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—— Abstract

We describe an §~2(1 /d*)-improvement over threshold rounding schemes for a broad class of Boolean
MAX 2-CSP instances in which every variable appears in at most d constraints. In the case of MAX
2-SAT, we improve the ratio further and obtain an (8. + (~2(1 /d?))-factor approximation algorithm
for bounded-degree MAX 2-SAT instances, where 3, is the UGC-optimal approximation ratio for
MAX 2-SAT achieved by the LLZ algorithm [20]. Our result generalizes an (acw + ﬁ(l/dz))—factor
approximation algorithm for MAX CUT on graphs with degrees bounded by d, due to Hsieh and
Kothari [15]. Together with the state-of-the-art approximability results for MAX DI-CUT and MAX
2-AND [7], our result suggests that similar improvements exist for bounded-degree instances of these
problems as well.
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1 Introduction

Maximum Constraint Satisfaction Problems (MAX CSPs) are a fundamental class of combi-
natorial problems that are studied extensively in theoretical computer science. The design of
approximation algorithms for MAX CSPs has been a central topic of research that has seen
substantial progress in the past decades. Some of the main highlights include the design of
approximation algorithms for MAX CSPs [21] and the development of a framework for hard-
ness reductions to study the limits of approximation for CSPs [17, 18]. These developments
have culminated in surprisingly tight characterizations of the optimal approximation factor
of every MAX CSP [23], under the Unique Games Conjecture (UGC) [16].

In this work, we aim to explore the approximability of MAX CSPs for structurally simpler
instances, namely, when the instances are sparse. Specifically, we explore the question of
whether one can improve on the optimal approximation guarantee of a MAX CSP when the
degree of the underlying constraint graph is bounded. Formally, we are interested in the
following:
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Given a MAX CSP problem P, suppose its optimal approrimation factor is ap.
Then, if the degree of the instance is bounded by some constant d, can we efficiently

achieve ap + €4 approximation, where the improvement €4 depends on the degree d?

The above question has been studied for various specific MAX CSPs in the literature [6,
13,9, 4, 5, 15]. Arguably, one of the most interesting lines of work among these involves the
approximability of MAX CUT in this setting. It was first studied by Feige, Karpinski, and
Langberg [9], who showed that the MAX CUT problem on graphs with maximum degree
d admits an efficient approximation guarantee of agw + Q(1/d*), where agw ~ 0.87856
denotes the optimal approximation factor for MAX CUT under the UGC [12, 19]. This was
then improved by Florén [11] up to an agw + Q(1/d®) factor, and by Hsieh and Kothari [15]
to a factor of agw + Q(1/d?). Another notable work in this context is that of [5], who
showed that one can bypass the approximation resistance of MAX k-LIN and other related
problems in bounded-degree instances.

Unfortunately, generalizing this phenomenon beyond the specific examples mentioned
above has been challenging. In particular, such results are not known even for well-studied
friends of the MAX CUT problem, such as MAX 2-SAT and MAX 2-AND. One of the main
difficulties in obtaining similar guarantees for general MAX CSPs has been the following:
most of the aforementioned improvements in the bounded-degree setting implicitly rely on
tight structural characterizations of the hardest-to-round, i.e., integrality gap, instances of
the problem!. Such explicit characterizations are known only for a handful of examples (e.g.,
MAX CUT [10], MAX k-LIN [14], MAX 2-SAT |[20, 8]), and even the question of tightly
characterizing the gap instances for every Boolean 2-CSP is a long-standing open question.

To get around this bottleneck, we instead consider improving the approximation guarantee
of a family of algorithms in the degree-bounded setting. Specifically, we consider the family
of THRESH -rounding scheme-based algorithms described informally below?:

SDP + THRESH -Rounding Algorithm
1. Solve the canonical semi-definite programming (SDP) relaxation for the MAX CSP.
2. Round the SDP solution using the THRESH ™ family of rounding functions.

Figure 1 The THRESH  -based Approximation Framework.

The above framework was first introduced by Lewin, Livnat, and Zwick [20], and it vastly
generalizes the hyperplane rounding-based algorithm of Goemans and Williamson [12]. This
algorithmic framework has been used successfully for obtaining optimal and near-optimal
guarantees for a wide variety of MAX CSPs such as MAX 2-SAT [20, 8], MAX 2-AND (7],
MAX BISECTION [3], and several other related problems. Furthermore, Austrin showed
that under a certain positivity condition, the above framework is optimal for approximating
Boolean MAX 2-CSPs assuming UGC [2]. Guided by these considerations, we are therefore
motivated to ask — Can we improve on the approximation guarantee of the THRESH ™ -based
algorithm, when the degree of the input instance is bounded? — which is the main question
explored by this work.

1 We elaborate the connection between integrality gaps and improvements in the bounded-degree setting
in Section 1.2.

2 'We refer the reader to Section 2 for a more formal description of the SDP relaxation and the THRESH ™
rounding scheme.
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1.1 Our Results

In this work, we make progress on the above questions and give improved approximation
guarantees for bounded-degree Boolean MAX 2-CSP instances which satisfy a natural
“reasonable” condition. The formal definition of the reasonable condition is a bit technical,
and we instead attempt to give an informal description of it. Let P denote a set of Boolean
predicates, and let MAX CSP(P) denote the MAX CSP problem where the predicates
corresponding to the constraints belong to P. Then loosely speaking, we say that the MAX
CSP(P) problem is reasonable if for any hardest-to-round instance® of MAX CSP(P), the
local geometric arrangement of the vector solution in the neighborhood of any vertex satisfies
certain “general position” conditions. In particular, these conditions ensure that certain
pairwise moments involving labels of variables in the neighborhood are non-constant under
the rounding distribution (see Lemma 22). We refer the reader to Definitions 6 and 20 for a
formal description of this condition.

We now state our main result, which gives improved approximation guarantees for
reasonable CSPs.

» Theorem 1 (Informal version of Theorem 23). Suppose P is a set of Boolean binary predicates
such that the MAX CSP(P) problem is reasonable. Let Sp denote the approximation factor
achieved by the algorithm in Figure 1 for MAX CSP(P). Let I be an instance of MAX
CSP(P) such that every variable appears in at most d constraints. Then, there exists an
algorithm that achieves an approximation factor of Bp + ﬁ(d_4) on I, where the constant
hidden in only depends on P.

While the above theorem by itself just implies improvement on the approximation
guarantee of THRESH -based algorithms, it has stronger implications for MAX CSPs
that satisfy certain additional properties. As mentioned above, Austrin [2] showed that if
‘P satisfies the positivity condition, then the algorithm from Figure 1 obtains the optimal
approximation guarantee assuming UGC. Therefore, for MAX CSP(P) problems that satisfy
the reasonable and positivity conditions, the above theorem actually implies improvement on
the optimal approximation guarantee in the bounded-degree setting.

Furthermore, by leveraging the structural insights from the recent work [8], we are able
to derive a sharper version of the above theorem for the MAX 2-SAT problem. We formally
state this result in the next theorem.

» Theorem 2. Let I be an instance of MAX 2-SAT such that every variable appears in at most
d constraints. Then there is an efficient algorithm that can return a 8, + Q(d~2log™'(d))-
approximation to I, where B, =~ 0.9401 is the optimal approzimation guarantee for the MAX
2-SAT problem.

We point out a couple of interesting features of the above theorem. Firstly, observe that
the above theorem does not mention the “reasonable” condition. This is because the structural
results from [8] directly imply that the hardest-to-round instances of MAX 2-SAT naturally
satisfy the reasonable condition, and hence we are able to apply our framework to obtain
an unconditional improvement for degree-bounded MAX 2-SAT instances. Furthermore, by
using the specific structure of the 2-SAT predicate, we are able to improve the additive gain
in the approximation factor from Q(d=4) to Q(d~2).

3 An instance I of MAX CSP(P) is said to be hardest-to-round if the algorithm from Figure 1 achieves
its worst approximation guarantee in I.
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1.2  On Integrality Gaps and Bounded-degree CSPs

We close out this section by highlighting the connection between hard-to-round instances
and improved approximation for bounded-degree CSPs. Most of the previous works in this
setting adopt the approach of improving the performance of a base algorithm via a greedy
post-processing step that relies on certain anti-concentration properties of the objective
function at local neighborhoods (similar to Lemma 18). In particular, such an approach has
to be capable of interpolating between the following extremal scenarios:

For instances that are far from being an integrality gap, the base algorithm by itself is

capable of yielding improved approximation guarantees,

And for instances that are close to being an integrality gap, the post-processing procedure

should be able to leverage the bounded-degree structure of the instance to improve on

the worst-case approximation guarantee.
Now, note that under this framework, it stands to reason that the greedy post-processing
needs to be more effective for instances that are closer to being an integrality gap, whereas it
may be less useful for easier instances — e.g., for instances which are perfectly solvable by the
base algorithm, the procedure cannot improve the quality of the solution output by the base
algorithm any further. Therefore, the analysis of the post-processing step necessarily requires
a structural understanding of the hardest instances for the base algorithm. For example,
for the MAX CUT problem, the analyses of algorithms in [9, 11, 15] use the well-known
characterization that the edges that are hardest to round by hyperplane rounding are those
for which the inner product of the corresponding SDP vectors is equal to a certain critical
value.

We conclude by noting that while it might be possible to obtain improvements without
explicitly characterizing the hardest instances, such a result will require algorithms that go
beyond the above two-phase approach.

1.3 Organization of the Paper

The rest of the paper is organized as follows. In Section 2, we formally define MAX CSP, the
Basic SDP relaxation, the THRESH ™ rounding family, and related concepts. In Section 3,
we present our algorithm and define some algorithmic quantities. In Section 4, we analyze
the algorithm in the case of MAX 2-SAT, proving Theorem 2. In Section 5, we analyze our
algorithm for general Boolean MAX 2-CSPs, where we state and prove the formal version of
Theorem 1. Finally, we state in Appendix A certain variance lower bounds needed in the
analysis, whose proofs we defer to the full version of the paper.

2 Preliminaries

For n € N, let [n] .= {1,2,...,n}. Let ®, be the c.d.f. and p.d.f. of a standard Gaussian
variable. Given an event A, we use 1{A} to denote the indicator random variable for A. We
use true, false for the truth values of a Boolean variable. We may also represent the truth
values using {0,1} or {—1,1}: in the former case 1 stands for true and 0 stands for false,
while in the latter case —1 stands for true and 1 stands for false.

2.1 MAX CSP and the Basic SDP Relaxation

» Definition 3. Let P be a set of Boolean predicates. An instance I = (V,C,w) of
MAX CSP(P) is defined by
A finite set V' of variables.
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A finite set C of constraints where each constraint C € C is obtained by applying some
predicate P to some variables from V.. We use C = (P, iy, 1s,...,i) to denote a constraint
C obtained by applying some k-ary predicate P to variables iy,1is, ..., ik.
A weight function w : C — R0,
Given an assignment A : V. — {=1,1}, we say that a constraint C is satisfied if the
corresponding predicate evaluates to 1, and we use Val(I, A) to denote the total weight of
constraints satisfied by A. The objective is to find an assignment A that maximizes Val(I, A).

For simplicity, we will assume without loss of generality that )., w(C) = 1. This can
always be achieved by renormalizing, which does not meaningfully change the problem. In
this case we may also think of C as a distribution over constraints, with probabilities specified
by w. We will also assume V = [n] for some n € N.

In this paper we only consider the special case of MAX 2-CSP, namely the case where
every Boolean predicate in P is of arity 2. For convenience, we encode truth assignments
for variables using {—1, 1}, while predicates take values in {0,1}, and thus each predicate
has the form P : {—1,1}? — {0,1}. Given a MAX 2-CSP instance I = (V,C,w), we can
formulate its Basic SDP relazation [23] as follows (cf. [8]).

maximize Z w(C) - (I:’@ + Bvo v, + Pjvo v+ pi7jvi . Vj)
C=(P,i,j)eC
subject to Vi€ {0,1,2,...,n}, v;-vi=1,
(VO_VZ) ( O_V]) > 0,
. (vo+vi)-(vo—v;) >0
vC = (P,i,j) € C, J ’
(F49) (vo—vi) - (vo+v5) = 0,
(vo+vi)-(vo+v;) > 0.

Here }5@, ]51-, pj, ]5U € R are the Fourier coefficients of P, namely, we have
P(l‘i,l‘j) = Pg + pﬂii + I:)jl‘j + P GTT

for every x;,z; € {—1,1} (See [22] for more on Fourier analysis of Boolean functions). The
constraints in (2.1) are often referred to as triangle inequalities. In fact, we may in addition
impose triangle inequalities on all triples of vectors:

(vi=v;)-(vi—vi) 20,
- (vitvj) (vi—vg) >0,
Vi, 5,k €{0,1,...,n},
J { } (vi—vj)-(vi+vg) >0,
(vi+vj)-(vi+vg) > 0.
» Definition 4. We say that unit vectors vo, vy, ..., v, are an SDP solution for some MAX

2-CSP instance over the variable set [n], if they satisfy (2.1). We say that they satisfy all
triangle inequalities if they further satisfy (2.1). Fori,j € [n], we write

bi = Vg V; and bij =V;- V.

We will often need to take projections for an SDP solution. For 7 € [n] and S C {0} U [n],

we use v+{s} to denote the (renormalized) component in v; that is orthogonal to span{v; |
. 1{0} _ v;—b; . . . .
j € S}. In particular, v; "17\/_7;'?0 is the (renormalized) component in v; that is
orthogonal to vo (in the case |b;| = 1, we may define vj'{o} to be any unit vector that is
orthogonal to all other vectors in the SDP solution, but this case won’t show up in our

paper). We will write vi- for vl{o} to avoid clutter.

28:5
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2.2 Configurations

To analyze SDP-based approximation algorithmes, it is sometimes more convenient to work
with the inner products between vectors in an SDP solution rather than the vectors themselves.
This leads to the following definition.

» Definition 5. A configuration is a tuple of the form (b;,b;,b;;, P) where P is a Boolean
predicate of arity 2, and b;,b;,b;; € [—1,1] are real numbers such that

We say that a tuple (b;,b;,b;;) is valid if it satisfies (5). Given a configuration § =
bijfbibj . _
(bi, b, bij, P), we define p(0) = T if /(1 =07)(1=b3) # 0 and p(#) = 0 other-

wise.

It can be easily verified that the inequality (5) corresponds exactly to the triangle
inequalities in (2.1), and therefore a tuple (b;, b;, b;;) is valid if and only if it can be obtained
as inner products between vy, v;, v; from an SDP solution. In this case, p(f) is exactly the
inner product between v;- and vj-.

» Definition 6. Given a MAX 2-CSP instance I = (V,C,w) and an SDP solution vq,- - , vy,
we say that a distribution D of configurations represents the SDP solution if it is obtained as
follows:

Sample a constraint C = (P, i, j) ~ C from the instance.

Return the configuration 8 = (b;, b;,b;j, P).
We may also say that 0 as defined above represents the constraint C'.

Now we define completeness, which corresponds to the value of the Basic SDP relaxation.

» Definition 7 (Completeness). Given a configuration 0 = (b;,b;,b;;, P), we define its
completeness to be

Completeness(d) = Py + Pib; + pjbj + If’mbij.
For a distribution D over configurations, we define Completeness(D)=Egy..p[Completeness(d)].

By construction, if a distribution D represents some SDP solution, then its completeness
corresponds exactly to the SDP objective value achieved by that SDP solution.

2.3 The THRESH Rounding Family

The THRESH™ rounding family, introduced in [20], is a powerful family of rounding
algorithms for Boolean MAX 2-CSPs. A rounding algorithm from the THRESH ™ round-
ing family is specified by a threshold function f : [-1,1] — R. Given an SDP solution

V0, V1,...,Vp, it computes the projection vi- = V%\/L;’; for every i € [n], samples a standard

Gaussian vector r, and sets the variable i to be true if r- vi- > f(b;) and false otherwise.

We now define soundness, which corresponds to the probability that a configuration
(or more precisely, any constraint represented by the configuration) is satisfied using a
THRESH™ rounding algorithm.
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» Definition 8 (Soundness). Let f : [—1,1] — R be a threshold function. Given a configuration
0 = (bs, b, b5, P), let (gi,9;) be a pair of standard Gaussian random variables with correlation

p(0), and define

X, =
’ 1 1

, otherwise,

{—1, if i > F(b), X,_{—L i 952 1 (b)),
=

, otherwise,
Then, the soundness of 8 with respect to f is defined to be
Soundness;(#) = Pr[P(X;, X;) = true].

For a distribution D over configurations, we define Soundness (D) = Eq.p[Soundness;(6)].

By construction, if a distribution D represents some SDP solution, then its soundness
with respect to f corresponds to the expected satisfied fraction if we use THRESH™ with f
to round that SDP solution.

3 Description of the Algorithm

We now state our main algorithm. It is adapted from the bounded-degree MAX CUT
algorithm due to [15]. The quantities W; 1, W; o, and W; . will be defined momentarily after
the algorithm.

Algorithm 1 Algorithm for Bounded-Degree Boolean MAX 2-CSP.

1: Input: Boolean MAX 2-CSP instance I = (V,C,w) with variable set V' = [n], parameter
€ > 0, and an SDP solution {v, | i € V U{0}}.
2: Output: an assignment A : V — {true, false}.

3: Choose a standard Gaussian vector r.

4: fori €V do

5: Compute b; = vq - v; and vi = v\i/i%’.

6: Set A'(7) = true if r - VJ‘ > f(b ) and false otherwise.
7: Set A(i) = A'(i) if |r - vi — f(b;)| > € and * otherwise.
8 foricV do

9: if A(i) = x then

true if Wi,l > Wi,O + WZ"*,
10: Set A(Z) = false if Wi,O > Wi,l + WZ"*,
A'(i)  otherwise.

11: return A

Informally, the algorithm first computes an assignment A’ using THRESH ™ with the
threshold function f. It then greedily flips any variable which lies approximately on the
boundary of the THRESH ™ rounding algorithm (more specifically, |r- v — f (bz)| < e) if
there is some local gain, which we define below.

For every variable i, let C; C C be the set of constraints that involve i. We define the
following subsets of C; with respect to the (partial) assignment A before executing the for-loop
at Line 8:

28:7
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Ci« = {C € C; | the other variable in C is unassigned}
Cisat = {C € C;\ C; « | C is satisfied regardless of the truth value of i}
Cinmsat = {C € C; \ C; « | C is unsatisfied regardless of the truth value of i}
Cii={C €C;\C, .| C is satisfied if i is true and unsatisfied if ¢ is false}
Cio={C €C;\C;.|C is satisfied if i is false and unsatisfied if 7 is true}.

We use W .., Wi sat, Wi unsat, Wi,1, Wi,0 to denote the total weights of clauses in these subsets,
and we define

W; = Z w(C) =W, . + Wi sat + Winsat + Wi1 + Wi
cec;

to be the total weight of constraints which contain i. We would like to understand how the
for-loop starting at Line 8 affects the constraints in these subsets. By definition, constraints
in C;j sat and C; ynsat won't be affected by the truth value for ¢ since they are already fixed,
and therefore they (as well as the weights W sat, Wi unsat) Won't play a role in our analysis.
The only constraints whose status can be affected in the for-loop are the ones in C; ., C; o and
C;1. If we set i to be true, then we satisfy every constraint in C; ;, possibly some constraints
in C; «, and certainly none in C; ¢. Similarly, if we set i to be false, then we satisfy every
constraint in C; g, possibly some constraints in C; ., and certainly none in C; ;. It follows
that if we flip ¢ from true to false, then the total weight of satisfied constraints changes
by Wio— Wi1 —p- Wi, for some p € [—1,1]. If we have W; g — W; 1 — W, . > 0, then this
change is guaranteed to be positive. In particular, this means when W; g — W; 1 — W; . >0
and A’(i) = true, we obtain an improvement over A’ by setting A(i) = false. Analogously,
when W; 1 — W; o — W, . > 0 and A'(i) = false, we also obtain an improvement over A’ by
setting A(i) = true. This motivates the formal definition of local gains as follows:

» Definition 9. We define the local gain A; of the variable i to be
Ai=Wio = Win = Win)y - Hr-vi € (f(b:), f(bi) + €)}
+ (Wi = Wio = Win)s - Hr-vi € (f(bi) — ¢ f(b))}-
Here (2)4 is defined to be z if z >0 and 0 if z < 0.

Note that there is tension over the choice of e, which controls how many vertices we
potentially flip in the for-loop: on one hand we would like to flip more vertices in order to
get more local gain, on the other hand we would like W; . to be small, for otherwise it may
overwhelm the difference between W; o and W; ; and we won’t get any local gain at all.

The following lemma formalizes the motivation for local gains.

» Lemma 10. Let D be the distribution of configurations that represents the SDP solution
in the input to Algorithm 1. Then, we have E[Val(I, A)] > Soundnessf(D) + 3, E[Ay].

Proof. Observe that for any ¢ € V, we have A’(¢) = A(¢) unless

Wi71 > Wl’,O + Wi’* and r - Vf‘ S (f(bl) — €, f(bl)), or

Wi,O > Wi,l + Wiy* and r - Vf‘ S (f(bl), f(bl) + 6).
In these two cases, we flip the value of variable i and the weight of satisfied constraints
increases by at least A;. So we have

Val(I, A) — Val(I, A') = Y " A,
eV
The lemma follows by taking expectation and observing that E[Val(I, A")] = Soundness (D).
<
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4  Analysis for MAX 2-SAT

We first analyze Algorithm 1 in the case of MAX 2-SAT. Let Pogar = {x Vy, TV y,ZT V 7},
then MAX 2-SAT is exactly MAX CSP(Pasar). We start by stating some known results for
MAX 2-SAT. For $ € [0, 1], define the threshold function fg: [-1,1] — R by

falt) =27 (17;[%) ,

where ®~! is the inverse CDF for a standard Gaussian variable. Observe that fs is odd for
any f € [0, 1], in the sense that fg(—t) = —f3(t) for every t € [—1,1].

» Theorem 11 ([20, 1, 8]). There exists some constant B, =~ 0.94016567 such that for any
MAX 2-SAT configuration 0,

Soundness;, (0) — . - Completeness(f) > 0.

Consequently, the THRESH™ algorithm with the f = fa, achieves a B,-approzimation for
MAX 2-SAT. On the other hand, assuming the Unique Games Conjecture, for any € > 0 it
is NP-hard to approximate MAX 2-SAT within a factor of By + €.

By inspecting the proofs in [8] we in fact have the following slightly stronger statement:
» Theorem 12 ([8]). Given a wvalid triple (b;,b;,b;;), define

g(bi, bj, b;;) = Soundness;, (0) — f3. - Completeness(6),
where 8 = (b;,bj,b;5,xV y). Then g has exactly two minimizers

G(bay buy =1+ 2b,) = g(—byu, —by, —1+2b,) =0
where b, ~ 0.162478. Furthermore, there exists ¢ > 0 such that for any valid tuple (b;,b;, b;;),

9(bi, by, bij)
> ¢« (min (|| (bi, by big) = (bas by =1+ 26|, (b3 by, big) = (=bay =bs, =1+ 2b,)[1))°

Let 6 = (b;,b;,b;;, P) be a MAX 2-SAT configuration (i.e., P € Pagar) and § > 0. We
say that 6 is d-critical, if one of the following holds:
P=zVyor P=7VY, and

mln(”(b“bmb”) — (b*,b*, -1 + 2b*)H, ||(bl,bj7b”) — (—b*7 —b*, -1 + Qb*)H) S 0.
P=%Vyand
min ([|(bi, b, bij) = (bxy =bsy 1= 2b,)[], (04, b5, bij) — (=bss by, 1 = 2b,)]) < 6.

Theorem 12 shows that for non-critical configurations we may hope for a better-than-/3,
approximation.

» Lemma 13. Let 0 be a MAX 2-SAT configuration 6 that is not §-critical. Then
Soundnessy, (0) — 3, - Completeness() = Q(5?).

Proof. Follows directly from Theorem 12. |

28:9
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On the other hand, for d-critical configurations with sufficiently small § > 0, we may use
Algorithm 1 to obtain an improvement if the instance is bounded degree.

» Theorem 14. There exists some constant § > 0 such that the following holds. Let
I = (V,C,w) be an instance of MAX 2-SAT such that every variable appears in at most
d constraints. Let D be a distribution of configurations representing some SDP solution
{vi i€ VU{0}} for I such that b; > 0 for every variable i, and every 6 € supp(D) is
§-critical. Then, for f = fs, and e =d~! log~'d, Algorithm 1 returns an assignment A such
that E[Val(I, A)] = Soundness (D) + Q(d~2log™ ' (d)).

We remark that the assumption that b; > 0 for every variable i is for convenience only.
The proof of Theorem 14 is deferred to Section 4.1. Combining Lemma 13 and Theorem 14
we obtain the following theorem:

» Theorem 15 (Restatement of Theorem 2). Let I be an instance of MAX 2-SAT such that
every variable appears in at most d constraints. Let D be a distribution of configurations
representing an SDP solution for I. Then, for f = fs,, we can find an assignment A such
that

Val(I, A) > f3, - Completeness(D) + Q(d~2log™*(d)).

Proof. Let § > 0 be chosen as in Theorem 14 and n = cd~2log™*(d) for some small
constant ¢ > 0. If there are at least n-fraction (in the weighted sense) of configurations
in D that are not J-critical, then in this case by Lemma 13 we have that the THRESH™
algorithm with the f = f3, already achieves Soundness;(D) > S, - Completeness(D) + Q(n) =
f3, - Completeness(D) + Q(d~2log ™ (d)).

Now assume at least (1—n)-fraction of the configurations are J-critical, then we may ignore
the constraints corresponding to configurations that are not J-critical and form a new instance
I’ and a new distribution of configurations D’ supported only on d-critical configurations
by renormalizing the weights. Applying Theorem 14 to I’ and D’ (after possibly flipping
variables and SDP vectors so that b; > 0 for every i), we obtain an assignment achieving a
satisfying fraction of at least

(1 —n) - (Soundness;(D’) + Q(d~*log ™' (d)))

(1 —n) - (B, - Completeness(D’) + Q(d 2 log™"(d)))

(1 —=n) - (B« - (Completeness(D) — ) + ( ~2log'(d)))

B, - Completeness(D) + Q(d~2log ™ (d)) — - O(1)

B, - Completeness(D) + Q(d~2log™*(d)). <

(AVARAYS

4.1 Analyzing a Local Neighborhood

In this subsection we aim to prove Theorem 14. Since we assume b; > 0 for every variable ¢, our
d-critical configurations (b;, bj, b;;, P) must all satisfy that ||(b;, bj, bi;) — (bs, by, —142b,)|| < 6
and P is either  V y or T V 7, if we take § to be sufficiently small.

To prove Theorem 14, we first state and prove a few lemmas on the algorithmic quantities
Wio, Wi, Wi+, A; in the neighborhood of ¢ defined in Section 3. To avoid ambiguity, we
use A, to denote the (partial) assignment A before the execution of the for-loop at Line 8.
The overall idea is to show that conditioned on ¢ being unassigned, W; o — W; ; must have a
large variance, leading to a nontrivial local gain.
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» Lemma 16. For every i and t € (f(b;) — ¢, f(b;) + ¢€), we have

E[‘Wi,o — Wi,l ‘ Ir- Vl t] = Wz . Q(d_1)7

P =

where the constant in £ can be chosen independently from t.

Proof. Let C;" C C; be the set of constraints involving i that are defined using the predicate
zVy,and C; C C; be the set of those defined using = Vy. For C' € C;, let jc be the variable
other than ¢ involved in C. For every C' € Cj' , we have

Cisar if Ai(jo) = true,
Cel G if A,(jo)= false,
Cix if A.(jo) = *.

Similarly, for every C' € C; , we have

Ci,sat if A* (]C) = false,
C € Ci70 if A* (]C) = true’
So we have
Wio—Wi1= Z w(C)1{A.(jc) = true} — Z w(C)1{A,(jo) = false}.
cecf cec;

Given a configuration 6 = (b;, bj, bij, P), we have A,(j) = true if and only if r - v >
f(bj) +¢, or equivalently r - le{o’i} > %. Similarly A.(j) = false if and only

ifr- vj‘{o’i} < —pOrvi +7bi)=¢ Gincer - vt € (f(bi) — €, f(b;) + ¢€) and @ is S-critical, we

V1=(0)2

have ||M —s|]| = O(e + d), where

V1-p(0)2

N (O (N NS ﬁ
Y = f(by) m—f(b*) 5.

and p, = _1';ibg2_bz =— };Zi By plugging in the value of b, and (4, we get s ~ 0.4779. So
we may rewrite
Wio— Wi
= Z w(C)1{r - Vj‘c{o’i} >s+0(e+d)}— Z w(C)1{r - vj‘c{o’i} <s+0(e+4)}
cecf cec;
= Y wOnfr-vi" > s+ 0+ - Y w(©).
cec; cec;

In the last step we used the fact that for a continuous random variable X we have 1{X <
s} =1—=1{X > s}. In the above calculations, the terms O(e+ d) may be different depending
on C but we may choose them small enough so that they are all less than s/2. Note that
Zcec; w(C) is a constant which does not affect the variance. So, we can apply Lemma 26
and obtain

Var[W o — Wi |r-vi =t]=W2-Q(d™).

APPROX/RANDOM 2026
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It follows that

1
EHWLO — Wi71| ‘ Ir- ViL = t] Z W 'E[(Wi,o — Wi,1)2 | r- ViL = t]
1
Z WZ . Var[Wi’O — Wi,l | r-v, = t}
=W;-Qd™). <

» Lemma 17. For everyi and t € (f(b;)—¢, f(b;)+e€) we have B [W; . | r-vit =t] = O(e-W;)
where the constant in © can be chosen independently from t.

Proof. Consider a constraint C' € C; involving i and some other variable j, represented by
the configuration 6 = (b;, b;, b;5, P). As computed in the proof of Lemma 16, we have that j
is unassigned if and only if

—p(O)r Vi +fb) =€ _ | iposy _ —plO)r-vi+ f(b) +e

r

1—p(6)? ! 1—p(6)?

This is an interval of length O(¢). It follows that
E[1{C €Ci.}|r-vi =t] =0(e),
and therefore
cecC

» Lemma 18 (Local gains). Choose € = cd—'log™'(d) for some sufficiently small constant
¢ > 0. Then, for every variable i, we have E[A; | A.(i) = %] = W; - Q(d~1).

Proof. It is sufficient to show that
E[A; |r-vi =t =W;-Q(d™)

either for every ¢t € (f(b;) — €, f(b;)) or for every t € (f(b;), f(b;) + €).
From the definition

Aj=(Wio—Wir— Wi Ur-vim € (f(ba), f(b:) + €)}
+ (Wig = Wig = Wis)g - Hr-vim € (f(bi) — e, f(b:))}
we have
E[A; | r-vim € (f(bi), f(bi) +€)]
=E [(Wio—Wix— W)y |v-vim € (f(bi), f(bi) + €)]
>E[(Wio—Win)s — Wi |T-vit € (f(b:), f(bi) + €)]

| o =Wl b TR =) g et e (00, £+

2

and similarly

E[A; [ r-vim € (f(bi) — € f(bs))]
[Wi,l —Wiol + (Wi1 —Wip)

>E

5 — Wi |r-vi € (f(bi)_e»f(bi))} ‘
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Assume that E[W; o — Wi1 | v-vi € (f(b), f(bi) + €)] > —W;/(d\/logd). Then by
Lemma 16 and Lemma 17 we have

E [Wi,o —Wial+ Wi — W)
2

> Wi+ (d") = dlog™2(d) — O~ log ™ (d)))
=W, Q(dil)

- Wi,* | r: V#_ € (f(bZ)af(b7) + 6)

Otherwise, we have E[W; o—W; 1 | r-vi- € (f(bi), f(bi)+€)] < —W;/(d\/log d), or equivalently
E[W;1—Wio | r-vi € (f(b), f(bi) +¢€)] > W;/(dv/Togd). Observe that by Equation (4.1)
the function E[W; 1 — W, o | r - vi = t] is O(W;)-Lipschitz in ¢, so we have

E[Wi1—Wio | v-vi € (f(bi)—¢, f(b:))] > W;/(d\/logd)—e-O(W;) = W;-Q(d " log™'/?(d)).

It follows that
E [Wi,l —Wiol+ (Wi —Wio)

wm|rvfeqw»aﬂmﬂ

2
> W+ (d") + Q(d og™/2(d) — O(d " log ™ (d)))
=W;- Q(dil)
Thus, we conclude that E[A; | A, (i) = %] = W, - Q(d71). <

We are now ready to prove Theorem 14.

Proof of Theorem 14. By Lemma 10, we have

E[Val(I, A)] > Soundness;(D) + » E[A]

%

> Soundness (D) + Y _E[A; | A.(i) = «] - Pr[A, (i) = ]
i€V

> Soundness¢(D) + Z W;-Q(d™) - Q(e)
i€V

> Soundness (D) + Q(d~2log ™" d).

Here we used the assumption that ), .\, W; = 2 (since total weight is 1 and each constraint
is counted twice) and Lemma 18. <

5 Analysis for General Boolean MAX 2-CSPs

In this section we analyze general Boolean MAX 2-CSPs. To this end we need the distribution
of configurations to be reasonable as introduced below.

» Definition 19. We say that two predicates Py, Py : {—1,1}2 — {0,1} are aligned if there
exist 01,02 € {—1,1} and s € {0,1} such that

Pl(f].,O'l):Pg(*(TQ,O'lUQ):S and Pl(].,o—l):P2(0—2,O—10—2):17$.
We say that they are anti-aligned if there exist 01,09 € {—1,1} and s € {0,1} such that

Pl(—l,O'l):PQ(O'Q,O'lO'Q) =S and P1(1,0'1) :PQ(—O'Q,O'lo'Q) = 1—8.

APPROX/RANDOM 2026
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Informally, if we look at two constraints with one variable in common, then they are
aligned if there is a way to fix the other variables to induce the same unary preference on
the shared variable, and they are anti-aligned if they induce opposite unary preferences.

» Definition 20. We say that a distribution of configurations D representing some SDP
solution is reasonable if the following conditions hold:
For every 6 = (b;,bj,b;;, P) € supp(D), we have |b;], |b;| < 0.4 and |b;;| € [0.5,0.9].
If 61 = (b, bj,bi5, P1), 02 = (bs, b, bir, Po) € supp(D) represent some constraints (P1,1, j)
and (Pa2,1, k), then p(61)p(02) > 0 if Py and Py are aligned and p(01)p(02) <0 if Py and
Py are anti-aligned.

» Remark 21. The conditions for reasonableness may seem somewhat arbitrary. Indeed, the
constants are chosen only for convenience: with these values we are able to prove bounds on
the covariances as in Lemma 22. That said, it may be verified that the hardest (optimal
under UGC) distributions for MAX CUT and MAX 2-SAT are both reasonable. Furthermore,
the known (numerically) hardest distributions (though not known to be optimal) for MAX
2-AND and MAX DI-CUT due to [7] are also reasonable.

The main benefit of reasonableness is the following bound on covariances in a local
neighborhood. The proof of this lemma is deferred to the end of this section.

» Lemma 22. Let D be a reasonable distribution of configurations representing some SDP so-
lution {v; | i € {0}U[n]} which satisfies all triangle inequalities. Let 01 = (b;,b;,bij, P1), 02 =
(bi, b, bik, P2) € supp(D) be two configurations representing some constraints (P1,i,j) and
(Payi, k). If Py and Py are aligned, then Vj‘{o’z}-vi'{o’l} > —5/6. If Py and Py are anti-aligned,
then vj'{o’i} ~V2'{O’i} <5/6.

Under the reasonableness condition, we prove the following theorem.

» Theorem 23. Let P be a set of Boolean predicates of arity 2 such that every P € P depends
on both coordinates. Let d € N, and B > 0. Let I be an instance of MAX CSP(P) such
that every variable appears in at most d constraints. Let D be a reasonable distribution of
configurations corresponding to an SDP solution satisfying all triangle inequalities. Then, for
some € = ©(d~2log™?(d)) and any f : [-1,1] — [~ B, B], Algorithm 1 returns an assignment
to I that satisfies at least Soundnessy (D) + Q(d~*log~"/*d) fraction of constraints, where
the constant inside the ) notation depends only on P and B.

We will implicitly assume the assumptions in Theorem 23 in our analysis for the remainder
of the section. We use A, to denote the (partial) assignment A before the execution of the
for-loop at Line 8. The overall idea is similar to Theorem 14: we show that W; o — W; 1 has
a large variance which overwhelms the expected value of W; ., and therefore at least one
of the two terms in A; will have a nontrivial contribution. The variance lower bound for
Wi — W1 is shown in the following lemma.

» Lemma 24. There exist c¢,eg > 0 (depending only on the configurations and the threshold
function f) such that for any e < €9, 1 €V and any t € (f(b;) — €, f(b;) + €), we have

1 C-Wi
E[|Wi,0 — Wi71| ‘ r-v; = t] Z m

Proof. We have

Wio—=Win= Y w(C)({C €Cip} —1{C €Cir}).
cec,
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Let C € C; be a constraint on ¢ and some other variable j, represented by the configuration
6 = (b;,bj,b;;, P). Observe that since by assumption P depends on both variables, the
indicator functions 1{C € C; o} and 1{C € C; 1} are two distinct functions among the three
functions 1{A.(j) = true}, 1{A.(j) = false}, and 0 (as a constant function). Conditioned
onr- v} =t we may write the first two indicators as 1{r - vj'{o’i} > s;}, Hr- vj'{o’i} < st}
!/
assumptiole (the expressions for these thresholds are the same as those in (4.1)). By using

the fact that 1{r - vj'{o’i} <si}=1-1r- V;'{O’i} > s}, we may therefore rewrite (5) as

where s;, s’ are some thresholds whose absolute values are bounded due to our reasonableness

Wio—Wi1 = Z w;1{r - vj'{o’i} > 55t — Z w;1{r - vj'{o’i} >sit+c
JE€J1 jeJ2

where Jq, Jo are some (multi-)sets of variables and c¢ is some constant. We also have
djes Wit e, wi € [Wi,2W;] since each constraint contributes either 1 or 2 nonzero
indicator functions.

1{0,i}

Now we aim to bound the inner products between the v; vectors, which are equiv-

alently the covariances between the standard Gaussian variables r - vj'{o’i}. Take another
constraint C’ involving ¢ and some third variable k, represented by 6’ = (b;, by, bix, P’). Then
P and P’ are aligned if there exist s € {0,1} and s € {true, false} such that

1{C eCs} =1{A.(j) =s} and 1{C’ €C; s} = 1{A.(k) = s},
1{C €Cis} =1{A.(j)=s} and 1{C’ €Ci1-s} =1{A.(k) =not s},

where we used not s to mean the truth value other than s. These are exactly the cases

where we get both j, k € J; or j,k € Jo. By Lemma 22, we have Vj_{07i} -vi{o’i} > —5/6 if
P and P’ are aligned. On the other hand, P and P’ are anti-aligned if there exist s € {0,1}
and s € {true,false} such that

1H{C €Cis} =1{A.(j)=s} and 1{C’ €C; s} =1{A.(k)=not s},
1{C eCis} =1{A.(j)=s} and 1{C' €Ci1_s}=1{A.(k)=s}.

These are exactly the cases where one of {j,k} is in J; and the other is in J;. Again by
Lemma 22, we have vj‘{o"l} . (—Vt{o’l}) > —5/6 if P and P’ are anti-aligned.

Hence, by rewriting

Wio=Win= > wl{r-v; O =5} = 3 wife-vi ™ 2 o) 4 e

Jje€1 jeJ2
S w2 0 X e (O 2 ) Y e
JjE€J1 JE€J2 JEJ2

we obtain an expression which is the weighted sum of indicators of the form 1{g; > s7'} (plus
some constant) where g;’s are correlated standard Gaussians and the covariances between
them are all at least —5/6. We can therefore apply Lemma 28, which gives us

1%
W lrevl o M
Var[Wio — Wiy | r-vi =1 > Q (d2 log®/? d) '

28:15
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Since |W; o — W; 1| < W;, we have
E[[Wio— Wia| |r-vh =1 > — B[(Wio - Win)? |r-vi=f>0(—V ) <
i, 7,1 i = Wz 1, 1, i = d2 10g3/2 d .
» Lemma 25 (Local gains). Choose € = cd™2 log_Q(d) for some sufficiently small constant
¢ > 0. Then, for every variable i, we have E[A; | A, (i) = ] = W; - Q(d~2log*/?(d)).
Proof. As in the proof of Lemma 18, it is sufficient to show that

E[A; | r-vi =t] =W, - Q(d ?log™*/?(d))

either for every t € (f(b;) — ¢, f(b;)) or for every t € (f(b;), f(b;) + €).
As in Lemma 17, we have E [W; . | - vi" =t] = ©(e- W;). Assume that E[W; o — W; 1 |
r-vit € (f(b), f(bi) +€)] > =W -d=2 -log~%(d). Then by Lemma 24 we have

E[A; [r-vi € (f(bi), f(bi) +€)]
Wio— Wil + (Wio—Win)
2

> Wi+ (Q(d " 1og~*/*(d)) — ™ log~*(d) = O(d~log>(d)) )
=W; - Q(d"%1log~%/%(d)).

5 Wi revE € (0, 0 + )

Otherwise, we have E[W; o — W; 1 | r-vi € (f(bi), f(b) +€)] < =W, -d=2 -log™*(d), or
equivalently E[W; 1 — W o | t-vi- € (f(b:), f(b;)+¢€)] > W;-d—2-log™?(d). Since the function
E[W;1 — Wi | r-vi =t] is O(W;)-Lipschitz in ¢, we have
E[W;1—Wio |r-vi € (f(bi) — € f(b:))] > Wi-d ?log 2(d) — e- O(W;) > —=W; - O(d~? log *(d)).
It follows that
E[A; | r-vi € (f(bi) — e f(bi)]

[Wm —Wiol + (Wi1 — W)
2

> W - (Q(d‘2 log™*/?(d)) — O(d™*log~*(d)) — O(d ™ log‘Q(d)))
=W; - Q(d"%1log~%/%(d)).

>E

— Wi,* | r- VZJ_ S (f(bz) — € f(bl)):|

Thus, we conclude E[A; | A, (i) = %] = W; - Q(d~2log~*/2(d)). <

Proof of Theorem 23. Follows similarly as in the proof of Theorem 14. By Lemma 10, we
have

E[Val(I, A)] > Soundness;(D) + » E[A]

eV

> Soundness (D) + ZE[Al | Ax(i) = *] - Pr[A, (i) = %]
eV

> Soundness; (D) + Y W; - Q(d?log™*/*(d)) - Q(e)
eV

> Soundness (D) + Q(d™* log~ "2 d). <
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5.1 Proof of Lemma 22

We only prove the case where P, and P, are aligned since the anti-aligned case can be reduced
to the aligned case by negating the variable k as well as vi. Assume that P, and P, are aligned.
Then, since D is reasonable, we have p(61)p(62) > 0, |bi,|b;],|bx| < 0.4 and |bs;], |bix| > 0.5.
This implies that |b;;| > |b;||b;|, and therefore b;; and p(61) = — bubibi _ have the same

St (1-1%)
sign. We may then by possibly negating v; assume that b;;, by, p(61), p(62) > 0.
L1{0,i}

For ¢ € {j,k}, let u {O 7 be the component of v, parallel to v, , so we have

L{Oz} bip — biby vi,
=\/1—b2v 1_62

It follows that

1{0i (bie — bibe)?
O =1 0f - S

for ¢ € {j, k}, and

(bij — bib;) (b — b; bk)

w O O = (b~ bby) -

1—0?
For o € {—1,1} and ¢ € {j, k}, let us define
_].-l—O'bl and _].+0'b7;_0'bé_bie4
Po = 2 5 Go, 0 = 2(1 + O'bz)

By the triangle inequalities, we have 1 — b; + by — bjy > 0, 80 by > =1+ b; + bjp > —0.5+ b;.
Since |be| < 0.4, we have by > max(—0.4, —0.5 + b;). So we have

1+b; —by— by < 1+0b6; — max(—().4, —0.5 + bz) —0.5

TLE= "0 4y 2(1 + b;)
When b; > 0.1, the right hand 51de above is (1+b ) . When b; < 0.1, the right hand side
above is Zo(f:lfz) = % 2(10+1b 5 < 11 So in either case we obtaln g1, <3 11+ Similarly, for ¢

we use the triangle inequality 1+b; —b; —b;¢ > 0, from which we deduce by < min(0.4,0.5+b;),
and therefore

1 - bz + bg - bi[ 1 — bi —|— mln(04,05 —|— bz) —
q-1, = <
21— b;) 21— by)

When b; < —0.1, the right hand side above is

09-b; _ 1 _ _01
2(1=b;) — 2 2(1—b;) — 11

Now let’s relate the quantities p,, ¢, ¢ to the SDP vectors. We have

ﬁ < 2. When b; > —0.1, the right hand

side above is So in either case we obtain g_; ¢ <i

1+o0b; (1+0b;))? — (oby + bi)?
olol 1- o = :
Z Pod ,F( q ,5) Z ) 4(1 —‘rO’bi)Q

oe{-1,1} oe{-1,1}

1 (1 (b +bie)* (b~ bz’l)2>

- 1 20+0b;)  2(1—b,)

L1y {0332
|| u,

28:17
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as well as
Z Poq5,i90,k
oce{-1,1}
_ Z (1+0bi—0'bj—bij)(l-l-O'bi—Ubk—bik)
oe{-1,1} 8(1+ obi)
_ Z 1 (1+Ubi—(0'bj —i—bij—l—O'b;g-i-bik) (bj +Ubij)(bk+0’bik)>
e 2 2(1 + oby)
1 (bj + bij)(bg +bir) | (bj — bij) (b — bir.)
= (1—-b —0, J J j j
4 ( bij = buk + 2(1 4 b;) 21— b;)
1 bii — bibs) (b, — bib
:4<1—bij—bik+bjbk+( J 1j1(bzk ’“))
1

1{04} _ 1{0,
Z(l—bij—bik—&-bjk—uj{ }-uk{ })

1 i i
Lo o,

Y

Here the last inequality is due to the triangle inequalities.
Observe that since ¢ ¢ < o where o = 15—1 for every o € {—1,1},£ € {j, k}, we have

&)
Uo,j00,k < m\/@zj(l — 40,j)90k(1 — qok)

and therefore

Z Pol0,j90,k

oce{-1,1}
«
< 1_a Z pff\/qmj(l - qmj)‘]o',k(l - QU,k)
oe{-1,1}
«
< 1_ o Z Poo.i(1 — 4o,j) Z PoGok(l = o) |,

oe{—-1,1} oe{—1,1}

where the last inequality is due to Cauchy-Schwarz. Thus, we have

1{0i} . 1{0,i}
uj . llk

> —4 Z Pol0,j90,k
oe{-1,1}
«
24— > Potoi(1-qoy) > Potok(l = dok)
oe{-1,1} oe{-1,1}
(e} 140, 1{0,i
= Iy g

By shifting the factors, we obtain

1{0,i 1{0,i
1{0i}  _1{0,i} _ “j{ gt a 5
Vi Vi = T L{0) . L{0,i} 2*1 =G
[ [ flag, ] -a

This completes the proof.
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A  Variance of Sums of Gaussian Threshold Indicator Functions

In this appendix, we study the variance of functions of the form

d
> wil{g > si},
i=1

where (g1,...,gq) is a centered Gaussian vector with unit variances, si,...,sqs € R are some
thresholds for the Gaussians, and wy, ..., wy > 0 are some nonzero weights. We state a few
different versions with different assumptions on the covariance structure or on the thresholds.
They will be used to show that there is sufficient variance in a local neighborhood of a
bounded-degree MAX 2-CSP instance for an algorithm to exploit, generalizing Lemma 7
from [15] which served a similar purpose for MAX CUT. Due to the page limit, we defer the
proofs in this section to the full version of the paper.

In the first version, there is no assumption on the covariance structure but the thresholds
are assumed to be close to some nonzero real number.

» Lemma 26. Let (g1,...,94) be a centered Gaussian vector with unit variances. Let s € R
be nonzero, § = |s|/2, s1,...,84 € (s — 6,5 +6), and w1, ...,wg € RZC, then we have

Var

d . )
Zwi “1{gi > 51}1 = <Zwi> Q@)

where the constant inside Q0 depends only on s.

In the second version we assume that the covariances are somewhat bounded away from
1 in absolute value, and that the thresholds are also absolutely bounded.

» Lemma 27. Fiz some constants B > 0. Let (g1,...,94) be a centered Gaussian vector
with unit variances and pairwise covariances in {—1 + = 101g2 1= 3 101g2 d} . Let s1,...,84 €
[-B, B] and wy, ..., wq € RZ%, then we have

Var

d 2
= (Z wz) -Q(d?log ™2 d),
i=1

where the constant inside Q0 depends only on B.

d
> wi-1{gi > s}
i=1



https://doi.org/10.1137/S0097539705447372
https://doi.org/10.1007/3-540-47867-1_6
https://doi.org/10.4230/DFU.VOL7.15301.11
https://doi.org/10.1145/1374376.1374414
https://doi.org/10.1145/1374376.1374414

S. Ghoshal, N. Huang, E. Lee, K. Makarychev, and Y. Makarychev 28:21

In the last version, we assume that the covariances are bounded away from -1 by a
constant, and again the thresholds are bounded in absolute value.

» Lemma 28. Fiz some constants ,B > 0. Let (g1,...,94) be a centered Gaussian vector
with unit variances and pairwise covariances at least —1 + 1. Let s1,...,54 € [-B, B] and
wi, ..., wq € RZ9, then we have

Var

d d 2
> wi-1{g; > Si}] = (Z wz‘) -Q(d?log % d),
i—1 i1

where the constant inside Q depends only on n and B.
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