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Abstract

We prove that the blocklength 7 of a linear 3-query locally correctable code (LCC) £: FF —

2 \VE

F" with distance 6 must be at least n > 2 ((”IF o) ) In particular, the blocklength of a linear 3-
query LCC with constant distance over any small field grows exponentially with k. This improves
on the best prior lower bound of n > Q(k3) [AGKM23], which holds even for the weaker
setting of 3-query locally decodable codes (LDCs), and comes close to matching the best-known
construction of 3-query LCCs based on binary Reed—Muller codes, which achieve n < 20017,
Because there is a 3-query LDC with a strictly subexponential blocklength [Yek08, Efr09], as
a corollary we obtain the first strong separation between g-query LCCs and LDCs for any
constant g > 3.

Our proof is based on a new upgrade of the method of spectral refutations via Kikuchi
matrices developed in recent works [GKM22, HKM23, AGKM23] that reduces establishing
(non-)existence of combinatorial objects to proving unsatisfiability of associated XOR instances.
Our key conceptual idea is to apply this method with XOR instances obtained via long-chain
derivations — a structured variant of low-width resolution for XOR formulas from proof com-

plexity [Gri01, Sch08].
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1 Introduction

A locally correctable code (LCC) is an error correcting code that admits, in addition, a local correction
(a.k.a. self correction) algorithm that can recover any symbol of the original codeword by querying
only a small number of randomly chosen symbols from the received corrupted codeword. More
formally, we say that a code £: {0,1} — {0,1}" is g-locally correctable if for any codeword x,
a corruption y of x, and input u € [n], the local correction algorithm reads at most g symbols
(typically a small constant such as 2 or 3) of y and recovers the bit x,, with probability 1/2 + ¢
whenever A(x,y) = [{v € [n] : x, # yu}| < 6n, where 9, the “distance” of the code, and ¢, the
decoding accuracy, are constants. The central question about LCCs is to determine the smallest
possible blocklength 1 as a function of the message length k for a fixed number of queries 4.

Local correction was first introduced for program checking [BK95], and early applications utilized
that Reed—Muller codes are locally correctable via polynomial interpolation. Since then, LCCs have
been a mainstay in complexity and algorithmic coding theory with a long array of applications. An
abridged list (the surveys [Tre04, Yek12, Dvil2] provide details) of applications includes sublinear
algorithms and property testing [RS96, BLR93], probabilistically checkable proofs [ALM 98, AS98],
IP=PSPACE [LFKIN90, Sha90], worst-case to average-case reductions [BENW93], constructions of
explicit rigid matrices [Dvil0], and t-private information retrieval protocols [IK99, BIW10]. The
existence of LCCs turns out to have natural connections to incidence geometry [Dvil2], additive
combinatorics [BDL13], and the theory of block designs [BIW10].

For any constant g € IN, Reed—-Muller codes (i.e., evaluations of (q — 1)-degree polynomials)
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yield binary, linear! g-LCCs with a blocklength n < 20 ). Given their extensive applications
and connections, finding LCCs of smaller blocklength has been a major project in theoretical
computer science over the past three decades with some remarkable successes over the years. For
example, multiplicity codes [KSY14] significantly beat the blocklength of Reed—Muller codes in the
super-constant query regime. In the constant-query regime, matching vector codes [Efr09, Yek08] use
a strictly sub-exponential (i.e., n < exp(exp(O(4/log k loglog k)))) blocklength to obtain 3-query
locally decodable codes — a relaxation of LCCs where the local correction property holds only for
the k message bits. To sidestep the difficulty of finding more efficient LCCs, the work of [BGH"04]
introduced relaxed LCCs that soften the local correction property and has seen exciting recent
developments [GRR20, AS21, CGS20, KM23, CY23]. These successes notwithstanding, constructing
better constant-query LCCs has remained a major open question (see, e.g., Chapter 8 in [Yek12]).

LCC lower bounds. The lack of progress on finding better constant-query LCCs has motivated a
long investigated conjecture that Reed—Muller codes might be optimal constant query LCCs. The
work of [KW04, GKST06] essentially confirmed this conjecture for the “base case” of 4 = 2 by
proving that n > 2% for any two-query LCC, matching the construction of Hadamard codes,
which are 2-LCCs with n = 2*. For g > 3, however, only a polynomial lower bound is known. The
works of [KW04, Woo07] prove that g-LCCs must have n > Q(k1/a-1/ 31 ),> and for the specific case

LA code is linear over a field FF if the encoding map £ is an F-linear map.
2These lower bounds all hold for non-linear codes over small (i.e., polylog(k)) size alphabets. A weaker polynomial
lower bound [KT00, IS18] is known to hold for linear codes over all fields and for the specific case of g = 3, [Woo010]



of g = 3, a recent work [AGKM23] (which, like this work, is based on the Kikuchi matrix method)
obtained a polynomial improvement on this bound, showing that n > Q(k?).

Limitations of prior lower bound techniques. Beyond the weakness in the quantitative results,
all the above lower bounds suffer from an important inherent limitation — they all hold even
for the weaker setting of locally decodable codes (LDCs). As we mentioned above, there are sub-
exponential length (and thus substantially beating Reed—Muller) 3-query binary, linear codes that
are locally decodable [Yek08, Efr09]. Indeed, characterizing the limitations of prior proof techniques
and finding methods that could separate LCCs and LDCs itself has been a major research goal.
For example, Dvir, Gopi, Gu and Wigderson [DGGW19] formalize the limitations of prior lower
bound techniques for LCCs by showing that the “random restriction” approach in [KT00] applies
to a more general setting of “spanoids” where they are, in fact, tight. On the other hand, to show a
strong separation between LCCs and LDCs, Barkol, Ishai and Weinreb [BIW10] build an approach
for stronger LCC lower bounds via connections to the well-studied Hamada conjecture ([Ham?73],
see lecture notes [Ton11]) and its generalizations in the theory of block designs, while Dvir, Saraf
and Wigderson [DSW14] develop new geometric techniques to prove a slightly superquadratic
lower bound for an appropriate formulation of 3-LCCs over the reals.

To summarize: there is an exponential gap between best-known constructions and lower bounds
for g-LCCs for q > 3. Further, the best known lower bound techniques for g-LCCs apply also to
g-LDCs and thus provably cannot yield an exponential lower bound.

Our result. In this work, we prove an exponential lower bound for linear 3-query LCCs. We
note that the best-known constructions of LCCs (and also LDCs) namely Reed—Muller codes and
matching vector codes, are [F>-linear.

Theorem 1. Let £: F* — " be a linear (3,5, €)-LCC. Then, n > 2 k/(FI=-D)Y®) 1, particular, if
L: lFlz‘ — F} isa (3,0, €)-LCC where 0 is constant, then n > DO(KYS)

Theorem 1 improves on the prior best lower bound of n > Q(k3) [AGKM23] and comes close
to matching the blocklength n = exp(O(\/%)) of 3-query LCCs based on Reed-Muller codes; in
Section 9, we comment on potential strengthenings of our argument to come closer and even match
(up to constants in the exponent) the exp(O(Vk)) bound.

Theorem 1 also yields the first strong separation between 3-LCCs and 3-LDCs. No such separation
was known for g-LDCs and g-LCCs for any constant g > 3.7 In particular, Theorem 1 implies that
matching vector codes that yield linear 3-LDCs over IF, of sub-exponential blocklength, such as the
codes in [Yek08, Efr09], cannot admit a local correction algorithm, answering a question of Yekhanin
(see Chapter 8 in [Yek12]).

Our proof is based on the method of spectral refutation via Kikuchi matrices developed in prior
works [GKM22, HKM23, AGKM23]. The key idea in this method is to associate the existence of
a combinatorial object (e.g., a 3-LCC) to the satisfiability of a family of XOR formulas and find a
spectral refutation (i.e., certificate of unsatisfiability) for a randomly chosen member of the family.

shows a lower bound of Q(k2) for linear 3-LDCs over all fields.

3The work of [BGT17] shows a separation between 2-LCCs and 2-LDCs over poly(n)-sized alphabets. For 2-LCCs
on small alphabets, a strong separation cannot exist, e.g., on IFp, the Hadamard code gives both an essentially optimal
2-LCC and 2-LDC.



Our key new conceptual idea is to apply an appropriate version of the Kikuchi matrix method to
XOR formulas obtained by long chain derivations — a structured variant of low-width XOR resolution
refutations in proof complexity [Gri01, Sch08] — to the naive XOR instances obtained from the
query sets of a purported linear 3-LCC. These new XOR formulas allow us to utilize the additional
structural in 3-LCCs and, in particular, significantly surpass the cubic lower bound [AGKM23] for
3-LDCs that also used the Kikuchi matrix method. We discuss the new challenges that arise in
analyzing spectral refutations of XOR instances produced by such long chain derivations and our
technical ideas for handling them in Sections 3 and 4.

1.1 Roadmap

The rest of the paper is organized as follows. First, in Section 2, we introduce some notation and
recall basic facts about LCCs that we shall use in the proof. Then, in Section 3, we give a detailed
overview of the proof. In Section 4, we give an essentially complete proof of a new lower bound
of n > Q(k*) for binary linear 3-LCCs as a warmup. Following the warmup, in Sections 5 to 8 we
prove Theorem 1 for binary 3-LCCs, i.e., when [F = [F»; we handle the case of arbitrary finite fields
in Appendix A. Finally, in Section 9 we conclude with some remarks on the proof of Theorem 1,
possible strengthenings, and extensions.

2 Preliminaries

2.1 Basic notation

We let [1n] denote the set {1,...,n}. For two subsets S, T C [n], we let S ® T denote the symmetric
difference of Sand T,ie., S®T ={i: (i € SAi ¢ T)V(i ¢ SAi € T)}. For a natural number
t € N, we let (['Z]) be the collection of subsets of [1] of size exactly t. Given variables x1, ..., x, and
asubset C C [n], welet xc = [[,cc Xo-

For a rectangular matrix A € R™*", we let [|A||, == MaXyeR™,yeR":|x|=|lyll2=1 x T Ay denote the
spectral norm of A, and [|A[|_1 = MaXye(_1,1ynye(-1,1}» ¥ T Ay. We note that [|All,_,; < VimlAll.

2.2 XOR formulas

An XOR instance ¢ on n variables x1, x2, . . ., x,, taking values in {1, 1} is a collection of constraints
of the form {xc = bc} where C € H where H C 2["l is the constraint hypergraph. The arity of a
constraint {xc = bc} equals |C|. The arity of ¢’ is the maximum arity of any constraint in it. The
XOR formula associated with 1 is the expression {(x) = > <4 bcxc seen as a polynomial over
{-1,1}". Notice that {(x) = |H]| if x satisfies all the constraints of ¢ and in general evaluates to
(number of constraints satisfied by x) - (number of constraints violated by x). The value val(y) of
a XOR instance ¢ (or, of the associated formula ¢(x)) is the maximum of 1(x) as x ranges over
{-1,1}". More generally, for a function f(x), we shall let val(f) := maxye(_1,1}» f(x).



2.3 Locally correctable codes
We refer the reader to the survey [Yek12] for background.

Definition 2.1 (Locally correctable code). A map £: F* — F" is a (g, 6, €)-locally correctable code
if there exists a randomized decoding algorithm Dec(:) that takes input an oracle access to some
y € F" and a u € [n], (1) makes at most g queries to the string y, and (2) for all b € F*, u € [n],
and all y € F" such that A(y, L(b)) < 6n, Pr[Dec?(u) = L(b),] > % + e. Here, A(x, y) denotes the
Hamming distance between x and y, i.e., the number of indices v € [n] where x, # y,. We will use
7-LCCs to denote (g, 0, €)-LCCs where 0, € are some fixed small constants.

L is linear if the map L is a linear map. We note that for linear codes, k = dim(V), where V
is the image of F¥ under the map L. Without the loss of generality, a linear L is systematic, i.e.,
L(b); = b; for i € [k]. By a slight abuse of notation, we will also use L to denote the set of all
codewords, i.e., elements in the range of the map L.

For the Boolean case, i.e., when [F = IF, it shall be more convenient to think of the map £ asa
function from {-1,1}* to {-1,1}", defined via the mapping 0 <& land 1 & —1.

We next discuss a combinatorial characterization of locally correctable codes. To begin with, we
recall basic notions about hypergraphs.

Definition 2.2. A g-uniform hypergraph H on vertex set [n] is a collection of subsets C C [n] of
size g called hyperedges. We say that H is a matching if all the hyperedges in H are disjoint. For a
subset Q C [n], we define the degree of Q in H, denoted deg,,(Q), tobe [{C € H : Q € C}|.

LCCs admit a standard combinatorial characterization (formalized in the definition below).

Definition 2.3 (Linear LCC in normal form). A linear code £: F¥ — F" is (g, 5)-normally cor-
rectable if for each u € [n], there is a g-uniform hypergraph matching H,, with at least 6n hyper-
edges such that for every C = {v1,...,v4} € H,, there are coefficients ay,...,a; € F\ {0} such
that, forany b € F¥, x = £L(b) satisfies x,, = A1 Xy + 0+ Ao, .

Fact 2.4 (Reduction to LCC normal form, Theorem 8.1 in [Dvil6]). Let £: FK — F" be a linear
code that is (q, 6, €)-locally correctable. Then, there is a linear code L' : FX — 2" that is (g, 8")-normally
correctable, with 6’ > 6/24.

We note that there is slight difference in Fact 2.4 compared to Theorem 8.1 in [Dvil6]. In Fact 2.4,
we require that the matchings are g-uniform and all coefficients a are nonzero, and we obtain
0" > 6/2q. On the other hand, [Dvil6] allows for hyperedges of size < g, i.e., some coefficients a
may be zero, and obtains ¢’ > /4. We remark that Fact 2.4 immediately follows from [Dvil6] by
“padding” the code with n 0’s. This loses an additional factor of 2 in 9, but allows one to make all
hyperedges have size exactly g by querying the padded 0 entries.

Finally, we recall the lower bound for linear 2-LDCs from [GKST06].

Fact 2.5 (Lemma 3.3, Claim 4.4 in [GKST06]). Let £L: FX — F" be a linear map, and let Gy, ..., Gk be
matchings on n vertices such that for every b € F* and every i € [k] and every (u,v) € G;, it holds that
Xy — Xy = b;, where x = L(b). Suppose that % Zf-‘:llGil > on. Then, 6k < 2log, n.
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When FF # IF;, the above lower bound, as stated, only applies to the setting where the decoder is
a linear function with the added restriction that each non-zero coefficient of the linear combination
isin {—1,1}. It is not hard to remove this restriction on coefficients, but, in our setting, we obtain a
better dependence on |F| in Theorem 1 by applying this more specialized lemma.

2.4 Concentration inequalities
We will need the following standard concentration inequalities.

Fact 2.6 (Chernoff Bound). Let x1,...,xy, be i.i.d. Bernoulli random variables with mean p, and let
u = pn. Then, for any 6 > 0,

n

Pr[z xi > (1+0)u] < exp(=6*u/(2+0)) .

i=1

Fact 2.7 (Scalar Bernstein inequality). Let x1, ..., x, be independent mean O random variables satisfying
|xi| < M almost surely for every i. Let 0® > 3" E[x?], for every i € [n]. Then, for all t > 0, it holds that

Zn: oL
Pr[ ) xi>t] <exp (——1) .
i—1 (72+ th

We will use the following non-commutative Khintchine inequality [LP91].

Fact 2.8 (Rectangular Matrix Khintchine inequality, Theorem 4.1.1 of [Tro15]). Let X, ..., Xj be fixed
d1 X dy matrices and b, ..., by be i.id. from {=1,1}. Let 0> > max(||Z§-‘:1 XiX. 2, ||Z:“:1 X Xill2).

Then
k

Z b; X;

i=1

IE[ ] < \/202 log(di +da) .

2

Tail Bounds for r-partite non-negative polynomials. We give an elementary proof of a concen-

tration inequality for r-partite polynomials with non-negative coefficients. Such inequalities are

the subject of the celebrated work of Kim and Vu [KV00] (with tightenings due to Schudy and

Sviridenko [SS12]). For r-partite polynomials, our inequality below saves a crucial 20 factor in

the estimate of the typical value when compared to a blackbox application of the above results

(without which, we can only obtain a quasi-polynomial lower bound for 3-LCCs).

Lemma 2.9 (Tail Bounds from bounded expected derivatives). Let x = {x;i)} 11 sisr be nr independent
sJ|=sn

p-biased Bernoulli random variables. Let P(x) = P(xD,x@, ..., x(")) be a r-partite %ultilinear polynomial

of degree < r with nonnegative coefficients. That is, each monomial with a non-zero coefficient in P has

degree at most 1 in each x® for1 <i<r. ForZ e ([n]U{x})", let uz(P) be the expected partial derivative

of P with respect to the variables {x(Zhh) | 1< h <r, Z, # x}. Suppose that there exists a u,y > 0 such that

for every Z, uz(P) < u -y, where | Z| denotes the number of non x coordinates in Z.

Then, for every p > 0,
Pyr[P(y) >A+p)ul<r(n+1)a,

5



b
where @ = exp (_2V+%Vﬁ)'

Proof. We will consider the random process that samples x € {0,1}"" by fixing x(”) to a random
draw from their distribution one at a time. At each step, we obtain a new polynomial of smaller
degree obtained by fixing one additional set of variables to a fixed value in P. We understand how
the parameters 117 of the polynomials so generated evolve via the Bernstein inequality Fact 2.7.

Formally, fixa 0 < t. Let (Z¢41, ..., Z,) € [n]"~" be a tuple of length r — t. We define the quantity
Wy 0 7,7, tobe the quantity yiz,.,, .z, (P;) where P; = P(yW, ...,y xED [ x()). Here,
we use the notation y”) to denote sampled values for x!). Note that P; has r — t “free” groups of
variables x(*1) . x(),

Lett € {0,...,r}. We will show that with probability at least 1 —t(n + 1)"a over the draw of
y(l), .. .,y(t), it holds that for every Z;11,...,Z, with |Z;| € {0,1} forall h =t +1,...r, we have
ey oy 7z, < (L) y ZieraalZnl,

We prove this by induction. The base case of t = 0 forms the hypothesis of the lemma. We now
prove the inductive step. Let t > 1, and suppose that with probability at least 1 — (t = 1)(n + 1) «
over the draw of y(l), .. .,y(t‘l), it holds that for tuple of length r —t +1 Z;,...,Z,, we have
By, iz, 7, < (L+B) L yZimlZal,

Fix Zi41,...,2Z, with |Z;,| € {0,1} forall h =t +1,...r. We now show that with probability
at least 1 — & over the draw of y*), it holds that By, g0 y0,7,. 7 < (1+B)u’, where ' =
(1+B)u- 7/22=t+1 21l The lemma then follows by union bound over the (crudely) at most (1 +1)"
choices for Z;41,...,7Z;.

For an assignment y), we have that pt,a) ey 7,,, 7, = f(y"), where f(x®) == 37 _; ¢, x®)
is a linear polynomial with nonnegative coefficients ¢, = us, s, {u}.Z.,1,..,z,- We note that the
mean is E, ¢ [f (M) = us,...5,1.0,Z1...2, < W', by the induction hypothesis. We also have that
Cu = Usy, 8 b Zisanze < (L +B) Y+ ZialZil = 31/, again by the induction hypothesis.

We now bound the polynomial by using the Bernstein Inequality. Let ") be the centered version
of y®), e, y;(t) = ys) —p, so that y{,(t) = 1 - p with probability p, and —p with probability 1 — p. Then,
lE[(y;(t)cu)z] = c2((1 = p)?p + p*(1 - p)) < 2pc3. Further, we observe that |y;(t)cu| <cy <y =M
always holds. We also note that

n n n
o® = Y Elyi e’ < ) 2peq < 2maxci)(p ) cu) < 2M - US,,..S10Zunss
u=1

u=1 u=1

<20 =2y

Thus, by the Bernstein Inequality, we have

® %)\2
Pr My > Al <exp|-————1
Lf (™) | P( > %M)\)

and therefore

1g2
Pr(f(y"™") > Bu'] < exp (—ﬁ) =a
3
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Note that since f is linear, f(y"®) = f(y")) — s, s, .1.0,Z.1,...,2,, and so it follows that Pr[f(y*) >
(1+p)u’] £ a, which finishes the proof. |

3 Proof overview

In this section, we will focus on the case of IF = IF, to give a high-level overview of the main ideas in
the proof of Theorem 1. Without loss of generality, we can assume that £ is a systematic linear map
L:{-1,1}F = {-1,1}", so that the first k bits in any codeword are the message bits themselves,
i.e., forany b € {-1,1}*, x = £L(b) satisfies x; = b; for all i € [k]. In this section and the next, we
will use the notation % and < to suppress a multiplicative polylog(n) factor.
The Kikuchi matrix method. Our proof uses the Kikuchi matrix method developed in prior
works [GKM22, HKM23, AGKM23] for finding extremal trade-offs for combinatorial structures
in hypergraphs. This method works in two steps: (1) formulate a hypergraph possessing some
relevant structure as a family of satisfiable XOR formulas, and, (2) construct a spectral refutation (i.e.,
a certificate of unsatisfiability) of a randomly chosen member of this family. The spectral refutations
in the second step rely on appropriate Kikuchi matrices — a term that we loosely use to describe
induced subgraphs of an appropriately chosen Cayley graph associated with the hypergraph. The
success of the spectral refutation naturally relies on the structure of the XOR instances. The power
of the method comes from the ease (at least in hindsight, given [GKM22, HKM?23, AGKM23]) in
identifying the relevant combinatorial structure that is sufficient for the success of the spectral
refutations. This method has been used to prove Feige’s conjecture [Fei08] on the hypergraph
Moore bound (extremal girth vs. density trade-off) [GKM?22, HKM23], improved lower bounds for
3-LDCs [AGKM23], and generalizations of Szemeredi’s theorems for arithmetic progressions with
restricted common differences [BC23] (which closely follows the argument in [AGKM23]).

Our proof can be seen as an upgrade on a recent work [AGKM23] that showed a lower bound of
n > Q(k®) on the block length 1 of a code of dimension k and constant distance.* The key conceptual
idea that helps us move beyond the cubic to an exponential lower bound (a bound that provably
cannot hold for 3-LDCs [Efr09, Yek08]) is a new family of XOR instances that crucially exploits
the additional structure in LCCs. Our new family of XOR instances is produced by performing a
certain structured variant of low-width resolution (well-studied in proof complexity [Gri01, Sch08])
on the “basic” family. We call this process long chain derivations.

In the following, we will first recall the conceptual crux of the lower bound for g-LDCs
in [AGKM23] and then use it to motivate our approach for 3-LCCs.

3.1 The naive XOR instance and LDC lower bounds

Let’s first consider the case of 3-LDCs and start by recalling the combinatorial characterization
(formalized as the normal form in Definition 2.3). A code £: {-1,1}f — {-1,1}" is a (g,5)-LDC
if for every 1 < i < k, there exists a g-uniform hypergraph matching H; over [n] of size 6n such
that for every b € {-1,1}¥ and codeword x = L(b), for every i € [k] and every C € H;, it holds

4Their result extends to non-linear codes but we omit this distinction here.



that xc = b;. The combinatorial characterization above can be easily seen to be equivalent to the
satisfiability of a family of g-XOR instances.

Observation 3.1 (LDCs and a Family of XOR Instances). Let H, Hy, . .., Hi be g-uniform hypergraph
matchings on [n] of size 6n. For every b € {-1, 1}*, define the following g-XOR instance @ in n

variables x1, X2, ..., x,.
ViE[k], VCEHi,xC:bi. (1)

Then, there exists a (normal form) linear LDC £ : {-1,1}¥ — {-1,1}" described by the collection
of g-uniform matchings Hy, Hy, ..., Hi on [n] if and only if @, is satisfiable for every b € {1, l}k.

If £ is a (g,06)-LDC described by matchings Hj, Hy, ..., Hy, then x = L(b) satisfies all the
constraints in @,. Conversely, if @y, is satisfiable for every b, then one can easily construct a linear
map L (easily seen to be a linear (g, 6)-LDC) where L(b) is some satisfying assignment to ®y,.

The main idea of [AGKM23] is to show that for any collection of n-size g-matchings H1, Hp, . . ., Hi,
if k is large enough as a function of 7, then for a randomly chosen b, ®; is unsatisfiable with high
probability. This implies an upper bound on k. Now, when b is random, @, is XOR formula gener-
ated via k < n bits, i.e., much smaller than the number of variables. Thus, a naive union bound
argument cannot establish unsatisfiability of ®;,. The work of [AGKM23] establishes unsatisfiability
of @, for a random b via a spectral refutation using Kikuchi matrices.

Spectral refutations for @;. Let us now recall how the spectral refutation in [AGKM?23] works.
Their main result is for the case of g = 3 (where they obtained improvements on prior works).
However, for our purpose of illustrating the conceptual idea, we will focus on the simpler setting
of even g and sketch their proof that k < O(n'~2/9) for g-LDCs.

First, we observe that for the XOR instance @, there is an associated “instance polynomial”
DOp(x) = Zi;l 2cen, bixc. We note that @y(x) is the number of constraints satisfied by x mi-
nus the number of constraints violated, and thus ®; is unsatisfiable if and only if val(®;) :=
maxye(-1,1} Pp(x) is less than Zf:1|Hi| = k- 6n. Thus, to show that @, is unsatisfiable, we will
bound val(®y).

To do this, we define a matrix whose quadratic form is equal to ®;(x).

Definition 3.2 (Kikuchi matrix and graphs). Let C € ([’;]), let £ be a parameter, and let N := (7).

Let Ac € {0,1}N*N be the matrix indexed by sets S € ([';]) where Ac(S,T) =1if S®T = C, and
0 otherwise. Let A; := Y ¢y, Ac, and let A = Zle biA;. We naturally interpret (and by abuse of

notation, also call) Ac, A; and A as adjacency matrices of “Kikuchi graphs” on the vertex set ([’;]).

Observe that Ac is a matching on vertex set ([’;]) of size D = (27;7 ) (q’}z). For any x € {-1,1}", let

x°! denote the {-wise monomial vector indexed by S € ([7;]) with corresponding entry equal to xs.
Then, x"eTAcx"e = Dxc. Consequently, xotT Axol = D®y(x). Thus, if x € {-1,1}" satisfies @}, then
we have the following inequality that upper bounds k in terms of ||A||,:

(e)

D

2

of
Yl

kon = dy(x) < = | 41l < O /07 1Al @

1Al =



We now choose b € {-1,1}F uniformly at random and consider A = }}; b;A;, which is a matrix
Rademacher series of the A;’s. By the matrix Khintchine inequality, ||A]|, < O(+/log N) ||Zi A%”;/z
with high probability.
A combinatorial proxy for ||A[l,. Let A; be the maximum degree of any node in the Kikuchi graph
A;, and let A = maxj<;<x A;. Then, we can naively bound ||ZiA12H2 <2 ||Ai||% < kAZ. Thus, the
maximum degree of the A;’s naturally controls the spectral norm of A as ||A||, < A-O(+/kflogn).
Let us now investigate bounds on A. Since for each C € H;, Ac contributes D edges to A;,
the average degree of A; is clearly 6nD/N ~ n({/n)?/2. Thus, A > O(1) max{1,n({/n)/?}. If A
happens to be equal to this minimum possible value, then plugging it in Eq. (2) yields:

kon < O(1) (%)q/Z Vktlog n - max{1,n(¢/n)??},

which implies that k < O(¢logn) - max{n972/¢9,1}. This is minimized at { = n'~2/4 to give the
lower bound of k < O(n'=2/7),i.e., n > Q(k9/(1-2),

Handling irregularities: row pruning via polynomial concentration. We will now (for the first
time in the argument) use that the H;’s are matchings to argue that while the A;’s are certainly
not approximately regular (i.e., max degree A; at most a polylog(n) factor larger than the average-
degree), there is only a small fraction of nodes in any A; that have a large degree. Of course, a
small fraction of rows can still cause ||A||, to be too large. In order to circumvent this issue, we
observe that the argument in Eq. (2) works even if we were to replace N ||Al|, (maximum over
arbitrary quadratic forms) by ||A||,,_,; (maximum over quadratic forms on +1-coordinate vectors).
The latter quantity is insensitive to dropping a small fraction of rows since +1-coordinate vectors
when restricted to a small number of rows must have correspondingly small ¢,-norm.

To prove that only a small fraction of nodes can have a large degree in any A;, we view the
degree of any node S as a polynomial in the corresponding indicator variables z € {0,1}" with
2. zi = ¢ and use tail inequalities for low-degree polynomials (that generalize concentration of
Lipschitz functions) of Kim and Vu and extensions [KV00, S512] to bound the chance that it takes
a value polylog(n) times the average. This relies on establishing strong bounds on the expected
partial derivatives of the degree polynomial by using that the H;’s are matchings.

The key heuristic: high density for Kikuchi graphs at low levels. Let’s summarize the crucial
steps of the above argument as follows: (1) -LDCs naturally yields XOR instances of arity g, (2)
to obtain our lower bound, we need that the Kikuchi matrices A; corresponding to a matching H;
are approximately regular (after dropping a negligible fraction of rows), and (3) the argument can
only yield a bound of the form k § ¢ where { is the smallest level of the Kikuchi graphs A; with an
average degree > 1. More precisely, if there are m; constraints of arity g in H;, then the threshold ¢
is the smallest integer satisfying m;(¢/n)1 /2> 1 for all i € [k]. Note that this threshold ¢ increases
as q increases.

We assert that even though the argument in [AGKM?23] for the case when q = 3 requires more
work (in both the design of the Kikuchi matrix itself and its analysis), the heuristic above continues
to hold. Let us also note that ensuring approximate regularity is usually the trickiest aspect of the
proof. In particular, while the heuristic above makes sense for all odd g (and not just g = 3), and
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the work of [AGKM23] fails to obtain an improved lower bound for odd g > 3 because they were
unable to find an appropriate “decomposition” that ensures approximate regularity of the resulting
Kikuchi matrices.

Thus, in order to obtain an exponential lower bound, as in Theorem 1, via the schema above,
we must construct Kikuchi graphs that have constant density (i.e., average degree) at much a lower
level ¢. Specifically, we will need to be able to take ¢ = polylog(n).?

3.2 Long chain derivations: improved spectral refutations by increasing density

Given the key heuristic above, we now show how to build XOR instances from 3-LCCs that yield
constant density Kikuchi matrices at level £ = polylog(r). Our instances will balance two opposing
concerns. On the one hand, they will be of large arity (in fact, O(logn) arity) which, given the
discussion above, hurts the density at lower levels. Nonetheless, we will show that the number of
higher arity constraints that we produce grows fast enough to compensate for this and gives us an
overall increase in density at lower {. We note (with the hope of pointing the reader to the trickiest
part of the proof that motivates all our setup) that the analysis of “row pruning” i.e., arguing
approximate regularity after removing a negligible fraction of rows, will get significantly more
involved and motivates all our design choices. This includes the specific type of Kikuchi matrices
that we will choose and a new decomposition for the constraints that, while a bit unnatural at the
outset, helps guarantee approximate regularity. Let us see these ideas in more detail next.

Like 3-LDCs, 3-LCCs can, without loss of generality, be assumed to be (3, 5)-normal. Thus,
for any 3-LCC L: {-1, 1}¥ — {-1,1}", there are 3-uniform hypergraph matchings Hy, ..., H, on
[1], each of size On, such that for every b € {-1, 1}%, u € [n], and C € H,, the encoding x = L(b)
satisfies xc = x,. Note that the key difference between LCCs and LDCs is that here we have a
“local correcting” hypergraph H,, for each u € [n], instead of only a hypergraph for each u € [k] in
the case of LDCs.

The naive XOR instances. Similar to Observation 3.1, the combinatorial characterization yields
that the XOR instance with constraints xc = x,, for every C € H, and u € [n] (where on the right
hand side, we set x,, = b, whenever u € [k]) is satisfiable for every b € {-1, 1}, If we focus only
on the constraints corresponding to H, for u € [k] (i.e., the “systematic” bits in the codeword),
then we recover the same XOR instance as in the case of 3-LDCs and our method from above
yields k < O(n'/3) [AGKM23]. To improve on this significantly lossy formulation, we must make
use of the additional constraints H, for u ¢ [k]. More specifically, if we were to only use the
hypergraphs H, for u € [k], then any lower bound we could prove would hold for LDCs as well,
and in particular one could not hope to prove Theorem 1, which is false for LDCs.

Long chain derivations. We now show how to use the additional constraints in order to build a

5We note that while our lower bounds appear to get weaker as £ grows, generic convergence results about the Kikuchi
matrices imply that taking £ ~ n and bounding ®; in terms of ||A||, yields the optimal bound on k, whatever it may
be! The reason the current argument (which is likely suboptimal) does not extend beyond ¢ = n172/7 is the potentially
superfluous +/log N multiplicative loss in the matrix Khintchine inequality. Investigating when this +/log N factor (which
is tight in the worst-case) can be removed is the topic of an ongoing research effort in random matrix theory [BBH23]
and is naturally related to other problems such as resolving the matrix Spencer conjecture [Zou12, Mek14].
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Figure 1: A 2-chain with head u. Note that CU {w} € H, and C’' U {w’} € Hy, and that x = L(b)
satisfies xcxy, = x, and xcrxyr = Xy, and therefore xcxc Xy = xy.

higher arity XOR instance that is (1) approximately regular (after an appropriate decomposition),
and (2) results in high-density Kikuchi graphs at polylog() levels. We will construct higher arity
XOR instances that use the additional constraints above using a structured variant of low-width
XOR resolution [Gri01, Sch08] that we call long chain derivations.

Let us start by forming extra constraints via 2-chains. Observe that for any u € [n] and C € H,,
we have that for any b € {-1, 1}%, x = L(b) € {~1,1}" satisfies the equation x,xc = 1. Now,
let us choose w € C and C" € H,. We also have that x,xc/ = 1. As xc = x¢\{w}Xw, it follows
that the “derivation” x,xc\ (w1 Xc’ = 1 also holds, since x2 = 1. We shall call such a constraint a
“2-chain” — it connects two constraints intersecting in one variable. We can think of such a 2-chain
as a tuple (1, C,w,C’,w’), where CU{w} € H, and C' U {w’} € Hy, and this yields the constraint
xXcxcr Xy = xy (see Fig. 1).

Consider now the 2-chains Uie[kﬂ{i(z), i.e., 2-chains of the form (i, C,w, C’,w’) where i € [k].
Then, the constraints have the form xcxc/x, = b;, so they decode the i-th independent bit b;. We
have thus formed a new set of constraints with “right hand side” b;.

A heuristic calculation. Let us now do a heuristic calculation (that ignores the key issue of
approximate regularity) to see if we improve the density at lower Kikuchi levels by taking the XOR
instances corresponding to 2-chains. For any fixed “head” i € [k], there are (36n)? 2-chains. This is
because we have 6n choices for C U {w} € H;, followed by 3 ways to choose w from C U {w}, and
then similarly 30n choices in total for (C’, w’). Let ’7-(1.(2) denote the set of 2-chains with head i. We
have thus produced ~ n? constraints and each constraint has arity 5,° as |C| = |C’| = 2.

The Kikuchi matrix in Definition 3.2 only makes sense for even g, but let us still do a “pretend”
calculation of the relative density for the arity 5 constraints we have produced. This can be made
precise with a slightly more sophisticated Kikuchi matrix, so this is still a meaningful heuristic.

The density (i.e., average degree) expression for a Kikuchi matrix A; is now n?(¢/ n)12 ~
n2(/n)%% ~ (25 /195, This density is > 1 whenever ¢ > n/5, so one might expect to obtain a
bound of k < n'/? (beating the n/3 bound for the naive XOR instance [AGKM23]) when working
with 2-chains — a construction that crucially relies on additional structure in 3-LCC! While there

6Some constraints may have additional variable cancellations and thus have arity < 5. However, as the density gets
worse as the arity increases, this is only “better” for us.
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are lot of details that we have simply ignored in doing this calculation, it does suggest that we are
able to achieve a constant-density Kikuchi matrix A; at a lower level ¢. A similar calculation (that
we will omit here) for chains of larger length, say r, shows that the smallest level ¢ at which we can

obtain constant density Kikuchi matrices is £ ~ n!/?"

, and this suggests that we might be able to
obtain constant density at level ¢ = polylog(n) if we work with r ~ log n length chains.

In Section 4, as a warmup to our somewhat technical proof of the main theorem, we present
a complete analysis of the 2-chains (with extended commentary) to obtain a k < O(n'/#) bound
(giving a polynomial improvement on the ~ n'/? lower bound on 3-LDCs already!) in order to

illustrate (a simplified version of) the set of new tools that go into the analysis.

3.3 From the heuristic to a proof

In the remaining part of this overview, we briefly discuss the technical tools we develop to turn
the above heuristic calculation into a full proof. We note that the actual parameters become rather
delicate. For readers familiar with the literature on random CSP refutation (our setting resembles
semirandom XOR refutation with complicated correlations in the right hand sides), this is similar
to the analysis getting rather delicate when dealing with XOR instances with super-constant arity.

Setting up the Kikuchi matrix. The instances produced by forming r-chains yield XOR instances
of (odd) arity 2r + 1. We build a different Kikuchi matrix by first applying the “Cauchy-Schwarz”
trick — a standard idea in CSP refutation also utilized in [AGKM23]. In our case, the XOR instance
produced after this trick corresponds to constraints formed by joining two r-chains at their “tails”
whenever the tails match. We choose a variant of the Kikuchi matrix for the “Cauchy-Schwarzed
instance” except for the key difference that it is indexed by 2r-tuples of sets of size ¢ (instead of
a single set of size f) in the sketch above. This choice is crucial in the analysis of row pruning, in
particular, as we discuss below, in obtaining bounds that significantly beat those obtained by a
blackbox application of low-degree polynomial concentration [KV00], see below.

Regularity decomposition. If Hj, H», ... H, are such that no pair of variables appears in more
than one hyperedge (“no heavy pairs”) across all the H;’s, then it turns out that the resulting
Kikuchi matrices satisfy approximate regularity after pruning a negligible fraction of rows. This
no-heavy-pair property holds, e.g., if H;’s are uniformly random and independent hypergraph
matchings of size on.

However, when the H;’s are arbitrary, and in particular when there are “heavy pairs” (i.e. pairs
of variables that appear in > log n hyperedges across the H;’s), the resulting Kikuchi matrices are
far from being approximately regular. Our key technical idea is a new decomposition procedure
that operates directly on the chains. Such a decomposition procedure partitions the chains into
~ r different groups such that each group admits a (different, appropriately defined) Kikuchi
matrix that satisfies approximate regularity. Regularity decompositions were already used in early
applications of the Kikuchi matrix method for proving hypergraph Moore bound and smoothed
CSP refutation [GKM?22, HKM23]. However, our notion of regularity is (necessarily) significantly
weaker (we call it “contiguously regular” partitioning) that, unlike [GKM22], does not “by design”
ensure approximate regularity of the Kikuchi matrices after removing only a negligible fraction of
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rows. Instead, our argument for approximate regularity relies on combining the guarantees of the
decomposition with (1) an appropriate choice of Kikuchi matrix for each piece in the partition, and
(2) the structure in the chains arising by virtue of H;’s being matchings.

Polynomial concentration: bounding expected derivatives. Our main technical step (the subject
of Section 8) is proving that our weak notion of regularity combined with the fact that H;’s are
matchings is enough to control expected partial derivatives of the “degree-polynomial” that
computes the degrees of nodes in the Kikuchi graph.

We note that off-the-shelf low-degree polynomial concentration inequalities (e.g., the Kim-Vu
inequality [KV00] or the related inequality of Schudy and Sviridenko [SS12]) lose an exponential
factor in the degree of the polynomial in the tail bound. This exponential factor is too costly for us
as the arity of our constraints, and thus the degree of the polynomial, is O(log 1) that eventually
restricts us to only a quasi-polynomial instead of an exponential lower bound on 3-LCCs. Instead,
we induce a special “partite” structure (i.e., there exists a partition of the variables so that the
degree of the polynomial is 1 when restricted to any single piece in the partition) in the polynomial
by setting up our Kikuchi matrix to be indexed by tuples of sets (instead of a single set). For such
partite polynomials, we prove an analog’ of the Kim-Vu inequality for partite that gives sharper
bounds when its expected partial derivatives decay appropriately.

We note that the analysis of the expected partial derivatives of the “degree polynomial” (which
we use to prove approximate regularity) and the interplay of these bounds with our decomposition
of chains is the key technical part (and the focus of Section 8) of our proof. In order to illustrate this
technical part in a “base” case that still captures some of the complications, we present the case of
2-chains as a warmup in the next section.

4 Warmup: An n > Q(k*) Lower Bound via 2-Chains

In this section, we give a detailed sketch of the proof of the following theorem, which is a weaker
version of our main result. Notice that this theorem already improves the best known 3-LCC lower
bound [AGKM?23] by a polynomial factor in k.

Theorem 4.1 (Weak version of Theorem 1). Let £ : {-1,1}% — {-1,1}" be a (3, 5)-LCC in normal
form with & = O(1). Then, n > Q(k*).

The theorem above obtains a lower bound of n % k* — worse than the bound of n 3 k°
predicted by the heuristic but still beating n % k® from [AGKM23]; we discuss the reason that we
do not match the heuristic in Remark 4.2.

Proof. As before, we have 3-uniform hypergraph matchings Hj, ..., H,, where for any u € [n] and
C € H,, we have that for any b € {-1, 1}%, x = L(b) satisfies xc = x,,. Following Section 3.2, we

"We did not find a reference to a known result so we include a proof in Lemma 2.9.
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shall let 7_{1'(2) denote the set of 2-chains with head i. We define the 5-XOR instance @, (x) as

k
q)b(x) = Z bi Z XCoXC1Xwy -

i=1 éz(i,Co,wO,Cl,wﬂE(/‘{i(Z)

We note that val(®y) = k(36n)? for any b € {~1,1}¥, as the instance is satisfiable and has k(361)>
constraints in total. Following the strategy in Section 3.1, we shall use spectral refutation via
Kikuchi matrices to bound val(®;) with high probability for a random b € {-1, 1}k

4.1 Step 1: the Cauchy-Schwarz trick

As we have observed, the basic Kikuchi matrices in Definition 3.2 are only defined for constraints of
even arity, but the constraints in 7-{1.(2) have arity 5, i.e., odd arity. The standard way to handle odd
arity XOR instances is to use the “Cauchy-Schwarz trick”, which produces even arity instances as
follows. Let C € (Hl.(z) and C’ € 7-{] @ for i # j € [k] be two constraints in our initial 5-XOR instance,

where C = (i, Co, wo, C1, w1) and Cr = (j, Cg wy, C1,w]) where wy = wj, i.e., the last element of both
chains is the same. From this pair, we can cancel w1 = wj, producing the derived constraint
XcpXey XeyXe) = bibj, which has arity 8. We do this for all pairs of chains with the same “tail” vertex
w. We note that this process produces at least (k(36m)%)?/n ~ k*n® constraints.

We now define the following “Cauchy-Schwarzed instance” polynomial:

fo(x) = Z bib; Z Z XcoXe XeyXey

i#jelk] weln] CE(HQ) Cre “H(Z) w1 =w) =w

The phrase “Cauchy-Schwarz trick” refers to the fact that one can show k?n* ~ @y (x)? < 1 - f,(x) +
o(k?n*) via a simple application of the Cauchy-Schwarz inequality and a bound on the “diagonal
terms” where i = j. This reduces the task to bounding the cross-term polynomial f;.

We now observe that the “right-hand sides” of the constraints in f; are no longer independent,
as they are of the form b;b; for i # j € [k], and this will cause an issue “downstream” when we apply
matrix concentration bounds, as the matrices will not be independent. To recover independence,
we consider the polynomial fjs;(x) defined for a (directed) matching M on [k]:

fmp(x) = Z bibj Z Z XcoXe XeyXey

(i,j)eM weln] 667‘([(2),6’6‘7-{].(2):101:701:10

Because we now sum over a matching, we have that b;b; and b;-b;- are independent for different
directed edges (i,j) and (i’,j) in M. And, we can easily relate f, and fa, as fp(x) = 2(k —
1)Em fmp(x) when k is even, and fy(x) = 2kEum far,5(x) when k is odd, where the expectation is
over a maximum matching M. This is because the chance that M contains a directed edge (i, j) is
2(k o if k is even and - k 1f k is odd. In particular, there exists a maximum matching M such that

val(fyp) > kVal(fh)
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Remark 4.2. Restricting to a matching M loses a factor of k in the number of constraints. This leads
to a factor k “loss” in the density of the corresponding Kikuchi matrix and is the main reason
why we obtain weaker bound of n > O(k*) instead of k° suggested by our heuristic calculation in
Section 3.2. A better bound could be obtained by instead following the setup in [AGKM23], where
they split [k] randomly into a left and right set L and R and only consider constraints where i € L
and j € R (thereby losing only ~ 1/2 of the constraints instead of a factor k). This careful setup is
necessary in [AGKM23] for their goal of obtaining a cubic (as opposed to the known quadratic)
bound, but this makes the “row pruning” step (i.e., arguing approximate regularity of Kikuchi
graphs after removing a negligible fraction of constraints) significantly more challenging. In our
case, the effect of this loss on the final lower bound diminishes as the length of the chain r grows
and when r ~ logn, disappears asymptotically, and so we pick a matching M to make the row
pruning easier.

4.2 Step 2: spectral refutation via Kikuchi matrices

Let us now bound val(fy ) (with high probability over b € {~1,1}¥) for any maximum matching
M. We introduce our Kikuchi matrices:

Definition 4.3. Fori # j € [k] and C= (i, Co, wp, C1,w1) and Cr = (j, Ch wy, C1,wy) with wy = wi,

we define the matrix AES’CI) as follows. The rows/columns of the matrix Aﬁ’c’) are indexed by
a 4-tuple of sets (So, S1, S}, ), each in (['Z]), and the ((So, S1, S}, S}), (To, Th, Ty, T/))-th entry is 1 if

So@To=Co, S180T1 =Cq, Sy@ Ty =C|, S;®T] = C], and is 0 otherwise.

o (C.C) _ boA
WeletA;; = Z@e?{i@),@’eﬂj@):wlzzui Ai,j and A = Z(i,j)eM bibjA;,.

We now observe that each matrix AE?’C’) has exactly D* nonzero entries, where D = 2 - ('Z:f ),

and the matrix has N* rows/columns, where N = (;’) We note that D/N ~ {/n, and so the average
number of nonzero entries per row (or column), i.e., the density, is (D/N)* ~ (¢/n)* = (¢/ n)1/2, as
the arity of the constraints is 8.

We also observe that for any x € {-1,1}", D4fM,b(x) = x’ T Ax’, where x’ is the vector with
(S0, 51,5(,57)-th entry equal to [],es, o [Tves, X0 HveS(’) X HveSi X,. We thus have that

kn®-D* < D*-val(fup) < [|Alloms1 < N*[|All2 -

For any i # j, the matrix A;; has density ~ m; ;(D/N )* ~ (¢/n)*, where m; ; is the number of the
constraints in f, with right-hand side b;b;. Let us now argue that each m; ; is at most O(n®). Indeed,
m; ; is the number of pairs of 2-chains (i, Co, wo, C1, w1) € 7-(1.(2) and (j, C), wy, C1,w}) € 7-{].(2) where
w1 = w). To show that m; ; < O(n?), we pick wop, w1 and wy, for a total of n3 choices, and observe
that this completely determines both chains. Indeed, because H; is a matching, there is at most one
constraint C in H; that contains wy, and then Cp must be C \ {w}. This similarly shows that we have

’ ’

at most one choice of C1 and also C(’). Finally, because w; = w1, and we know w1, we thus know w]
as well, which by similar reasoning gives us at most one choice for C;, and we have determined

15



the entire chain. We note that we have a lower bound of ~ kn® on the total number of constraints
2.(i,j)em Mij, so this calculation also shows that no m; ; can be much larger than the average.

Returning to the density calculation, we have shown that A; ; has density at most n3(/n)* =
4 /n. Again, following the blueprint in Section 3.1, we will set ¢ = nl/4
to show that the matrices A; ; satisfy the approximate regularity condition, i.e., the number of
rows/columns with more than A = ¢4 - polylog(n)/n nonzero entries is at most N*/poly(n). Let us
finish the proof, assuming that this holds.

- polylog(n), and we want

Proof assuming approximate regularity. Let B denote the set of rows/columns that are “bad” for
some pair (i, j), i.e., the matrix A; j has more than A nonzero entries in that row. Let B ij be the matrix
where the rows and columns in 8 have been all set to 0. Let B = X ; cp bibjBij. We have that B
is the sum of mean 0 independent matrices, each with spectral norm ||B; j||> < A. Therefore, by
matrix Khintchine (Fact 2.8), we have that with high probability over b, ||B|l2 < O(A+/klog(N*)) =
O(A+/ktlogn).

Now, we observe that ||A — B||,_,; < 0(N). This is because the number of nonzero entries that
we have removed from A to produce B is at most k - n% - N*/poly(n) = o(N*) (there are k edges
(i,j) in the matching M, each has m; ; < n3 constraints, and each row of Ajj has at most m; ; < n3
nonzero entries) provided that the poly(n) factor is large enough. We thus conclude that

kn®-D* < D* -val(fpp) < I|A = Blleoy + N*|IBl2 < o(N*) + N*O(Avktlogn) .

Substituting the value for A and rearranging, we conclude that k < ¢ - polylog(n) < O(n'/%).

We remark that Sections 4.1 and 4.2 are fairly mechanical, and they justify the use of the heuristic
calculation. The place where we had “freedom” is in the choice of constraints to use in the initial
XOR instance, which we chose to be the 2-chains 7{1.(2). It thus remains to bound the number of bad
rows B. This “row pruning” step is key to converting the heuristic into a full proof.

4.3 Step 3: row pruning, the key technical step

We want to understand if, after dropping a 1/poly(n) fraction of the rows, every Kikuchi graph
A, j satisfies approximate regularity. This is equivalent to showing that for every matrix A; ;, with
probability at least 1 — 1/poly(n) a uniformly random row (Sy, S1, Sy Si), has at most A nonzero
entries in A; ; for A = ¢* - polylog(n)/n = Asugpolylog(n).

The heavy pair degree. We now make a key observation. Whether the above approximate
regularity property holds for a given collection of matchings H1, H, . . ., H, is governed by a single
parameter that we call the heavy pair degree d. This is the maximum, over all pairs {v, v’} C [n],
of the number of hyperedges across the H;’s that contain {v, v’}. We will prove that if d is small
enough then approximate regularity holds for every A;; after dropping a 1/poly(n)-fraction of
rows. When d is large, this property will not hold for the A; ;’s from Definition 4.3. Instead, we will
define a different collection of Kikuchi matrices that have high density and for which row pruning
succeeds.

Lemma 4.4 (Row pruning for 2-chains with no heavy pairs). Let Hjy, ..., H, be 3-uniform hypergraph
matchings of size 6n, and let d be the maximum, over all pairs {v,v’} of vertices, of the number of pairs

16



(u, C) withu € [n] and C € H, where {v,v"} C C. Fix i # j € [k], and let A;j be the matrix defined in
Definition 4.3 at level £ € IN.

Suppose that d < (2. Then, the number of rows (So, 51,5, S7) of Aij with more than A = 4.
polylog(n)/n nonzero entries is at most N*/poly(n).

We note that if the matchings Hy, ..., H, are random, then we have d < polylog(n) with high
probability, and so random matchings satisfy the “small heavy-pair degree” assumption with
high probability. We can thus think of d < polylog(#) as a pseudorandom property of a collection
Hji, ..., H, of matchings. We now sketch a proof of Lemma 4.4.

The degree polynomial and its partial derivatives. As the first step in the proof of Lemma 4.4, we
define a degree 4 polynomial Degi,]- : {0,1}*" — IN, where we think of the 4n variables as split into
4 groups of n variables s s 10 /M) which are indicator variables of the 4 sets S, S1, S4. S
respectively. This polynomial Degi,j(s(o), s, 50 ") upper bounds the number of nonzero entries
in the (So, S1, S{), S7)-th row in the matrix A;; in Definition 4.3.

Formally, let 7;; denote the (multi)-set of 4-tuples (uo, u1,vo, v1) such that there exists C =

i,Co,wp,C1,w1) € H? and € = (j, Chwl, Clw) € H? with wy = w’, such that uy € Cp,uq €
i Jr &0 Wor q, W i 1

C1,v9 € C,v1 € Cy; if there are multiple such pairs (6, 6’) that produce the same (uo, u1, vo, v1),
then we add this tuple multiple times. Then, we set
0) (1) .0) (1
Deg; (s, s, s, sWy= X sDslVsiVsyl)
(uo,ul,vo,vl)eﬁj

Note that Deg; ; is a polynomial with non-negative coefficients. We are interested in the proba-
bility that Degi,]-, on uniform draws of 4-tuples of {-size sets, takes a value that deviates from its
expectation u by some multiplicative factor. It turns out (see Lemma 8.3) that we can pass on to
independent p-biased product distribution on {0, 1}*" for p ~ ¢/n without much loss. This is help-
ful because the tail behavior of low-degree polynomials with non-negative coefficients on product
distributions is determined by a bound on its expected partial derivatives. Namely, variants of the
Kim-Vu inequality (see Lemma 2.9) show the following: if the expectation of every partial derivative of
Deg; ; is at most yu, then Deg; ;(So, S1, S, S7) < O(ulog n) with probability at least 1 —1/poly(n).

Let us now examine the expected partial derivatives of Deg; ;(s). We start by introducing
notation to refer to them. Let Z = (2o, 21, z(, z7) € ([n]U {x})* be an ordered tuple of length 4, with
entries either in n or set to *, which we think of as an “unfixed” value. Then, Z encodes partial
derivatives with respect to any subset of variables that use at most one variable in each of the groups
s s ¢10) /) All other partial derivatives of Degi,]- are 0 since Degi,]» has degree 1 in each of the
4 groups of variables (i.e., Deg; ; is 4-partite). We know that E[Deg; ;(5)] = fi(xx4) < 2°(£/n)*-n° =
O(1) - £4/n; the factor of 2* comes from the fact that each pair (6 ,C ’) adds 2* different tuples to 7; ;.
Now, Lemma 2.9 implies that the chance that Deg; ; takes a value larger than p - polylog(n) is at
most 1/poly(n) if uz < p forall Z.

Computing expected partial derivatives. To help bound the expected partial derivatives pz, let
us relate these parameters to combinatorial quantities of the hypergraphs Hi, Hy, ..., H,. Notice
that when we take partial derivatives with respect to some Z, the only monomials that “survive”
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are ones that “contain” Z, and furthermore the expectation of the partial derivative is simply
(¢ /n)# of xentries in Z times the number of such monomials. Formally, let deg; ]-(Z ) be the number of

1
symbol x, we say that * € C always holds — we say that such a pair (6, C ) contains Z. Then,
the expected partial derivative at Z is uz = 2*12l(¢/n)*17l degi’]-(Z), where |Z| is the number

pairs (5,6’) € 7-(i(2) x?—[}@ where w1 = wj and zp € Co,z1 € Cy,2; € Cj, 2] € C], where for the

of non-x entries in Z.% For example, Z = (%, %, %, %) is contained in all such pairs of 2-chains,
and so degl-/j(*, *, %, %) = M < Om®) and uz = u = 16([/11)47711-,]-. Let us use the shorthand
Yy = maxz:|zj=t Uz.

Let Z be an arbitrary 4-tuple with at least one non-* entry. As explained above, estimating pz is,
up to scaling, equivalent to counting deg; j (Z), the number of pairs (C’ , C /) that contain Z. We next

observe that if Z has no x entries, then the number of 2-chains (5 , C ’) containing Z is an absolute
constant. This is because there is at most one constraint Cy U {wy} that contains z in H;. Given
this constraint, there are 2 choices for wy, as wg € Co U {wp} \ {zo}. Given w, there is at most one
constraint C1 U {w; } in H; that contains z1, and then at most 2 choices for w;. We can similarly use
the knowledge of (zé, zi) to bound the number of choices for C/, C{. All in all, we have at most
16 = O(1) choices for the pair (é, C ') given Z with no * entries. This immediately shows that for Z
such that |[Z| =4, uz < O(1) < p.

Let us now deal with Z’s with at least one * entry by breaking up into cases depending on |Z|.
We will view the counting of degi,]-(Z ) as a procedure that makes a bounded number of choices to
decode the pair (5, 5’).

Let us deal with the case when |Z| = 1. By swapping the roles of i and j if needed, without
loss of generality we can assume that one of zg or z; is non-*, and all other entries in Z are *.
There are at most n choices for zg (if z1 # %) or z1 (if z9 # *). We now have n choices for zj, which
again determines C; and w( up to 2 choices. We now observe that (C], w}) is uniquely determined.
Indeed, this is because we know w’, as it equals w; (the two 2-chains must have matching tails),
and therefore this determines the hyperedge C; U {w/} € H106 uniquely. We have thus shown that
for Z with |Z| = 1, we have deg, .(Z) < O(n?),and so uz < (£/n)*- O(n?) < O(£3/n) < O(¢*/n).

Let us now handle the case when |Z| = 2. Similar arguments as above show that Degi,j(Z) <
O(n) holds for all Z except when the non-x entries of Z look like Z = (%, z1, %, z]) where zq,z] # *,
and thus uz < (¢/n)?- O(n) < O(¢*/n) for these Z’s. To count degi,j(Z) for Z = (x,z1,*,z]) where
z1, zi # %, we pay a factor of n to determine zo, and then this determines (up to an O(1) factor)
Cp and Cq as well. Now, we know wi (because it is equal to wq) and zi which is in Ci. Thus, the
hyperedge C; U {w]} must contain the pair {z{, w]}. Using the heavy pair degree, there are at most
d choices for the pair (w(, C; U {w]}), and after learning w;, we also know C|. Hence, we have paid
a total of O(nd) choices, which implies that uy < (¢/n)*- O(nd) = O(¢2d/n). For |Z| = 3, a similar
issue arises and gives a bound of u3 < O(¢d/n).

We can now finish the proof of Lemma 4.4.

8The extra factor of 24714l comes from the fact that for every Z and pair (C,C) containing Z, the pair (C,C produces
24-1Z| tuples (ug, u1,vg,v1) in 7i,j that contain Z. In this case, this is just a constant factor, so we can ignore it.
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Proof of Lemma 4.4. Notice that if d < ¢ then p; < u for every t. Applying Lemma 2.9 now yields
that the probability that Deg; ; > - polylog(n) is at most 1/poly(n). Taking a union bound on
k < n yields that the fraction of bad rows |B|/N is at most 1/poly(n), as desired. O

4.4 Step 4: hypergraph decomposition to handle large heavy pair degree

We will handle the case when the heavy pair degree is high by designing a different Kikuchi matrix.
To do this, we we will construct the cross term polynomial (obtained by applying the Cauchy—
Schwarz inequality) slightly differently. Our current Kikuchi matrix is built from the XOR instance
obtained by pairing up chains that agree on their tails and thus “cancel” (i.e., square out) one
variable. When the heavy pair degree is large, we will build chains by cancelling a pair of variables
instead. The number of pairs of chains that agree in a pair of variables instead of just their tails, i.e.,
the new number of “Cauchy-Schwarzed” constraints, will of course be smaller than before. On the
other hand, since we cancel a pair of variables instead of just the tail, the arity of the resulting XOR
instance will be smaller: 6 instead of 8. The punchline is that the density vs. arity trade-off (i.e., our
key heuristic discussed in Section 3.2) breaks in our favor, provided that there are many “heavy pairs”.

To formally implement this argument, we decompose the set of chains by “labeling” each chain
by the heavy pair contained within, if one exists. Intuitively, this is the pair of variables in the
chain that we intend to cancel in the Cauchy-Schwarz trick. If the chain does not contain any
heavy pair, then we label it by its tail variable w, which we will cancel in the Cauchy-Schwarz
trick as done before in Section 4.1. We let Hp denote the set of chains labeled by the heavy pair
Q, and H,, denote the set of chains labeled by the tail variable w. For technical reasons (that will
become relevant when we do the row pruning argument for the different, yet-to-be-defined Kikuchi
matrices), our decomposition will produce multiple pieces labeled by the same heavy pair Q, i.e.,
Ho,1, Hg 2, etc., and for two chains labeled by the same Q, we shall only cancel the pair Q if these
two chains lie within the same piece Hg p.

Formally, our hypergraph decomposition is as follows. Given the collection H) = {(u, C,w) :
u € [n],CU{w} € H,} of 1-chains, we perform the following greedy algorithm: if there exists
an ordered pair Q = (Q1, Q2) such that there are more than d := ¢? 1-chains (1, C, w) in H» with
Q1 € Cand Q> = w, i.e, Q is a heavy pair contained in the chain (1, C, w), then we choose an
arbitrary set of exactly d such 1-chains, remove them from H, and place them in a new “partition”
Hg p; here, p € IN denotes the “label” of the partition, as we may be producing multiple partitions
with the same Q, and so we will denote these different pieces of the partition by Hp 1, Hp 2, etc.
Finally, if there is no such heavy pair Q, then we create partitions H,, for each w € [n], and add all
remaining 1-chains with “tail w”, i.e., 1-chains of the form (u, C, w), to H.

This decomposition has the following properties:

1) HY = (U, Hy) U(YUg,»Hag,p) is a disjoint partition of HW;

(2) For each Q = (Q1,Q2)and p € N, Hp,, is a set of 1-chains that “contain” the tuple Q, i.e., each
(u,C,w)in Hgphasw = Q> and C 5 Qy;

(3) ForeachQ and p € N, |Hg»| = d;
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(4) For each w € [n], there is only one partition H,,;

(5) The total number of partitions Hg , is at most O(n?/d), as there are at most O(n?) 1-chains, and
each Hp , has exactly d 1-chains.

We stress that the decomposition is only on 1-chains, not the set of 2-chains Uie[k]‘]-(i(z) that are the
constraints in the XOR instance! At a high level, this is because, e.g., the 2-chains in 7_(1'(2) (or 7—{] .(2))
are formed by taking a 1-chain and prepending it with a hyperedge in H; (or H;), and so “first link”
in each 2-chain is specific to the choice of i € [k], but the “second link” is an arbitrary 1-chain, and
so it is “shared” across the 7’(1.(2) ’s in some informal sense.’ This property turns out to be important
when it comes time to bound the expected partial derivatives.

Now, we define ?{l%) to be the set of 2-chains (i, Co, wg, C1,w1) where the “second link”
(wo, C1,w1) is in Hp . Using the decomposition, we now define the following polynomials:

k
Dy(x) = Z b; Z XCoXCi Xw, &

=1 6=(ilco,wo,C1,w1)€7{,-(2)

Wi w(x) = Z Z XCoXCy

Co,wo:CoU{wo }eH; (wo,C1,w1)eH

\I"i,Q,p(x) = Z XCoXC1\Q1 -
(i,Co,lU(),CLwl)E(]'(i(’g’p
k
W0 (x, y) = Z Z biywWiw(x) ,
i=1 we[n]
k
1
w(x,y) = Z Z biyopWigp(x)
=1 (Q,p)

where above yg , and y,, are new variables. By definition, if we set v, = x4, and yo = xg, xo,, then
we have that ®,(x) = WO(x, y)+ w(x, y). Indeed, all we have done is partitioned the constraints
into these two polynomials and removed the “xg, xg, term” from each monomial, replacing it with
the new variable yg ;.

We now refute the two polynomials W%(x, y) and W)(x, y) separately using the machinery in
Sections 4.1 to 4.3. In fact, Sections 4.1 to 4.3 immediately show that we can successfully refute the
polynomial W©(x, y). Indeed, the only issue that we encountered was in Section 4.3, where the row
pruning failed if there was a pair {v, v’} that appeared in more than ¢? 1-chains in H. However,
this cannot happen, as otherwise our decomposition algorithm would not have terminated.

It thus remains to handle the second polynomial, W (x, y). Applying the “Cauchy-Schwarz
trick” of Section 4.1, we can reduce this to the case of bounding the polynomial:

fmp(x) = Z bib; Z Wiop(x)Wiop(x) ,

(i.))eM Qp)

9For this reason, in Section 6, the length of the chains defining the XOR constraints is 7 + 1, but we only decompose
length r chains.
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Figure 2: A pair of 2-chains C = (i, Co,wp, C1,wn) € 7{1.(,247, Cr = (j, Cy wp, Cl wy) € 7{](25]0 The
")

blue vertices appear in the sets (So, R, 56) for the rows of the matrix Afg oy and the green vertices
appear in the columns. The orange elements are the elements of Q that are canceled via the Cauchy-
Schwarz operation.

where M is a maximum matching, as before. Notice that the constraints in fjs, have arity 6 (see
Fig. 2). Following the blueprint of Section 4.2, we define the following Kikuchi matrices.

Definition 4.5. For i # j € [k], (Q,p), and C= (i, Co, wg, C1,w1) € HP = (j, Cy wy, C1,wy) €

LQp’
) ) . ACCH .. )
Wj,Q,p’ op a8 follows. The matrix AZ.,].’Q,p is indexed by a 3-tuple of sets

(So,R, Sp), each in (['Z]), and the (So, R, S}), (To, W, Ty)-th entry is 1 if So ® Ty = Co, Sj @ Ty = C;), and
R={uyulU, W = {v} UV, where C; = {u,Q1}, C] = {v,Q1}, and U C [n] is a set of size { — 1
where u,v ¢ U.

We let Ai/]‘ = ZQ,p D

we define the matrix AES’C

&c
g0 AT and A=Y ey bibjAi).

~ (2) _>/ i
CeH, ,Cre 0p 1,7,Q.p

Notice that for C = (i, Co, wg, C1,w1) € 7—(}2}7 and C’ = (j, Ch wy, C1,wl) € 7—(]‘(,2),,;' the split of
the elements in the constraint across the row (S, R, ) and the column (Tp, W, Tj)) is asymmetric:
see Fig. 2.

Applying the same machinery in Section 4.2 to the matrices in Definition 4.5 will yield the
correct lower bound provided that the row pruning step succeeds. It thus remains to bound the
number of rows in A; ; for a fixed pair (7, j) with a number of nonzero entries exceeding the average
by a polylog(n) factor.

We now apply Lemma 2.9. As before, we define a similar degree polynomial Deg; ;, and the
tail bound boils down to computing the expected partial derivatives uz, where Z = (zo, 1, z(’)) €
([n] U {*})? is now a tuple of length 3, and pz = (¢/n)>71%l degi,j(Z), as the constraints have arity 3.
We observe that degi/j(*, *, %) < O(n%d), as we have O(n?) choices for C = (i, Co, wo, C1,w1) € 711.(2)
(which then determines (Q, p)), followed by O(d) choices for (w(, C;, w]) (because this must be
in ’7-(8’);7, which has size d), and then a unique choice for Cy. Therefore, pg < (£/n)* - O(n%d) =
O(£3d/n).

Bounding i is straightforward, and we omit the calculations. We obtain a bound of p; <

(¢/n)? - O(nd) = O(f?>d/n). Bounding u> can be done with a trivial bound of deg. .(Z) < O(n),
g H 8i,j
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yielding o < (£/n) - O(n) = O({). Finally, it is simple to bound degi/]-(Z) < O(1) when |Z| = 3, and
so we obtain uz < O(1).

We notice that po > p1 and pp» > pz always hold. So, either g or y, must be the maximum.
Because d = {2, we have yy = O(£3d/n) ~ €°/n > { ~ up because {* > n, by choice of . Thus,
to > po, and so the row pruning argument, etc., will all succeed. This, combined with the
refutation argument for \Iféo)(x), implies that our heuristic calculation succeeds and we get a bound
of k < O(¢), where ¢ is chosen to be O(n'/*). Thus, we obtain a lower bound of k < O(n!/4). O

4.5 Preview: extending the warmup to a proof of Theorem 1

We now give a brief overview of how we shall extend the ideas used in this warmup to prove
Theorem 1. First, we observe that in the argument we presented in Sections 4.1 to 4.4, there
were only two crucial moments in the proof where we had a lot of freedom: (1) the choice of the
constraints in the initial XOR instance (in this warmup, we chose the set of 2-chains with head
i € [k]), and (2) the choice of the hypergraph decomposition in Section 4.4 — the rest of the proof
was fairly mechanical, and boiled down to computing the expected partial derivatives uz. Namely,
if we can choose the constraints and the decomposition so that the row pruning succeeds for all
the resulting Kikuchi matrices, i.e., the expected partial derivatives of the degree polynomials are
appropriately bounded, then the general machinery in Sections 4.1 to 4.3 succeeds in proving the
lower bound predicted by the heuristic calculation in Section 3.2 (up to a small loss, see Remark 4.2).

As discussed in Section 3.2, we shall define the XOR instance using (r + 1)-chains for a parameter
r = O(logn), and the heuristic calculation predicts that this will yield an exponential lower bound.
Thus, the key technical component of the proof is to choose the decomposition of the (r + 1)-chains
so that the degree polynomials of the resulting Kikuchi matrices all satisfy the bounded expected
partial derivatives condition. In Section 4.4, we showed how to do this for the case when r = 1.

We now wish to point out the following crucial observation: the decomposition in Section 4.4 is
“informed” by the row pruning calculation for the undecomposed chains done in Section 4.3. Specifi-
cally, in Section 4.3, we argued that if there is a violating partial derivative for the undecomposed
chains, then there is some combinatorial structure in the chains (namely, a heavy pair) that is the
“cause” of the large expected partial derivative, and this combinatorial structure is exactly the
criteria that we use to decompose the hypergraph. In some sense, the hypergraph decomposition
(along with the modified Cauchy-Schwarz trick and Kikuchi matrices) can be thought of as a
precise way to “fix” this high expected partial derivative. For longer chains, there is once again an
intimate relationship between the existence of a violating expected partial derivative and a certain
“denser-than-anticipated” combinatorial structure (analogous to heavy pairs) being present in the
chains we construct. For larger chains, this structure is a more complicated to describe, but an
analogous chain decomposition for this structure accomplishes the same job.

More precisely, we generalize the decomposition of Section 4.4 as follows. As done in Section 4.4,
we shall think of an (7 + 1)-chain in ?{i(Hl) as being split into two subchains, the “first link” in H;
and then the rest of the chain, which is an r-chain. As before, our decomposition shall decompose
the r-chain part only, and this induces a decomposition of the (r + 1)-chains in Wl.(Hl). Recall that
in Section 4.4, we decomposed a 1-chain (1, C,w) by picking a Q where Q; € C and Q, = w.
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Notice that Q only contains one element of the hyperedge C; there was no need to do a further
decomposition to handle, e.g., heavy triples Q = (Q1, Q], Q2) where {Q1,Q7} = C and Q; = w.

Now, we have r-chains (1, Cy,wy,...,C,, w,), and we shall decompose if there is a Q =
(Q1,...,Qr1) € ([n]U {x})" x [n] such that (1) Q is heavy, i.e., is contained in many r-chains,
meaning that (a) Qn+1 = w;, and so in particular Q41 # *,and (b) Q, € Cp for h =1,...,r; and (2)
Q is contiguous, meaning that if i € [r + 1] is the minimal & such that Qj, # *, then Q) # % for all
h’” > h,ie., Q has *’s followed by only non-* entries.

Condition (1) above is a somewhat natural extension of the decomposition method in Section 4.4,
but condition (2) is trickier. It turns out (in a somewhat subtle way) that because the H;’s are
matchings, if there is a violating expected partial derivative, then not only is there a heavy Q, but
there must be a heavy contiguous Q. In a sense (that can be made precise), the contiguous Q’s are
irreducible violations and thus it is enough to only handle them.

5 Proof of Theorem 1: From LCCs to XOR Formulas

We now present the proof of Theorem 1 for the case of IF = IF,. The proof is spread over Sections 5
to 8 and follows the steps in the warmup. In the current section, we define r-chains and the family
of XOR instances associated to the LCC that we wish to refute. Then, in Section 6, we decompose
the r-chains, and thereby decompose the (r + 1)-chains forming the constraints in the XOR instance.
Then, in Section 7, we define the Kikuchi matrices and finish the argument up to the proof of the
row pruning lemma, Lemma 7.4, an analogue of Lemma 4.4 that is the key technical lemma. Finally,
in Section 8, we prove Lemma 7 4.

Let L: IFIZ‘ — IF} be (3, 0, €)-locally correctable. Without loss of generality, by Fact 2.4 we can
assume that L is (3, 0’)-normally decodable, where 6’ > 6/6 and n’ = 2n. For the remainder of the
proof, we will redefine 6 to be ¢, and 7 to be 2n. We shall also think of the code L: IF’Z‘ — [Fj asa
map L: {-1, 1Mk — {-1,1}".

We will now define satisfiable XOR formulas @ associated with the linear code £. Let
L : {-1,1}* — {~1,1}" be a linear (3, 5)-normally correctable code. Recall that without loss
of generality, L is systematic, meaning that the first k bits of L are the message bits. In particular,
for every b € {—1,1}*, there is a unique x € £ such that x| = b. We can thus generate x «— £
uniformly at random by first choosing b « {-1,1}¥ uniformly at random, and then setting x to be
the unique extension of b.

Since £ is a linear (3, 0)-normally correctable code, there exist 3-uniform hypergraph matchings
Hji,...,Hy, each of size exactly on, such that every x € L satisfies the following system of 4-XOR
constraints, i.e., each constraint has arity 4:

Yu e [n],CeH,, xcx, =1. 3)

We will construct an XOR formula by long chain derivations. Intuitively, a long chain derivation
starts from the natural XOR constraints (3) and derives new ones by chaining together t constraints
with an appropriate combinatorial structure. Below, we formalize the set of constraints in this
formula as a family of hypergraphs built from the H,’s.
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Ch Xwp_XCHxw, = 1

200000000
\ \ v v

C,U {w,} € H,

1

Figure 3: A 4-chain. The pairs of blue vertices are the Cj’s, and the red vertices are the w;,’s. Note
that for any x € £, we have xy, ,xc,Xw, = 1.

Definition 5.1 (t-chain hypergraph H ). Lett > 1be an integer. For any u € [n], let 7{3) denote
the set of tuples of the form (u, C1, w1, Co, wo, ..., Ct, w;), where each Cj, € ([g]), wy, € [n], and it
holds that forall1 < h <t, C, U{wy} € Hy, , where we set wgy := u. We call u the head, wj,’s the
pivots for 1 < h < t — 1 and w; the tail in such a chain. We let HE = Uue[n]'}(y) denote the set of all
t-chains, where W,Et) is the set of t-chains with head u.

The following simple observation helps us understand the combinatorial structure in the chains.
Observation 5.2. Let x = L(b) for alinear LCC over IF, with {H}, },,¢[] being the associated matchings.
Then, for any t-chain (1, C1, w1, Co, wy, . .., C¢, wy), x satisfies x,xq, szl xc, = 1.

Proof. We know that x satisfies x4, xc,,,Xw,,, = 1 for every 0 < h < t where we define wy = u.
Taking products of the left-hand sides of each of these t equations, we observe that for every
1<h<t-1,xy, is “squared out” (since x2 =1 for every v € [n]), and this finishes the proof. O

Building chains iteratively. It is useful to think of ¢-chains as being built by extending smaller
chains by iteratively adding hyperedges to the head (i.e. to the left). The following notation and
observation formalizes this.

Definition 5.3 (Extending Chains). For the t-chain hypergraph H") built from 3-matchings
Hi,H,,...,H, on [n], we define H, o H"*Y as:

H, o HW = Uwoeln] {(u, Co,(_f | (_f € 7‘[50),{(:0 UA{wg} € Hu} .

Observation 5.4. For t > 1, let H®) be the t-chain h pergraph built from 3-matchings Hi, Hy, . . ., Hy
on [n]. Then, H**V = U, cpuHy 0 HO = UyepHy,' ) o HE) for any 0 < t’ < t.

Chains that fix some positions. We will often refer to the set of chains where some of the Cj’s are
forced to contain some vj, € [n]. Towards this, we introduce the following terminology.
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Definition 5.5 (Chains containing Q). For any Q = (Q1,...,Qt, Qt+1) € {[n] U} X [n], we say
that a chain (1, C1, w1, ..., Ct,wy) € HY contains Q if Qi1 = wy and for 1 < h < t, if Qj, # %, then
Qp € Cj. We say that a Q is contiguous if there exists s < t such that Q) # x forevery h > s +1and
Qn = forevery 1 < h < s, i.e,, the first s entries are x, and the remaining entries are non-x. We
note that by definition, Q41 # * always.

We say that Q is complete if Q does not contain any *. We say that Q" 2 Q if whenever Qj # *,
Q}, = Q- We define the size |Q| to be the number of coordinates in Q that do not equal *.

We write 7{5 ) to denote the set of all #-chains that contain Q, and for u € [n], we write ngg to
denote the set of t-chains with head u that contain Q.

We caution the reader that ‘HL(f) and 7-{8 ), are different sets of chains. In context, it shall be easy
to distinguish between the two cases as the type of u and Q are different: namely, we have u € [n]
and Q € {[n] U x}*L.
XOR Formulas from r-chains. Next, we define XOR formulas associated with H+1 that are
guaranteed to be satisfiable. The length of the chain depends on a parameter 7, which we shall set
later.

Definition 5.6 (The XOR Formula ®). Fix r € IN.
Forany b = (by,...,bx) € {-1, l}k, define the polynomial ®y:

r k r

k
(I)b(x) = Z bi Z Xw, rl Xc, = Z bl‘ Z XCo Z Xw, 1_[ Xc, -

i=1 (i,Co,w0,Cw1...,Crivy)€HOH) 7= i=1 Comp:CoUfwoleH;  (wg,Crwi, . Craoy)eH  h=1
We will drop the subscript b when it is clear from the context.

We note the equality holds above as we are simply thinking of the chain (i, Co, wy, . .., C;, wy)
as being split into two parts, the 1-chain (i, Co, wy), followed by the r-chain (wg, C1, w1, ..., Cr, w;).
We write the polynomial in this form because for much of the proof, we shall wish to think of the
r-chain as separate from the 1-chain (i, Co, wp).

We now observe that @, (x) is satisfiable and thus has a high value.

Lemma 5.7. For every b € {—1,1}*, ®, is satisfied by x = L(b) and thus, val(®,) = k(36n)"*1.

Proof. Observe that @ is a sum of monomials corresponding to a r-chain each of which is satisfied
by x = L(b) by Observation 5.2. Thus, val(®y) equals the total number of chains of length r with
head in [k], which we next count.

Define w_1 := i. Given wy_1 for h > 0, there are 6n choices for the set C;, U {w},} € H; and for
each such choice, there are 3 choices for the next pivot wj. Thus, the number of (r + 1)-chains with
head i is (367)*!. Summing over the k possible heads completes the proof. o

6 Contiguously Regular Partition of Chains

In this section, we partition the r-chain hypergraph H ™) into buckets that satisfy a useful regularity
property. We first abstract out the relevant properties of the partition below and then show how it
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can be using a simple greedy partitioning algorithm. This partitioning will be key to setting up and
analyzing our spectral refutation in the next section.

Definition 6.1 (Contiguously regular partition). For 6 > 0 and r € N, let H") be the r-chain
hypergraph built form 3-matchings Hi, H, . .., H, on [n] of size 6n each. Let H ") = UQ,p(]'(g,)p be
a disjoint partition of H (") indexed by Q € ([n] U {x})" x[n] and p € [m] for some large enough
m € IN. We say that such a partition is d-contiguously regular if the following conditions hold:

(1) for every Q € ([n]U {x})" x [n]and p € [m], H3}), < H,
(2) for every (Q, p) such that W(r) # 0, Q is contiguous,

(3) if |Q| =1, then H{ >p = 0 whenever p > 1,

(4) for every contiguous Q, Q' such that Q" 2 Q,

Hé’ e HIQI | C’ contains Q’, and 3¢ extending C’,Ce Wg)p}‘ < diQ-,

(5) For every t, the set P; of all (Q, p) such that Wg)p # 0 and |Q| =t + 1 satisfies |P;|d! < n(36n)t.
Observe that |Py| < n is forced by (3).

We now give a bit of intuition for the definition. A contiguously regular partition takes the
set of r-chains ") and decomposes it into pieces, where the pieces are intuitively indexed by Q;
however, for technical reasons, we will want to have multiple pieces assigned to the same Q, and so
we disambiguate these pieces using the label p, i.e., we can have pieces ?{g )1, 7‘(8 )2, (Hg )3,

Condition (1) says that the chains in the piece H e )p in the decomposition are all chains that
contain Q, hence why we view them as indexed by Q Condition (2) says that the only nonempty
pieces have a contiguous Q, hence the name “contiguously regular partition”. Condition (3) says
that if |Q| = 1, then there is only one piece with this Q. Recall that when |Q| > 2, we can have
pieces 7{5 )1, 7{5 )2, H") 0 etc; we have asserted that when |Q| = 1, this does not happen. Condition
(4) is a regularity condition saying that chains in Wé,) appear in this piece because the tuple Q is
“maximal”. Condition (5) asserts that the number of pieces with |Q| of a given size is not too large.

We now make the following observation.
Observation 6.2. Items (1), (2), and (4) imply that |7{(er)p| < n(36n)"1R141IRI-1 for all (Q,p).
Moreover, let 7-(1(3247 denote the set of chains in H g;} with head u. Then, Items (1), (2) and (4)
imply that |7‘(15r)Qp| < (36m)"1Q14IRI-1 when |Q] < 7.

Proof. To see this, we apply item (4) with Q" = Q, and we now count the chains in Wg)p by (1) first

choosing a suffix C’e 7-{||§||_1, and then (2) completing the chain. By Item (4), we have at most dlQl-1
choices for the suffix. Once the suffix is fixed, we now complete the chain as follows. If [Q| =7 +1,
then we have chosen the entire chain and are done. Otherwise, we do the following. First, we choose
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wo, which has n choices. Then, we choose C1 U {w1} € Hy,, which has 67 choices, followed by
w1 € C; U{w1}, which has 3 choices. We repeat this until we reach the point in the chain where we
have determined w,_|q|. Because we also know the suffix C’ , we have already determined w,,1_|q).
Because Hy, |, is matching, there is at most one C,,1_|g| such that C,,1_jo| U {w,+1-|q|} € Huw, o/
and so we have determined the entire chain. We have thus made at most n(35n)"~1Q14!1Q1=1 choices
when |Q| < r, and d” choices if |Q| = r + 1. In both cases, this is at most 1(36n)"~1Q1gIQ1-1,

Finally, we note that for |Q| < r, the above argument also bounds |?{L(Z()2,p |. We simply save a

factor of n because wy must be equal to u. m]

We now give an algorithm that, given ") and d, outputs a d-contiguously regular partition of
H" using a simple iterative greedy scheme.

Lemma 6.3 (Contiguously regular partition of chains). For 6 > 0, let Hy,H>, ..., H, be arbitrary 6n
size 3-matchings on [n]. For r € N, let H () be the r-chain hypergraph built from Hy, Ha, . .., Hy. Then,
for every d € IN, there exists a d-contiguously reqular partition H") = UQ,pr )p.

Proof. The greedy algorithm that computes the decomposition is given below.

Algorithm 6.4.

Given: An r-chain hypergraph H),

Output: A contiguously d-regular partition H") = UQ,pr,)p-

Operation:

1. Initialize: For Q = (w) for each w € [n], let 7{((20)1 = {(w)}, i.e., the set of 0-chains
with tail w.

2. Iterative Greedy Fixing: Fort =1,...,r, do:

(a) Initialize 7{((3(2)47 = UyepHu 0 7"5,;1) for every Q € ([n] U {x})!"1 x [n].
(b) Forevery Q" = (u, Q) for Q € [n]~! x [n], initialize p’ = 1 and do:

i, LetR = ﬂ(ﬁ)Q)p N{C e H® | C contains Q'}. If |R| < d'?-1, end.

ii. Otherwise, select exactly d1Q'1-1 t_chains from R, remove them from ‘H((i)Q) b

. . )
and put them in a new piece WQ,,p,.

iii. Setp’ =p"+1.

We now verify that our decomposition satisfies the properties required of a contiguously d-regular
partition. The key observation is that the algorithm iterates over t = 1,...,r, and computes, after
the t-th iteration, a d-contiguously regular partition of H*). Indeed, we prove this by induction.
For t = 0 this trivially holds.

We now show the induction step. We observe that properties (1) and (2) are trivial. Property (3)
holds because of the following. We observe that the pieces in the decomposition of H*) are either
obtained by extending “old” pieces to get W((i?Q),p = UyepnHu © 7{5;, or by adding “new” pieces
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produced in step (2b). We note that we only produce new pieces for Q with |Q| > 2, so we cannot
violate property (3). Property (4) follows because the loop in step (2bi) finished.

Finally, to check property (5), we need to bound |Py| for 0 < t' < t. As |Py| < n always holds,
it remains to bound |Py| for ¢’ < t. We note that all the “new” pieces have a Q where [Q| =t + 1.
Hence, for t’ < t — 1, |Py| satisfies property (5) by the induction hypothesis. To bound |P;|, we
observe that each new partition contains d!?'l = d* chains. As H®) has at most 7(36n) chains (see,
e.g., the proof of Lemma 5.7), the bound on |P;| follows. m]

Every d-contiguously regular partition of (") naturally relates to a “bipartite” polynomial
W (i.e., ¥ has additional variables yq , corresponding to labels of the buckets in the partition in
addition to the original variables x € {—1,1}") such that val(¥) upper bounds val(®). Our main
technical argument will construct a spectral refutation to upper bound val(W) for a d-contiguously
regular partition of ") for an appropriate choice of d.

Definition 6.5 (Bipartite XOR Formulas from a contiguously regular partition). Fix r,d € IN and
for the r-chain hypergraph H) built from 3-matchings Hy, H», ..., H, on [n] of size on each,
let H" = Upep/Qe([n]U{*})rx[n]Hg’)p be a contiguously d-regular partition. For each nontrivial

piece (Hg )p, we define W; g , as the following XOR formula with terms corresponding (r + 1)-

chains obtained by (1) taking r-chains from a single piece ?{g )p with xg “modded out” from the
corresponding monomial and (2) joining with a 1-chain (7, Co, wo). Namely,

r

Wigp(x) = Z Z XCoXw\ Q41 1_[ XC\Qn -

Co,wo:CoU{wo}€H; (wolc1,w1,C2,w2,---,Cr,wr)€7{g)p h=1

Here, we use the convention that if Qj = %, then Cj;, \ Qp, := Cj,. We note that because w, = Q,41,
we have xy,\g,,, = 1.

Foreach 0 <t < r, let \I’(t)(x,y) = Zle 2(Q,p)eP; biyopWip(x). Finally, we let W(x,y) =
So<t<r YO(x, y); here, for every piece ?(g; in the contiguously regular partition, we introduce a
new variable yg .

We next observe that W is satisfiable and thus has a large value for every b € {-1,1}*. Indeed,
the observation is that we have replaced the monomial xg in ® with a new variable yg , for each

Q,p)

Lemma 6.6. Let H") = Upep,QW(Qr)p be a contiguously d-reqular partition. Fix b € {-1,1}* and
x € {—1,1}". Then, there is a y such that V(x,y) = ®(x). In particular, setting x = L(b), we have that
val(W(x,y)) > val(®(x)) > k(36n)+1.

We note that the system of equations in ®(x) is satisfiable, and so val(®) is simply the number
of constraints in the instance.

Proof. Set yq, = xq for every (Q, p), where xg = []).0, £« XQy- m]
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For intuition, we observe that for random matchings Hy, ..., H,, the O(log n)-contiguously
regular partition is the trivial one.

Lemma 6.7 (Trivial partition is regular for random matchings ). Let Hy,H>, ..., H, be uniformly
random and independent 3-matchings on [n]. Then, the trivial partition of the associated r-chain hypergraph
HO), where we set H' )p to be the set of all chains with tail w if Q = , %, w) and p =1, and empty
otherwise, is O(log n) reqular with probability at least 1 —1/n over the dmw of Hi's.

Remark 6.8. Eventually (in Lemma 7.4 and Sections 7.5 and 7.6), we will set the parameter d to be
constant. However, if the matchings Hj, ..., H, are random, then with high probability the trivial
partition will not be O(1)-regular. However, if we run Algorithm 6.4 to decompose the r-chains,
then with high probability over the draw of Hj, ..., H,, only a o(1)-fraction of the r-chains will
be placed in a “non-trivial component” of the decomposition, i.e., in a piece Wg; where |Q| > 2.
Phrased differently, if we discard a o(1)-fraction of hyperedges from the random matchings, then
the trivial partition of the r-chain hypergraph of the remaining hyperedges will be O(1)-regular.
This fact is somewhat analogous to the fact that sparse random graphs are not, e.g., triangle-free
with high probability, but can be made triangle-free by removing a very small number of edges.

Proof. We claim that the trivial partition of H") is d-regular for d = O(log n) with probability at
least 1 — 1/n. In the trivial refinement, as defined above, we partition H") by simply placing a
chain in H" )p if Q =(x,...,%w), p =1, and the tail of the chainis Q,+1 = w

Towards this, we f1rst prove that for every pair u,v C [n], the number of hyperedges in
the multiset U, [, H; that contain u and v is at most O(logn). To see this, observe that the
chance that there are some u,v that co-occur in a hyperedge in at least b different H;’s is at
most n2(})(3/n)? < 3%/b! < 1/n if b = clog, n for some large enough ¢ > 0. We will now set
dy = 2clog, n and confirm d-regularity of the trivial refinement.

Now take any contiguous Q € ([n] U {x})" X [n] of size |Q| = t +1. Consider the chains

= (wg, C1,w1, . ..,Ct,w;) € HY that contain Q. We now iteratively choose
(wi-1,Ct, wt), (Wi—2, Ci—1, Wi-1), . .., (wo, C1,w1). Assuming we have made the first i choices in the
list, we have determined w;_j,_1. There are at most c log, n choices for a hyperedge in any of H;s
that contains Q;—j—1 and w;_j—1 and given this choice, at most 2 choices for w;_j. So in total, we
have at most (2c log, n)! = d' choices. m]

7 Spectral Refutation via Kikuchi Matrices

In Section 6, we defined polynomials W*)(x, ) such that E[val(®)] < Yii—o Ep [val(W®)]. Thus, to
prove Theorem 1, we need to upper bound E;[val(W®)] for each t. In this section, we will define,
for each 0 < t < r, a Kikuchi matrix A®) such that E,[val(W®)?] < ||A®||,_,;. Then, in Section 8
we shall bound ||A®]|,_,; and finish the proof.
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7.1 Step 1: the Cauchy-Schwarz trick

First, we show that we can relate W )(x, y) to a certain “cross-term” polynomial fj; obtained via
applying the Cauchy-Schwarz inequality.

Lemma 7.1 (Cauchy-Schwarz trick). Let M be a maximum directed matching''" of [k] and let fy be the
cross-term polynomial defined as

fu(x) = fyf = Z bib; Z Wigp(x)Wj0p(x).
{i,j}eM (Q/p)eP;

Then,
Epe1,val(¥®) < k (1P30n)~'d")’ + [P 2KEME e 1 yelval(£i))],

where the expectation Ey; is over a uniformly random maximum matching M.

Proof. We will first apply the Cauchy-Schwarz inequality to eliminate the y variables:

2

k
Z Yar (Z bi‘yi,Q,P)

(Qrp)epf i=1

5, i) 3 (v

(Q,p)eP: (Q,p)eP:

|Pt| Z Z \I]l 0, P Z Z bibj\yi,Q,p(x)\yj,Q,p

(Qp)ePy i=1 (Q/p)ePy i#je[k]

wi(x,y)?

IA

Observe that [W; o ,(x)| is at most the number of (wo, C1, w1, ..., C,, w,) € Wg)p and C € ([Z])
such that Cu{wo} € H;. If |Q| =7 +1, i.e., t = r, then we observe that by Observation 6.2, we have
|7{g) | < dIR1-1, and for each choice of (wy, C1, w1, ...,Cy,w,) € 7{((2) there is at most one choice
of Cp. If |Q| < r, then we have at most (36n1) ch01ces for (Cp, wp), and for each wy, we have by
Observation 6.2 that |7{ZEQ,Q,p| < (36m) Q1R giving us (36n)"~1RH14IQ1-1 choices in total. We
thus have that [W; o ,(x)| < (36n)~1QH1gIQI-1 regardless of |Q| =t + 1.

Thus, for [Q| =t+1, 2o, PN ‘I’?,Q,p < k|P¢| ((35n)r_tdt)2. This gives us an upper bound of

k|P;| ((36n)r‘tdt)2 on the first term.
Let’s now analyze the second term. Since a uniformly random maximum matching on [k]
contains a (directed) edge (i, j) with probability exactly ﬁ if k is even, and ﬁ, if k is odd, we

have:
Z bibj Z ‘I’i,Q,p(x)‘I’]-,Q,p(x) < 2kIEM Z bibj Z ‘I’i,Q,p(x)‘I’]-,Q,p(x) Zk]EM f(t)
i#je[k] (Q.p)eP; (i,j)eM (Q.p)eP;
Using that val(EEx[ (t)]) < Eum[val(f,, (t)) | completes the proof. O

10A directed matching is a matching, only the edges are additionally directed
UThis is a perfect matching if k is even, and will leave one element of [k] unmatched if k is odd.
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7.2 Step 2: defining the Kikuchi matrices

It thus remains to bound val(f) for an arbitrary directed maximum matching M.
Fori € [k]and (Q, p), welet 7—(;3? denote the set of chains in H"*) of the form (i, Co, wo, C1, w1, . . ., Cy, wy)

where (wg, C1, w1, ...,C,,wy) € Wg ;. We define the Kikuchi matrices that we consider below.

Definition 7.2 (Kikuchi matrices for a fixed t). Let i, € [k].

LetC = (i, Co, wo, C1, w1, Cy,wo,...,C,,w,) € 7{1.(3? and C’ = (j, Cy wy, C1,wi, Cf,ws, ..., Crwy) €
> = (N2 +2t
7—(] (g? For Q of size |Q| =t +1, welet Ag(]:g ; € {0, 1}( 0) be the matrix with rows and columns
by indexed by (2r + 2 — t)-tuples of sets (So, ..., Sr—¢, Sor--rSi_p R, Ry) of size exactly ¢. Note
that when t = 0, we do not have any “Rj’s” in the row /column index tuples.

We set Aﬁj;gj;((so,...,sr_t,sg),...,s' Ri,. ., Re), (To, .., Tret, T, ... T, Wi, ..., Wp)) equal

r—t’
to 1 if the following holds, and otherwise we set this entry to be 0.

1. Forh=0,...,r—t,wehave S, & T, = Cy,
2. Forh=0,...,r—t,wehave S, ®T = C),

3. Forh=1,...,t, wehave R, = {u}ulU, W, = {v} U U, where C,_;,, = {u,Qn}, Cl i =
{v,Qn},and U C [n]is asetof size { —1 withu,v ¢ U.
_ (C.C) . _ oA
WeletA;; = Z(Q/p)ept Zéee?—{fg?@'eﬂj(/gy Al./j’Q,p, and for any matching M on [k], let Ay = Z(i,j)eM bibjA;.

7.3 Step 3: relating the “Cauchy-Schwarzed” polynomial f5; and the Kikuchi matrix A

The following lemma shows that we can express fa(x) as a (scaling of a) quadratic form on the
matrix A.

Lemma 7.3. Let x € {-1,1}", and let x’ € {-1,1}N, where N = (’Z)ZHZ_t, denote the vector where the
(S0,51,-++,Sr-4,54, 5y, ---,S1_;, R1, ..., Ry)-th entry of X" is ]_[Z;to Xs,Xs; Hﬁlzl XR,. Then, X' TAx =

4 r_t/
- 2r4+2—t
D fum(x), where D = 22“2‘”(’;:%)2”2 ‘. Note that DN = 2%+2-2 (—[("4))

n(n-1)
1
val(fm) < 5llAllesn-
Proof. Expanding definitions, we have
x/TAx/ — Z blb] Z Z x,TA('C;,C ) xl ,
i,7,Q.p
i,j)eEM P)EP; & (r+1) =, (r+1)
(i,7) (Q,p)eP: CeHo) CreMs

fu(x) = Z bibj Z Yigp(0)Wig,p(x) ,
(i,j)GM (Qrp)ept

In particular,

where we recall that

r—t

\Ifi,Q,,,(x) = Z XCy Z l_[ xcy, l_l XCy 1\ Qn

t
Co,wo:CoU{wo}eH; (wo,CLwl,Cz,wz,.-.,Cr,wr)E‘Hg)p h=1 h=1
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r—t

t
xcy, l_[ XCroten\Qn

2 _q,(r+1) h=0 h=1
CeH; L0

Thus, it suffices to show that

r—t r—t

t
/T (C C )
A ,] Q,p D ’ xch l_l xc Cr- t+h\Qh n xcl l_l xc,l, H—h\Qh .
h=0 h=1

LetS = (So,S1,---,Sr-,5,,S,,...,S,_Ri,...,R)and T = (To, ..., T,-, T, ... T/, Wi,..., W) be

such that A(C <) (S T) = 1. Then, we have that

t/

—~

r— t r—t t

xexz = || xs,xr, x5 1y 1—[ XR,, XW, = 1_[ X581, XS, T, l_[ XR, W,
h=0 h=1 h=0 h=1
r—t t
= xc xcl l_[ Xc Cr- t+lz\thC;,Hh\Qh 4
h=0 h=1
where we use that this entry of A(C <) (S T) is nonzero and x € {-1,1}" so that x2 = 1 for any

1,j,Q.p
u € [n].

Next, we prove that there are exactly D pairs (S T) where A(C (S T) is nonzero. We observe

that, foreach h = 0,...,r —t + 1, there are exactly 2 (g_l) palrs (Sh,Th) such that S, & T, = Cy,.
Indeed, this is because C, = {u, v} has size exactly 2, so S, ® T, = Cj, implies that S, = {u} U U
and T, = {v} U U. There are 2 choices for u € Cj, to assign to Sy, and then afterward there are ('Z:lz)
choices for the set U, which is a set of size £ — 1 not containing either of u,v. For h = 1,...,t, there
are exactly ('Z:f) pairs (Ry,, Wy,) satisfying the condition, as this is the number of choices for U. Here,
note that we do not have the additional factor of 2 because the  coming from C,_;,;, must be in
Rj. Combining, we see that D = 22—+ (’g:f)z“‘”” *!as required. The “in particular” follows by
noting val(fp) = maxye(-1,13r fm(x) and [|Al—1 = max, 1138 X" T AY". O

7.4 Step 4: bounding the co — 1-norm of A via row pruning

By Lemma 7.3, in order to upper bound [E;[val(fy)], it suffices to bound Ep[||A||o—1]-

We always have ||Al|_1 < N||Al|2. It turns out that ||A||; is governed by the maximum degree
(relative to the average) of any of A; j, where by degree we mean the number of nonzero entries in
a row/column. However, the A; ;’s can have rows of degree significantly larger the the average,
and this prohibits the spectral norm from giving a good bound on val(fu).

The key observation is that, for a certain choice of our parameters ¢, r, d, the fraction of these
“bad rows” is very small and does not noticeably affect ||A||,,_,;. We can thus “zero out” these bad
rows and then use the spectral certificate on the “pruned matrix” to bound val(fy). Establishing
this combinatorial fact is the crux of our proof and is captured in the following lemma. The next
section (Section 8) is dedicated to the proof of this lemma, and constitutes the key component of
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the proof. In fact, at a high level all the steps done so far in the proof are somewhat generic, and
our key innovation is choosing the decomposition step carefully to ensure that this row pruning
step succeeds.

. . . (r)
Lemma 7.4 (Row pruning). Fix r > 1, and let H") denote the r-chain hypergraph. Let UQ,p‘HQr’ ) be a

d-contiguously regular partition of H'". Fix 0 < t < r and a maximum directed matching M on [k]. Let
A be the Kikuchi matrix defined in Definition 7.2, which depends on r, t, the pieces U(Q,p)eptﬂg,; of the
refinement, and the matching M.
Let T > 0 be a constant, and let A = 9 - 22+272L(0 /n)2r+2=t 34 (36n)> 171, Let B denote the set of rows
S such that there exists i # j € [k] where the S-th row/column of Aj j has more than A nonzero entries.
Suppose there is y € (0,1) such that

(1) y < m, where c is a sufficiently large absolute constant;

(2) = <V;

@ ()" 2

(4) (2r +2)exp(—£/64r?) < ¢717;
(5) d =36¢y.

Then, the number of bad rows is |B| < 2¢~'"N.

7.5 Step 5: finishing the proof

Let I be a sufficiently large constant, r = O(logn), y = 1/ O(log4 n),and { = O(log4 n/o) for a
sufficiently large constant. This choice of parameters satisfies all the conditions in Lemma 7.4 and
furthermore they satisfy

(2£—Fr) X (2€)2r+2—t < 1/7’12 ]

We note that by our choice of parameters, d is constant.

Applying Lemma 6.3, we can construct a contiguous d-regular refinement of H"), given
by H") = UQ,prL and polynomials W) for 0 < t < r such that k(36n)*' < E,[val(®)] <
Zioo Ep[val(Wwh)].

By Lemma 7.1, we have

(Ey[val(W)])? < Ey[val(¥®)2] = Ep[val(W®)2)] < k (Pi](35n) ")’ + Py 2KEME .y gye[val(fL)] .
By Lemma 7.3, we have for any maximum directed matching M,
1
Ep (apelval(A))] < 5 lAlles -

Let B; ; denote the matrix A;; after we zero out all rows and columns in 8. We observe that
IBijll2 < A as every row and column in B;; has at most A nonzero entries; the fact about the
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columns of B; ; follows because A; ; = AT , so the set B contains all the bad columns as well. Thus,
1Ai; = Bijll,_, < I18]- 0%+t < 26- rTN (20)?+2= < N /n?, by our choice of parameters. Here,
we used that every row of A; ; can (crudely) have at most (2¢) 2~ nonzero entries.

Now, let B = Z(i,j)e M bibjB; ;. The random matrix B is a Rademacher series with k terms in
RN*N_ By the Matrix Khintchine (Fact 2.8) inequality, we have that E,[||B||2] < O(AyklogN) =
O(A+/krllogn). Note that here we use that M is a matching, so b;b; and b;bj: are independent
Rademacher random variables for distinct edges (7, j) and (i’, j’) in the matching.

Hence, we have that

DEp[val(fm)] < Ep[llAllco1] < Ep[lIBlleost + |A = Blloo1]
< Ep[N||Bll2] + kN /n* < NO(Av/krtlogn) + o(N).
Thus, Ep[val(fm)] < XO(A+/krtlogn). Using the bound on A from Lemma 7.4, we have that

nn-1)

N
AL 2—21’—2+2t
D - ( {(n-1)

2r+2—t
) .9. 221‘+2—2t (f/n)2r+2_tdt(36n)2r+l_t

2r+2—t
- (Z - 1) 9. d'@on) 1 < 79 d'Bon) T < O(1) - d' Bon) I

and so we conclude that IEy[val(fa)] < df(36n)* 17 O(;/krllog n), where we use that {r < n.
We thus have

Ey[val(Ww®)] < \/k (IP;|(36m)r—tdt)* + | Py |2k - dt (36m)2r+1-tO(\krl log n) .

Next, we note that we have |P;|d! < |H®| = n(36n)!, and so

Ejp[val(W®)] < \/k (n(3on)t - 36n) )2 + n(36n)t - 2k - (36m)2+1-tO(y/krtlog )
<0)- \/E%(%n)m +0(1) - (36n)r+1\/z(krl’ log )/

< 0(1)-Vk - (36m)"! (— + \/ (krl’log n)1/4)
< 0(1)-Vk-(35n)*1y/ %(krﬁ logn)'/*
assuming that =2 < O(krflogn) = O(klog® n/5)."> Thus,
k(3on)™*! < Ey[val(®)] < anb [val(W®)] < (r +1)- O(1) - V& - (36n)r+1,/3i6(krmogn)1/4

= k< % O(r’tlogn) = O(loglon/63) ,

12When we optimize the log 1 factor in the next step, we will no longer need this assumption, which is why it does not

appear in Theorem 1.
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by our choice of r, {. We note that, up to the proof of Lemma 7.4, this almost finishes the proof of
Theorem 1. The issue is that we have lost an additional log2 n-factor. In the next and final step, we
shall save this factor by reformulating the above proof as a reduction to a 2-LDC and applying a
off-the-shelf bound on linear 2-LDCs instead of a spectral refutation to finish.

7.6 Step 6: optimizing the log n factor

We shall now reformulate the arguments in Section 7.5 to give us a reduction from the 3-LCC L to
a2-LDC £’. Instead of bounding val(W*")) using the co — 1 norm of the Kikuchi matrices, we shall
instead use the Kikuchi matrices to give a reduction to a linear 2-LDC, and then we apply the lower
bound of [GKST06] (Fact 2.5). The difference between Section 7.5 and this subsection is similar
to the difference between the main proof and the proof in Appendix B in [AGKM23], which also
saves some additional log n factors in the setting of 3-LDC lower bounds.

The reason for the savings is that, in the case of 2-query linear codes, Fact 2.5 shows a lower
bound of 2log, n > 6k, which saves a factor of 6 over the lower bound from spectral refutation of
O(logn) > 6%k for general codes. In our reduction, we shall produce a 2-LDC with §’ ~ &/ (log2 n),
so this optimization saves us a O(log? 1) factor. As a result, we get a final lower bound of k <
O(log® 1), as opposed to the lower bound of k < O(log'® n) that we obtained in Section 7.5.

We proceed similarly to Section 7.5. Let I be a sufficiently large constant, » = O(logn), y =
1/ O(log4 n),and { = O(log4 n/0) for a sufficiently large constant. We note that this choice of
parameters satisfies all the conditions in Lemma 7.4, and furthermore they satisfy

(2£—rr) . (2€)Zr+2—t < 1/7’12 )

Applying Lemma 6.3, we can construct a contiguous d-regular refinement of (), given
by H") = UQ,prL and polynomials W) for 0 < t < r such that k(36n)*' < E,[val(®)] <
5o Eplval(W)].

Now, we observe that there exists ¢ € {0, ..., r} such that k(36n)*!/(r + 1) < Ep[val(?®)]. In
particular, W) has at least k(367)"*!/(r + 1) constraints. For the remainder of the proof, we let t be
this particular value in {0, ..., r}.

By Lemma 7.1, we have

(Ey[val(? )] < Ey[val(W] = Ey[val(P))] < k (P1|36n)*d")” + |PHI2KEMEyc (1 1ylval(F)] -

Therefore, there exists a maximum directed matching M on [k] such that

1

klpt|(IEb[Va1(\I/(t))])2 = [Py ((36n)r—tdt)2 < 2By 1)k [Va](f]f/t[))] ‘

For the remainder of the proof, we let M be this particular directed matching.

Let L = {i : (i, j) € M} denote the “left halves” of the edges in the matching M. We note that
kK =|L| = k—gl Let £: {-1,1}} — {-1,1}*N, where N := (';)ZHZ_t, be the linear code defined
from £ as follows. For each b € {-1,1}F, we first extend b to be in {-1,1}* by setting b; = 1
for all j ¢ L (for b € {-1,1}%, we shall abuse notation and think of b as in {~1,1}* using this
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trivial extension). Then, we let x = L(b), and fmally we let x’ := L/(b) be the vector with 2N
coordinates, one for each row/column of A, where the S-th entry (similarly T-th entry) is given by
x5 = [T3Z0 xs,xs;, [Tjyq 2R,

We make the following observations. First, we note that L’ is clearly a linear map. Secondly,
following Lemma 7.3, we note that for every b € {-1,1}!, every (i,j) € M (which implies that
ieLandj ¢ L), and row S and column T where Ai,]-(g, T) = 1, we have that x’ = £’(b) satisfies

§x% = bi.

We now show that £’ is a (2, 6)-LDC for 6" = Q(6/r?). Formally, we shall show that for each
(i,7) € M, there exists a matching G;f]. on [2N] such that for every b € {-1,1}L, each edge (§, f)
in G" we have xs T = b; where x’ = £L’(b), and furthermore % Z(i,j)eMlG;fjl > &’ -2N, where we
recall that k” := |L| is the dimension of £’.

We have already argued that for every edge (S,T) in the bipartite graph G; ; defined by the
adjacency matrix A; j (where the rows and columns form the left and right sets of vertices), we have
xSxT = b;. It thus remains to show that G; ; has a matching of size 6’N.

Asbefore, let B; ; denote the matrix A; ; after we zero out all rows and columns in 8. We observe
that every row and column in B; ; has at most A nonzero entries; the fact about the columns of B;
follows because A;; = A] so the set B contains all the bad columns as well. Thus, the bipartite
graph G’ defined by the adjacency matrix B; ; has maximum (left or right) degree at most A and
therefore has a matching G” of size at least |G’ |/A.

Now, the number of edges removed is at most |B| - (20)2 271 < 207" N - (20)?" 27t < N /n?, by
our choice of parameters. Here, we used that every row of A; ; can (crudely) have at most (20)2+2t
nonzero entries. Thus, we have that |E(G;’j)| > |E(Gi )| - N /n?.

In order to finish the reduction, we need to lower bound ﬁ 2(i,j)eM |E (G;’].)l. We have that

¥ D EGHI Y GG Y g (G- 1) 2 1 (D Bl -

(i,j)eM (i,jeM) (i,jeM)

o 2 k
() r—t gt _
> ( By Elval(W )]~ [Pi] (3o~ d') ) e
D 1 k2(36m)%+2 . L
= NA (k|Pt| 12 IP] (Bon)™"d")" | = 7

Using the bound on A from Lemma 7.4, we have that

2r+2—t
1
Z\IIDA 9=2r=2+2t (’;((Z g))) L9 . D222 (p 1) 22t gt (3557 21t

n—1 2r+2—t o
:( ) .9. dt(sén)2r+l t< e -9. dt(36n)27+1 t< O(l) d (36n)2r+1 t ,

n—1{
which implies that
1 1 1 k*Bon)*+? 2 k
— E(GY)| = : —|P] (B6n) td")" | - — .
N (i;M| ( W)l ~ O0(1)dt(3om)2r+1-t (kIPtI (r+1)2 Pl ((36m) ) An?
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Next, we note that we have |P;|d! < |H®| = n(36n)!, and so

1 1 1 Kk*(3omn)>+? 2 k
_ E G’_’, > . —|p 38 r—t dt _
N (i;Ml ( Z/J)l O(1)dt(30m)2r+1-t (k|Pt| (r+1)2 |P:] ((36m) ) An2

S L (KB 1)k 1 kGBd)
“om\r+12 35) Az OM)(r+12’

if we assume that k > Q(r%/6%) = Q(log2 1n/6%). Note that if not, then we have that 6%k < O(log2 n),
which is a better lower bound than Theorem 1.
Therefore, we have shown that

1 7" ’
= D, EG)I=oN

(i,j)eM
where k' = |L| > kz;l and &’ = Q(5/r?). Hence, by Fact 2.5, it follows that

O(brlogn) > 2log, N > 8’k > Q(5k/r?)
— k < O(r’logn/d) < O(log® n/6?) ,

ie., 2Q(®%0)'®) < 1 This finishes the proof of Theorem 1 for the case of IF = IF,, up to the proof of
Lemma 7.4.

8 Row Pruning: Proof of Lemma 7.4

In this section, we prove Lemma 7.4, restated below, which is the main technical component in the
proof of Theorem 1.

Lemma 8.1 (Row pruning). Fix r > 1, and let H") denote the r-chain hypergraph. Let UQ,p(HQ’ . be a

d-contiguously regular partition of H'". Fix 0 < t < r and a maximum directed matching M on [k]. Let
A be the Kikuchi matrix defined in Definition 7.2, which depends on r, t, the pieces U(pr)eptﬂ((gr,)p of the
refinement, and the matching M.
Let T > 0 be a constant, and let A = 9 - 227+272L( /n)2r+2-t 41 (365n)> *17E. Let B denote the set of rows
S such that there exists i # j € [k] where the S-th row/column of A; j has more than A nonzero entries.
Suppose there is y € (0,1) such that

(1) y < , where c is a sufficiently large absolute constant;

2) &<y

(3) (%)Hl > n;

(4) (2r +2)exp(—£/64r?) < ¢717;
(5) d =36¢y.
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Then, the number of bad rows is |B| < 2¢~'"N.

Fori # j € [k] and a row S, let degi,j(g) denote the number of nonzero entries in the S-th row.
The main idea of the proof is to observe that for any i, j, deg; ;(S) is upper-bounded by a (2r+2—t)-
partite polynomial Degi,j(s(l), s@, ..., s@+2-D)in n(2r + 2 — t) variables s,ah) forl<h<2r+2-t
and u € [n] that define §, ie. st (in {0,1}") represents the 0 — 1 indicator vector of Sy, (or 5;1 or Ry,
depending on the value of /). The contiguous regularity property allows us to control the expected

partial derivatives of Deg; ; and thus apply the tail bounds for partite polynomials in Lemma 2.9.
Let us first set up the polynomial Deg; J formally.

For C € ?((Hl) and C’ € 7—((”1) let T(C Cp) denote the set of (Zr +2 —t)-tuples
(ug, ..., up- t,ur t+1, ., Up, 00, .. vr t) such that for h = 0,. —t,uy € Cp and vy, € C/, and for
h = 1,. .. ,t,wehave Ur_ton € Cp \ Qn. Forarow S andatuple U = (UQy oo Upep, Up—ps1, oo, Up, Vg, ...
we write U € §t0meanthatuh € Sy,vp € S' forh=0,...,r—tand u,_;,y € Rh forh=1,...,t

(e

We next make an easy observation about the structure of the matrices A ™’ 5 Q p

Observation 8.2. Every row of A ) has at most 1 non-zero entry. Further, for every non-zero row

ij, Q P
S, there is a unique (2r +2 — t)-tuple U € 7:?5 ) such that U € §S. Finally, U € S does not guarantee
a non-zero entry.

Let 7ij = U per, Uge ng;)r Gre (H,»(g;) 7ij,0p- Then, by the above observation, the number of

nonzero entries in the S-th row of Aj j is upper bounded by the number of tuples U € 7;; with
U € S. Define the following polynomial Deg; ; that counts this latter quantity, as follows.

Lets = (s©,..., st s0=t+1) 50 570 5=t} be a partitioned set of 0, 1-valued vari-
ables where each s, s’ is an n-tuple (sf,h))ue[n]. We view s as the tuple of 0-1 indicators for the
sets appearing in a S. Formally, we have

r r—t

h /(h
Deg; ;(s) == Z ﬂsuh) sv(h) .

UeT;j h=0  h=0

Let D denote the uniform distribution over the rows S, i.e., each s is drawn independently
and uniformly at random from {0, 1}" conditioned on ||s"||; = £. Thus, to bound the fraction of
rows with a large number of nonzero entries, it suffices to prove bounds on the tail probability
of Deg; ; on D. As D is not quite a product distribution, we cannot directly apply Lemma 2.9.
Nonetheless, we shall show that its tail bounds behave like those for a product distribution, via the
following coupling lemma.

Let O’ denote the distribution where each s( ) U(h) are chosen independently as a p-biased
Bernoulli random variable where p = (1 + ){/n 1ndependently for B = L. The following lemma

relates tail bounds for Deg; ; on D’ with those on D.

’ vl’—t)r

Lemma 8.3 (Coupling). We have Prsp[Deg; j(s) > A] < Prs—gy[Deg; ;(s) > A] +(2r +2) exp(—£/64r?).
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Proof of Lemma 8.3. To relate the two probabilities, we will couple D" with D as follows. First,
sample s < O’. Then, foreach h =0,...,r, set s tobe a uniformly random subset of s (if one
exists), and similarly for h =0,...,r —t,set s’ () to be a uniformly random subset of s’ (1) of size ¢
also. If one of the sets S, or S} has size < {, i.e., Is"™]]1 < € for some h € {0,...,r} or ||s’"™]||; < ¢
for some h € {0,...,r —t}, then the coupling fails and we abort. Let J be the joint distribution
induced by this coupling.

Fix h € {0, ..., r}. By Chernoff bound, we have for every 6 € [0, 1] and for any #,

6%0(1 +
Pr [Is™] < (1-6)(1+ )] < exp (_( ﬁ>) |
s~D’ 2
Setting 6 = 1 — = and noting that § = £ < 1 hat (SO0 = ¢ o ¢ g
0= 15 and noting that f = ;- <1, we see that | —; = 2ar+ier?) = eazc L1ENCE

the probability that J aborts is at most (2r + 2) exp(—£/64r%) < ¢~I". Here, we use Item 4 in the
assumptions of the parameters in Lemma 7.4.

We also observe that Deg; ; is monotone, that is, Degi,]»(s) > Degi,]-(s’) for any Boolean variables
s,s” where s’ < s coordinate-wise. In particular, if we first sample s <« 9’ and it holds that

Degi,j(s) < A, then it also holds that Degi,]-(s’) < A also, regardless of the choice of s’ made by the
coupling 7. We thus have

Pr [Degij(s’) >A]l < Pr [Deg;i(s) >A| J doesnotabort] < Pr [Deg;i(s) > A] + 07,
s'—D ’ (s,8)~T § s’ g

This completes the proof. m]

We finally obtain a tail bound on Deg; ; for the product distribution D’ to complete the proof.
Lemma 8.4. For A = 9-22*272(¢ [n)?*27" . ' (36n)* 17!, we have Prs g [Deg; j(s) = A] < €77

Proof of Lemma 8.4. We will apply Lemma 2.9 to bound PrSHDr[Degi,]-(s) > A]. Note that Deg; ; is
homogeneous, multilinear, (27 + 2 — t)-partite polynomial. To apply Lemma 2.9, we will now bound
the expected partial derivatives iz of Deg; ; for each tuple Z € {[n] U {x})**>~".

Let

1
—7. 22r+2—2t 2r+2—t gt 2r+1-t _ | 22r+2—2t_ 2r+1—tdt . 4
u=3 (¢/n) d'(3on) 3 n(36€) 4)
Claim 8.5 (Bounding Expected Partials). Let y = W, { > ‘é’;—;/;, d = 3y6¢. Then, for any

h=0,...,2r+2—t,wehave uz = yZ(Degi,]-) Su- 7/|Z|.
We postpone the proof of Claim 8.5, and now finish the proof of Lemma 7.4 by using Lemma 2.9.
Applying of Lemma 2.9 with § = 1/(2r + 2) and y, we see that

1
Pr ’[Pi,]-(x) 2> 3[1] <r(n+1) exp (_%)
x—D 2y + 5wV
; < —Ir ,
24y(r +1)?

as3 > (1+525)7"2 > (1+ 525)" " and y <

<r(n+1) exp (—
by Item 1 of our parameter assumptions. O

1
cI'r3log, n
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It thus remains to prove Claim 8.5.

Proof of Claim 8.5. For U € 7;j, we say Z C U if Z and U agree on all non-* entries of Z. We let
degi,j(Z) denote the number of tuples U € 7; ; where Z C U. Note that uz = p2’+2‘t‘|z| degi/]-(Z).

Let’s now estimate degi, ]-(Z) — which equals the number of triples (U, C , C "y where U € 7;§.C’CI) and
Z Cc U.
Fix a Z and let Z; denote the first 7 + 1 entries, and Z, denote the last r + 1 — t entries. First,

we argue that there are at most 2/71/(351) 17121l choices for C € U(Q,p)ept%(g;) for which 74

is contained in C. To see why, consider choosing C iteratively. Given the first 1 — 1 choices,
let’s now consider the h-th choice. If (Z1); is a x, then there are 6n choices for the hyperedge
CnU{wy} € Hy,_,, as we already know wj,_1 (when h = 0, w_; := i is fixed). Then, there are 3
choices for wy, within this hyperedge. If (Z1), = uj # *, then, there is a unique hyperedge in Hy,, ,
containing uy,. This hyperedge has two other vertices that could be chosen as w,. Hence, we have
2|Zl|(36n)’+1‘|zl| choices in total. Observe that once we have chosen é, we also know the index
(Q, p) of the partition in the refinement that C comes from.

Next, let’s count the number of partial tuples U = (uy, . .., u,) that we can produce from this C.
For each non-* entry of Z;, we know uj, = (Z1);. For each h where (Z1), = x,if h € {0,...,r —t},
then we only know u € Cj, which gives us |Cj| = 2 choices for u,. If h € {r =t +1,...,r}, then
we know that u; must equal Cj, \ Q—(,—¢) — a unique choice. We thus pay an additional prei-t=izil,
where Z] is the partial tuple ((Z1)o, - - ., (Z1)r-), to determine (u, . . ., uy).

We now have two cases.

(1) Casel: Z; hasno % entries, i.e., |Zy| = r + 1 —t. Thisimplies that (vy, ..., v,—t) = (Z2)o, - - ., (Z2)-t),
and so we have uniquely determined U. By an argument similar to above, we also have at most
2+ choices for C’ € 7{] .(g;) (recall that we already know Q, which determines v,41—¢,..., 0, up

to 2/ choices). Hence, we have argued in this case that deg; ]-(Z ) < 22+2(35n)+1-1211 where we
use that |Zq] < t +[Z]].

It then follows that

Lz = p2r+2—|Z| degi/j(z) < p2r+2—t—(r+1—t)—|Z1|22r+2(36n)r+1—|Z1|

< (1 + ﬁ)2r+2 . (f/?l)H—l_'Zl|22r+2(351’l)r+1_|zll
4

<1+ l ' 221’+2(36€)r+1—|Z1|

- 4r

< 3. 221’+2 3 (35€)r+1—|Z1| )

Now, we observe that since p = 3 - 222721 £(35¢)2+1-tg! and d = 36¢y, we have that

Lz 3.02r+2 (36€)r+1—|Z1| 22ty
V'Zlil - y|Z1|+r+1—t .3.22r+2—2t%(35€)2r+1—tdt - y|21|+r+1 ,€(36€)r+|Z1|
22(r+1)n

< <1
- 7/|Zl|+r+1 . (35g)r+1+|Z1| -7
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provided that 36¢ > 1and (36¢y/4)"*! > n, which hold by Item 3 of the parameter assumptions.

(2) Case 2: Z; has at least one x entry. In this case, let us write Z, = (Z/, %, Zé’), where Z7 does not
contain any *. Note that Z7 may be empty, i.e., have length 0.

We observe that there are at most 21%2/(36n)"*1-t=(221+1)-1%3] choices for the partial chain
i, Cl,wg,...,C,,w,,)where i’ =r—t—(|Z7| +1) (ie., the number of entries in Z/). As in Case
7% ] 2 2
1, we argue inductively and consider the step when we have chosen j, Cj, wy, ..., C;,w) for
some 0 < h < h'. If (Z})}, = *, then, there are on choices for choosing the next hyperedge and 3
choices for deciding the w), ,, within it giving a total of 36n choices. If (Z});, # *, then there is
at most one hyperedge (so no choice to be made) in Hy that could appear as the next link and,
given the hyperedge, there are 2 choices for the w ;.
Given the first i’ links in the partial chain, we have at most 2+ 1-t=(1Z71+D)-1Z3] choices for the
partial tuple (o, ..., v)). So in total, we have 2"17#=(1221+D (35 ) +1-t=(21+D-1Z3] chojces for

the partial chain (j, Co wo, -, C;Z,, w;z,) and the partial tuple (vo, ..., o).

To count the number of ways to complete the chain, we break our analysis into two subcases.

(a) Subcase 1: Z7 is empty, and so |Z,| = |Z}|. In this case, i’ = r —t — 1. Since we have already
chosen (Q, p), the number of different choices for the partial chain (w;_,, Cl Wiy, Cy, w})
must be at most d, by Item (4) in Definition 6.1 with Q’ = Q. Given this choice, w’/_, is

fixed so there is at most one choice for a hyperedge in Hys__ that contains w]_, and given

that choice, there are two possible ways to choose v,_;. In total, we have made at most 24!
choices.

In the case that t = 0, the partial chain is the “0-chain” given by Q,+1 = w;, and as we have
w) = Q41 = wy, this gives a unique choice for the “chain”, i.e., d° = 1 choices.

(b) Subcase 2: Z7 is nonempty. We observe that for i’ = r —t — (|Z]| + 1), the partial chain

(W), 1, Clrior W) io - - -, Cr, wy) must contain the complete tulPle Zé’HQg), where -||- denotes
concatenation. Thus, by d-regularity, there are at most d'*1%! choices of such tuples. Given
the choice of this partial chain, there are 2r=t=1" choices for (vjy41, . . ., v,—t). Hence, in total

|+1dt+|Z§’|

" .
we have made 2/% choices.

We note that in either subcase, we make at most 2/%21+14t*1%1 choices to pick Cre ‘7-(].(317) and

(Ow+1,.-.,0r-t), where we can have |ZJ| = 0. Thus, the total number of choices of C’ and
(vo,...,v,-1) is at most

2r+1—t—(|Zz|+1)(36n)r+1—t—(|zz|+1)—|ZZ|2|ZZ|+1dt+|ZZ| — 2r+1—t(36n)r—t—|22| _dt+|Z2| ,

and thus, the total number of triples (U, 5, 6’) that contribute to deg; ]-(Z) is at most
2r+1—t—|Z{|+|Z1|(35n)r+1—|Z1|2r+1—t(36n)r—t—|Z2| . dt+|Z’2’|.

Thus,

Lz < p2r+2—i’—|Z1|—|Zz|27’+1—t—|Zi|+|Z1|(36n)7+1—|zl|27’+1—f(36n)7—t—|22| . dt+|Zé’|
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< (1 +ﬁ)2r+222r+2—2t+|Z1|(€/n)2r+2—t—|Z1|—|Z2|(35n)2r+l—t—|Z1|—|Z2| . dt+|Zé’|
< (1 +ﬁ)2r+222r+2—2t+|Z1|([/n)(36€)2r+1—t—|Z1|—|Z2| X dt+|Zé’|

< y%(l 1 pri2lZil 35y 12zl L g1z

i 1231
> A d %
2 iz (A

= ”(354) (3067 (36(’)

Z
[ 2) aoey
T\ 30/ ’

using that (1 + f)**? < 3 and d = 3y 6{. We thus have

1Z|

uz < umax{ﬁ,y}'z' <y,

where we use Item 2 in the parameter assumptions.

This finishes the proof of Claim 8.5. O

9 Discussion
We conclude with some remarks on the proof of Theorem 1, possible strengthenings, and extensions.

(1) Non-linear codes. The lower bound in Theorem 1 applies only to linear codes. However,
we note that we only use linearity of the code to argue a lower bound on val(®;), the XOR
instance polynomial for (r + 1)-chains. For the natural XOR instances (i.e., when v = 0), a
lower bound on val(®;) easily follows even for non-linear codes. This is the reason why the
3-LDC lower bounds in [AGKM?23] apply to non-linear codes. The issue (that nevertheless
appears surmountable) that prevents us from obtaining a similar lower bound on val(®y) for
XOR instances with chains of length > 1 is the following: for non-linear codes, we are only
guaranteed that each constraint is satisfied for a non-trivial constant fraction of codewords.
Thatis, Ey— p[xcx,] = € for some constant ¢ > 0 (for linear codes, we instead obtain xcx, =1
for all x € £). In particular, it is not clear that E; [P, (L(b))] is non-trivially lower-bounded.

(2) LCCs with more queries. While our approach can likely improve the lower bounds (beyond
those known for LDCs) even for g > 3, the improvements based on natural generalizations
of our approach are likely to only yield a polynomial factor improvement. Our explanation
is rooted in the heuristic calculation based on the density of the Kikuchi matrices explained
earlier in Section 3.2. For larger g, the number of length (r + 1)-chains with head i € [k]
is still k(36n)"*!. The arity of the derived constraints, however, is now (g — 1)(r + 1) + 1.

This means that the density (i.e., average degree of the natural Kikuchi matrix) at level ¢ is
(q-1D)(r+1)+1

_1\r+1
@Bon)y*l(t/m)y— =z — (n(é/n)%) for large r. Thus, the optimal ¢ turns out to be nl_q%l,

and so we can only hope to achieve a lower bound of k < é(nl_'i%l). This nevertheless would
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yield an improvement on the current best-known lower bound of k < O(nl_% ), inherited from
g-LDCs, by a polynomial factor via long chains.

Optimality of Reed—Muller codes? Our main result Theorem 1 comes close to showing that
Reed-Muller codes, which achieve a blocklength of n = 200¥K), are optimal linear 3-LCCs
— a longstanding goal in understanding LCCs. Closing the gap between our result and the
blocklength of Reed-Muller codes relates to optimizing the polylog(n) factors in our analysis.
Let us now explain each of the log n factors that we “lose” with an eye for the losses that appear
naturally surmountable and ones that appear rather inherent.

First, we note that we must take the chain length r to be > O(logn) and ¢ > 1/6 for the
heuristic calculation in Section 3.2 to work. Second, we note that the application of matrix
Khintchine (Fact 2.8) loses a \/logN = \/fr log n factor. Thus, in the ideal case, our method
could potentially yield that k < O(log N) where { ~ 1/6 and r = O(log n). This would yield a
bound of k < O(log2 n), or in other words nn > ZQ(‘/E), matching the blocklength of Reed—-Muller
codes up to constant factors in the exponent.

However, our argument currently loses additional log  factors that appear improvable. First,
the hypergraph decomposition step loses a factor of r in the “density” because we need to refute
at least one of the ~ r subinstances produced each of which may only have 1/(r + 1)-fraction of
all the (r + 1)-chains. This loses us O(r?) factor in the density once we use the Cauchy-Schwarz
trick. Second, we cannot take ¢ to be as small as 1/0, i.e., a constant. Currently, we need to take
¢ > O(log* n) for the tail bounds used in the proof of Lemma 7.4 to be effective.

These additional log n factors that we lose not appear to be inherent to our approach. To save
these losses would require a sharper chain decomposition method (that does not lose a factor
r in the density) and a sharper concentration bound than Lemma 2.9. While these appear
technically challenging, it does look plausible that one remove these additional log n factors
and obtain a lower bound that matches the blocklength of Reed—Muller codes up to absolute
constant factors in the exponent.
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A Linear 3-LCC Lower Bounds over Larger Fields

In this section, we prove Theorem 1 in the case where the finite field FF is not [F,. The proof will be
nearly identical to the proof in Sections 5 to 8 for the case of IF = [F,, and so we shall only give a
proof sketch and mainly focus on the parts of the proof where modifications are required.

To begin, we recall that by Fact 2.4, there exist 3-uniform hypergraph matchings Hj, ..., Hy,
each of size at least 67, such that for each u € [n] and C = {v1,v,,v3} € H,,, there exists a1, ap, a3 €
F \ {0} such that for every x € L, it holds that a1x,, + a2x,, + @3xy, = x,,. Furthermore, without
loss of generality we can assume that the code is systematic, i.e., for any b € F*, x = £(b) satisfies
x; = b; forall i € [k].

Next, let us define a code £’: {-1,1}¥ — {=1,1}"FI-1) where, for each u € [n] and « € F \ {0},
we set L'(b),a) = aL(b)y. Let n’ = n(|F| — 1), and associate [n’] with the set [r] X (IF \ {0}). We
now observe that £’ is a 3-LCC in normal form with the additional property that the coefficients
of all constraints can be taken to be 1 without loss of generality. Formally, there exist 3-uniform
hypergraph matchings Hj, ..., H, such that (1) each H, has |H,| > on’/(|[F| — 1), and (2) for each
u € [n’] and each C = {v1,v2,v3} € H, 4), every x € L satisfies x, = xy, + Xy, + Xo;.

Moreover, there is now a group action of (F \ {0}, X) on the elements of [n’], namely for any
a € F\ {0}, this action maps u +— au. We note that this action respects the constraints. Namely, for

= {v1,vp,03} € ([ ]) if we define aC = {av1, av,, av3}, then we have that H,,, = aH, = {aC :
C € H, }. For the proof, we will be using the fact that there is a negation action for @ = —1; this is
because this transformation has made all coefficients in the constraints be equal to 1, so to cancel a
variable x, we shall only need x_,,.

We shall now abuse notation and redefine n’ to be n, and we now simply assume that we have
this group action on [n]. We have thus added this additional property to the code, and in doing so
we have only decreased 6 by a factor of |F| -

We now turn to the main part of the proof. Following Section 5, we define t-chains. The
definition of t-chains now requires a small modification because in the original definition we
formed longer chains by canceling a variable x, via the operation x,, + x, = 0, which was specific
to the field IF,. Now, we use the negation action on [1] to cancel a variable.

Definition A.1 (t-chain hypergraph H®"). Let t > 1 be an integer. For any u € [n], let H, ") denote
the set of tuples of the form (1, C1, w1, Cp, ws, ..., Ct, wt), where each Cj, € ( ]) wy, € [n], and it
holds that forall1 < h <t, C, U{wy} € H_y, , where we set wg := u.

Given any t-chain (4, C1, w1, Co, wo, ..., Ct, w;), we let the negation of the chain, denoted by
—(u,Cq, w1, Co,wy,...,Cs,wy), be the chain (—u, —Cq, —w1,—Co, —wo, ..., —C;, —w;).
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As before, we note that the linear equation defined by a t-chain or its negation is satisfied by
any x € L.

In Section 5, we defined an instance polynomial @ related to the system of linear constraints.
This was natural over [F; as there is a group isomorphism between (IF,, +) and {-1,1} € (R, X).
Here, we can make a similar definition by using a nontrivial group homomorphism 7 from (FF, +) to
(C, X) where the image of 7t is contained in the unit circle {z € C : |z| = 1}. However, the instance
polynomial @, (and the “decomposed polynomials” W; g , defined later) were only formally needed
to discuss sets of linear constraints that are satisfied by the subspace L. Thus, to avoid using the
group homomorphism 7, here we shall simply use these polynomials to refer to the underlying
sets of constraints.

We now perform the hypergraph decomposition step as in Section 6, which is unchanged (once
we use the updated definition of chain)."® This produces the subinstances \I/(t)(x, ), as before.

We now finish the proof following Section 7.6 in Section 7. We let t denote the value0 <t <r
such that W contains at least k(361)"*!/(r + 1) constraints. Applying the Cauchy-Schwarz trick,
we then have that there exists a maximum directed matching M on [k] such that

r+ 2
1 (k(361’l) 1) _@ ((36n)r_tdt)2

2k |\ r+1 2

is a lower bound on number of constraints in the system of linear equations given by:

r—

t t r—t t
bi—bj= Y xc,+ ) Xe,a+ ), Xc,+ ) X A0,
0 h=1 h=0 h=1

h=

forevery (Q, p) € Py, (i, Co,wo, C1, w1, Ca, w3, .., Cpwy) € HiY

(j, Cy wy, C1,wi, C ws, ..., Cpwy) €
H") . Here, we let XCp = Ypec, Yo

As before, the definition of the Kikuchi matrices Definition 7.2 is nearly identical: we merely
swap b; with —b;. Because of this, the key technical part of the argument, namely the row pruning
step Lemma 7.4, holds without any changes.

Now, we define the code £’: F¥ — F?N identically as before. We let L = {i : (i,j) € M} denote
the “left halves” of the edges in the matching M, and we define £’: F- — F?N to be the same map
as before; we simply replace sums with products, as we have not used the homomorphism 7 to

embed F into C. Namely, for x" = L’(b), the S-th entry of x’ is xé = Z;;to(xsh + xs;) + 22:1 XR,, and

similarly for the T-th entry, where x = L(b).
Now, the same calculation as before shows that £’ is a (2, 6)-LDC for &’ = Q(6/r?) provided
that 5%k < O(log2 n). Namely, there are matchings G;’]. on [2N] such that (1) for any (S,T) € E (G;’j),

13We note that the naive application of the decomposition step will produce partitions 7—(5 )p where 7’(5% . is not

(r)

necessarily equal to —7—(Q o This turns out to not matter in the proof; as it turns out, we merely need that both

7

decompositions Ug , — W(Qr )p and UQ,p(Hg )p are both contiguously regular partitions of ("), which obviously holds.
Nonetheless, we note that one could also easily modify the decomposition step to respect this negation action.
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it holds that x’g - x% =bj—bj=b;(asbj =0forj¢L) and (2) % Z(i,j)eMlE(G;’].)l > 0’ -2N, where
k' =|L| > &L,

As before, we now apply Fact 2.5. It follows that

O(frlogn) > 2log, N > 8’k > Q(5k/r?)
— k < O(rlogn/5) < O(log®n/6%) .

Recall now that we had redefined n to be n(|IF| — 1) and 6 to be 6 = 6/(|[F| — 1). Thus, we have
that for the original code, ﬁ < O(log8 n) provided that |F| < n. Note that if |F| > k, then
Theorem 1 becomes trivial, and so we can assume that |F| < k < n (as we always have k < n).
Finally, we note that we have assumed (when we substitute back the original values of 6 and n)
that % < O(logz(nHFl)), which implies that ﬁ < O(log2 n), as we may again assume that
|IF| < n. This is a stronger lower bound than Theorem 1, and so this finishes the proof of Theorem 1
for larger fields.
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