matrix with entries (P>), 1) (v,n) = (1) for (v, h) € V(G)xV (H)
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and 1 is the all-ones vector.% Since P, is unitary, we have

5—2
bias(dsumyypg 11(2) < || [T (1© Ag)Gi(1@ Ag)P.|| < (no+29)L"D/2 =y
1=0 9
by Claim 3.7.3. Hence W0, s — 1] is an (19, n)-parity sampler. ]

For higher levels of the cascade, we need to prove parity sampling for collections of walks
over walks. Since the walks on the first level contain s vertices, when we take walks on
higher levels, the operator linking different walks together will always use Gs_1 as the walk
operator for the G step. Thus we can consider a more specific form of the split operator

where we split at a time parameter that is one less than a multiple of s.

Definition 3.7.5. Let r = —1 (mod s) be a positive integer. We define the operator S%« as

A
ST,T = Sk17/€27k‘37

where k1 =0, ko =, and k3 = 2r + 1. In this case, Wlky, ko] = Wk + 1, k3].

All levels of the code cascade beyond the first use walks generated by the directed operator
S% r. Proving parity sampling for these walks is analogous to the proof of Corollary 3.7.4,

but slightly simpler since the walk operator doesn’t change with each step.

[0.7] be a word with

Claim 3.7.6. Let r = —1 (mod s) be a positive integer and z € IFgV
bias(z) < ng. Let P, be the diagonal matriz with entries (Isz)w’w = (=1)" for w € W|0,r].

For every integer k > 1, we have

H (Sﬁrﬁz)kl"Q < (m+2-02(S5.)) [(h=1)/2)

6. This is slightly different from the expression for the bias given in Section 3.4.3, but both are equal
since moving on the H component of the graph doesn’t affect the bit assigned to a vertex.

148



Proof. Take a vector v € RW07] with lvllg = 1 and let vl and v be its parallel and orthog-

onal components to the all ones vector. Since P, is unitary, = 57% P ZSTA, r

.
We have

|strP=sriel

IN

st.p.sfyoll, + [s6iPosiiot,

SEP.Sow

IN

L
o+ st

IN

VAN A
ST,T‘PZU” H2 + UQ(Sr,r)

< |se (Pl + IS5 (Pavl)H], + oa(SE)

< [[B=oh)], + 02(55,) + o2(55)

<10+ 2+ 02(SEy)-

As H L(k=1)/2]

(S%Tﬁz)k_lu ‘(STA?fZ) , the result follows. u

<]
Corollary 3.7.7. Let r = —1 (mod s) be a positive integer and ng > 0. The collection of
walks W (k) with k vertices over the vertex set W|0,r] using random walk operator Sﬁr is an

(10, m)-parity sampler, where n = (ny + 2 - o(Sky)) LE=1)/2].
Proof. Let z € ng [0.7] have bias at most 7ng. The bias of the direct sum lifting of z is given
by

Y

bias(dsumyy 1 (2)) = ‘<1, ISZ(STA,TISZ)k_ll>

where P, is the diagonal matrix with entries (P, )0 = (—1)% for w € W[0,7] and 1 is the

all-ones vector. Since P is unitary, we have
(1P )] < | (s5P2) | < (m+ 200 (555)) T <

by Claim 3.7.6. Hence W (k) is an (ng,n)-parity sampler. |
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3.7.2  Splittability of Ta-Shma’s Construction

We investigate the splittability of the collection of walks generated by Ta-Shma’s construc-
tion. In order to formally define this property, we will need the concept of an interval splitting

tree, which describes how a walk is split into smaller and smaller pieces.

Definition 3.7.8 (Interval Splitting Tree). We say that a binary rooted tree T is a k-interval

splitting tree if it has exactly k leaves and
e the root of T is labeled with (0,m,k — 1) for some m € {0,1,..., k —2}, and

e cach non-leaf non-root vertex v of T is labeled with (k1, ks, ks) for some integer ko €
k1, k3 — 1]. Suppose (k}, kb, k%) is the label assigned to the parent of v. If v is a left
child, we must have k1 = k| and kg = kb; otherwise, we must have k1 = kb + 1 and

ks = kj.

Given an interval splitting tree 7, we can naturally associate a split operator Sy, ., .
to each internal node (ki, k2, k3). The splittability of a collection W0, k — 1] of k-tuples is

a notion of expansion at every node in the splitting tree.

Definition 3.7.9 ((7,7)-splittability). The collection W0,k — 1] is said to be (T,T)-

splittable if T is a k-interval splitting tree and

09(Sky ko k) ST

for every internal node (k1, ko, k3) of T .
If there exists some k-interval splitting tree T such that W10,k — 1] is (T, 7)-splittable,

then W10, k — 1] will be called T-splittable.

In order to prove that the collection of walks in Ta-Shma’s construction is splittable, a

split operator Sg, 1, r, can be related to the walk operator (1 ® Af)Gp, (I ® A) as shown
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below. This structural property will allow us to deduce spectral properties of S, 1, 1, from

the spectrum of (I ® Ay )Gy, (1 ® Ag).

Lemma 3.7.10. Let 0 < k1 < ko < k3. Suppose G is a dy-reqular outer graph on vertex set
[n] with walk operator Gy, used at step ka of a walk on the s-wide replacement product and
H is a dg-regular inner graph on vertex set [m| with normalized random walk operator Ag.
Then there are orderings of the rows and columns of the representations of S, p, . and Ag

as matrices such that

2(ks—ko—1
Sky ko ks = ((l ® Ap)G,(I® AH)) ® J/d2( 3— k2 )7

[dg]2(k2=F1) 5 [dy)2(k3—k2—1)

where J € R 1s the all ones matrix.

Proof. Partition the set of walks W[k, ko] into the sets Wy 1,..., Wy m, where w € W; ;
if the last vertex of the walk wy, = (v, hy,) satisfies vy, = i and hy, = j. Similarly,

partition Wk + 1,ks] into the sets W{ {,..., WT/l,m’ where w’ € W! . if the first vertex

2Y)
of the walk w] = (v1,h1) satisfies v1 = ¢ and hy = j. Note that ‘Wi7j’ = dg(kQ_kl) and
‘Wi’ il = dg(k3_k2_1) for all (i,7) € [n] x [m], since there are d3 choices for each step of the
walk.

Now order the rows of the matrix Sy, 1, r, so that all of the rows corresponding to walks
in W1 1 appear first, followed by those for walks in W7 9, and so on in lexicographic order of
the indices (i,j) of W; ;, with an arbitrary order within each set. Do a similar re-ordering
of the columns for the sets W{,l’ e ,W1’7m. Observe that

(S ) W ew ey k)
kl,kQ?kg w’w/ - 2(k3—k2)
dy

B d3 - (weight of transition from (Vg hiy) to (V] 07) in (10 Apr) G, (1© Agp))
B dg(/fs—b) ’

which only depends on the adjacency of the last vertex of w and the first vertex of w’. If
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the vertices wy, = (vg,, hi,) and w} = (v1, h1) are adjacent, then

(Skl’kz’k3)w,w’ = ((l ® AH)Gk2<| & AH))( o) /dg(kg_kz_l),

kaahk2)7(

for every w € ka2 and w' € W), ; otherwise, (Skl,k27/€3) , = 0. Since the walks in the

Wiy w,w
rows and columns are sorted according to their last and first vertices, respectively, the matrix

Sk kg.ks €xactly matches the tensor product ((1 ® Ag)Gp, (I® Ag)) ® J/dg(k3_k2_1). n

Corollary 3.7.11. Let 0 < k1 < ko < k3. Suppose G is a di-reqular outer graph with
walk operator Gy, used at step k2 of a walk on the s-wide replacement product and H is a

do-reqular inner graph with normalized random walk operator Agr. Then

02(Sky ko ks) = 02((1 @ Ap) G, (1@ App)).

Proof. Using Lemma 3.7.10 and the fact that
2(k3—ko—1)
o2((1® Ag )G, (1@ Ap)) @ J/dy ) =02((1® Ag)Gy, (1@ Ag)),

the result follows. [ |

Remark 3.7.12. Corollary 3.7.11 is what causes the splittability argument to break down

for Ta-Shma’s original construction, as o2(Gp,(I® Ag)) = 1.

By combining this result with the spectral bound from Fact 3.4.4, we find that the
collection of walks of length s on the s-wide replacement product is (7, 7)-splittable for any
splitting tree T, where 7 is controlled by the second singular values of the graphs G and H.
This analysis can also be applied to walks on higher levels of the cascade where the vertex

set is W0, r].

Corollary 3.7.13 (Restatement of Lemma 3.6.5). The collection of walks W|0,s — 1] on

the s-wide replacement product with outer graph G and inner graph H and the collection of
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walks W (k) on the vertex set W10, r| with random walk operator Sr%a and r = —1 (mod s)

are both T-splittable with T = 09(G) + 209(H) + o9(H)?.

Proof. By Corollary 3.7.11 and Fact 3.4.4, the split operator Sy, r, 1, for any 0 < k1 < kg <

ks satisfies
02(Sky ko ks) = 02((1® A) G, (1@ Agy)) < 09(G) + 209(H) + 09(H)?,

so W[0,s — 1] is 7-splittable with 7 = 09(G) + 209(H) + 09(H)?, as any internal node
(K1, ko, k3) of any s-interval splitting tree will have 02(Sy, k, k) < 7. The split operators
of any k-interval splitting tree for the collection W (k) are of the form Sy, 1., 1, with k1 =0

(mod s) and kg, k3 = —1 (mod s), which means W (k) is T-splittable as well. n

3.7.3  Integration with Sum-of-Squares

Before defining tensoriality and obtaining it in our setting, we examine how the Sum-of-

Squares hierarchy is used in the list decoding algorithm in more detail.

SOS Preliminaries: p-local PSD Ensembles

The SOS hierarchy gives a sequence of increasingly tight semidefinite programming relax-
ations for several optimization problems, including CSPs. Since we will use relatively few
facts about the SOS hierarchy, already developed in the analysis of Barak, Raghavendra
and Steurer [BRS11], we will adapt their notation of p-local distributions to describe the
relaxations.

Solutions to a semidefinite relaxation of a CSP on n boolean variables using p levels of
the SOS hierarchy induce probability distributions pg over ]Fg for any set S C [n] with
|S| < p. These distributions are consistent on intersections: for 77 C S C [n], we have

1S\ = M where p S|T denotes the restriction of the distribution pg to the set 7. We use
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these distributions to define a collection of random variables Z1, ..., Z, taking values in o
such that for any set S with |S| < p, the collection of variables {Z;}, ¢ has joint distribution
ws. Note that the entire collection {Z1,...,Z,} may not have a joint distribution: this
property is only true for sub-collections of size at most p. We will refer to the collection
{Zy,...,Zy} as a p-local ensemble of random variables.

For any T C [n] with |T| < p—2 and any & € FL, we can define a (p—|T'|)-local ensemble
{Z,...,Z]} by “conditioning” the local distributions on the event Zy = &, where Zp is
shorthand for the collection {Z;};,cp. For any S with |S| < p—|T'|, we define the distribution
of Zly as ' == psur{Zr = &}

Finally, the semidefinite program also ensures that for any such conditioning, the condi-

tional covariance matrix

M(s1.01)(Sp,00) = COV <HA[ngl=a1]’“é[Z’32:a2}>

is positive semidefinite, where |S1|,|S2| < (p — |T'])/2. Here, for each pair S1, .Sa the covari-
ance is computed using the joint distribution /“‘/Slu Sy In this paper, we will only consider
p-local ensembles such that for every conditioning on a set of size at most (p — 2), the con-
ditional covariance matrix is PSD. We will refer to these as p-local PSD ensembles. We will

also need a simple corollary of the above definitions.

Fact 3.7.14. Let {Z1,...,Zy} be a p-local PSD ensemble and W (k) C [n]* For1 <i <k,
define W (i) C [n]’ to be the collection of tuples of size i appearing in elements of W (k).

For all p' < p/2, the collection is a (p/p')-local PSD ensemble, where

/ {Zset(w) }wGW(Sp/)
W(<p)=UL, W().

For random variables Zg in a p-local PSD ensemble, we use the notation {Zg} to denote
the distribution of Zg (which exists when |S| < p). As we will work with ordered tuples of

variables instead of sets, we define Z,, for w € [n]k based on the set S, = set(w), taking
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care that repeated elements of w are always assigned the same value.

Definition 3.7.15 (Plausible assignment). Given w = (wq, ..., wy) € [n]"

and an assign-
ment o € FY, we say that o is plausible for w if there are no distinct i,j € [k] such that

w; = wj but a; # .

The distribution {Zy} = p1y is defined as py(a) = pg, (alg,) if @ € F§ is plausible for

w, and fyy(a) = 0 otherwise.

Tensoriality

A key algorithm in the list decoding framework is propagation rounding (Algorithm 3.7.16),

k is a collection

which solves a CSP to find solutions close to a codeword. Suppose W (k) C [n]
of walks, or more generally, a collection of any k-tuples. The algorithm starts with a local
PSD ensemble {Z1,...,Z,} which is the solution to an SOS program for list decoding.

Propagation rounding takes this solution and conditions some of the variables according to

a random assignment to these variables to yield another local PSD ensemble Z'.

155



Algorithm 3.7.16 (Propagation Rounding Algorithm, adapted from [AJQ™120]).
Input An (L + 2k)-local PSD ensemble {Z1,...,Zy} and collection W (k) C [n]*.

Output A random assignment (o1, ...,0n) € FY and 2k-local PSD ensemble Z'.
1. Choose m € {1,...,L/k} uniformly at random.
2. Forj=1,...,m, sample a walk w; independently and uniformly from W (k).
3. Write S = Uj, set(w;) for the set of the seed vertices.
4. Sample an assignment o : S — Fa according to the local distribution {Zg}.

5. SetZ ={Z1,...,Zn|Zg = o}, i.c. the local ensemble Z conditioned on agreeing with

g.

6. For alli € [n], sample independently o; ~ {Z}.

7. Output (o1,...,00) and Z.

If the collection W (k) C [n]¥ used in the direct sum lifting is amenable to SOS rounding,
the conditioned ensemble Z’ will be able to recover a word close to some codeword on the list.
This is quantified by the following tensorial properties. We will see shortly how splittability

will be used to obtain tensoriality in our setting.

Definition 3.7.17 (Tensorial Walk Collection). Let W (k) C [n]*, 1 € [0,1], and L € N.
Define ) to be the set of all tuples (m,S,o) obtainable in propagation rounding (Algo-
rithm 3.7.16) on W (k) with SOS degree parameter L. We say that W (k) is (u, L)-tensorial

if the local PSD ensemble Z' returned by propagation rounding satisfies

& el o 120 = {Zu} - {Zugo ], < e (34)

The framework actually uses a strengthening of the above property, in which variables
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for pairs of walks chosen independently approximately behave as a product.

Definition 3.7.18 (Two-Step Tensorial Walk Collection). Let W (k) C [n]*, € [0,1], and
L € N. Define Q2 to be the set of all tuples (m,S,o) obtainable in propagation rounding
(Algorithm 3.7.16) on W (k) with SOS degree parameter L. We say that W (k) is (u, L)-two-
step tensorial if it is (u, L)-tensorial and the local PSD ensemble Z' returned by propagation

rounding satisfies the additional condition

Pgl gt »
E E (k)H{zwzw,} {2, }{Z0y}

< .
Quww'eWw ‘1

From Directed to Undirected

In order to apply the list decoding framework using the directed split operator Sy, , k., We

will replace it with the symmetrized version

0 Sk1,k27k‘3

U(Sky ki k3) = ;
(Skl,k2,k3) 0

and show how U(Sy,, i, ks) corresponds to a particular undirected graph.

Definition 3.7.19. Let 0 < k1 < ko < k3. We define the operator Gy, j, i, : RWlkL:ke]

RWlk2+Lks] gych that for every f € RW[k17k2],

(Gkg,kg,kl (f)) (w/) = Ew:ww’GW[kl,kg] [f(w)]a

for every w' € Wlke + 1, k).

The operator U(Sy, i, k;) defines an undirected weighted bipartite graph on the vertices
Wky, ko] UW (ko + 1, k3]. We can see that &y, 1, 1, is the adjoint of Sy, 1, 1., which means
that each edge ww’ in this graph is weighted according to the transition probability from

one walk to the other whenever one of w, w’ is in W k1, ko] and the other is in W ks + 1, k3.
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Claim 3.7.20.
T
(Sk17k27k3) = Oy kg by -
Proof. Let f € CWlkik2] and g € CWlkat+1ks] For i < J, define II; ; to be the uniform

distribution on Wi, j]. We show that <f, Sk1,k2,k39> = <6k27k37k1f,g>. On one hand we

have

<f7 Sk1,/€27/€39> = EwGW[kl,kQ] [f(w)Ew’:ww’EW[kl,kg] [g(wl)ﬂ

H /
= EwEW[kl,k‘Q] f(lU) Z Mg(w/)

w €W [ko+1,ks] Tk, ey (w)

= > Iy gy (w)f(w) > Hkl’k?’—ww)g(w’)

weW [k1,ko] w' €W [ko+1,k3) Iy oy (w)
= > flwg()y jy(we).
ww/EW[kl,kg]

On the other hand we have

<6k2,k3,k1f79> = B eWiky+1,ks] []Ew:ww/eW[kl,k3] [f(w)]g(w/)}

I}, g (W)
= Ew’EW[k2+1,k3] Z II L= (w/)f(w>g(w/)
weW [ky ko] — k2t1k3

II ww’
- ) gy 41,k (w') Hkl’ks((w,))
w' €W [ko+1,ks3] WEW [ky ko] — F2t1k3

=Y f)g() T gy ().

u}’w/GW[kl,kg}

fw)g(w')

Hence, &y, gy k) = (Skth’k?’)T as claimed. |
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Variables for Walks on the s-wide Replacement Product

When analyzing walks on the s-wide replacement product, we actually need to use two
separate, but related, local PSD ensembles. In Ta-Shma’s construction, the vertices of the
outer graph G correspond to positions in the base code Cy C Fy, where n = |V(G)|. Given
a vertex (v,h) € V(G) x V(H) in the s-wide replacement product and codeword z € Cy,
(v, h) is assigned bit z,, regardless of the vertex h of the inner graph. We will enforce
this property by working with variables in V(G) rather than the full V(G) x V(H). The
local PSD ensemble Z = {Zv}veV(G) contains one variable for every vertex of GG, with local
distributions for sets of variables up to a given size. For a walk w on the s-wide replacement
product, we will use Zy, as an abbreviation for Zg_, where Sy, is the set of all G-components
of vertices visited on the walk.

The constraints of the CSP are placed on walks on the s-wide replacement product that
do care about the H-component of the vertices, so we define a second local PSD ensemble
Y = {Y(n}wnev(e)xvar with a variable for each vertex of the s-wide replacement
product of G and H. It is this collection Y for which we need to prove tensoriality in order to
use the list decoding framework. When we perform propagation rounding, we condition the
ensemble Z on a random assignment o to a subset S C V(G), rather than conditioning Y on
a random assignment to a subset of V(G) x V(H). Working with Z ensures that the rounded
assignments will be consistent on each cloud of the s-wide replacement product. Since the
bit assigned to a vertex (v, h) only depends on v, independent rounding of {Z | Zg = o} will
also yield the desired rounding of {Y | Zg = o}.

We can define Y based on the ensemble Z more concretely. Suppose S’ C V(G) x V(H)
is a subset of size at most p, where p is the locality of the ensemble, and define T' = {v |
(v,h) € S"}. The distribution pg of Y g is defined based on the distribution ug of Zp by
pgr(a) = pr(alr), where a € Fgl is an assignment to S’ whose value on each vertex (v, h)

only depends on v.
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Observe that the introduction of the ensemble Y is only necessary on the first level of
the Ta-Shma code cascade between the codes Cp and Cp, which takes place on the s-wide
replacement product. Higher levels of the cascade use walks on graphs whose vertices are
the walks from the level below. The association of the bits of a codeword to the vertices of
this graph has no consistency requirement, so we simply use a single local ensemble Z with

a variable for each vertex.

3.7.4  Splittability Implies Tensoriality

The connection between splittability and tensoriality will be made with the help of a version

of the triangle inequality.

Claim 3.7.21 (Triangle inequality, adapted from [AJQ"20]). Let s € NT and T be an

s-interval splitting tree. Then

s—1
weWI[%,s—l] {Zw} - ZI;IO{Z“’(Z)} X - (kl,k:gk:g)ET weW]%chg] H{Zw} N {Zw(khk‘z)}{zw(kﬁz—&-lﬁg)} 1’

where the sum is taken over the labels of the internal nodes of T .

To prove tensoriality, we will use the method of [BRS11] and [AJT19] to show that we
can break correlations over expanding collections of tuples arising in the s-wide replacement

product of the form

E Zor } — {Zw H{Zy
ey 1) = 2} 23

weW|ky ,k‘g],wIGW[kig-i-l,kg]

appearing on the right-hand side of the triangle inequality.
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The First Level of the Cascade

We now check the technical details to obtain tensoriality for the first lifting in the code
cascade between the codes Cp and Cq, which corresponds to taking s steps in Ta-Shma’s
construction. Recall that in order to obtain an assignment 2z’ € F4 whose lifting is consistent
on vertices with the same G-component, we need to prove tensoriality for the ensemble Y
with a variable for each vertex in V(G) x V(H).

The proof of tensoriality will make use of a specific entropic potential function. For an

arbitrary random variable X taking values in a finite set [g], define the function H(X) as

1
H(X) = = > HFx—g) = EuegHl x=q)
? aelg

where H is the binary entropy function. Using this, we define a potential function for a

weighted undirected graph G.

Definition 3.7.22 (Graph Potential). Let G = (V, E) be a weighted graph with edge distri-
bution 1. Let Iy be the marginal distribution on V. Suppose that {Y;};,cv is a p-local

PSD ensemble for some p > 1. We define G to be

¢ = E . [H(Y;)].

Let 7 be an s-interval splitting tree associated with the s-wide replacement product of

graphs G' and H. We define

o7 = Z @u(sk17k27k3)7
(k1,ko,k3)eT

where U(Sy, i, k) is the associated bipartite undirected graph of the operator Sy, 1, k.-

Lemma 3.7.23 (Splittability Implies Tensoriality). Let W[0,s — 1] be the walk collection
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of the s-wide replacement product of two graphs G and H. If L > 128 - (s* - 24 /u%) and

W10, s — 1] is T-splittable with T < p/(4s - 24%), then W0, s — 1] is (u, L)-tensorial.

Proof. We need to show that

s—1
Iy I
wGWI[%,s—l] {Yy,} il;[o{Yw(Z)} 1 <,

which can be proven by adapting a potential argument technique from [BRS11|. First, set
the potential

d,= E E & _ | 3.5
m SNHmUN{ZS} |ZSZU ( )

where the distribution II,;, on S C V(@) is obtained from the process of choosing S in

propagation rounding (Algorithm 3.7.16) once m has been fixed. Consider the error term

E E D(S o), (3.6)

T s, o~{Zg}

where D(S,0) = Eyepos—1) |{Yu | Zs = 0} = TEZ3{ Yo | Zs = o], T pm > p/2,

then

I

[D<S? ‘7) > Mm/Q} >

=

P
S~ Ilpy,0~{Zg}
For each choice of S and o such that D(S,0) > u/2, applying the triangle inequality

from Claim 3.7.21 to the conditioned variables gives us

s—1
g = weWI[%’S_” Yo |Zg=0}— il;[o{Yw(i) | Zg = o} 1
S i ]H{Yw |25 =0} {Yw(kl»k2) | Zs = U}{Yw(szrl,ks) | Zs = U}Hr

(ki kg heg)eT WEW Rk
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Hence, there exists (k1, k2, k3) such that

2% = wEWHEjkl,kg} [0 125 = o} = {Yuiy ) | 25 = o H{ V1) | 25 = o}

Note that choosing w € W0, s — 1] uniformly and restricting to w(ky, k3) gives a uniformly
random element of Wk, k3. If we choose w(ky, ka) or w(ko + 1, k3) with equal probability,
then the final walk is distributed according to the stationary measure of U(Sg, , ks). Let
w’ denote the chosen walk. Observe that Y, is a deterministic function of Z,, | Zg = 0.
Now, we sample Z, | Zg = o, which gives us a sample of Y. Applying Lemma 3.10.1, we

have

U(Sky ko ks) < U(Sky kg ks3) 2

{Y |Zs=0} = “Zg=0 1652 - 24s”

This conditioning on an assignment to Z 3 | Zg = o does not increase the other terms

set(w
of ®7T associated to split operators other than U (Sky ko ks) Since entropy is non-increasing
under conditioning. Similarly, conditioning on the remaining variables that are part of w

but not w’ does not increase ®7 . Then, we obtain

2

o
dy — @ > P D(S,0) > 2] —— .
m L= SNHm,JN{ZS}[ (5,0) 2 /2] 1652 - 24s

Since s > 1 = --- = P 5 q) = 0, there can be at most 3253 - 24 /3 indices m € [L/s]

such that g, > /2. In particular, since the total number of indices is L/s, we have

3 . ods
pwoos 32s0-2
E <o
mE[L/s]['um] —2 L w3
Our choice of L is more than enough to ensure E,,, (7 /4 [1tm] < p. n

Applying the list decoding framework will require the stronger property of two-step ten-

soriality, which we can obtain under the same assumptions.
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Lemma 3.7.24 (Splittability Implies Two-step Tensoriality). Let W[0,s — 1] be the walk
collection of the s-wide replacement product of two graphs G and H. If L > 128- (54 . 245/u4)

and W10, s—1] is T-splittable with T < ju/(45-2%%), then W0, s—1] is (1, L)-two-step tensorial.

Proof. Under our assumptions the (u,L)-tensorial property follows from Lemma 3.7.23

(which is the only place where the assumption on 7 is used), so we only need to show

w,w/EV%I;[O,s—l] H{YQUY;U’} N {Y@}{Y;ﬂ}

<
ey

which can be proven by adapting a potential argument technique from [BRS11]. First, set
the potential

D E H(Yu|Zg=0), (3.7)

= E E
S~y o~{Zg} weWw|0,s—1]
where the distribution II,;, on S C V(@) is obtained from the process of choosing S in

propagation rounding (Algorithm 3.7.16) once m has been fixed. Consider the error term

E E D(S,0), (3.8)

T T, o~{Zg}

where D(5,0) == E, wewo,s—1)I{Yw Y | Zg =0} —{Yul|Zs = o H{Y |Zg = o};]. 1f
fim > 11/2, then

=

P
S~ Ily,0~{Zg}
Let G' = (V = W|0,s — 1], E) be the graph with edges F = {{w,w'} | w,w’ € W[0,s —

1]}. Local correlation (expectation over the edges) on this graph G’ is the same as global

correlation (expectation over two independent copies of vertices). Then, we obtain’
2
b, — P > P D(S,0) > 2] ——=.
m m+1 = SNHm,aw{ZS}[ (S,0) = pm /2] 9. 92s

7. See [AJT19] or [BRS11] for the details.
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Since 1 > ®1 = -++ = @ (o1 1) = 0, there can be at most 8- 228 /3 indices m € [L/s] such

that py, > p/2. In particular, since the total number of indices is L/s, we have

no ok 8.2%
E <+ —-
me([L/s] pm = 2 L ud
Our choice of L is more than enough to ensure E,, (7 /4 [1tm] < p. n

We have already established that W[0, s — 1] is 7-splittable with 7 = 09(G) + 209(H) +
o9(H)? in Corollary 3.7.13, so we can obtain (u, L)-two-step tensoriality for any s if this

quantity is small enough.

Higher Levels of the Cascade

We now discuss tensoriality of the other levels of the cascade between C; 1 and C; for ¢ > 2.
Tensorial properties are simpler to establish here than on the first level of the cascade. The
relevant split operators are special cases of Sy, 1., ., where k; =0 (mod s) and kg, kg = —1
(mod s). The main difference now is that we can associate the parity bits of C; 1 with
the vertices of U (STA’ ), which themselves represent walks. As this association of parity
bits doesn’t need to satisfy a consistency condition, we only need to work with a single
ensemble Z instead of working with two different ensembles as in the previous case. The
proofs of Lemma 3.7.23 and Lemma 3.7.24 with these slight modifications give us two-step

tensoriality.

Lemma 3.7.25 (Two-step Tensoriality for Higher Levels). Let W (k) be the set of walks
defined using (k — 1) steps of the operator SrA?r. If L > 128 - (K* - 2% /) and W (k) is

r-splittable with T < p/(4k - 2%F), then W (k) is (u, L)-two-step tensorial.

We know from Corollary 3.7.13 that the collection of walks obtained from 02(57% r) is
(09(G) + 2 - 09(H) + oo(H)?)-splittable, so the parameters necessary to obtain two-step

tensoriality are the same as in the first level of the cascade.
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3.8 Choosing Parameters for Ta-Shma’s Construction

We explore how some choices of parameters for Ta-Shma’s construction interact with the
requirements of our decoding algorithm. The analysis is divided into rounds of increasingly
stronger decoding guarantees with later rounds relying on the codes obtained in previous
rounds. Naturally, the stronger guarantees come with more delicate and technical consider-

ations. We briefly summarize the goals of each round and some key parameters.

1. Round I: For any constant 3 > 0, we obtain efficient unique decodable codes Cy with
distance at least 1/2 — € and rate Q(a2+5 ) for infinitely many discrete values of € > 0
(with £ as close to 0 as desired). In this regime, it suffices for the expansion of H to

be constant. This round leads to Theorem 3.6.6.

2. Round II: Similar to Round I, but now ¢ can be any value in an interval (0,b) with
b < 1/2 being a function of 3. Again the expansion of H can be constant. This round

leads to Theorem 3.6.7.

3. Round III: We want /3 to vanish as € vanishes (this is qualitatively similar to Ta-Shma’s
result). In this regime, we make the expansion of H be a function of €, and we rely on

the uniquely decodable codes of Round II. This round leads to Theorem 3.1.1.

4. Round IV: For any constant Sy > 0, we obtain efficient list decodable codes Cp with
list decoding radius 1/2 — fg and rate Q(e275) with 3 — 0 as ¢ — 0. In this regime,
we make the expansion of H be a function of €, and we rely on the uniquely decodable

codes of Round III. This round leads to Theorem 3.1.2.

The way we choose parameters for Ta-Shma’s construction borrows heavily from Ta-
Shma’s arguments in [TS17]. We fix some notation common to all rounds. A graph is
said to be an (n,d, \)-graph provided it has n vertices, is d-regular, and has second largest

singular value of its normalized adjacency matrix at most \.
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Notation 3.8.1. We use the following notation for the graphs G and H used in the s-wide

replacement product.
o The outer graph G will be an (n',dy, \)-graph.
o The inner graph H will be a (df,d2, A2)-graph.

The parameters n',dy,ds, A\1, A2 and s will be chosen in the subsequent sections.

3.8.1 Round I: Initial Analysis

We are given the dimension D of the desired code and ¢ € (0,1/2). We set a parameter

a < 1/128 such that (for convenience) 1/« is a power of 2 and

ad 1
Tlogy(1/a) = Toga(1/e)’

(3.9)

We can assume that o < 1/128 satisfy Eq. (3.9) since otherwise ¢ is a constant and we can
use the list decodable codes from [AJQT20]. The use of Eq. (3.9) will be clear shortly. It
becomes a necessity from round IIT onward. For rounds I and II, the parameter o will be
a constant, but it will be useful to establish the analysis in more generality now so that
subsequent rounds can reuse it.

The inner graph H. The choice of H is similar to Ta-Shma’s choice. More precisely,
we set s = 1/a and dy = s4s? (Ta-Shma took dg = s%%). We obtain a Cayley graph
H = Cay(IF;l‘SIOg?(dz),A) such that H is an (ng = d%s,dg,)\g) graph where \o = bo/+/do
and by = 4slogy(do). (The set of generators, A, comes from a small bias code derived from
a construction of Alon et al. [AGHP92], but we will rely on Ta-Shma’s analysis embodied
in Lemma 3.10.11 and not discuss it further.)

The base code Cy. Set g = 1/d3 = \3/bj < A\3/3 (this choice differs from Ta-Shma’s
and it appears because we are essentially working with H? rather than H ). We will choose

a base code Cq such that the desired code will be obtained as a direct sum lifting of Cy, and
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because this lifting preserves the dimension, the dimension of Cy should be D. We choose
Cp to be an gp-balanced code with dimension D and block length n = Og, (D). For instance,
we can start with any good (constant rate and relative distance) linear base code Cy that
has an efficient unique decoding algorithm and obtain a gp-balanced lifted code that can be
efficiently unique decoded (as long as g( is constant) using the framework in [AJQ™20].
The outer graph G. Set d; = d% so that ng = df as required by the s-wide replacement
product. We apply Ta-Shma’s explicit Ramanujan graph Lemma 3.10.10 with parameters
n, di and @ to obtain an (n’,dy, A\;) Ramanujan graph G with A\; < 2v/2/y/dj and n’ €
(1 —0)n,n] or n/ € [(1 — 0)2n,2n]. Here, 0 is an error parameter that we set as § = \3/6
(this choice of 6 differs from Ta-Shma). Because we can construct words with block length
2n (if needed) by duplicating each codeword, we may assume w.l.o.g. that n’ is close to n
and (n —n’) < On < 20n’. See Section 3.10.2 for a more formal description of this graph.

Note that \; < \3/6 since \; < 3/v/dy = 3/d3 = 3-\§/b3 < A\3/6. Hence, eg+20+2)\; <
A5

The walk length. Set the walk length ¢ — 1 to be the smallest integer such that

(A3)1-50)(1-a)(t-1) <

This will imply using Ta-Shma’s analysis that the bias of the final code is at most € as shown

later.

s = 1/, such that Tog,(1/a) > Togy (1/2)

H:(ng o), my=di, dy=s%" o= by =dslogdy

G:(n',di,\), n' =n=0(D/e§), dy=dj, /\ISQT\?

t : smallest integer such that (/\%)(1_50‘)(1_0‘)(’5_1) <e

Claim 3.8.2. We havet — 1> s/a = s2.
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Proof. Using dy = 4% and Eq. (3.9), we have

(1-5a)(1—a)s/a s/a s/a
G ) s

22 22 72
)\2 >\2 b?
_ gtslogy(s)/ _ glogy(1/a)/at < glogy(1/) _ L
o €
Hence, ¢ < ()\%)(1_50‘)(1_0‘)5/@ and thus ¢t — 1 must be at least s/a. |

Remark 3.8.3. By our choice of t, we have (A%)(1_50‘)(1_0‘)(t_2) >e. Since 1/(t—1) < a,

we get ()\%)(1—5@)(1—@)2(25—1) > e

Final Bias. We denote by Cy the final code obtained by ¢ steps of the s-wide replacement
product. The bias of Cy is given by Corollary 3.4.10 (which in turn is a simple corollary of

Ta-Shma’s Fact 3.4.9) as shown next.
Corollary 3.8.4. The code Cy is e-balanced.

Proof. Using Corollary 3.4.10, we have that the final bias

b= (02(H2)8_1 + (3 _ 1) . 02(H2)8_2 1 (S . 1)2 . 0.2([_[2)5—4) [(t—1)/s]

is bounded by

b < (3(s — 1)%an(H?)*~H{(E=D/9)=1 (Using o2(H?2) < 1/3s%)
< ((0_2(H2)S—5)(t—1—8)/8

= oo(H?)(1-5/5)(1=s/(t=1))(t=1)
< oo(H2)(1-50)(1=0)(t-1)

()\%> (1-5a)(1—a)(t—1) <

€,

where the last inequality follows from s = 1/« and t — 1 > s/a, the latter from Claim 3.8.2.

[ ]
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Rate. The proof of the rate follows a similar structure of Ta-Shma’s original argument except
that we take s to be a constant independent of ¢ so that g, A\{, and Ay are also constants
independent of €. Note that we previously said o = 1/s needs to satisfy Equation 3.9, but
that implies only an upper bound for s, and smaller (even constant) values for s are still

permissible.
Claim 3.8.5. Cy has rate Q(e2T20%) provided ey > 0 is constant.

Proof. The support size is the number of walks of length ¢ on the s-wide replacement product

of G and H (each step of the walk has d% options), which is

V@IV =n'di a3 =l d

— o, (D _ d;(t—l)-l-lls)
~-0 (D . (d%)t—l-l—Qs)

—0 (D : (d%)(1+2a)(t—1)) ’

(t—1)+4s (t—1)+4s

2

where the penultimate equality follows from the assumption that g is a constant.
Note that d§ = d%/s — 5% > by since by = 4slogy(ds) = 1653 logy(s) < s (recall that

s =1/a > 128). Thus,

_ dy _ do 1
d1 200 _ 4 < = =
2 B3 =13 oo(H?)
We obtain
2(t—1)
1 12«
( 2) = 02(H2)
1 : 2
< <€) (1-20)(1-5a)(1-a) (Using Remark 3.8.3)
15 2(1+100)
S () )
€
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which implies a block length of

O (D . (d%)(1+2a)(t_1)) _0 (D (1)2(1+10a)(1+2a)> 0 (D (1)2(1+13a)> |

3

Lemma 3.8.6 (Codes Near the GV bound I). For every constant § > 0, there exists a
sufficiently large constant s in the above analysis so that for any dimension value D € NT

(sufficiently large) and & > 0 (sufficiently small) the final code Cy . 5, where N is the block

length, satisfies
e Cn . p is e-balanced,
e Cn . p has rate Q(e215), and
e Cnc g is a linear code of dimension D.

Remark 3.8.7. As a consequence of code cascading, the final attainable walk lengths have
the form st — 1 where ¢ is a positive integer. Given 3 > 0, we have infinitely many values
of € attainable by such walk lengths which gives infinitely many codes C . 3. This means
that although the bias € cannot be arbitrary, we have an infinite sequence of values of € for
which the rates of the codes C . g are near the GV bound. In Section 3.8.2, we show how

to bypass this artificial limitation. These codes are used in the proof of Theorem 3.6.6.
We can view the above analysis as defining a function I' that receives
e the dimension D € N7,
e the final bias ¢ > 0,
e the approximating error o € (0,1/128] with s := 1/« being a power of two, and

e a multiplying factor Q) € NT such that dy = §15%Q (in the above @) was 1).
171



and outputs a tuple of parameters (¢,¢¢, 6, d1, \1,n’), graphs G and H (as above) where, in
particular, the number of steps t € N is such that the final code Cy has bias at most ¢ and
rate (e2T26:2),

In future rounds, I' may be called with () = s instead of ) = 1. This will cause do to
increase from s%5° to 3452'Q, and so in the proof of Claim 3.8.2, 94loga(1/a) /o (il he replaced
by 2% logy(1/a)/a® g explains why Eq. (3.9) has a stricter requirement than needed in the

Q) = 1 case above.

3.8.2 Round II: A More Careful Analysis

We are given the dimension of the code D and ¢ € (0,1/2). As before, we set a parameter
a < 1/128 such that (for convenience) 1/« is a power of 2. Set s = 1/« and Q = s.

Apply T" to (D, e,a,Q) to obtain all parameters except t. Choose ¢ to be the smallest
integer satisfying

()\%)(1—5a)(1—2a)(1—a)(t—1) <e

Y

where observe that an extra (1 — 2«) factor appears in the exponent. This change in t will

worsen the rate but by losing a factor of ﬁ in the exponent, we can lower bound the rate.
2426-«

That is, (d%)_(t_l) = Qe 1-2a").

Set ¢ € NT to be the smallest value such that s¢ > ¢ (here we are implicitly assuming
that ¢t > s). If st = t, we are done since we can use all the parameters returned by I for the
construction of Cy. Now assume s* > ¢ and let ¢ = ¢/s~1. Note that ¢ € (1,s). Choose P

to be the integer in the interval [@, s - @] such that

1
< =
T Q

0<

—¢

Ol

Because st > t, and only powers of s may be chosen for walk length, we might overshoot

in walk length by a multiplicative factor of s. This will cause a corresponding decay in

172



rate computation that we cannot afford. To overcome this, in the last level of the cascade
between codes Cy_; and Cy, perform the direct sum over walks of length (P — 1) instead of
length (s —1). The new total number of vertices is ' = Ps‘~1. Note that P can be as large
as s, so our splittability guarantee of W(P) (the walk collection from the lift between Cp_;

and Cy) has to be strong enough to accommodate this larger arity and not only arity s.

; t'—1
Claim 3.8.8. We have t —1 < "5 < (14 2a)(t—1).

Proof. By construction, we have the sequence of implications

P oy o1 _ st
0< —=s"""—(s <
o ¢ Q
¢ s ¢
=20< ——t < < —
QT Q T Q
=t l<tl_1<(1t 1)<1+1>+1
Q- Q - Q ’
from which we obtain
zs—1<t—l<t/_1
- QT Q
and
t'—1 1
0 <(t—-1) 1+§ +1=(14a)t—-1)+1<(1+2a)(t-1),
the latter using @ = s = 1/a. u

We apply I' again but this time to (D, e, «,1) to obtain new parameters (t/’,56, 9. d,
M, n”"), and graphs G’ and H'.

Claim 3.8.9. The code Cé obtained by t' walk steps on the s-wide replacement product of G’

and H' from the second application of I' has bias at most € and rate 9(52+4OO‘).

Proof. Let dy = 3432'Q, by = 4slogy(da) and \o = by/+\/do be the parameters of the first
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invocation of I'. Recall that ¢t was chosen to be the smallest integer satisfying

(}\%)(1—5@2(1—04)(75—1) <e.

Let d, = 8452, b = 4slogy(dy) and Ny = b5/ /d be the parameters of the second invocation

of I'. Observe that

()2 (552) (1653 logy(s))?

TR VR e
4Q

— 1-2
<5 _ 1 :< 1 )1 2a< b72 O(:/\l—Za
> 8232'@ 8252@(178%) 3232'Q — \/d_z 2 .

(15)¥

Then the bias of CZ is at most

(M) @)2)1-50)(1-0)(E=1)/Q < (32)(1-5a)(1-2)(1-a)(~1)/Q

< (/\%)(1—5a)(1—2a)(1—a)(t—1) <e.

For the rate computation of Cj, we will lower bound the term ((d’Q)Q)_(t,_l). Since dg =

2426-«
(d)Q, (d3)~(t1) = Q(c T-2a') and % < (14 2a)(t — 1) (the latter by Claim 3.8.8), the

rate of Cé is

142

Q(((dy)?) =) = o((d3)~ = D/Q) = ((d3) (1201 = (21200 150a) = (210,

3.8.8 Round III: Vanishing B as € Vanishes

We are given the dimension of the code D and ¢ € (0,1/2). As before, we set a parameter
a < 1/128 such that (for convenience) 1/« is a power of 2. Set s :=1/a.

We will consider the regime where s is a function of €. As a consequence, the parameters
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da, No, dy, A1, &0 will also depend on e. Since z < 1/logy(1/z) for x < 1/2 (and « < 1/2), if
o satisfies a0 /4 > 1/1ogy(1/3), it also satisfies Eq. (3.9) (we lose a log factor by replacing
1/logy(1/a) by «, but we will favor simplicity of parameters). In particular, we can set «

so that s is

s = ©((logs(1/))1/9),

and satisfy Eq. (3.9).

We follow the same choices as in Round II except for the base code Cp.
The base code Cy. Set gg = 1/d% = A%/bél < )\%/S. We choose an ggp-balanced code C
with support size n = O(D/efj) where ¢ = 2.001 (this choice of ¢ is arbitrary, it is enough to
have ¢ as a fixed small constant) using the construction from Round II. It is crucial that we
can unique decode Cy (using our algorithm), since this is required in order to apply the list
decoding framework.

Note that ¢p is no longer a constant. For this reason, we need to consider the rate
computation of the final code Cy more carefully. The proof will follow an argument similar

to Ta-Shma’s.
Claim 3.8.10. Cy has rate Q(e2726%) where a = O(1/(logy(1/¢))1/6).

Proof. The support size is the number of walks of length £ — 1 on the s-wide replacement

product of G and H (each step of the walk has d% options), which is

V@IV =n' - df - a3 = ag IS < g

_e (D .dg(t—1)+4s>

—
€0

(D . (d%)(t71)+28+2.001)

©
10 (D . (d%)(1+2a)(t71)> .

From this point the proof continues exactly as the proof of Claim 3.8.5. [ ]
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3.8.4  Round IV: Arbitrary Gentle List Decoding

In round III, when we take

5 = @((10g2(1/5))1/6)’

we will have A9 = 4s log(5452) / §250 < 55 provided s is large enough. This non-constant
A9 will allow us perform “gentle” list decoding with radius arbitrarily close to 1/2. More

precisely, we have the following.

Theorem 3.8.11 (Gentle List Decoding (restatement of Theorem 3.1.2)). For every e > 0
sufficiently small, there are explicit binary linear Ta-Shma codes C . 5 C Fév for infinitely

many values N € N with
(1) distance at least 1/2 —€/2 (actually e-balanced),
(ii) rate Q2P where B = O(1/(logs(1/2))1/%), and

(7ii) a list decoding algorithm that decodes within radius 1/2 — 2-6((1082(1/2)"®) 4, pime

Noa,ﬁ(l) .

Proof. We consider some parameter requirements in order to apply the list decoding frame-
work Theorem 3.9.1 between Cy_; and Cy. Suppose we want to list decode within radius

1/2 — /n. For parity sampling, we need

s = O(logy(1/n)).

Since the number of vertices in a walk can be at most s2, for splittability we need

e/ (s%- 2252) >2- s

In particular, we can take n = 2-005) and satisfy both conditions above. ]
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3.9 Instantiating the List Decoding Framework

We established the tensoriality (actually two-step tensoriality) and parity sampling prop-
erties of every lifting between consecutive codes C;_1 and C; in Ta-Shma’s cascade. Using
these properties, we will be able to invoke the list decoding framework from [AJQT20] to

obtain the following list decoding result.

Theorem 3.9.1 (Restatement of Theorem 3.6.1). Let ng € (0,1/4) be a constant, n € (0,19),

and

k> ko(n) = O(log(1/n)).

Suppose C C FY is an no-balanced linear code and C' = dsumW(k,) (C) is the direct sum lifting
of C on a T-splittable collection of walks W (k), where W (k) is either the set of walks W0, s]
on an s-wide replacement product graph or a set of walks using the random walk operator

Sfr. There exists an absolute constant K > 0 such that if

778

T<7(nk) = ok

then the code C' is n-balanced and can be efficiently list decoded in the following sense:

If g is (1/2 — \/n)-close to C', then we can compute the list

L(g,C,C) = {(z,dsumw(k)(z)) | z € C,A(dsumw(k)(z),g) < ; — \/ﬁ}

m time
nOW/mmEY) oy,
where f(n) is the running time of a unique decoding algorithm for C. Otherwise, we return

L(7,C,C") = 0 with the same running time of the preceding case.®

8. In the case g is not (1/2 — /n)-close to C’, but the SOS program turns out to be feasible, some of
the calls to the unique decoding algorithm of C (issued by the list decoding framework) might be outside all
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3.9.1 List Decoding Framework

We recall the precise statement of the list decoding framework tailored to direct sum lifting.

Theorem 3.9.2 (List Decoding Theorem (Adapted from [AJQ120])). Suppose dsumyy )
s an (778/230, L)-two-step tensorial direct sum lifting from an ng-balanced code C C FY to C’
on a multiset W (k) C [n]¥ which is a (1/2 4 n9/2,n)-parity sampler-

Let § € IF;/V(k) be (1/2 — \/n)-close to C'. Then the List Decoding algorithm returns the
coupled code list L(3,C,C"). Furthermore, the running time is nO(L+k) (polylog(1/n) + f(n))

where f(n) is the running time of an unique decoding algorithm of C.

We apply the list decoding framework of Theorem 3.9.2 to the liftings arising in the Ta-
Shma cascade to obtain Theorem 3.9.1. This requires choosing parameters so that both the
parity sampling and tensoriality requirements are met at every level of the cascade, which

we do by appealing to our results from Section 3.7.

Proof of Theorem 3.9.1. We want to define parameters for 7-splittability so that W (k) sat-
isfies strong enough parity sampling and tensoriality assumptions to apply Theorem 3.9.2.
For parity sampling, we require W (k) to be an (1/2 + ng/2, n)-parity sampler. Suppose
W (k) is T-splittable with 7 < 1/16. By Corollary 3.7.4 or Corollary 3.7.7 and splittability,
the collection of walks W (k) is an (n(, ')-parity sampler, where n’ < (n(, + 27) L(k=1)/2] o
achieve the desired parity sampling, we take nf, = 1/2 + 19/2 and choose a value of k large

enough so that ' <. Using the assumption 19 < 1/4, we compute

o = (g +20) D20 < (1724 /2 4 20) M2 < 3/,

unique decoding balls. Such cases may be handled by returning failure if the algorithm does not terminate
by the time f(n). Even if a codeword in C is found, the pruning step of list decoding [AJQ*20] will return
an empty list for £(7,C,C’) since ¢ is not (1/2 — /n)-close to C.
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which will be smaller than 7 as long as k is at least

log(1/n)
o) =2 (14 (2208 — 600s(1 /)
Achieving this level of parity sampling also ensures that the lifted code C’ is n-balanced.
The list decoding theorem also requires (7%/230, L)-two-step tensoriality. Lemma 3.7.24
(with s = k) and Lemma 3.7.25 each provide (u, L)-two-step tensoriality for 7-splittable

walk collections on the s-wide replacement product and using S% r, respectively, with

128k4 . 24k
L>———F—— and 1< L.
1 4f - 24k
To get o = 1%/230, we require
Kl X k4 . 24]41 778
LZ T and TSTO(T],]C): m,

where K and K’ are (very large) constants. This ensures that 7 is small enough for the
parity sampling requirement as well. With these parameters, the running time for the list

decoding algorithm in Theorem 3.9.2 becomes

nOEH0) (polylog(1/n) + 1)) = nOE) - f(n) = nOWP@R g,

For decoding in fixed polynomial time, we also need a variation of list decoding where we
don’t run the unique decoding algorithm of the base code and only obtain an approximate

list of solutions. The proof is very similar to the proof of Theorem 3.9.1 above.

Theorem 3.9.3 (Restatement of Theorem 3.6.12). Let ng € (0,1/4) be a constant, n €
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(0,m0), ¢ =1/8 —=1n9/8, and
k> ko(n) = ©(log(1/n)).

Suppose C C FY is an ng-balanced linear code and C' = dsumW(k) (C) is the direct sum lifting
of C on a T-splittable collection of walks W (k), where W (k) is either the set of walks W0, s]
on an s-wide replacement product graph or a set of walks using the random walk operator

57%«. There exists an absolute constant K > 0 such that if

778

T <7(nk) = Kk otk

then the code C' is n-balanced, W (k) is a (1—2¢, n)-parity sampler, and we have the following:

If § is (1/2 — /n)-close to C', then we can compute a (-cover L' of the list

L(7,C,C") = {(z,dsumw(k)(z)) | z € C,A(dsumw(k)(z),gj> < 3~ \/ﬁ}
in which A(y',§) < 1/2 — \/n for every (2',y') € L' in time

LO(1/7o(n k)

Otherwise, we return L' = 0 with the same running time of the preceding case.

Proof. The list decoding framework produces a cover £ of the list £(7,C,C’), and, as its final
step, corrects the cover to obtain the actual list £(¢,C,C’) by running the unique decoding
algorithm of C on each entry of £’ (see [AJQT20] for details). Using Theorem 3.9.2 with a
(1 — 2¢, n)-parity sampler and omitting this final step of the algorithm, we can obtain the

O(L+k)

C-cover L' in time n polylog(1/n).

The tensoriality part of the proof of Theorem 3.9.1 applies here unchanged, so we need

9. A randomized rounding will ensure this, but see Section 3.10.4 for how to obtain this property deter-
ministically.
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only make sure k is large enough to yield the stronger parity sampling necessary for this
theorem. As in that proof, we have that W (k) is an (n),n’)-parity sampler with ' <
(np + 27)L(-=1)/2] Take ny=1—2¢ =3/4+np/4. Using ny < 1/4 and assuming 7 < 1/16,
we have

W < (ny +2r) L E=V20 < (374 4 /4 + 20)R/27L < (15/16)7/2 71,
which will be smaller than n as long as k is at least

K i) = 2 (1 . fgff%) — O(log(1/n).

3.10 Auxiliary Results

3.10.1 Obtaining Tensoriality

A key result used in the SOS rounding analysis is embodied in Lemma 3.10.1 below. Roughly
speaking, it quantifies the decrease in the potential <I>G, under conditioning on a random Y}
for i ~ V, when the ensemble {Y;} has non-trivial correlation over the edges and G is a
strong enough expander graph. A generalization of this result to low threshold rank graphs
was present in [BRS11]. To derive sharper parameters in the simpler expander case and to

make the presentation self-contained, we give (essentially) a full proof of this result.

Lemma 3.10.1 (Progress Lemma). Suppose G satisfies Ao(G) < 52/q¢*. If

E (lovivy - tviyypy ) =

then



Expander Case

We will need the following characterization of the spectral gap of regular graph G. We denote

by Aq its adjacency operator and by L its Laplacian operator [Chu97].

Fact 3.10.2 (Spectral Gap [Chu97]).

2
Eir [loi = v
N

ole) =, min

ij~V ||V — Y

Using the above characterization, we derive the following local-to-global result.

Lemma 3.10.3 (Local-to-Global). Let vy, ..., v, € R™ be vectors in the unit ball. Suppose

M(Lg) > 1 B/2 (equivalently \o(Ag) < 8/2). IfEi; <vi,vj> > 3, then

b |

Ejov (vivj) >
Proof. Using Fact 3.10.2, we have

Eioy l[oill? — iy (v, 0;)

5 .
Eiov vl = Ej jov <Ui7 vj>

(L) <

Set Ay = Aa(L). We consider two cases: Ao < 1 and Ag > 1. First, suppose A9 < 1. Then

Eijov (virvj) 2 >\12Ei~j (visvg) = (1;2/\2> By llvil?

Lis—a-n)

v

v
& | =
—
=

|
—
@
~
~
v
e
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Now suppose A9 > 1. Then

Ei,jNV <Ui, ’U]> Z )\12E1~j <UZ', U]> -
)\12]Ei~j <Uz'a Uj>

1= A2 2
22 Biny

~~

v
Vv

B2

Y

N

1
A2
where the last inequality follows from Ao < 2 for any graph G. ]

We will need some standard notions in information theory [CT06].

Definition 3.10.4 (Relative Entropy/Kullback-Leibler Divergence). The relative entropy of

two distributions D1 and Do with support contained in Q is

_ D loe [ P1(@)
KL(Dy, Dg) = GGZQDl( )1 g<D2(a)>.

Notation 3.10.5. Let X be a random variable. We denote by {X} the distribution of X.

Definition 3.10.6 (Mutual Information). Let X,Y be two random variables. The mutual
information I(X,Y) is
I(X,Y) = KL({X, Y}, {X}{Y}).

Fact 3.10.7.
I(X,Y) = H(X) - HX]Y).

Fact 3.10.8 (Fact B.5 of Raghavendra and Tan [RT12]). Let X, and Xy, be indicator random
variables. Then

Cov(Xqe,Xp)? < 2-1(Xq, Xp).
We are ready to prove Lemma 3.10.1 which we restate below for convenience.

Lemma 3.10.9 (Progress Lemma (restatement of Lemma 3.10.1)). Suppose G satisfy Ao(G) <

183



8%/q*. 1
E vy = vy = 8
then
a_ B
E [9% oY — ——.
j~V { Y } 4. q4
Proof. Firstly, we show how to relate the distances H{Yin} - {Yi}{Yj}Hl over the edges

i ~ j to certain covariances. Let a,b € [g]2. Observe that

Cov (Yia Yip)| = [PrYs=anY; =t —Pi[Y;=a Pr[Y; =]
We have
2
‘ ig > Cov(Yia Y, ) > ( i? \cov(YwY ))
i~ |4 a,be[q)? a,b€lq
1 2 B
2¢Q%WYY}{YHYWD >

Note that the graph F = G ® J/q is an expander with A\o(G ® J/q) = A2(G). More-

over, the matrix C := {Cov (Yi,ij,b) }i,jev;a,be[qP is PSD since the vectorization {v; , —

EYa] - vp}icv,ac)q glves a Gram matrix decomposition of C. Thus, the covariance matrix
2

{Cov (Yi,ij,b) }ijEV'a be[q2 18 also PSD since it is the Schur product (i.e., entrywise

product) of two PSD matrices, namely, C o C. Therefore, we are in position of applying the
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local-to-global Lemma 3.10.3 with the expander F and a vectorization for C o C. We have

32 1 P
a,b€[q]?
1 2
<2 E — >, Cov (Yi,aan,b) (local-to-global Lemma 3.10.3)
BNVE 9 o pefq)?
< 5 B LY 1(Yia YY) (Fact 3.10.8)
T HI~VE | abelq)?
< - E H(Y; H(Y; .Y
- q2i,j~V®2 a,b%[:q]z ( Z’a) ( Z’a’ va)
< S| E Y H(Yil)| - E | H(YilY))
T Lacla WV el
_ 4L£E M (YZ)]—Z_JN]EV LM (YZ|Y])”
_ G _ G
e s o)
Therefore, we have ]EjNV[(I)%(,] < ®C — 52/(4-¢%), as claimed. |
J

3.10.2 FExplicit Structures

We recall some explicit structures used in Ta-Shma’s construction.

Explicit Ramanujan Graphs

The outer graph G in the s-wide replacement product was chosen to be a Ramanujan graph.
Ta-Shma provides a convenient lemma to efficiently obtain explicit Ramanujan graphs given
the intended number of vertices n (which might end up being nearly twice this much), the
expansion A and an error parameter 6 > 0. These Ramanujan graphs are based on the LPS

construction [LPS88]. Due to number theoretic reasons, we might be forced to work with
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slightly different parameters, but this is not an issue.

Lemma 3.10.10 (Lemma 12 [TS17]). For every 6 > 0, there exists an algorithm that given

n and X € (0,1) runs in time poly(n) and outputs a Ramanujan graph G such that
e (G has degree d < 8/)\2,
e 09(G) < A, and
o |V(G)| is either in the range [(1 — @)n,n| or in the range [(1 — 6)2n, 2n).

Moreover, the algorithm outputs a locally invertible function ¢: [d] — [d] computable in

polynomial time in its input length.

Explicit Biased Distribution

The inner graph H in the s-wide replacement product is chosen to be a Cayley graph on Z5*
for some positive integer m. Ta-Shma uses the construction of Alon et al. [AGHP92] (AGHP)
to deduce a result similar to Lemma 3.10.11 below. To compute the refined parameter version

of our main result Theorem 3.1.1, we will need the specifics of the AGHP construction.

Lemma 3.10.11 (Based on Lemma 6 [T'S17]). For every = B(m), there exists a fully

explicit set A C 7% such that
o |[A| <4-m?/B%, and
o for every S C [m], we have |E,cgxg(2)] < 5.

Furthermore, if m/( is a power of 2, then |A| = m2/62. In particular, the graph Cay(Z5', A)

is a (n=2"d=|A|,\=p) expander graph.

Remark 3.10.12. Given d,m € NT such that d is the square of a power of 2 with d < 2™,
by setting f = m/v/d we can use Lemma 3.10.11 with 3 and m (note that m/B is a power

of 2) to obtain a Cayley graph Cay(Zy', A) with parameters (n =2"",d = |A|, X = ().
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3.10.3 Zig-Zag Spectral Bound

We prove the zig-zag spectral bound Fact 3.4.4.

Claim 3.10.13. Let G be an outer graph and H be an inner graph used in the s-wide

replacement product. For any integer 0 <i < s —1,
o2((10 Afp)Gi(1 @ Agr)) < 02(G) +2- 03(H) + 02(H).

Proof. Let v be a unit vector such that v11, and decompose it into v = u + w such that

uewl = span{a ® b € RV(G) g RVH) | p = 1} and w € Wt = wlh+L.

(v, 1@ Ag)Gi (1@ Ag)v)| < [(u, 19 Ag)Gi(l @ Ag)u)| + [(u, (1@ Ag)Gi(1 @ Apr)w)| +
[(w, 10 AF)Gi (1@ A )u)| + [(w, (1@ AF)Gi(1 @ A )w)]
< [{u, Giu)| + [|(1© Ap)wl| +
0@ Amw| + (e Ag)w|?

<|(u, Gyu)| + 209(H) + 03 (H)
To bound |(u, (1 ® Ag)G; (1 ® Agr)u)]|, observe that u = 2 ® 1 for some z € RV(G), Then,
0=(v,1) = (u,1) + (w,1) = (u, 1) = (x,17)

so that z1 1. Because u is uniform over the H-component, |(u, G;u)| = [(x, Gz)| < 02(G),

which completes the proof. [

We also derive a (simple) tighter bound for the expansion of the zig-zag product in a

particular parameter regime.

Claim 3.10.14. Let G be a \1-two-sided expander and H be a Ao-two-sided expander such
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that both are reqular graphs. If \1 < Ao, then
oo(G@H) <2-)\.

Proof. Let v = a - ol + b vl with a2 + b2 = 1 be such that v L 1. In particular, if

ol =06 ® 17 then v& 1L 1€ since otherwise (v,1) = <vG, 1G> # 0. We have

max a2-)\1+2ab-)\2+62-)\%§ max a2-)\2—|—2ab-)\2+b2-)\2
a,beR: a24+b2=1 a,beR: a24b2=1

= max Ao + 2ab - \g,
a,beR: a2+b2=1

where the inequality follows from the assumption A; < Ao (and trivially )\% < Ag) and the
equality follows from a? + b? = 1. Since we also have 2ab = (a + b)? — (a® + b%) < 1, the

result follows. ]

3.10.4 Derandomization

To deterministically uniquely decode in fixed polynomial time (i.e., poly(n/e)), we need
to prune the list of coupled words £ covering the list £*(7) = {(z,y = dsum(z)) | z €
C,A(7,y) < 1/2 — /n} of codewords we want to retrieve. To do so, given (z*,y* =

dsum(2*)) € L*(), we need to have (z,y = dsum(z)) € £ such that
1. [{y*,dsum(z))| is not too small, and
2. (g,dsum(z)) is not too small (in order to apply Lemma 3.6.11).

The slice (S, o) of the SOS solution from which y* is recoverable satisfies in expectation

2
E {22 (5,0} (", dsum(2))?] = 30,
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and

E. (205, (0 dsum(2))] > 3y/7/2.

Moreover, since z — (y*, dsum(z))? and z — (j, dsum(z)) are O(1/n)-Lipschitz with respect

to the ¢;-norm,!? Hoeffding’s inequality gives

* 2 2
gDy L))" <] < exp(-6(m).

and

zN{Zgl(s,a)} (9, dsum(z)) < /0] < exp (=O(n)).

At least randomly, such a z can be easily found. In [AJQT20], alternatively to satisfy-

ing Item 1 it was shown that by choosing 2’ € {£1}" by majority vote, i.e.

2zt = argmax P[Z; = 0]
be{£1}

for i € [n], one has that ‘<z*, 2 >’ is large which is enough to address the first item. More
precisely, implicit in [AJQ™20], for any constant 3 € (0,1) as long as parity sampling is

sufficiently strong we have

Een(29)(5.0)} [<Z’>Z>2] 21-5

2
Similarly z — <z’,z> is O(1/n)-Lipschitz with respect to the ¢1-norm, so Hoeffding’s in-
equality yields
2
[<zl, z> <1- 5/2} <exp(—0O(n)).

P
ZN{Z®|(S,U)}

2
However, we want to efficiently and deterministically find a z satisfying <z/, z> >1-73/2

10. In this fixed polynomial time regime, the parameters s, d;,ds, €9, n are constant independent of the
final bias €.
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as well as satisfying Item 2. Note that at this stage in the decoding process y* is not known
(without issuing a recursive unique decoding call), so running expectation maximization
to satisfy item Item 1 would not be possible. Fortunately, the majority 2z’ can be cheaply
computed without a recursive call to a unique decoder. On the other hand z satistying
only Item 2 can be found by expectation maximization. We need to satisfy both conditions
at the same time. For this reason, we design a simultaneous expectation maximization

derandomization procedure tailored to our setting.

Abstract Derandomization: Simultaneous Expectation Maximization

Suppose that €2 is a probability space where two random variables A and B are defined

satisfying the following first moment conditions

E[A]>a and E[B]>1-5.

We provide sufficient conditions so that w € €2 satisfying

Aw)>d and Bw)>1-4

can be efficiently deterministically found with the aid of an oracle, where a ~ o’ and 8 ~ 3.

More precisely, we have the following lemma.

Lemma 3.10.15. Let Q = ({—1,1}",v1 X -+ X vp) be a probability space with a product
distribution. Suppose A € [—1,1] is a random variable on ) satisfying, for a > 0 and for
some function e4: N — RT,

P[A < a] <ey(n).

Suppose B € [—1,1] is a random variable on ) satisfying, for some function eg: N x RT —
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R,

PB < 1-p5] <epg(n,p).

Suppose that there is an oracle to evaluate E {AB%} under any product distribution uj x

oo X for k € N. Given 6,8 € (0,1), if
ea(n) +ep(n, B/(4([—n(a(l = §)) /6] +1))) < aga (3.10)
then it is possible to find w € {£1}" using 2n invocations to the oracle and satisfying
Aw)>a(l=p) and |B(w)|>1-0.

Proof. Set k = [—In(a(1 — 3))/d] + 1. Set 3/ = 3/(4k). Note that

where we use Eq. (3.10) in the last inequality. Do expectation maximization to determinis-

tically find w € {£1}", with 2 - n invocations to the oracle of E {AB%}, such that
AwBW)* >a(1-7).

Since B(w)?* < 1, we have A(w) > a(1 — ). Towards a contradiction suppose |B(w)| <

1 — 4. Using that A(w) < 1, we have
e k0 > (1 — §)%F > A(w)B(w)* > a(1 - B). (3.11)

By our choice of k, we get

e <a(1 - ),
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contradicting Eq. (3.11). |

Implementing the Oracle

Now, we provide an efficient deterministic oracle for our setting. We take
2
A = (g,dsum(z)) and B:= <z/, z> ,
where 2} = argmaxe 11y P[Z; = b]. Note that

1AB2]€ = Z aT H Zg-

TC[n]: |T|=0(1) €T

To compute E {AB%} under any product distribution p} X - - - X u7,, use linearity of expecta-
tion and sum at most n®() terms aE [[I;c7 2] where each can be computed in O(1) since

restricted to 7' we have a product distribution taking values in {£1}7.
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