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Abstract

We give a nearly linear-time algorithm to approximately sample satisfying assignments in
the random k-SAT model when the density of the formula scales exponentially with k. The best
previously known sampling algorithm for the random k-SAT model applies when the density
a = m/n of the formula is less than 2¥/3%° and runs in time n®P(®*)) (Galanis, Goldberg, Guo
and Yang, STAM J. Comput., 2021). Here n is the number of variables and m is the number
of clauses. Our algorithm achieves a significantly faster running time of n!*°+() and samples
satisfying assignments up to density o < 20-039%

The main challenge in our setting is the presence of many variables with unbounded degree,
which causes significant correlations within the formula and impedes the application of relevant
Markov chain methods from the bounded-degree setting (Feng, Guo, Yin and Zhang, J. ACM,
2021; Jain, Pham and Vuong, 2021). Our main technical contribution is a og(logn) bound of
the sum of influences in the k-SAT model which turns out to be robust against the presence
of high-degree variables. This allows us to apply the spectral independence framework and
obtain fast mixing results of a uniform-block Glauber dynamics on a carefully selected subset
of the variables. The final key ingredient in our method is to take advantage of the sparsity
of logarithmic-sized connected sets and the expansion properties of the random formula, and
establish relevant connectivity properties of the set of satisfying assignments that enable the
fast simulation of this Glauber dynamics.

Our results also allow us to conclude that, with high probability, a random k-CNF formula
with density at most 2°227% has a giant component of solutions that are connected in a graph
where solutions are adjacent if they have Hamming distance Og(logn). We are also able to
deduce looseness results for random k-CNFs in the same regime.
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1 Introduction

The random k-SAT model is a foundational model in the study of randomised algorithms. For
integers k,n,m > 2, the random formula ® = ®(k,n,m) is a k-CNF formula chosen uniformly
at random from the set of formulae with n Boolean variables and m clauses, where each clause
has k literals (repetitions allowed). Here, we consider the sparse regime where the density of the
formula, « = m/n, is bounded by an absolute constant. An important question is determining the
probability that the random formula is satisfiable as a function of its density (in the limit n — o00).
Interestingly, for all sufficiently large k, the probability that ® is satisfiable drops abruptly from
1 to 0 when the density « crosses a certain threshold oy (k). Recently there has been tremendous
progress in establishing this phase transition, concluding that oy (k) = 2¥log2 — %(1 +log2)+o0x(1)
as k — oo [19, 16]. Despite the good progress on pinning down this phase transition, finding
satisfying assignments for densities up to a* poses severe challenges. In fact, the best known
algorithm [12] for finding a satisfying assignment of a random formula ® succeeds up to densities
(14 ok(l))% log k, and going beyond such densities is a major open problem with links to phase
transitions [1].

Lately there has been significant interest in the related computational problem of sampling
satisfying assignments of ® uniformly at random. This problem is closely connected to the problem
of estimating the number of satisfying assignments of ®, also known as the value of the partition
function of the model. From a probabilistic viewpoint, the analysis of the partition function depends
on subtle properties of the solution set 2 = Qg consisting of the satisfying assignments of ® [2, 14,
45, 40]. In this direction, there has been substantial work on finding the so-called free energy of
the model, i.e., the asymptotic value of the quantity %E[log(l +19))]. Computing the k-SAT free
energy is a difficult problem which is still open (roughly, the difficulty comes from the asymmetry
of the model and the unbounded degrees), but there have been results for closely related models
including the permissive version of the model [14, 40, 17], the regular k-SAT model [18], and the
regular NAE-SAT model [44, 45]. Very recently, a formula for the free energy of the 2-SAT model
was given in [2].

Regarding the algorithmic problem of sampling satisfying assignments uniformly at random, in
the random k-SAT model progress has been slower relative to other well-studied models on random
graphs (such as k-colourings or independent sets). One of the main reasons for this is that the usual
distribution properties that are typically used to obtain fast algorithms (such as correlation decay
and spatial mixing) fail to hold for densities as low as av = o0 (1) [40]. These issues are in fact present
already in the bounded-degree k-SAT setting, where the formulae are worst-case but every variable
is constrained to have a bounded-number of occurrences. For random formulae, these issues are
further aggravated by the fact that the degrees of a linear number of variables are unbounded. Very
recently, the authors of [24] gave an approximate counting algorithm (FPTAS) for the number of
satisfying assignments of ® when k is large enough and o < 2k/300 (where < hides a polynomial
factor in 1/k). This algorithm elevates Moitra’s counting method for bounded-degree k-SAT [39]
to the random formula setting, and is the first polynomial-time approximate-counting algorithm
to achieve an exponential-in-k bound on «. However, its running time is nePO(k) hecause the
algorithm repeatedly has to enumerate local structures (including solving LPs as a subroutine),
which does not scale well with k. Hence, the problem of finding a fast algorithm for sampling the
satisfying assignments in the random k-SAT model has remained open.

In this work we give a fast algorithm that in time n'to() approximately samples satisfying
assignments of a random k-SAT formula of density a < 20939 within arbitrarily small polynomial
error. Our work also delves into the connections between the solution space geometry of k-CNF &
and algorithms for efficiently sampling from the solutions of ®.



A unifying theme of previous approaches to counting and sampling CSP solutions is a tool
called marking, first introduced in [39], which finds a set of “marked” variables such that the set of
satisfying assignments projected on these variables is connected. Marking is also an essential step
in the developing of our sampling algorithm. Our algorithm first runs a Markov chain to sample
assignments of a judiciously-chosen subset of marked variables of ® (from the relevant marginal
distribution), and subsequently extending this random assignment to all the variables. This has the
advantage that it avoids the enumeration of local structures, and in fact achieves a nearly-linear
running time. We give a high-level overview of the techniques developed in our proofs in Section 2.
Roughly, our Markov chain is a uniform-block Glauber dynamics which, interestingly, mixes quickly
despite the presence of high-degree variables in the random formula. The main point of departure
from similar approaches that have been applied to the bounded-degree setting is that we completely
circumvent sophisticated coupling arguments that have been used there and which are unfortunately
severely constricted by the unbounded degrees in our setting (and made inapplicable). Instead, our
main technical contribution is to show that the stationary distribution of our chain is (c*logn)-
spectrally independent for some constant ¢ € (0, 1), allowing us to apply recently-developed tools
in the analysis of Markov chains. Unlike most applications of spectral independence, our proof
does not rely on correlation decay (which, as we mentioned, fails to hold for densities exponential
in k). We show our spectral-independence bounds by relating the probabilistic properties of the
solution space with the structure of the formula using coupling techniques, so that we can exploit
local sparsity properties of random k-SAT.

To formally state our main result, we say that an event £ regarding the choice of the random
formula ® holds with high probability (abbreviated w.h.p.) if Pr(£) =1 — o(1) as n — oo. The
total variation distance between two probability distributions g and v over the same space {2 is
given by £ 3 _olu(z) — v(z)| and is denoted by drv (g, v). Our main result can now be stated as
follows.

Theorem 1. For any real § € (0, 1), there is kg > 3 with kg = O(log(1/0)) such that, for any integers
k > ko and £ > 1, and for any positive real a < 20-039%  the following holds.

There is an efficient algorithm to sample from the satisfying assignments of a random k-CNF
formula ® = ®(k,n, |an|) within n~¢ total variation distance of the uniform distribution. The
algorithm runs in time O(an), and succeeds w.h.p. over the choice of ®.

Using standard techniques from the literature, this O(n'*?) uniform sampling algorithm can

be used to obtain a randomised approximation scheme for counting satisfying assignments of @ in
time O(n?t?/c?), where ¢ is the multiplicative error, see [21, Section 7] and Remark 56 for details.

Our results can be applied to analyse the solution space geometry of random k-CNF formulae for
the densities under consideration. Many involved heuristics in statistical physics make predictions
about the geometry of the solution space of a random k-CNF instance, often depicted in diagrams
like Figure 1. Some phases and transitions in this diagram are precisely understood. For example,
as mentioned above, the satisfiability threshold (pictured in the transition to the rightmost image in
Figure 1) was determined by [19]. Another transition of interest is the clustering threshold, above
which the solution space of a random k-CNF shatters into exponentially many linearly separated
connected components, each of which contains an exponentially small fraction of the satisfying
assignments of the formula, as rigorously understood in [15, 3, 37, 41].



Figure 1: Heuristic phase diagrams such as above [36] depict the predicted evolution of the structure
of the solution space of a random k-CNF as the density « of the formula increases from left to right.
We primarily study the leftmost regime.

In the lower-density regime, the solution space geometry of random k-CNFs appears poorly
understood. It is widely believed that beneath a critical clause density, the solution space of a
random k-CNF is “connected.” However, from the literature, it is not even clear what “connected”
means. Connectivity is sometimes used in the statistical physics literature as a characterization of
the entropy or energy profile of the solution space of a random k-CNF formula as in [48]. In such
settings, connectivity is often characterized by an absence of clustering behavior, leaving somewhat
of a mystery as to the graphical properties of the solution space of a low density random k-CNF.

Conjectures about connectivity take different forms, and different notions of what connectivity
might mean are articulated in [48, 36, 15]. The most common precise notion of connectivity is with
respect to Hamming distance, i.e. understanding connectivity properties of the graph of solutions
to a random k-CNF, where solutions are f(n)-connected if their Hamming distance is at most
f(n). At lower densities, random k-CNFs still can have isolated solutions far in Hamming distance
from other satisfying assignments. However, the prevailing belief is that below some threshold,
the overwhelming majority of solutions to a random k-CNF lie in a giant component that is o(n)-
connected.

Much more is known about related notions and local versions of connectivity, like looseness,
which characterises how rigid a particular satisfying assignment is. Roughly speaking, a satisfying
assignment to a formula is f(n)-loose if any variable can be flipped to yield a new satisfying
assignment by changing at most f(n) additional variable assignments. In [1], the authors showed
o(n)-looseness holds in the connectivity regime for related, simpler random models, random g¢-
coloring, and hypergraph 2-coloring, conjecturing that o(n)-looseness holds for random k-CNF
instances below the clustering threshold. This conjecture was partially resolved in [15], where in
an analysis of the decimation process for random k-SAT, the authors observed that with high
probability over formulae and satisfying assignments, at least 99% of the variables were O(logn)-
loose. Looseness, however, is a local notion, not a global one. The set of elements in {0,1}" that
have Hamming weight at least 2n/3 or at most n/3 is 1-loose, but Q(n)-connected.

We will concern ourselves with the following precise notion of connectivity.

Definition 2 (D-Connectivity). Let ® = (V,C) be a k-CNF formula. For any assignment A: V —
{F, T}, let ||A]|; be the number of variables A assigns to be T. Throughout, we implicitly consider
variable assignments in F%, so || - |1 encodes Hamming weight and ||A; — A2||; encodes Hamming
distance.

We say a sequence of satisfying assignments (y <> (1 > -+ <> (pof @ isa D-path if ||(;—i—1]]1 <
D for each i € [t]. We say two satisfying assignments of ®, A, A’ € Q, are D-connected if there
exists a D-path connecting A and A’ (that is, (o = A and {, = A').

Marking-based deterministic and MCMC algorithms are mysterious at first glance, as they
enable counting and sampling of k-CNF solutions even in regimes where the solution space is



disconnected (i.e. not 1-connected). In this work, we leverage the idea of marking in a novel way
to construct paths that certify global connectivity properties of the solution space of k-CNFs at
densities close to where counting algorithms are known.

Theorem 3. There is ky > 3 and a polynomial p(k) with non-negative integer coefficients such
that, for any integer k > ko, and for any positive real o < 20-227% the following claim holds with
high probability over the choice of a random k-CNF formula & = ®(k,n, [an]). Two satisfying
assignments chosen uniformly at random are p(k) log(n)-connected with probability at least 1—1/n.

In fact, we show it suffices to take p(k) = 2k°. Our new applications of marking also have
implications for other, more local, structural properties of the k-CNF solution space, like looseness.

Definition 4. Given a k-CNF formula ® = (V,C) and a satisfying assignment A, a variable v € V
is f(n)-loose with respect to A if there exists satisfying assignment to ®, 7 € Q, with 7(v) # A(v)
and | A — 7|1 < f(n).

For a random k-CNF formula ® = ®(k,n,m) and a satisfying assignment A chosen uniformly
at random, we say that ® is f(n)-loose if with high probability over (®, A), all variables v € V' are
f(n)-loose with respect to A.

We observed earlier that looseness does not imply connectivity; in fact, the other direction of
implication is also false as looseness is an incomparable goal to connectivity. Looseness requires
that locally, we are able to flip any variable and get to a nearby solution rather than merely the
existence of a path away from a solution. Nonetheless, we are able to deduce some nontrivial results
about the looseness of the solution space of random k-CNFs.

Theorem 5. There is ky > 3 such that, for any integer k > kg, and for any positive real a < 20-227k
the random k-CNF formula ®(k, n, [an]) is poly(k) log(n)-loose.

We note here that, independently of this work, He, Wu, and Wang [28] also obtained sampling
algorithms for random k-CNF formulae. The approach of [28] is based on bounding chains following
the recursive sampler method developed in [6, 27, 26]. Their algorithm works up to densities roughly
equal to 2F/3 and samples satisfying assignments within e total variation distance of the uniform

distribution in time (n/e)O* ™),

2 Proof outline

Our nearly linear-time sampling algorithm is based on running a Markov chain; this is a standard
technique in approximate counting, where typically one runs a Markov chain on the whole state
space that converges to the desired distribution. The twist in k-SAT is that the state space of
the Markov chain needs to be carefully selected in order to avoid certain bottleneck phenomena
that impede fast convergence. This approach has been recently applied to bounded-degree k-CNF
formulae [21, 22, 31] building on the work of Moitra [39] (see also [32]) and using the Markov chain
known as single-site Glauber dynamics. The main difficulties in all of these works are that the
usual distribution properties that are typically used to obtain fast algorithms (such as correlation
decay and spatial mixing) fail on the set of all SAT solutions, and in fact even ensuring a connected
state space is a major problem. Working around this is one of the main challenges for us too, and
in the random k-SAT setting it is further aggravated by the fact that a linear number of variables
have degrees much higher than average. In fact, w.h.p., a good portion of vertices have degrees
depending on n. with the maximum degree of the formula scaling as logn/ loglog n.



This poses several new challenges for the Markov chain approach to work in our setting. First
of all, we have to ensure that the set of satisfying assignments that our Markov chain considers has
good connectivity properties. We address this problem in Section 2.1 of this proof outline, where
we find a suitable subset of marked variables where we can run the Glauber dynamics; this part is
inspired by Moitra’s “marking” approach, though here we need to add an extra layer of marking
to facilitate later the analysis of the Markov chain. Second and more importantly, state-of-the-art
arguments for bounding the mixing time of the single-site Glauber dynamics on k-CNF formulae,
such as [21, 31] break under the presence of high-degree variables. We focus on this in Section 2.2,
where we outline a novel argument that analyses the mixing time of the uniform-block Glauber
dynamics using recent advances in spectral independence [5, 34, 7, 10]. This is the first application
of the spectral-independence framework for k-CNF formulae, where the absence of correlation
decay limits the application of standard techniques (based on self-avoiding walk trees [7, 10]).
To obtain our spectral-independence bounds we need to combine the probabilistic structure of
satisfying assignments with the local sparsity properties of the random formula. The third challenge
in our approach is simulating the individual steps of the uniform-block Glauber dynamics since
they involve updating a linear number of variables, making the computation of the transition
probabilities more challenging. To this end, we need to initialise our block Glauber dynamics to
random values (instead of an arbitrary assignment that is typically used as initialisation), and show
that the formula breaks into small tree-like connected components that allows us to do the relevant
computations throughout the algorithm’s execution (cf. Section 2.3). Based on these pieces, the
full algorithm is presented in Section 2.4.

The fact that the formula breaks into small tree-like connected components when marked vari-
ables are assigned random values will also allow us to analyse the geometry of the space of satisfying
assignment of the random formula, and we will delve into this connection in Section 2.3.

2.1 Marking variables in the random k-SAT model

In order to ensure good connectivity properties which are essential for fast convergence of the
relevant Markov chain, our algorithm runs Glauber dynamics on a large subset Vy, of so-called
“marked” variables of the random formula, leaving the rest of the variables unassigned. The
variables in Vy, are chosen in a way that ensures that their marginals are near 1/2, which is
important for ensuring rapid mixing. Moitra [39] introduced a random “marking” procedure to
identify such a subset of variables in the bounded-degree case. The presence of high-degree variables
impedes a direct application of this technique in the random-formula setting, but in [24] the authors
show that by temporarily removing a small linear number of “bad” clauses that contain high-degree
variables, one can also achieve marginals near 1/2 for an appropriate set of variables in the random
k-SAT model. Here, we further refine these arguments, as we need more control over the high-
degree variables of the formula in order to conclude rapid mixing of the Glauber dynamics. Recall
that the degree of a variable v is the number of occurrences of literals involving the variable v in ®
and that the maximum degree of the formula @ is the maximum degree among its variables. The
following important definitions will be used throughout the paper. We usually use V to denote the
set of variables and C to denote the set of clauses of a k-CNF formula ®. For any ¢ € C we denote
by var(c) the set of variables appearing in ¢, and for any S C C we denote var(S) = [J g var(c).

Definition 6 (high-degree, A,). Let r € (0,1) and let £ > 3 be an integer. Let ® = (V,C) be a
k-CNF formula. We say that a variable v € V is high-degree if the degree of v is at least A, := [27*].

We refer to Section 4 for details on our procedure to determine the bad variables/clauses of the
formula ®. Roughly, bad variables consist of high-degree variables (as in Definition 6), plus those



variables that appear in a clause with at least two other bad variables (recursively); bad clauses are
those clauses that contain at least three bad variables. We use Vyaq(r) and Cpaq(r) to denote the
sets of bad variables and clauses. We use Vgood () = V' \ Vhad(r) to denote the set of good variables,
and Cgood(r) = C \ Chad(7) to denote the set of good clauses. The following proposition, proved in
Section 4, summarises the main properties of the above sets.

Proposition 7. Let ® = (V,C) be a k-CNF formula. For any ¢ € Cgood(7), we have [var(c)\Whaa(r)| <
2, and for any ¢ € Cpaq(r), we have |var(c) MVgood ()| = 0. Moreover, every good variable has degree
less than A,. There is a procedure to determine Cpaq that runs in time O(n + mk), where n is the
number of variables of ® and m is the number of clauses of .

It turns out that, w.h.p. over the choice of ®, most clauses (and variables) in the random
formula ® are good, see Lemma 20 for a precise statement. At this stage, it would be natural to try
to rework the Markov chain approach of [21]. To do this, we would split the set of good variables
into marked variables and control variables in such a way that marked variables have marginals
close to 1/2. Then we run the Glauber dynamics on the set of marked variables. However, as
we explain in Section 2.2, the state-of-the-art techniques used to analyse the mixing time of the
single-site Glauber dynamics on bounded-degree formulae do not generalise to the random k-SAT
setting; the main reason for this is that they fail to capture the effect that the high-degree variables
have on the marginal probabilities of other variables. Therefore, we need to develop an alternative
approach that is robust against the presence of high-degree variables. Our main contribution is an
argument to apply the spectral independence framework [10, 11] to the random k-SAT model that
leads to nearly linear sampling algorithms. To do this, it is important to introduce a third type
of good variables, which we call the auxiliary variables. This motivates the following definition of
marking.

Definition 8 (p-distributed, (r, ry, ra, rc)-marking, ro, 71, 0). Let r € (0,1). Let ® = (V,C) be a k-
CNF formula and let V' be a subset of Vyo0d(r). We say that V' is p-distributed if for each ¢ € Cypoa ()
we have |var(c) N V| > p(k — 3). An (r,ry,ra, rc)-marking of @ is a partition (Vy,, Va, V) of the
variables of ® such that

1. the set of good variables Vy, is ry-distributed;
2. the set of good variables V, is r,-distributed.
3. V. contains all the bad variables and the set V. \ Vyaq(r) is re-distributed;

The variables in V,,, are called marked variables, the variables in V, are called auxiliary variables,
and the variables in V. are called control variables.

In our sampling algorithm we work with r = ry — § for r¢ := 0.117841 and § := 0.00001, and
work with an (r,rg, rg, 2rg)-marking. In our connectivity results (Theorems 3 and 5) we choose
r =r; — 0 for r; := 0.227092 and work with an (r, 71,0, r1)-marking in order to achieve the larger
density threshold.

In Section 5 we show that random k-CNF formulae have (ro — 4, ro, 79, 279 )-markings when the
density « is below the threshold 2(ro—9)k /K3, and that the marginals of good variables are close to
1/2; this is where the value of 7y becomes important in the argument. We also show that random k-
CNF formulae have (71 —d, 71,0, 71 )-markings when the density « is below the threshold 2("1 =% /g3,
We state this result for rg in Proposition 10 below; first we give some relevant definitions.



Definition 9 (%, w4, Q, ®4, CA, VA, Q1) Let & = (V,C) be a k-CNF formula. Let Q* be the set
of all assignments V — {F, T}. Given any subset A C Q*, let u4 be the uniform distribution on A.
Let © be the set of satisfying assignments of ®. For any partial assignment A we denote by ®* the
formula obtained by simplifying ® under A, i.e., removing the clauses which are already satisfied
by A, and removing false literals from the remaining clauses. We denote by C* and V* the sets of
clauses and variables of ®*. Moreover, we denote by Q" the set of satisfying assignments of ®*.

Proposition 10. There is an integer kg such that for any k > kg and any density a with a <
2(r0=0)k /13 the following holds w.h.p. over the choice of the random k-CNF formula ® = ®(k, n, [an]).
There exists an (rg — 6, g, 70, 279 )-marking (Wi, Va, Ve) of ®. Moreover, for any such marking, for
any v € Vgood(10 —0), any V C Vi, UV, with v ¢ V, and any A: V — {F, T}, we have

1 1
maX{PrMQA (v F),Pry , (v T)} < g exp (k‘27‘0k> :

Proof. This follows directly by combining Lemmas 26 and 28, which are stated and proved in
Section 5. n

We note that the density threshold of Theorem 1 is 20939 which is significantly smaller than
the threshold 20—k /k3 in Proposition 10. The bottleneck for the threshold Theorem 1 comes
from our mixing time results, see Section 2.2.

The bound given in Proposition 10 on the marginal probabilities of the marked and auxiliary
variables is exploited several times in this work, and we will explain some of these applications in
this proof outline. We remark that the bound on the marginals of good variables holds for any
pinning of any subset of marked and auxiliary variables, which will be relevant in the spectral
independence argument.

Definition 11 (p|y,). Let V be a finite set and let @ C {F, T}Y. Let u be a distribution over Q. For
a set V C V, we denote by p|, the marginal distribution of p on V.

Proposition 10 implies that the distribution /m]vmuva is very close to the uniform distribution
over all assignments Vy, UV, — {F, T}. This concept is formalised in the following definition.

Definition 12 (e-uniform). Let V be a set of variables and p be a probability distribution over the
assignments V' — {F, T}. Let A: S — {F, T} be an assignment of some subset of variables S C V.
We denote by Pr,(A) the probability under p of the event that the variables in S are assigned
values according to A, and by Pr,(-|A) the corresponding conditional distribution of f.

For € € (0,1), we say that the distribution p is e-uniform if for any variable v € V and any
partial assignment A: V' \ {v} — {F, T}, we have

1
max {Pr, (v+— F|A),Pr,(v—T|A)} < 566.

From Proposition 10, it follows that the distribution pgqly, is e-uniform for e = (2770 /), so
for any A: Vy,, — {F, T}, the probability that the assignment of the marked variables is A is at least
(1 — e%/2)Vml. The e-uniform property also (trivially) guarantees that the space of assignments
A:Vy — {F, T} with Pr,,(A) > 0 is connected via single-variable updates, so we can indeed
consider the Glauber dynamics over V. This leads to the main challenge of this work: does this
chain mix rapidly?



2.2 Mixing time of the Glauber dynamics on the marked variables

Recently, there has been significant progress in showing that the single-variable Glauber dynamics
on appropriately chosen subsets of variables mixes quickly for k-CNF formulae with bounded de-
gree [21, 31]. These approaches carefully execute a union bound over paths of clauses connecting
marked variables in order to bound the coupling time between two copies of the chain. However,
these union bound arguments break under the presence of high-degree variables that are present in
random k-SAT; this is because the number of paths connecting marked variables is very sensitive
to the max degree of the formula and in particular grows too fast in our setting. We give a more
detailed discussion in Section 8.1.

Instead, we apply the spectral independence framework to show rapid mixing of a uniform-block
Glauber dynamics, which we review briefly below. Applications of spectral independence usually
exploit decay of correlations to show that the spectral independence condition holds, see [7, 10, 8] for
examples. As we have mentioned in the introduction, correlation decay fails to hold for densities
exponential in k in the random k-SAT model [40] and therefore, we have to develop a different
approach to conclude that the spectral-independence condition holds in our setting. This is our
main contribution in this work; we show that the marginal distribution on the marked variables,
ie., MQ\Vm, is (elogn)-spectrally independent for some & > 0 that can be made arbitrarily small
for sufficiently large k. Our argument builds on the coupling idea of Moitra [39] (as refined in [24]
for random k-SAT) and relates the spectral independence condition to the expected number of
failed clauses in this coupling process. This allows us to exploit the local sparsity properties of the
random k-SAT model to analyse the mixing time of the Glauber dynamics.

A caveat here is that the spectral independence of pq|, is not enough on its own to conclude
fast mixing of the single-site Glauber dynamics. The most direct way to work around this is to
analyse instead the so-called p-uniform-block Glauber dynamics that updates p vertices at a time
for some p that scales linearly in n; the main missing ingredient there is to show that the modified
chain can be implemented efficiently which we discuss in Section 2.3. We next give a quick overview
of the relevant ingredients of the spectral-independence literature that we will need.

2.2.1 The p-uniform-block Glauber dynamics, spectral independence, and the mixing time

Let V be a finite set of size M and p be a distribution over the assignments V' — {F, T}. Let Q be the
set of assignments V' — {F, T} with positive probability under p. For an integer p € {1,2,...,|V]},
the p-uniform-block Glauber dynamics for p is a Markov chain X; where Xy € 2 is an arbitrary
configuration and, for ¢ > 1, X; is obtained from X;_; by first picking a subset S C V of size p
uniformly at random, letting A; be the restriction of X; to V' \ S, and updating the configuration
on S according to the probability distribution u(-|A¢). This chain satisfies the detailed balance
equation for u. Hence, when the chain is irreducible, for € > 0, we can consider its mixing time
Tix(p,€) = max,eqmin{t : dpy(Xg, p) < e | Xg = o}. We say that u is b-marginally bounded
if forallv eV, S CV\{v}, A: S — {F, T} with Pr,(A) > 0, and w € {F, T}, it either holds
that Pr,(v — w|A) = 0 or Pr,(v — w|A) > b. Spectral independence results have recently been
used in the b-marginally bounded setting to obtain fast mixing time of the uniform-block Glauber
dynamics [9, 11]. For S c V, A: § — {F, T} with Pr,(A) > 0, and w,v € V with v ¢ S and
0 < Pry(u— T[A) < 1, the influence of w on v (under p and A) is defined as

IMu — v) = Pry, (v Tlu = T,A) = Pry, (v Tlu s F,A). (1)

The influence matrix conditioned on A is the (two-dimensional) matrix whose entries consist of
TA(u — v) over all relevant u and v. We denote by Z* the matrix and by A;(Z") its largest



eigenvalue in absolute value. For a real n > 0, we say that p is n-spectrally independent if for all
S CcVand A: S — {F, T} with Pr,(A) > 0 we have \;(Z*) < 5. From the results of [11], one
can conclude the following bound for the mixing time of the uniform-block Glauber dynamics, see
Appendix B for details.

Lemma 13. The following holds for any reals b,n > 0, any x € (0,1) and any integer M with
M > 2(4n/b? +1). Let V be a set of size M, let u be a distribution over the assignments
V—o{F,THlet Q={A: V = {F, T} : u(A) > 0} and let pimin = minpeq p(A). If p is b-marginally
bounded and n-spectrally independent, then, for p = [kM] and C, = (2/ r)*n/ bz“, we have

M 1 1
Tmix(pa 5) < ’VCPP <10g log Limin + log 2€2>-‘ :

We are going to consider the uniform-block Glauber dynamics on the marked variables of &,
so V =V, and the set of states coincides with the set of assignments V,, — {F, T} as all of them
have positive probability. In this setting, the target distribution is /m\vm. The distribution /.LQ|Vm
is (1/e)-marginally-bounded as a straightforward consequence of the fact that it is (1/k)-uniform,
see Remark 54 for details. Hence, in order to conclude rapid mixing it remains to establish spectral
independence. For this, we are going to use the well-known fact (see for instance [10]) that, for
S CVand A: S — {F, T}, we have

A
N < ma S (2800l @)
veV\S

2.2.2 Spectral independence in the random k-SAT model

In this section we state our spectral independence results in the random k-SAT model. The results
stated in this section are proved in Section 8. Our main technical result is the following.

Lemma 14. There is an integer kg > 3 such that for any integer k > k¢ and any density «
with a < orok/3 / k3 the following holds. W.h.p. over the choice of the random k-CNF formula
® = ®(k,n, lan]), for any (ro — d,70, 70, 2r0)-marking (Vim, Va, Ve) of @, the distribution pgql, is
(2~ (0=9k 1og n)-spectrally independent.

We are going to describe some of the ideas behind the proof of Lemma 14. First, we highlight the
fact that, due to the presence of high-degree variables (which form logarithmically-sized connected
components), current techniques seem unable to conclude 7-spectral independence with n = O(1).
This has also been the case in recent work on 2-spin systems on random graphs [8], where instead
correlation decay is exploited to prove n-spectral independence for some 1 = o(logn). Here, our
n-spectral independence bound for 77 = o (log n) will be based on an appropriate coupling. Note, in
light of Lemma 13, n = O(logn) is good enough for proving polynomial mixing time of the uniform-
block Glauber dynamics, but we need the improved bound of Lemma 14 in order to conclude the
following fast mixing-time result from Lemma 13 (as illustrated Section 8).

Lemma 15. There is a function kg(6) = O(log(1/6)) such that, for any 6 € (0,1), for any integer
k > ko() and any density o with a < 20939 the following holds. W.h.p. over the choice of the
random k-CNF formula ® = ®(k,n, |[an]), for any (rg— 4, ro, 70, 279 )-marking (Vp,, Va, V.) of ® and
for p = [27%7Vy|], the p-uniform-block Glauber dynamics for updating the marked variables has
mixing time Thix(p,€/2) < T = [22F73nf log 22].



Lemma 15 is stated for the block size p = [27%71|V,[], but it could be proved more generally
when p = ¢[Vn| and ¢ € (0,1). The fact that p < |[Vi|/2¥ in the statement will be relevant in
implementing efficiently the dynamics, discussed in Section 2.3.

We remark that the more restrictive density threshold a < orok/3 / k3 in the statement of
Lemma 14 arises in the union bound given in the proof of this lemma, and that for large enough
k we have 20:039% < orok/3 /k3, the former being the density threshold given in Lemma 15 and
Theorem 1.

Our approach to prove n-spectral independence significantly differs from those that in two-spin
systems, where it is enough to study sum of influences over trees (thanks to the tree of self-avoiding
walks) and exploit decay of correlations in this setting (very roughly, the further away two vertices
are in the tree, the smaller the influence that one vertex has in the other). Here we relate influences
to the structure of the dependency graph G by running a coupling process on the auxiliary
variables, and we state this connection in the upcoming Lemma 45. First we define more formally
the dependency graph Gg.

Definition 16 (Gg). Let ® = (V,C) be a k-CNF formula. We define the graph Gg as follows. The
vertex set of Gg is C and two clauses ¢; and ¢y are adjacent if and only if var(c) Nvar(cg) # 0. A
set C' C C is connected if C' is connected in the graph Gg. We say that two variables v and v are
connected in @ if there is a path c1,¢a,..., ¢ in Gg with u € var(c;) and v € var(cy).

Let w € Vi, S C Vi and A: S — {F, T}. The aim of the coupling process is bounding the
SUIL D2 ey (SU {u})|IA (u — v)| in terms of the expected size of a connected set of failed clauses,
where the expectation is over the choices made in the coupling process. We refer to Section 8 for
a definition of failed clauses, as it is not relevant in this discussion. Here we give a brief overview
of how the coupling process on the auxiliary variables works. First, we start with two assignments
X =AU(ur— T)and Y = AU(u — F), where AU(u — w) denotes the assignment defined on SU{u}
that agrees with A on S and sends u to w. The process progressively extends X and Y on some
auxiliary variables v, v, ... following the optimal coupling between the marginals Pr,, (v — | X)
and Pry, (v — -|Y), see Section 8 for the definition of optimal coupling. The main property of this
process is that with high probability over the choices made, at some point the graphs Ggx and
Ggy factorise in small connected components in spite of the presence of bad variables and, on top
of that, ®¥ and ®Y share most of these connected components. Then we can bound influences
between marked variables by analysing the connected components where ®X and ®Y differ, which
turn out to be poly(k)logn in size after enough steps of the process.

One of the key ideas behind our analysis is exploiting the fact that, in the random k-SAT
model, w.h.p. over the choice of the random formula ®, any logarithmic-sized set of clauses Z
that is connected in Gg has constant tree-excess, that is, the number of edges connecting a pair
of clauses in Z is |Z| + O(1). This saves a factor of A, _s in the spectral independence bound by
ensuring that there is a large independent set of clauses in the set of failed clauses. We also obtain
improved analysis by restricting the coupling process to auxiliary variables. This enables us to get
exponentially small bounds (in k) on the influences between marked variables, which leads to our
(2~ (r0=9)k Jog n)-spectral independence result.

2.3 Analysis of the connected components of ®*. Applications to connectivity and looseness

In this section we deal with the third challenge mentioned at the beginning of Section 2: can we
determine the transition probabilities of the Glauber dynamics so that we can actually simulate this
Markov chain? In fact, simulating the single-site Glauber dynamics on the marked variables was
one of the main challenges even in the bounded-degree case. In that case this was resolved using a
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method that is restricted to the bounded-degree setting (and whose bottleneck is the analysis of a
rejection sampling procedure). A different procedure is required for the random k-SAT setting.

One of the key ideas to simulate this chain is starting the chain on an assignment Xy: Vy, —
{F, T} drawn from the uniform distribution over all assignments of Vy,,. Since the distribution pqly,
is (1/k)-uniform (Proposition 10), the transition probabilities of the Glauber dynamics are close
to uniform. This allows us to show that the probability distribution of the assignment X; that is
output by the uniform-block Glauber dynamics after ¢ steps is also (1/k)-uniform (Corollary 29),
which will be important in what follows.

In order to run the p-uniform-block Glauber dynamics we need to be able to sample from the
distribution pqa for any set S C Vy, with |S| = p and any assignment A: Vo, \ S — {F, T} that
arises. Unless we can restrict A, sampling from pqa could potentially be as hard as sampling from
no. Fortunately for us, the assignment A is not completely arbitrary; A is determined by the
random choice of S and the current state of the Glauber dynamics (which follows a (1/k)-uniform
distribution as discussed above). We show that we can efficiently sample from pqas w.h.p. over
the choice of A. An important observation is that we can efficiently sample from poa when the
connected components of Gga are logarithmic in size, for example, by applying brute force. This
raises the following question: does Gga break into small connected components w.h.p. over the
choice of A? Lemma 17 gives a positive answer when 0 < p < |V'|/2. Here the reader can see V as
the set of marked variables. The proof of Lemma 17 exploits sparsity properties of logarithmic-sized
connected sets of clauses in random formulae in conjunction with the fact that p is (1/k)-uniform.
Lemma 17 is stated with an added layer of generality, as we will also apply it to analyse the
geometry of the space of satisfying assignments of ® with r = r; — §. In our sampling algorithm
setting we consider r = rg — §. Recall that ro = 0.117841, r; = 0.227092 and § = 0.00001. The
restriction r € (24,1/(2log2)] in the statement of Lemma 17 is not optimal, but it is enough for
our purposes.

Lemma 17. Let r € (26,1/(2log2)]. There is an integer ko > 3 such that, for any integer k > ko,
any density o < 20720k and any real number b with a := 2k* < b, the following holds w.h.p. over
the choice of ® = ®(k,n, |an]).

Let L be an integer satisfying alogn < L < blogn. Let V be a set of good variables of ® that is
(r + ¢)-distributed (Definition 8), let u be a (1/k)-uniform distribution over the assignments V' —
{F, T}, and let p be an integer with 0 < p < |V'|/2¥. Consider the following experiment. First, draw
S C V from the uniform distribution 7 over subsets of V with size p. Then, sample an assignment A
from pi[y 5. Denote by F the event that that there is a connected set of clauses Y of ® with [Y| > L

such that all clauses in Y are unsatisfied by A. Then Prg., (PrAN#Iv\s (F) < 2—5kL> > 1—9-0kL

Proof sketch. The proof is in Section 6. For the sake of exposition, we first sketch the proof in the
case p = 0, where the conclusion in the statement reads Pry.,,, (F) < 279kL At the end of this
proof sketch we explain how we extend the proof to any p with 0 < p < |V[/2F.

The first step is exploiting local sparsity properties of random k-CNF formulae to find many
variables from V' in any sufficiently large connected set of clauses. Our sparsity results hold for
connected sets of clauses with size at least 2k* log n, and let us conclude the following result (stated
as Lemma 33 in Section 6): w.h.p. over the choice of ®, for every connected set of clauses Z C C
we have

if 2k*log(n) < |Z| < blog(n), then |var(Z)NV|>rk|Z|. (3)

The proof of Lemma 33 counts the variables from V in Z by using the fact that Z does not
contain many bad clauses (Lemma 20, which gives the restriction on r) and the fact that there
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are not many edges joining clauses in Z. In fact, for such a set Z, we show that the number of
edges is of order |Z| + O(1), that is, Z has constant tree-excess (Lemma 31). We also need the
following result on random k-CNF formulae. For each clause ¢ € C, let Z(¢,L) = {Z CC:c €
Z,Z is connected in Gg,|Z| = L}. Then, w.h.p. over the choice of ®, [24, Lemma 40] shows that,
as long as L > logn,

for any clause ¢ € C we have |Z(c, L)| < (9k%a)*. (4)

Once we have established (3) and (4), the proof exploits the fact that u is close to the uniform
distribution. First, we introduce some notation. Let L be an integer with alogn < L < blogn.
Let S = 0 as we are dealing with the case p = 0. For ¢ € C and Z € Z(c¢,L), we denote by
&1(Z,S) the event that none of the clauses of Z are satisfied by assignment A (Definition 9), where
A is drawn from ,u\v\s, see Definition 11. We keep track of S in the notation here as this is
relevant in the general case. The first observation is that the event F from the statement satisfies
F =Uecec,zez(c,r) €1(Z, S). We then claim that for any ¢ € C and Z € Z(c, L) we have

2—5k’L

Pryuly s (61(2,5)) < 2 D)) (5)

so the result would follow from a union bound over ¢ and Z. Let us give some insight on how we
prove (5). Let ¢ € C and Z € Z(c, L). The main idea is that, if all clauses in Z are unsatisfied by A
then, when we sampled A ~ ply g, for each variable v in var(Z) N (V'\ S) we picked the value that
does not satisfy the clauses of Z containing v. Thus, we can bound the probability that all clauses
in Z are unsatisfied as a product, over the variables in var(Z)N(V'\ S), of probabilities, each factor
corresponding to the probability that a variable is assigned a certain value (under some careful
conditioning, see the proof in Section 6 for details). Since the distribution u is (1/k)-uniform, each
one of these factors can be bounded by exp(1/k)/2, obtaining

1 1\ FarZ)n\s)
PrANM|V\s (51(27 S)) S <2 €xXp <k>> . (6)

In (3) we gave a lower bound on |var(Z) N V|, which can be applied in conjunction with (4) to
conclude, after some calculations, that the bound given in (5) holds.

The case p > 0 is more technical and one has to be more careful in these calculations. We
show that (5) holds when S does not contain many variables in var(Z) N'V. A slightly different
argument is needed when going from (6) to (5); here we have to bound |var(Z) N (V'\ S)| instead of
|var(Z) N V|]. It turns out that, as long as the bound |var(Z) NV N S| < |var(Z) N V|/k holds, the
calculations to go from (6) to (5) also hold in this setting. Finally, we show that the probability
that |var(Z)NV N S| < |var(Z) NV|/k occurs when picking S is at least 1 —29%L. The proof of this
fact is purely combinatorial, and requires the hypothesis p < |V|/2*, see Section 6 for details. [

Once we have established Lemma 17, we can use it to implement the p-uniform-block Glauber
dynamics on the marked variables for 0 < p < [V,,| and complete our sampling algorithm, which
we explicitly state in Section 2.4.

Before concluding this section, we mention how we apply Lemma 17 to analyse the geometry
of the space of satisfying assignments of ® in order to conclude the O(logn)-connectivity and
O(log n)-looseness results given in Theorems 3 and 5. First, we need the following definition.

Definition 18 (Hg). Let ® = (V,C) be a k-CNF formula. We define the graph Hg as follows. The
vertex set of Hg is )V and two variables v; and vy are adjacent in Hg if there is a clause ¢ € C with
v1,v2 € var(c).
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We apply Lemma 17 with r = r; — ¢ and a density o < 20139k /i3 For an (r, 71,0, r1)-marking
(Vin, 0,Vc) of @, we let V=V, and p = pqly, . In this setting, for p = 0, Lemma 17 allows us
to conclude that, w.h.p. over the choice of A ~ :“Q’vmv the graph Gga consists of connected
components with size at most O(logn). Thus, the connected components of Hga have size at most
O(logn) as each clause contains at most k variables. This leads to the main idea behind the proof
of Theorem 3: we can construct O(logn)-paths between satisfying assignments by progressively
updating the variables in each one of the connected components of Hgpa. As an example, let
&1,&,...,& be these connected components and let o1 and g2 be two satisfying assignments that
agree with A on V. Then we can find an O(logn)-path o1 = (o <> (1 <> -+ <> ( = 02 as follows:
the assignment (; is the satisfying assignment that agrees with A, agrees with o1 on the variables
in V\ (ngl Sj) and agrees with o2 on the variables in ngl &;. The case when o1 and o differ on
some marked variables builds on the same idea though it is more technical and requires applying
Lemma 17 with p = 1. We refer to Section 10.1 for this argument and the proof of Theorem 3.

The fact that the connected components of Hgya are O(logn) in size with high probability over
A ~ pqly, is also related to the looseness of the formula ®. Let v € V\ V. For any satisfying
assignment o that agrees with A on the marked variables, we can construct a satisfying assignment
7 with 7(v) # o(v) and || — 7||; = O(logn) by updating the variables in the connected component
of v in Hga, provided that there is a way to satisfy this connected component when giving v the
value 7(v). In Section 10.2 we formalise this idea and give all the details of this argument to prove
Theorem 5.

2.4 The sampling algorithm

To complete this proof outline, we explicitly describe Algorithm 1, our algorithm for sampling
satisfying assignments of k-CNF formulae. The algorithm uses a method Sample(®*, S) to sample
an assignment 7: .S — {F, T} from the distribution pga|g. This method exploits the fact that
logarithmic-sized connected set of clauses have constant tree-excess, which does not hold in the
bounded-degree case. This tree-like property enables us to efficiently sample satisfying assignments
on the connected components of ®* by a standard dynamic programming argument, see Section 7.
Lemma 19 is our main result on Sample(®*, S).

Lemma 19. There is an integer kg > 3 such that, for any integers k > ko, b > 2k* and any density
a > 0, the following holds w.h.p. over the choice of ® = ®(k,n,|an|). Let V be a subset of
variables and let A: V' — {F, T} be a partial assignment such that all the connected components
in Gga have size at most blog(n). Then, there is an algorithm that, for any S C V'\ V, samples an
assignment from pga|g in time O(]S]logn).

The method Sample(®?, S) is used in Algorithm 1 to implement each step of the p-uniform-
block Glauber dynamics on the marked variables. It is also used to extend the assignment of
marked variables computed by the Glauber dynamics to a satisfying assignment of ®. As a design
choice, this method returns error when the connected components of Gga have size larger than
2k*(1 + €)log(n). We remark that the probability that Sample(®”*,S) returns error is very small
when running the Glauber dynamics thanks to Lemma 17. We can now introduce Algorithm 1,
which has two parameters 6 € (0,1) and £ > 1 as in Theorem 1.
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Algorithm 1 The approximate sampling algorithm for satisfying assignments of random k-CNF
formulae.
Input: A k-CNF formula ® = (V,C) with n variables

1: Compute the sets of bad/good variables and bad/good clauses for ® as in Proposition 7.

2: Let ¢ = n~¢. Compute a marking (Vu, Va, Ve) for @ as in Lemma 26 with p = /4. This
succeeds with probability at least 1 —e/4. If this does not succeed, the algorithm returns error.
For each v € Vy,, sample Xy(v) € {F, T} uniformly at random.
for t from 1 to T := [2%"3nf log 2] do

Choose uniformly at random a set of marked variables S C V,, with size p := [27F "1V, [].
Let A; be the assignment X;_; restricted to Vi, \ S.
Y < Sample(®t, S).
Xt — At uY.
end for
10: Y ¢ Sample(®X7,V, UV,).
11: return X UY.

We remark here that Algorithm 1 only works for large enough k, and this hypothesis will be
used several times in our arguments. The quantity 71" defined in this algorithm corresponds to the
mixing time of the p-uniform-block Glauber dynamics given in Lemma 15.

3 Paper outline

The rest of this work is organised as follows. In Section 4 we introduce the procedure for determining
bad clauses. In Section 5 we prove Proposition 10 on markings of random formulae. In Section 6
we prove our technical result on the connected components of ®*, Lemma 17. In Section 7 we
give the method Sample and prove Lemma 19. In Section 8 we prove the results on spectral
independence stated in Section 2.2 of the proof outline. In Section 9 we complete the proof of
Theorem 1 by combining our mixing time results (Lemma 15), our algorithm to sample from small
connected components (Lemma 19) and our result on the size of the connected components of ®*
(Lemma 17). Finally, in Section 10 we prove Theorems 3 and 5 on the geometry of the space of
satisfying assignments of ®.

To help keep track of the notation and definitions introduced in this work, the reader is referred
to the tables in Appendix C.

4 High-degree and bad variables in random CNF formulae

As we noted in the introduction, one of the keys to sampling satisfying assignments in the unbounded-
degree setting is to “sacrifice” a few variables per clause (treating them separately in the sampling
algorithm) and to (temporarily) remove a small linear number of clauses that contain these. The
point of this is to ensure that the remaining (“good”) clauses have mostly low-degree variables (at
most two bad ones) and also that the rest of the clauses (the “bad” ones) form small connected
components that interact with the good clauses in a manageable way.

Recall that, for r € (0, 1), high-degree variables were introduced in Definition 6 as those variables
with at least A, := [2¥"] occurrences in the formula. In this work we consider two possible values
for r here, r = 19 — 0 and r = r; — §, where ryp = 0.117841, r; = 0.227092 and 6 = 0.00001.
The values r¢ and 71 arise as solutions of an optimisation problem in Section 5 when we establish
the markings that we use in our proofs. The marking used in our algorithmic results requires
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the more restrictive definition of high-degree variable with » = ry — § than the marking used in
our connectivity results with r = r; — §. Subtracting ¢ will make our calculations easier without
affecting our results.

By standard arguments about random graphs, one can determine that, w.h.p. over the choice of
®, the number of high-degree variables of ® is bounded. We want to identify the clauses of ® that
have at most 2 high-degree variables, since clauses with a lot of high-degree variables will interfere
with our sampling algorithms. This motivates the following construction. The bad variables and
bad clauses of ® are identified by running the process given in Algorithm 2. Here V,,4(r) denotes
the set of bad variables and Cp,q(r) denotes the set of bad clauses.

Algorithm 2 Computing bad variables and bad clauses for r € (0, 1)
Input: A k-CNF formula ® = (V,C)
1: Vo(r) — the set of high-degree variables, i.e., variables with at least A, =
[27F] occurrences in ®.
: Co(r) < the set of clauses with at least 3 variables in Vy(r)
10
: while i = 0 or V;(r) # Vi—1(r) do
1 1+1
VZ(T) — Vi_l(T’) U var(Ci_l(r))
Ci(r) « {c e C: |var(c) N Vi(r)| > 3}
: end while
: Cbad(r) — CZ(T‘) and Vpaq < VZ(T)
: return Vpad(7), Cpad (1)

[y
o

We define the good clauses of ® as Cgo0d(7) = C \ Cpaa(r) and the good variables of ® as
Veood(T) = C \ Vpbad(r). The sets Vgood (), Vbad (), Cao0d (7), Cbad () depend on the parameter r €
(0,1). The value of r here will be ry — ¢ except in Section 10 where we prove our connectivity
results for r = r; — 4, and in some of the marking results in Section 5. We will use the observations
given in Proposition 7 several times in this work.

Proposition 7. Let ® = (V,C) be a k-CNF formula. For any ¢ € Cgooda(7), we have [var(c)\Whada(r)| <
2, and for any ¢ € Cpaq(r), we have |var(c) MVgood ()| = 0. Moreover, every good variable has degree
less than A,. There is a procedure to determine Cp,q that runs in time O(n + mk), where n is the
number of variables of ® and m is the number of clauses of .

Proof. In this proof we briefly explain the implementation of Algorithm 2. First, for each clause ¢
we keep track of the number of bad variables in var(c), denoted bad(c). We also have a stack of
bad variables Sy that are yet to be processed by the algorithm. At the start of the algorithm, we
set Sy < Vy. While Sy is non-empty, we take the variable v on the top of the stack and increase
bad(c¢’) by 1 for those clauses ¢ where v appears. If any of these updates gives bad(¢’) > 3, we
add var(c’) to the stack Sy, set the variables in var(c’) as bad and set the clause ¢’ as bad. At the
end of this process, Sy is empty and we have found all the bad variables and bad clauses of ®. As
every variable is added to the stack at most once and the list bad(-) is updated at most mk times
(once per literal in @), the running time is O(n + mk). O

In our work we need a variation of result of [24] that controls the number of bad clauses in
connected subgraphs of Gg. We state this result in Lemma 20 and prove it in Appendix A.
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Lemma 20 (Modified version of [24, Lemma 8.16]). Let r € (0,1/(2log2)]. There is a positive
integer ko such that for any integer k > ko, A, = [2"%], and any density o with a < A,/k3, the
following holds w.h.p. over the choice of ® = ®(k, n, [an|). For every connected set of clauses Y
in G such that |var(Y)| > 2k*logn, we have |Y N Cpaa(r)| < |V /K.

We also need a bound on the number of bad clauses of ®, which is also proved in Appendix A.

Lemma 21 (Modified version of [24, Lemma 8.12]). Let r € (0,1/(2log2)]. There is a positive
integer ko such that for any integer k > ko, A, = [2"%], and any density a with o < A,/k3, the
following holds w.h.p. over the choice of ® = ®(k,n, [an]). We have [Chaa(r)| < 2(a/Ay)n /2"
and [Vhaa(r)| < 2(k + 1)(a/ Ay )n /2",

Lemmas 20 and 21 guarantee that, w.h.p. over the choice of ®, bad clauses are a minority
among all the clauses of ®. This will be used to show that bad clauses do not affect significantly the
behaviour of our sampling algorithm. We point out that the definitions of Vgood(7), Vbad(7), Caood ()
and Cpaq(r) given in [24] have r = 1/300 and, in Algorithm 2, use the condition |var(c) NV;(r)| >
k/10 instead of |var(c) N Vi(r)| > 3

Hence, our definitions of good clauses and good variables are more restrictive. However, it turns
out that, with minor changes, the proof of Lemma 20 given in [24] can be extended to our setting.
These changes are explained in Appendix A.

5 Identifying a set of “marked” variables with good marginals

A property that is useful for sampling satisfying assignments is having a high proportion of variables
in each good clause such that the marginals of these variables are fairly close to 1/2. That is, having
variables which are roughly equally likely to be true or false in a random satisfying assignment.
The marginals of high-degree variables do vary. However, even in the random k-SAT model it
turns out that there are enough variables with marginals near 1/2. Following the basic approach of
Moitra [39], we partition the good variables of a random k-CNF formula into types. Here we have
three types of variables (instead of two): marked, auxiliary and control variables. The high-level
goal is to do this in such a way that each clause has a good proportion of each one of these types
of variables. We call this construction a marking, see Definition 8 of the proof outline for the
precise definition. For such a marking, we will show that as long as the control variables are left
unassigned /unpinned, the marginals of the marked and auxiliary variables are all near 1/2 as a
consequence the Lovasz local lemma [20]. We first set up the notation and results that we need.

It is not difficult to show that in the random k-SAT model, w.h.p. over the choice of the
formula ®, two distinct clauses share at most 2 variables (see Lemma 22). Previous work on
counting /sampling satisfying assignments of bounded degree formulae had to analyse subsets of
disjoint clauses in order to deal with the fact that small sets of clauses might share most of their
variables. The restriction to disjoint subsets imposes further restrictions on the maximum degree
of the formula and on the density of the formula in the random k-SAT model setting. Here we
manage to exploit Lemma 22 to avoid these restrictions.

Lemma 22. For any k > 3 and any density o > 0 (possibly depending on k), the following holds
w.h.p. over the choice of the random k-CNF formula ® = ®(k, n, [an|). We have |var(c)| > k — 1
and |var(c) Nvar(c)| <2 for all ¢, € C with ¢ # ¢.

Proof. First, let us prove that, for k& > 3, w.h.p. over the choice of @, |var(c)| > k—1 for all ¢ € C.
Let us denote by R. the event that a clause ¢ has at least two repetitions among its variables, that
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is, |var(c)| < k — 2. We claim that Pr(R.) < q(k)/n?, where ¢ = (g) +k(k—1)(k—2)(k—3)/4.

To prove this statement we note that the probability that a variable appears at least 3 times in ¢

is at most (g) nk—2 / n¥, and the probability that two distinct variables are repeated in ¢ is at most

p(k)n(n — 1)nF=4/nF for p(k) = k(k — 1)(k — 2)(k — 3) /4. Hence, by adding up both cases, we find

that Pr(R.) < q(k)/n?, and Pr(U.cc Re) < g(k)m/n? < q(k)a/n = O(1/n), so the result follows.
Let ¢, € C with ¢ # ¢/. We study |var(c) N var(c)],

n(n —1)(n — 2)n?* =3 (k(k — 1)(k — 2))? < kS
n2k = n3

Pr (|var(c) Nvar(c)| > 3) <

Therefore, the probability that there is a pair of clauses ¢, ¢ with |var(c) Nvar(¢’)| > 3 is bounded

from above by m(rgfl) jj—i < %2% =0 (%), which finishes the proof. O

We will use the asymmetric version of the Lovéasz local lemma (LLL), proved by Lovéasz and
originally published in [46]. Before stating this result, let us introduce some notation. Let P be
a finite collection of mutually independent random variables. Let B an event that is a function
of the random variables in P. Let A be a collection of events that are a function of the random
variables in P. We define I'(B) as the set of events A € A such that A # B and A and B are not
independent. In this setting, Prp(B) is the probability that the event B holds when sampling all
the random variables in P.

Theorem 23 (Asymmetric Lovasz local lemma, [25, Theorems 1.1 and 2.1]). Let P be a finite
collection of mutually independent random variables. Let A be a collection of events that are a
function of the random variables in P. If there exists a function = : A — (0, 1) such that, for all
A € A, we have

Prp(4) < a(4) [[ (1-2(V)),

NET(A)

then Prp ((4ec4 A) > 0. Furthermore, for any event B that is a function of the random variables

in P, we have
-1

Prp (B ‘ ﬂAeAZ> <Prp(B) [[ (1-=(4)

AeT(B)

We are going to apply the LLL in Lemma 26 to find an (r¢g — 6, ro, ro, 2r¢)-marking of & (Defin-
ition 8), w.h.p. over the choice of the random formula, for some appropriate ro € (0,1). Before
proving Lemma 26, let us highlight how strong the properties of a marking are. First, the fact
that a set of marked variables is p-distributed (Definition 8) will allow us to find, w.h.p. over
the choice of ®, a good amount of marked variables in any set of clauses, even if the set includes
bad clauses, see Lemma 33 for a precise statement. This result is an essential ingredient in our
proofs. Secondly, as long as the control variables are left unassigned, the marginals of the marked
and auxiliary variables will be near 1/2 as a consequence of the LLL, as we show later in this
section (Lemma 28). We remark that, in the definition of p-distributed set of variables, we ask for
|var(c) N V| > p(k —3) instead of |var(c)NV| > pk to account for the fact that w.h.p. a good clause
has at most a repeated variable (Lemma 22) and at most two bad variables (Proposition 7), which
will come up in the proofs presented in this section. First, we need the following definition.

Definition 24 (®go0d(7), Ppaa(r)). Let r € (0,1). Let & = (V,C) be a k-CNF formula. Let
Po00d () = (Vaood (), Cao0d (7)) be the CNF formula obtained by taking the good clauses of ® and
ignoring the bad variables appearing in them. Let ®y,4(r) be the k-CNF formula with variables
Voad () and clauses Cpaq (7).
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Note that in G<I>goo o(r) two clauses c1 and cg in Cgooq are adjacent if and only if var(c;) Nvar(ez)N
Veood # 0. By definition of good variables, the maximum degree in G, oq(r) IS at most k(A —1),
which will be important when applying the LLL. We also need the following version of Chernoff’s
bounds.

Lemma 25 (Chernoff’s bounds - [43, Theorem 2.1 and Corollary 4.1]). Let n € N, p € [0,1],
and let Xi,...,X, be n independent random variables with X; € {0,1} and Pr(X; = 1) = p
for all j = 1,...,n. Let X = >°% , X;. Then, for any ¢t € (p,1) and any s € (0,p), we have
Pr(X >tn) < e PEPI" and Pr(X < sn) < e PP where, for reals x,y € (0,1), D(z,y) =
zlog (z/y) + (1 —z)log (1 —x)/(1 — y)) is the Kullback-Leibler divergence.

We can now state the main result of this section. The Lovész local lemma ideas in the proof of
Lemma 26 are standard in the literature since the work of Moitra [39] but the quantities involved
are adapted to our setting.

Lemma 26. There is a positive integer kg such that for any k > kg and any density o with
a < 2(7"0_5)’“/1453 the following holds w.h.p. over the choice of the random k-CNF formula & =
®(k,n, |an]):

1. there exists a partial assignment of bad variables that satisfies all bad clauses;

2. there exists an (rg — 4, rg, 79, 2r9)-marking of ®. Furthermore, for any p € (0, 1), such an (r¢—
d, 70,70, 2r9)-marking can be computed with probability at least 1 — p in time O(nlog(1/p)).

Proof. In this proof we set r = rg — . We note that for any k > 4 our density a < 2(’”0*5)’“/163 is
below the threshold ¢, > 1.3836 - 2¥/k established in [23, Theorem 1.3]. For densities below this
threshold, w.h.p. over the choice of ®, there is a satisfying assignment for . When ® is satisfiable,
we claim that there is an assignment of the bad variables that satisfies all bad clauses. Indeed,
all the variables in bad clauses are bad (Proposition 7) and, thus, the restriction of a satisfying
assignment to Vpaq(r) must satisfy all the bad clauses. In the rest of this proof we show that
assertion 2 also holds.

In view of Lemma 22, we may assume that |var(c)| > k — 1 for all ¢ € C. Let us find the
(r, 70,70, 2r0)-marking (Wi, Va, V). If all clauses are bad, then we set V. =V, V;,, = 0 and V, = (.
This is trivially an (r,rg, 79, 2r9)-marking for ®. In the rest of the proof we assume that there
are good variables. We study the following probability space. For each good variable v, we set
v as “marked” with probability 5 € (0,1/2), “auxiliary” with probability § and “control” with
probability 1 — 23. This decision is made independently for each good variable. Each bad variable
is set as “control”. Let P be the set {P, : v € Vgo0d(r)}, where P, is the random choice made
in this experiment for v. Let V,, be the set of marked variables, let V, be the set of auxiliary
variables, and let V. be the set of control variables obtained by running this experiment. For each
clause ¢ € Cgood(r), let A. be the event that ¢ has less than ro(k — 3) marked variables or less than
ro(k — 3) auxiliary variables or less than 2r¢(k — 3) good control variables. We are going to apply
the LLL on the formula ®,4,,q(r) so as to show that Pr(ﬂcecgood(r) A¢) > 0. For each ¢ € Coo0d(T),
in view of Proposition 7 and the fact that |var(c)| > k£ — 1, we have |var(c) N Veooa(r)| > k — 3.
Hence, we can apply the Chernoff bound given in Lemma 25 with n = |[var(c) N Veeod(7)|, p = B
and s = ro to obtain, for any choice V' € {Vi, Va},

Prp ([var(c) N V| < ro(k — 3)) < e PoA)(k=3)
When V' = Ve \ Vhad, n = |[var(c) N Veood(r)], p =1 — 28 and s = 2ry we obtain

Prp ([var(c) N V| < 2ro(k — 3)) < e~ P@ro,1=28)(k=3)
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We have chosen rg to be as large as possible under the restrictions that D(rg, 5) > 79 log 2 and
D(2rg,1—28) > rglog2. The values 8 = 0.571027 and ry = 0.117841 satisfy these restrictions. We
conclude that

Prp(A.) <2- e~ D(ro,B)(k=3) + e~ D(2r0,1-28)(k=3) <3. 9—ro(k=3)

Let A’ = 270(-=3) /(3¢2k) and let 2(A.) = 1/(kA’) for all ¢ € Cgooa(r). We check that z satisfies
the condition of the LLL for P and A = {A. : ¢ € Cgo0a(r)}. For k > 43, 1/(kA") € (0,1)
and thus z(A.) € (0,1) for all ¢ € Cgo0a(r). We note that I'(A.) = {Ar : ¢ € Cgood(r),c’ #
¢, var(c') Nvar(e) N Vgood(r) # 0}. The graph Gg, (), given in Definition 16, has maximum degree
at most k(A, —1), so [T'(4.)| < k(A, —1) < kA’, where the latter inequality holds for large enough
k as A, = [2"%] and r = ry — 0. Therefore, we have

1 1\ 1
| | _ > _ > — 3.9 To(k=3)
x(Ae) (1—-2x(N)) > A <1 kA’) e TN 3.2 , (7)
NeT(AL)

where we used (1 — 1/2)* > e~ 2 for all z > 2 in the second inequality. Thus,

z(4) J[ (-=2@) =3-27F9 > Prp(A,).
NeI'(Ae)

We conclude that, by the LLL, Prp (mCECgood(T) fTC) > 0, so there exists a partition (Wi, Va, Ve) of

the variables of ® such that Vyaq(r) € V. and each good clause contains at least 7o(k — 3) marked
variables, ro(k — 3) auxiliary variables and 2r¢(k — 3) good control variables. That is, (Vy, Va, Vc)
satisfies Definition 8 for r = rg — 9, rmy = ro, T2 = ro, and r. = 2rg. Moreover, with probability at
least 1 — §, this partition can be computed in 4naA’klog(1/4) steps with the algorithm of Moser
and Tardos [42]. O

We now give the marking result that we use in our connectivity results, which holds for densities
at most 2("1—9)k /k3, where r; = 0.227092. The larger density threshold comes from the fact that
the marking result is less strong — we do not require auxiliary variables nor a high number of good
control variables in every clause.

Lemma 27. There is a positive integer kg such that for any k > kg and any density o with
a < 2(7"1_5)’“/14:3 the following holds w.h.p. over the choice of the random k-CNF formula ¢ =
O (k,n, |an]):

1. there exists a partial assignment of bad variables that satisfies all bad clauses;

2. there exists an (r; — 0,71,0,r1)-marking of ®. Furthermore, for any p € (0,1), such an
(r1—9,71,0,71)-marking can be computed with probability at least 1 —p in time O(nlog(1/p)).

Proof. The proof is analogous to that of Lemma 26. Here we explain the main differences. First,
we set r = r1 — J instead of r = rog — d. The second difference is that we study the following
probability space: each good variable v is set as “marked” with probability 5 and “control” with
probability 1 — 5. We let A, be the event that ¢ has less than r1(k — 3) marked variables or less
than 71 (k — 3) good control variables. A Chernoff bound as in the proof of Lemma 26 gives

Prp (Ay) < ¢~ DILA(E=3) 4 ~DrL1-8)(k=8) < 9. 9-ra(h=3)
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where we chose 7 as large as possible so that D(ry, ) > rilog2 and D(r1,1 — ) > rilog2. The
choices B = 1/2 and r; = 0.227092 satisfy these restrictions. We let A’ = 271(k=3) /(3¢2k) and let
z(A:) = 1/(kA) for all ¢ € Cypoa(r). It remains to check that we can apply the asymmetric LLL
on the formula ®g404(r) to conclude that Pr( c€Cao0a(r) A¢) > 0. This was done in equation (7) in
Lemma 26. We note that the bound given in (7) also holds in our current setting if we replace rq
by 1. We find that z(Ac) [[yer(a,) (1 —2(N)) = 3- 2 m1(k=3) > Prp (A,) and, thus, there exists
a partition (Vm, Va, Ve) of the variables of ® such that Vyaq(r) € Ve, Va = 0, and each good clause
contains at least r1(k — 3) marked variables and at least 71 (k — 3) good control variables. O

In the remaining of this section we bound the marginals of uq (recall that pug is the uniform
distribution over the satisfying assignments of the formula ®, Definition 9) on any marked and
auxiliary variable. In fact, we prove the stronger result that the marginal distribution of ugo on
Vi UV, is e-uniform, i.e., very close to the uniform distribution, see Definition 12. We give a bound
for each one of the markings established in Lemmas 26 and 27. Here we write Ay U Ay for the
combined assignment of A; and As.

Lemma 28. Let ® = (V,C) be a satisfiable k-CNF formula. The following claims hold.

1. Let r =ro — ¢ and let (Vi Va, Ve) be a (r,79,ro, 2r9)-marking of ®. Then for any satisfying
assignment Ay,q of ®p,q(r), any assignment A: S — {F, T} where S C V,, UV,, and any
v € Vgood(r) \ S we have

1 1
max {PI"MQ (’U — F| AU Abad) 7Pr,uQ (U = T| AU Abad)} < §eXp <k2mk> :

In particular, the distribution pgly, , is (277%/k)-uniform.

2. Let r = ry — 0 and let Vi, 0,V.) be a (r,71,0,r1)-marking of ®. Then, for any satisfying
assignment Ap,q of ®Ppaq(r), any assignment A: S — {F, T} where S C Vp,, and any v €
Veood () \ S we have

1 1
max {Pr,, (v+—= F|AUApaq), Pryg (v = T|AUApaq)} < 3 exp <k:> .

In particular, the distribution pqly, is (1/k)-uniform.

Proof. We prove each one of the claims separately. The proofs are analogous so for the second
claim we only highlight the differences in the proof.

1. Here r = rg—9. Let Apaq be an assignment of bad variables that satisfies all bad clauses. Let
S C Vi UV, let A be an assignment of S to {F, T}, and let v € Vyo04(r) \ S. We note that
Pr,- () = Pry, (-|7) for any assignment 7 of some variables. In light of this observation, we
are going to prove that

1 1
max {Pr'U’QAUAbad (v—F) Py aon, (v +— T)} < 5 eXP <k2rok) . (8)

We apply the LLL to the formula @ := ®AAvad a5 follows. Let V' and C’ be the sets of
variables and clauses of ®'. Note that, V' C Ve50d4(r), C' C Cgo0a(r) and Gg is a subgraph
of G<I>goo a(r) as all bad variables have been assigned a value and all bad clauses have been
satisfied. We set P, = o(v) for all v € V', where o: V' — {F, T} is chosen uniformly at
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random from the set of assignments V' — {F, T}, and P = {P, : v € V'}. We define the set A
as the set containing for all ¢ € C’ the event A, = “the clause c is not satisfied by the random
assignment ¢”. By the definition of (Vm, Va, V), there are at least 2rg(k — 3) good control
variables in ¢. Since good control variables are not assigned a value by A U Ay,q and, thus,
they are in V', we have Prp(A4.) < 27270 =3) Recall that A, = [2(0~9*] (Definition 6). Let
A = 22r0(k=3) /(e2) and let z(A,) = Tio for all ¢ € C'. Let us show that x satisfies the LLL
condition in this setting. In view of I'(A.) = {Ax : ¢ € ', # ¢,var(c) Nvar(d) NV # 0},
which can be identified with a subset of the neighbours of ¢ in G, and |[I'(A.)| < kA, <
kA’ for large enough k, we find that

ood (T) ’

1 1 ha 1 —2ro(k—3
o) TI a-az g (1= ) 2 s =27 2 Pro ().
NeD(A.)

where we used (1—-1/2)* > e 2forallz > 2. Let A = {v+ T} := {o: V' — {F, T} with o(v) =
T} In @) we have I'(A) = {A. : c € C',v € var(c)}, so [T'(A)| < A,. By the LLL, we obtain

- 1 1 1 1\ @D
Pro (v T|N o 4c) <5 TI (=) §2<1_m'> .

NET(A)

For z > 1, we have (1 —1/x) ! =1+1/(z — 1) <exp(l/(x — 1)). We find that

N 1 A, —1 1 1
Prp (00 7| Ac) < G o <m_ 1) =g P (w)

where in the latter inequality we used (p — j)/(¢ — j) < p/q for all 0 < j < p < ¢ and
the fact that A, = [200=9k] < 9—rok -12”’('“_3)/(62]{:) = 2770k A! for large enough k. We
note that Pr'uQAUAbad () =Prp ( | Neeer AC), which completes the proof of one of the upper

bounds of (8). The other upper bound is proved analogously by applying the LLL with
A = {v — F}. Finally, we conclude that the distribution ugqly,  , is (2770F /k)-uniform by
the arbitrary choice of Apaq and the law of total probability, see Definition 12.

. The proof is analogous. The only changes are r = r; — 6, A’ = 2"1(=3) /(¢2k), and the
fact that, since each good clause has at least r1(k — 3) good control variables, we have
Prp(A.) < 2771(=3)  This time we have z(A,.) [yer,) 1 —a(N)) = ﬁ > Prp (A.),
which justifies our choice of A’. Thus, we can apply the LLL, and the conclusion this time

becomes . A . ) )
A )<= L < = -
Prp (UHT‘ﬂceC’AC> =P (mf— 1) =9 %P (k) ’

where in the latter inequality we used (p—7)/(¢—j) < p/q for all 0 < j < p < g and the fact
that A, = [201-9k] < 271(k=3) /(e2k) = A’ for large enough k. O

The (1/k)-uniform property proved in Lemma 28 is remarkably strong: as long as the control

variables are left unassigned, the rest of the variables have marginals close to 1/2, even if some of
the marked and auxiliary variables are pinned / have already been assigned a value. This property
is used several times in this work and will allow us to prove that, for any pinning of some marked
variables, the influences between marked variables are bounded. In the following corollary we extend
Lemma 28 to the distributions computed by the Glauber dynamics on the marked variables.
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Corollary 29. Let » = 19 — 6. Let ® = (V,C) be a satisfiable k-CNF formula that has an
(r, 70,70, 2r9)-marking (Vi, Va, Vc). Let p be an integer with 1 < p < |V,|. Let ¢ be a non-negative
integer and let X; be the (random) assignment obtained after running the p-uniform-block Glauber
dynamics on the marked variables for ¢ steps, starting on an assignment X that is chosen uniformly
at random. Then the probability distribution of X; is (277°% /k)-uniform.

Proof. Let ¢ = (277 /k). Let V4,Va,..., be a possible choice of sets of marked variables to
be updated when running the p-uniform-block Glauber dynamics. We are going to prove that,
conditioning on this choice of sets of variables, the probability distribution of X; is e-uniform. Note
that by the law of total probability and the fact that the choice of Vi, Va,... is arbitrary, this is
enough to conclude the result. We carry out the proof by induction on ¢. Let m; be the probability
distribution of X;. As mg is the uniform distribution over assignments on Vy,, the claim holds
for t = 0. Let us now assume that m;_1 is e-uniform and let us prove that this is also the case
for m. To show the desired uniformity of m; (cf. Definition 12), consider arbitrary v € V,, and
A: Vi \{v} — {F, T}, we need to bound Pry, (v +— F|A) and Pr,, (v — T|A). We distinguish two

cases:

e Case v € V;. By definition of the Glauber dynamics, the values of X; on V; are obtained
by sampling from the distribution pgo conditioned on the restriction of X;—; to Vi, \ V.
Thus, we have Prr, (v~ F|A) = Pr,_, (v F) since the conditioning involving A sets all
the marked variables other than v. As /‘Q’vmuva is e-uniform by Lemma 28, we conclude that
Prr, (v F|A) =Pr, , (v—F) < 3 exp(e). The same bound holds for v — T.

o Case v ¢ V. If v is not updated in steps 1 through ¢, then Prr, (v +— F|A) = Pr, (v— F) =
1/2. Otherwise, let j be the largest integer with j < t such that v € V;. Let A; be the
restriction of A to Vin \ Ujeqj11,j42,..13 Vi- By the induction hypothesis, Prr, (v — F[A) =
Prr; (v — F|Aj) < (1/2)exp(e). The same bound holds for v > T.

As both cases are exhaustive, the proof is concluded. ]

Previous work on counting/sampling satisfying assignments of k-CNF formulae does not require
the use of auxiliary variables, so the marking used is of the form (Vy,, V). Here auxiliary variables
play an essential role in bounding the influences between marked variables as we illustrated in
Section 2. In order for this approach to be successful, we have to show that a large proportion of
the variables are marked. We conclude this section with the following bound on the size of Vy,.

Corollary 30. Let r € (0,1/(2log2)). There is an integer ko such that for any k > k¢ and any
density a with a < A,./k3 the following holds w.h.p. over the choice of the random k-CNF formula
® = &(k,n,|an]). For any p € (0,1) and any set of good variables V' that is p-distributed we have
V= (p = 0)(ka/ Ap)n.

Proof. W.h.p. over the choice of ®, by Lemma 21 we have |Chaa(r)| < 2(a/Ay)n/28" < an/4F, so
ICao0d ()| > |C| — an/4* > an — 1 — an/4F = an(1 — 1/4%) — 1. Since V is p-distributed, counting
repetitions, there are at least p(k —3)|Cyo0d (1)| occurrences of the variables of V' in the good clauses
of ®. Each good variable occurs in at most A, good clauses, so we find that

V> p(k — 3lfgood(7“)| > P(kA—T 3) (om <1 _ 41k> _ 1> > W(an —1),

which is at least (p — §)(ka/A,)n for large enough k. O
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6 Analysis of the connected components of ®*

In this section we prove Lemma 17, which bounds the size of the connected components of ®%,
where A is drawn from a (1/k)-uniform distribution over an (r+0)-distributed set of good variables.
In order to carry out this proof, we have to understand the structure of logarithmic-sized sets of
clauses of the random k-CNF formula ®. Section 6.1 is devoted to this purpose. In Section 6.2 we
apply the results of Section 6.1 to obtain a lower bound of the number of marked /auxiliary variables
in logarithmic-sized sets of clauses. Finally, in Section 6.3 we complete the proof of Lemma 17.

6.1 Logarithmic-sized sets of clauses in the random k-SAT model

A connected graph H = (V, E) has tree-excess ¢ € Z>¢ if |E| = ¢+ |V| — 1. It turns out that,
w.h.p. over the choice of ®, small connected sets of clauses of ® have tree-excess bounded by a
quantity that only depends on k and the density «. This property is established in Lemma 31 and
is essential to our proofs.

Lemma 31. Let k£ > 3 be an integer. Let b > 0 and a > 0 be real numbers. W.h.p. over the choice
of the random k-CNF formula ® = ®(k,n, [an|), every connected subset of clauses with size at
most blog(n) has tree-excess at most ¢ := max{1, 2blog(ek?a)}.

Proof. Let n be the number of variables and m be the number of clauses of ®, so m/n < «. Note that
the probability that two clauses of ® are not disjoint is at most k?/n. Let £ € {1,2,..., |blog(n)|}.
We upper bound the probability that there is a connected subset of clauses of size £ with tree-excess

at least ¢ + 1 by tte
() ()"

where the factors appearing are the following ones:

. (”Z) is the number of subsets of clauses of size ¢;
o (=2 is the number of trees on ¢ labelled vertices;

. (4(5;_11)/ 2) is the number of ways to pick ¢ 4+ 1 pairs of distinct clauses of a set of size /;

. (k2 / n) ¢ is an upper bound of the probability that all the edges chosen in the two previous
items appear in the graph Gg.

We are going to show that the probability given in (9) is O(n~¢/*), where the hidden constant
only depends on k. If this holds, by a union bound over ¢ € {1,2,..., |blog(n)|}, we would find
that the probability that there is a connected subset of clauses of ® with size at most blog(n) and
tree-excess at least ¢ + 1 is O(blog(n)n~%*) = o(1). This would complete the proof. Using the
inequality (g) < (ep/q)? and m/n < o we can bound (9) by

() e ()T () e () ()
AL/ 12\ ¢ 22 ° )
(2 ) <2 )kg;)

IN

IN

2c

Now we distinguish two cases:
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o Case when ek?a < 1. We have ¢ = 1 by definition. Thus, (10) can be further bounded by
ct+1 292\ € 2
e k=t B (logn)*\ e/
<2c+2> < n > _O< n —O(n )

 Case when ek?a > 1. Then, as £ < blogn and blog(ek?a) < ¢/2 by definition, we have

as we wanted.

(ek2a)£ < (ek2a)b10gn — nblog(ekQCz) < nc/2'

We conclude that (10) can be further bounded by

c+1 242\ € c+l sidpaN ¢/2
e BN _ (e N _ o (n—c/4)
2c+2 vn 2c¢+2 n

as we wanted, where we used ¢ > 0. O

Recall that in Lemma 20 we established that, in sets of clauses that have at least 2k*logn
variables, the number of bad clauses of ® is not too large. We aim to apply Lemma 20 to logarithmic-
sized sets of clauses. In general, |Y'| might be significantly larger than |var(Y')|, so it is not clear
how to apply Lemma 20. However, in the random k-CNF formula setting the following holds.

Lemma 32. Let £ > 3 be an integer and let @ > 0 and o > 0 be real numbers. W.h.p. over the
choice of & = ®(k,n, |an]), for every set of clauses Y with |Y| > alogn, we have |var(Y)| > alogn.

Proof. Let ¢ := [alogn] — 1 and let m = |an|. We prove the equivalent statement that, w.h.p.
over the choice of ®, for every set of clauses Y with |var(Y)| < ¢, we have |Y| < . We note that
if there is a set of clauses Y with |var(Y)| < £ and |Y| > ¢, then for any subset Y’ of Y with
|Y'| = £+ 1 we have |var(Y’)| < |var(Y')| < £. Hence, it suffices to prove that there is no set ¥ of
clauses with |var(Y)| < £ and |Y| = ¢+ 1. We can assume n is large enough so that £ < e - n.

Let £ be the event that there is a set of clauses Y of size £ + 1 and a set of variables X of size
£ such that all clauses in Y have all variables in X. Then by a union bound

e (1))

where the first factor is the number of sets Y, the second factor is the number of sets X and the
third factor is the probability that all variables in the clauses of Y are in X. From the well-known
bound (12) < (ep/q)?, we obtain

e () () () =)
() () = (i)

which is O(log(n)/n) because k > 3 and ¢ = O(logn). O
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6.2 Number of marked variables in logarithmic-sized sets of clauses

Our results on random k-CNF formulae can now be combined to give a lower bound on the number
of marked / auxiliary variables in logarithmic-sized sets of clauses. We prove this result in a more
general setting by considering a set of good variables V' that is r’-distributed for the formula ®.
The reader can think of V' as the set of marked variables or the set of auxiliary variables for one of
the markings established in Section 5.

Lemma 33. Let r € (0,1/(2log2)], # € (0,1) and & € (0,7). There is a positive integer ko such
that, for any integer k > ko, any density o < A,/k® and any real number b with 2k* < b, the
following holds w.h.p. over the choice of ® = ®(k,n, |[an|). Let V be a set of good variables that
is r'-distributed. Then, for every set of clauses Y that is connected in G such that 2k*log(n) <
Y| < blog(n), we have |var(Y) N V| > (' —8)k|Y].

Proof. Let a = 2k*. We apply Lemma 20 to find that there is k1 such that for k > k;, w.h.p. over
the choice of ®, for every set of clauses Y that is connected in Gg,

if |var(Y')| > alog(n), then |Y NCpaa(r)| < |Y]/k. (11)

We apply Lemma 32 with a = 2k* to find that, w.h.p. over the choice of ®, for every set of clauses
Y, we have
if |Y|> alog(n),then |var(Y')| > alog(n). (12)

Finally, for any b > 0, we apply Lemma 31, obtaining that, w.h.p. over the choice of ®, for every
set of clauses Y that is connected in Gg,

if |Y| < blogn, then Y has tree-excess at most ¢ = max{1, 2blog(ek*a)} = O(1). (13)

Let Y be a set of clauses that is connected in G such that alog(n) < |Y| < blog(n). Then, by (12)
and (11), we have |Y NCgooa(r)| > |Y|(1 — 1/k). By definition of +’-distributed (Definition 8), each
good clause has at least r/(k—3) variables in V. As there are at most |Y'|—1+c edges in G joining
clauses in Y, see (13), and two distinct clauses only share at most two variables by Lemma 22, we
have

var(Y) N V| > #/(k — 3) (1 - ;) Y| —2(V]+c—1)

> (r'(k—4) = 2)[Y| —2(c—1).

There is kg > k1 such that for k > kg, we find that, for any set of clauses Y that is connected in
Gg and has alog(n) < |Y| < blog(n), [var(Y) N V| > (' — §/2)k|Y| — 2(c — 1). Therefore, using
2(c — 1) = O(1), for large enough n we conclude that [var(Y) N V| > (' — §)k|Y| and the result
follows. O

6.3 Proof of Lemma 17

We use the following result of [24] on the number of connected sets of clauses in Gg.

Lemma 34 ([24, Lemma 8.6]). Let « > 0. W.h.p. over the choice of ® = ®(k,n, [an]), for any
clause ¢, the number of connected sets of clauses in Gg with size ¢ > logn containing ¢ is at most
(9k2a)’.

We can now complete the proof of Lemma 17. Recall that we will apply this result with r = rg—4§
or r =17y — 0, where § = 0.00001.
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Lemma 17. Let r € (26,1/(21log2)]. There is an integer ky > 3 such that, for any integer k > ko,
any density o < 20720k and any real number b with a := 2k* < b, the following holds w.h.p. over
the choice of & = ®(k,n, |an]).

Let L be an integer satisfying alogn < L < blogn. Let V be a set of good variables of ® that is
(r 4 0)-distributed (Definition 8), let & be a (1/k)-uniform distribution over the assignments V' —
{F, T}, and let p be an integer with 0 < p < |V|/2*. Consider the following experiment. First, draw
S C V from the uniform distribution 7 over subsets of V with size p. Then, sample an assignment A
from ply, 3. Denote by F the event that that there is a connected set of clauses Y of ® with [Y[ > L

such that all clauses in Y are unsatisfied by A. Then Prg.., (PrANmV\S (F) < 2—5kL) > 19 0kL,

Proof. We apply Lemma 33 with our choices of b and with 6 = & to conclude that, w.h.p. over the
choice of @, for every connected set of clauses Z C C we have

if alog(n) <|Z| <blog(n), then |var(Z)NV|>rk|Z|. (14)
We also need the following result on random k-CNF formulae. For each clause ¢ € C, let
Z(e,L)={Z CC:ce€ Z,Z is connected in Gy, |Z| = L}.
Then, w.h.p. over the choice of ®, Lemma 34 shows that, as long as L > logn,
for any clause ¢ € C we have |Z(c, L)| < (9k%a)L. (15)

The facts that we have just established using Lemma 33 and Lemma 34 are all the properties of
random formulae that we need in this proof. The hypothesis a < A, is used when calling Lemma 20
in the proof of Lemma 33.

Let L be an integer with alogn < L < blogn. First, we are going to fix S C V with |S| = p and
study the event F described in the statement. For ¢ € C and Z € Z(c, L), we denote by &£(Z,S)
the event that Z C C», where A is drawn from u|V\S, see Definition 11. Recall that Z C C*
means that none of the clauses in Z are satisfied by the assignment A (Definition 9). We note that
F = UceC,ZeZ(c,L) &1(Z,S). We are going to show that, for large enough n,

—O0kL —0kL
Prg, ( PrANMv\s <UCEC,Z€Z(C,L) 51(2, S)) > 2 ) <2 , (16)

which is equivalent to the result stated in this lemma. We note that the left-hand side of (16) can
be upper bounded by

27(5kL
: — | <
Prg.., (EIC €C,Ze Z(cL) PrAN#\v\s (&1(Z,9)) > HRED L)|> <
o—SkL > (17)

Z Prg.- <Pr/\~#|v\s (£1(2,9)) > m
c€C,Z€Z(c,L) |

We are going to show that, for any ¢ € C and Z € Z(c, L),

2—6kL X L
- )< L9~ T .
Pro.r <PrANM|V\S (E(2.9) > oz L)‘) < (2ek-27%) (18)

Before proving (18), let us complete the proof assuming that this inequality holds. In light of (15),
we have | Z(c, L)| < (9k220=20F)L W use the following observation,

for k > 1/(dlog2) and for large enough n, [C| < na < ndk* o2 < 9(6/2)kL (19)
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Combining (17), (18) and (19), we conclude that, for large enough k, the left-hand size of (16) is
bounded above by

L L L L
3 (2ek-2””k) gna.<9k22<“25>’€> .(zek.w’f> — na (186k32*25k> < 9= OkL
ceC,ZeZ(c,L)

which completes the proof of (16), and hence the proof of the lemma, subject to (18).
To prove (18), we are going to find many S for which Praculy s (£1(Z,8)) < 27k /(|C|| Z(c, L)|)
holds. With this in mind, we introduce an event that may occur when sampling S:

Ey(Z) :=“the random set S C V that we select contains fewer

20
than ¢ := [|var(Z) N V|/k] variables in var(Z)NV?”. (20)

We will show (in equation (24)) that the event £2(Z) holds for most choices of S. Before proving
this claim, let us assume that £(Z) holds for S and let us prove that PrANu‘V\S(Sl(Z, S)) <

279kL/(|C| - |Z(c, L)|). If there are ¢1,co € Z and v € var(ey) Nvar(cz) N (V \ S) such that ¢; # co
and the literal of v in ¢; is the negation of the literal of v in co, then at least one of ¢; and ¢ is
satisfied by the assignment A: V' \ S — {F, T}. In this case we have Praculy s (&1(Z,8)) = 0. Let

us now consider the complementary case:

for all ¢1,co € Z with ¢1 # ¢ and v € var(eq) Nvar(cg) N (V '\ S),

21
the literal of v in ¢; is the same as the literal of v in cs. (21)

In this setting, we call w(v) the value of v that does not satisfy the clauses in Z that contain
v. Note that w(v) is well-defined by assumption (21). Let uj,us,...,u; be the list of variables
in (var(Z) N V) \ S. We denote by W; the event that w; is assigned the value w(u;) by A when
sampling A ~ M|V\ g- Then, by definition of W;, we have

PrANMV\s 51 Z S HPI‘AN/“V\S <WJ ‘ ﬂz;ll Wz) .

As puis (1/k)-uniform, we find that Pry.,, .  (V;] NZi Wi) < (1/2) exp(1/k) forall j € {1,2,...,t}.
We conclude that

1 1.\
PrANN|V\S (gl(Z, S)) S <2 exXp (k)> .
From (14) and the fact that £(Z) holds for S, we have
t=|var(Z)N(V\S)| > [var(Z)NV|—[|var(Z)NV|/k] > |var(Z)NV|(1—-1/k)—1 > rL(k—1)—

It follows that
1 1 r(k—1)L—1
Prpculy s (E1(Z,9)) < <2 exp (k)>
k—1)\\"
< .o~ Tk L
_2(2 P exp< - ))
L
< (46 . 2*”“) ,
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where we used that 1/2 < (1/2)exp(1/k) < 1 in the second and third inequality. For large enough
k, we find that

L ) 2. .0-Th\ L . 2 9—25k\ L —(3/2)8kL —SkL
(46-2””“) _ (9 dek® - a - 2 ) < (9 4ek= -2 > 2 2 (22)

< <
9k2ax 92 = 1Z(e, L) ~IC]- Z(e, L)|
where in the second to last inequality we applied 9 - 4ek? < 2(9/2% and the bound on the size of

Z(e, L) given in (15), and in the last inequality we used (19). As S was picked as any subset of V'
with |S| = p such that £(Z) holds, it follows that

—0kL
Pro., (PrANuv\S (&1(2,9)) > M) < Prs., (8(2)). (23)

In order to prove (18), which finishes the proof, we need to show Prg., <52(Z)) < (2ek - 27TR)E,

The probability of £(Z) can be bounded as follows. Recall that |S| = p. If p < ¢, then, by the
definition of £(Z) in (20), we obtain Prg..,(&2(Z)) = 1. Otherwise, the number of choices of §
(with |S| = p) such that |S Nvar(Z) NV| > ¢ is at most ('Var(i)m/') (";':/). Hence, we have

)< () (") (L

__plp=1) - (p—L+1) (Var(Z) ﬁVl)
VIAVI =1 (V] = £+1) ¢

_ <p>e<e|var(Z)ﬂV\>£< <pek>£
A\ ¢ S\
where we used ¢ := [|var(Z) N V|/k| > |var(Z) NV |/k, (p —1i)/(q — i) < p/qforany 0 <i <p<gq

and (5) < (ep/q)9. Combining this with the hypothesis p < |V|/2* and the bound ¢ > rL, see (14),
we obtain

Pro., (M) < (ekQ_k)e < ((ek)’“ : 2—’“’f)L < <2ek : 2—T’f)L. (24)

The bound (18) follows from combining (23) and (24), which completes the proof. O

7 Sampling from small connected components

In this section we prove Lemma 19. Recall that Lemma 19 claims the existence of a procedure
to sample from marginals of the uniform distribution on the satisfying assignments of ®* when
the connected components of Gga have small size. Here we make this procedure explicit. Our
algorithm exploits the fact that the tree-excess of logarithmic-sized subsets of Gg¢ is bounded by
a constant depending only on k, see Lemma 31, and the fact that when Gg is acyclic, we can
exactly count and sample satisfying assignments efficiently via a dynamic programming algorithm
(Proposition 35).

Proposition 35. There is an algorithm that, for any k-CNF formula ® = (V,C) such that Gg is a
tree, computes the number of satisfying assignments of ® in time O(4¥|C|).

Proof. We give an algorithm based on dynamic programming. Let us fix a vertex / clause ¢ of Gg
as the root and consider the corresponding directed tree structure 7' := (Gg,c). For any clause
c of @, let T be the subtree of T hanging from ¢’. For any assignment o: var(c') — {F, T}, let
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sa(c/, o) denote the number of satisfying assignments of the formula determined by 7., that extend
o. Our goal is computing the number of satisfying assignments of ®, which, under this notation, is
equal to

sa(®) := > sa(c, o). (25)

o: var(c)—{F,T}

We do this by computing sa(c’, o) for any clause ¢’ and any assignment o: var(c¢’) — {F, T}. Using
the tree structure of T', we show that sa(c’, o) satisfies a recurrence. There are two cases:

1. ¢ is a leaf. Then sa(c/,0) =1 if ¢ is satisfied by o and 0 otherwise.

2.  is not a leaf. Let T1,...,T; be the trees hanging from ¢ in T and let cy,...,¢; be their

roots. Then, since 71,...,7T; do not share variables as Gg is acyclic, we have
l
sa(d,0) = H E sa(cj, ),
Jj=1 7€A(cj,0)

where A(cj,0) is the set of assignments of the variables in var(c;) that agree with o on
var(c’) Nvar(cj).

We can apply this recurrence with dynamic programming to compute sa(c,o) for any assignment
o: var(c) — {F, T}. More explicitly, we compute sa(c’, o) by levels of the tree, starting from the
deepest level, where all nodes are leaves, and ending at the root ¢. This involves computing at most
2% entries sa(c, ) per clause ¢’ of ®. After computing all the entries appearing in this recurrence,
we compute the number of satisfying assignments of @, sa(®), as in equation (25). The overall
procedure takes at most O(4%|C|) steps since each entry sa(c’, o) is accessed at most 2* times when
computing the corresponding entries for the parent of ¢/, and there are at most 2¥|C(T')| entries. [

In Algorithm 3 we give an algorithm based on Proposition 35 to count satisfying assignments of
a k-CNF formula. Recall the folklore fact that if we can count satisfying assignments then we can
sample from the marginal of uq on v by counting the satisfying assignments of ®~F and &7,

Algorithm 3 Counting satisfying assignments via trees

Input: a k-CNF formula & = (V,C)

Output: The number of satisfying assignments of ®.

Find a spanning forest T" of G.

Let Vr be the set of variables that gives rise to edges of G that are not in 7.

count <+ 0.

for all A: Vr — {F, T} do
Note that the graph Gga is acyclic. Hence, we can count the number of satisfying assignments
of ®* in time O(4*|C(®*)|) by applying Proposition 35 to each connected component of G'ga
and taking the product of the numbers obtained. Let sa(®*) be the result of this computation.
count < count + sa(®").

7: end for

8: return count

Proposition 36. Let ® = (V,C) be a k-CNF formula and let ¢ be the tree-excess of Gg. Then
Algorithm 3 counts the number of satisfying assignments of ® in time O(2k(+2)|C)).
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Proof. We note that, in the execution of Algorithm 3, we have |Vr| < kc. Hence, there are at
most 2¥¢ iterations of the for loop and each one takes O(4*|C|) steps, so the running time follows.
The fact that the algorithm is correct follows from the correctness of the procedure presented in
Proposition 35. O

Even though the running time of Algorithm 3 is not polynomial in the size of the formula &
(in fact, it is exponential in general), we obtain linear running time when the formulae considered
have constant tree-excess. As shown in Lemma 31, this is the case for logarithmic-sized subsets of
clauses of random formulae. We can now finish the proof of Lemma 19.

Lemma 19. There is an integer ky > 3 such that, for any integers k > ko, b > 2k* and any density
a > 0, the following holds w.h.p. over the choice of ® = ®(k,n,|[an|). Let V be a subset of
variables and let A: V' — {F, T} be a partial assignment such that all the connected components
in Gga have size at most blog(n). Then, there is an algorithm that, for any S C V\ V, samples an
assignment from pqga|g in time O(|S|logn).

Proof. We apply Lemma 31, so, w.h.p. over the choice of & = ®(k,n, |an]), any connected set of
clauses in G with size at most blog(n) has tree-excess at most ¢ = max{1,2blog(eak?®)} = O(1).
First, we give an algorithm for the case |S| = 1. Let ®, V and A as in the statement, and let
S = {v}. Let H be the connected component of the clauses that contain v in Gga, and let
@' = (V',C') be the subformula of ®* with Gg = H. The formula & has size at most blog(n).
Moreover, the graph Gg = H has tree-excess at most ¢ as H is a subgraph of Gg with size at
most blog(n). Thus, we can apply Proposition 36 to count the number of satisfying assignments of
®"~F and @7 in time O(2¥+2)|C’|) = O(logn). Let these numbers be ty and t; respectively.
It is straightforward to use tp and t; to sample from the marginal of the distribution pga for v; we
only have to sample an integer ¢ € [0,y + ¢1) and output F if ¢ < tg and T otherwise. The whole
process takes time O(logn).

Finally, we argue how to extend this algorithm to the case |S| > 1. For this, first, we give
an order to the variables in S, say w1, us,...,uy. We then call the algorithm described in the
paragraph above once for each variable in wq,uo,...,us. The inputs of the algorithm in the j-th
call are the variable u; and the assignment A; = A U 7;_1, where 7;_; is the assignment obtained
in the previous calls for u1,...,u;_1. After this process, 74 is an assignment of all the variables in
S that follows the distribution pga|g. This assignment has been computed in O(|S|logn) steps as
we wanted. O

8 Mixing time of the Markov chain

In this section we study the mixing time of the p-uniform-block Glauber dynamics on the marked
variables and prove Lemma 15. As explained in Section 2.2, in order to conclude rapid mixing
of this Markov chain we apply the spectral independence framework, which has recently been
extended to the p-uniform-block Glauber dynamics [11]. Traditionally in path coupling or spectral
independence arguments one has to bound a sum of influences by a constant in order to obtain
rapid mixing of the single-site Glauber dynamics. However, due to the presence of high-degree
variables, an O(1) upper bound seems unattainable in the random k-SAT formula setting; in the
worst case paths of high-degree variable may significantly affect influences. This seems also to be
the case for other random models, such as the hardcore model on random graphs [8]. Here we
show that that sums of influences are at most €logn for small £ (Lemma 14). Even though this is
generally not enough to conclude rapid mixing of the single-site Glauber dynamics, it turns out to
be enough to conclude rapid mixing of the p-uniform-block Glauber dynamics for p = ©(n). An
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essential ingredient in our argument is exploiting the auxiliary variables in introduced in Section 5.
Therefore, in this section we will work with r = rq — § and a (r,rg, 79, 2rg)-marking (Vin, Va, Ve)-
Since r is fixed, we drop it from the notation and write, for instance, Vgood instead of Vyooa(r)-

This section is divided as follows. In Section 8.1, we explain why bounded-degree methods to
bound the mixing time of the Glauber dynamics fail to generalise from the bounded-degree k-SAT
model to the random k-SAT model. In Section 8.2 we prove Lemmas 45 and 14. In Section 8.3 we
prove Lemma 15.

8.1 Previous work on the Glauber dynamics for bounded-degree k-SAT formulae

In this section we explain why previously known arguments for showing rapid mixing of the Glauber
dynamics on bounded-degree k-SAT formulae do not extend to the random k-SAT model. This
section is not used in our work and may be skipped by a reader who just wants to understand our
approach and result. The best result currently known on bounded-degree formulae is [31], where
the authors show, for large enough k, how to efficiently sample satisfying assignments of k-CNF
formulae in which their variables have maximum degree A < 201742 /3 where C' > 0 is a
constant that does not depend on k. Their result actually holds in the more general setting of
atomic constrain satisfaction problems (albeit with a different bound on A) As part of their work,
they show that the single-site Glauber dynamics on a set of marked variables mixes quickly. Their
argument is restricted to atomic CSPs with bounded-degree and strongly exploits the properties of
the Glauber dynamics in this setting. They study the optimal coupling of the single-site Glauber
dynamics, we refer to [38] for the definition of coupling of Markov chains. In such a coupling the
goal is to show that two copies of the chain starting from truth assignments differing in at least
a marked variable (a so-called discrepancy) can be coupled in a small number of steps. Here it is
crucial that the marginals of the marked variables are near 1/2, so the optimal coupling generates
new discrepancies with small probability. At this stage, the high-level idea to conclude rapid
mixing of the Glauber dynamics is bounding the probability that the dynamics has not coupled by
a product of probabilities, each corresponding to the event that a clause is unsatisfied at a certain
time, and aggregating over all possible discrepancy sequences.

The fundamental observation in [31], based on the work on monotone k-CNF formulae presented
in [29], is that if there is an update of a marked variable that generates a discrepancy in the chains,
then there is another marked variable where the chains disagree that is connected to the former
variable through a path of clauses, where consecutive clauses in the path share at least a variable.
Moreover, each one of the clauses in this path is unsatisfied by at least one of the two copies of
the chain. As a consequence, from a discrepancy at time ¢ one can find a sequence of discrepancies
going back to time 0, and these discrepancies are joined by a path of clauses. Thus, the union bound
over discrepancy sequences is essentially a union bound over paths of clauses with a particular time
structure, where the same clause can be appear in the path several times. Extending this idea to the
random k-SAT model presents two main issues. First of all, the number of discrepancy sequences
of any given length may be too large due to the presence of bad clauses and the fact that they can
repeatedly appear in the sequence. Moreover, it may be the case that these discrepancy sequences
mostly consist of bad clauses, which are always unsatisfied in both chains and, thus, the probability
that they are unsatisfied is not small. Interestingly, similar issues arise when directly extending
the bounded-degree approach based on the coupling process of [39, 21] to our setting. In [21] the
mixing time argument only succeeds when A < 2+/20 /(8k) and is also based on a union bound
over path of clauses that are unsatisfied or contain discrepancies after running a coupling process.

'In [31] the maximum degree A of ® is defined as the maximum over ¢ € C of the number of clauses that share a
variable with c¢. Under this definition of A, their result holds for A < C20-1742F /2,
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However, very importantly, these paths of clauses are simple (clauses are not repeated) and the
combinatorial structures appearing in the coupling process are less complex than the discrepancy
sequences of [31]. This allowed the authors of [24] to exploit the expansion properties of random
k-CNF formulae to analyse the coupling process of [39] on the random setting. Here we incorporate
novel ideas to the work of [24] in order to obtain a tighter analysis that leads to nearly linear running
time of our sampling algorithm.

8.2 Spectral independence in the k-SAT model

In this section we prove Lemma 14. In order to bound the sum of influences of marked variables,
we follow the coupling process technique that is standard in the literature [24, 39, 21]. In this work
we introduce the concept of auxiliary variables in the coupling process and exploit the sparsity
properties of logarithmic-sized sets of clauses, which allows us to conclude a 277°% logn spectral
independence bound. The key idea is that if we progressively extend two assignments X and Y on
auxiliary variables following the optimal coupling, with high probability over X and Y, at some
point the formulae X and & factorise in small connected components in spite of the presence of
bad variables and, on top of that, ®X and ®" share most of these connected components. Then
we can bound influences between marked variables by analysing the connected components where
®X and ®Y differ. First, let us introduce the notation and results on couplings that we need.

Let © and v be two distributions over the same space Q. A coupling 7 of p and v is a joint
distribution over Q x Q such that the projection of 7 on the first coordinate is p and the projection
on the second coordinate is v. Recall that the total variation distance of p and v is defined
by drv(u,v) = %erﬁm(x) — v(x)|. If a random variable X has distribution p, we also write
dry(X,v) to mean drv(p,v). An important property of couplings is the coupling lemma.

Proposition 37 (Coupling lemma). Let 7 be a coupling of p and v. Then drv (p,v) < Prxy)r (X #
Y’). Moreover, there exists a coupling that achieves equality.

The coupling 7 of p and v that minimises Pr(xy). (X # Y) is called optimal. Let us now
assume that g and v are Bernoulli distributions with parameters 0 < p < ¢ < 1 respectively, so
Pr,(X =1) = pand Pr, (Y = 1) = ¢. The monotone coupling 7 of y and v is defined as follows. We
pick U uniformly at random in [0, 1] and set X = 1 only when U < p and Y = 1 only when U < q.
For this coupling we have Pr(xy)..(X #Y) = ¢—p = dry(X,Y) and, hence, the monotone
coupling is optimal. This optimal coupling will come up in the coupling process when sampling
from the marginals of auxiliary variables.

Before presenting our coupling process, we show how we can bound a sum of influences between
marked variables with the help of the coupling lemma. In all this section we fix a k-CNF formula &
and a (7,79, ro, 2rg)-marking (Vim, Va, Ve) of ®. Given two assignments A; and Ay on disjoint sets of
variables, recall that we denote by A; U A the combined assignment on the union of their domains.

Proposition 38. Let u € Vi, and A: S — {F, T} with S C Vp,, \ {u}. Let (X,Y") be a coupling where
X follows the distribution pigavuntly, and Y follows the distribution pgavu-rly, . Then
Yoo Mu-sv)< ) Pr(X(v) #Y(v). (26)
VEVm \(SU{u}) vEV\(SU{u})

Proof. Let v € V. Then for any w € {F, T}, we have Pr(v — w|A,u — T) = Pr(X(v) = w) and
Pr(v — w|A,u — F) = Pr(Y (v) = w). Thus, by the coupling lemma,

|Z%(u = )| = [Pr(X(v) = T) = Pr(Y (v) = T)| = drv(X(v), Y (v)) < Pr(X(v) # Y (v)),
and the proof follows by adding over v € Vy, \ (S U {u}). O
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For two assignments X and Y on a subset of variables V', we say that X and Y have a discrepancy
at v € V when X (v) # Y (v). In [21] the authors manage to bound (26) by a constant that does not
depend on n when the considered formula has bounded degree. However, their argument breaks
under the presence of high-degree variables due to the fact that we cannot control the number of bad
clauses in a path of clauses unless the path has length at least Q(logn). Here instead we perform
the coupling process developed in [24] over auxiliary variables, which accounts for the presence of
bad clauses.

Before presenting our algorithm for the coupling process on auxiliary variables, let us describe
some of the notation and structures that are used in this algorithm. Let u € Vp, and A: S — {F, T}
with § C Vi \ {u}. We start with two assignments X and Y that have a discrepancy at u and
agree with A on S. In the coupling process we identify a set of failed clauses, denoted Fgq U Fy.
At each step of the process, we check if a clause is failed or extend the coupling to an auxiliary
variable. It is important in our arguments that all clauses containing a discrepancy are failed, and
that we make sure that the set of failed clauses is connected in G¢ at all times. In order to achieve
connectivity of failed clauses, at each step of the coupling process we only consider clauses that are
adjacent to failed clauses in Gg. For ease of reading, here we present a list of the structures that
appear in our algorithm.

1. V4. Set of discrepancies, i.e., variables v with X (v) # Y (v).
2. F4. Set of all clauses containing a variable in Vy. These are failed clauses.
3. Vset- Set of variables that are assigned a value in the coupling.

4. Fy. Set of clauses that have been considered by the coupling process, and are either bad, or
are unsatisfied by at least one of X and Y and have all their auxiliary variables in Vget. These
are failed clauses.

5. Crem- Set of clauses that have unassigned auxiliary variables or have not been explored yet.

Our coupling process on auxiliary variables is given in Algorithm 4.
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Algorithm 4 The coupling process on auxiliary variables

Input: A k-CNF formula ® = (V,C), an (7,79, ro, 2r9)-marking M = Vi, Va, Ve), u € Vi, and
A: S — {F, T} with § C VHIA\ {\u}
Output: a pair of assignments X, Y : Viey — {F, T} for some set of variables Ve such that:
o SU{u} CVset CSU{u} UV,,
o X and Y agree with A on S, )/f(u) =Tand Y(u) =F.
1: We fix two total orders <y, and <¢ over the variables and clauses of ®. These are only relevant
to have a pre-determined order in which clauses and variables are considered in this algorithm.

e e e e

18:
19:
20:
21:

Initialise X and Y as A, and set X (u) = T and Y (u) = F.
Viet ¢ SU{u}, Vq + {u}, Fq+ {ceC:uevar(c)}, Fu + 0, Crem + C.
while ¢ € Crem : var(c) N (Vq Uvar(Fy)) # 0 do

Let ¢ be smallest clause according to <¢ with var(c) N (Vq Uvar(Fy,)) # 0.
if ¢ is a bad clause then
Remove ¢ from Crern and add ¢ to Fy.
end if
if ¢ is a good clause and (var(c) N V,) \ Vset = 0 then
Remove ¢ from Cyen, (as all auxiliary variables in ¢ have been set).
if ¢ is unsatisfied by at least one of X and Y then
Add ¢ to Fy.
end if
end if
if ¢ is a good clause and (var(c) N V,) \ Vset Z 0 then
Let v be the smallest variable in (var(c) N V,) \ Vset (according to <y).
Extend X and Y to v by sampling from the optimal coupling between the marginal distri-
butions of p,% and pgy on v, and add v to Vset.
if X(v)# Y (v) then
Add v to V3. Add all clauses containing v to Fyq.
end if
end if

22: end while
23: return (X,Y).

First, we analyse the sets Vset, V4, Fd, Fu and Crem and prove the connectivity property of
Fq U Fy. In the rest of this section we fix the inputs of Algorithm 4 unless stated otherwise.

Proposition 39 (Properties of the coupling process). The coupling process in Algorithm 4 terminates
eventually and, at the end of the process, the sets Vset, V4, Fd, Fu and Crem present the following
properties:

1.

We have S U {u} C Veet € VaUSU{u}, Vg = {v € Vser : X(v) # Y (v)}, and Fy is the set of
clauses containing a variable in Vjq.

For all ¢ € F,, we have var(c) NV, C Vgt and c is unsatisfied by at least one of X and Y.

For all ¢ € Cyem, we have var(c) N (Vq U var(Fy)) = 0.

. For all c € CA\ (CremAu Fu), we have var(c) N (Vq U var(Fy)) # 0, var(c) NV, C Vset and ¢ is

satisfied by X and Y.

. The set Fq U F, is connected in Gg.
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Proof. Each iteration of the coupling procedure either removes a clause from Ciep, or samples the
values X (v) and }?(v) for an auxiliary variable v and adds v to Vet € V. AS Crem and V are finite,
the coupling terminates after a finite number of iterations. We prove the five properties in the
statement separately. First, we note that the sets Vset, V4, Fa, Fu never decrease in size during the
execution of Algorithm 4, whereas the set Cro never increases in size.

Property 1. Note that at the start of Algorithm 4 (line 3) this property holds. The result then
follows from the fact that the sets Vs, V4 and Fyq are only updated from line 15 to line 20 of
Algorithm 4, and these steps preserve Property 1.

Property 2. This follows from the facts that the set F is originally empty, it is only extended
in lines 7 and 12, and bad clauses do not contain auxiliary variables.

Property 3. This property follows from the fact that clauses that satisfy var(c)N(VgUvar(F,)) #
() at some point are eventually removed from Cen, in either line 7 (if they are bad) or in line 10 (if
they are good, once all the auxiliary variables of the clause are in V).

Property 4. If ¢ € C \ (Crem U Fu), then ¢ has been removed from Crep, in line 10 but it has not
been added to Fy in line 12, which proves this property.

Property 5. We note that at the start of the coupling process (line 3) F4q U F, is connected.
Let us analyse every line of the algorithm where the sets Fq and F, are enlarged. When it
comes to Fg, this occurs in line 19 if this line is executed. Let ¢ be the clause considered in that
iteration of the coupling process and let v be the variable of ¢ considered in line 16. We recall
that var(c) N (Vg U var(Fy)) # 0 and v € (var(c) N V,) \ Vset- In line 19 we add all to Fq all
the clauses containing v. Let C, be the set of such clauses. Since () # var(c) N (Vg U var(Fy)) C
var(c) N var(Fq U Fy) and ¢ € C,, we conclude that Fq U F, U C, is connected as we wanted.
When it comes to F, we add clauses in lines 7 and 12. In this case, we add a clause ¢ such that
var(c) N (Vg Uvar(Fy)) # 0, so Fq U F, U{c} is connected in Gg. O

We can now prove our main result concerning the structure of ®X and ®Y.

Lemma 40. Let X and Y be the assignments returned by Algorithm 4 and let Crem and Fy be as in
Proposmon 39. There are sets of clauses C; C Crem and Co, C3 C Fy, such that X — (V\ Vset, C1UC2)
and &% = (V \ Vset, C1 UC3), where the variables in Vst are removed from the clauses in Cy,Ca,Cs.

Proof. We determine the set of clauses that are unsatisfied by X or Y with the help of Proposi-
tion 39. We distinguish 3 disjoint cases:

o ¢ € Crem- Then var(c) NVyq = 0, so X Aand Y agree in all the variables in var(Crem) N Vset-

As a consequence, the restrictions of ®X and ®Y to Crem give rise to the same CNF formula.
Note that some of the clauses in C.er, might be satisfied by both X and Y, but they are never
satisfied by only one of the two assignments.

e ¢ € Fy. Then c is unsatisfied by at least one of X and Y and, thus, it appears in at least one
of ®X and ®Y. The clause c may contain a variable v € Vy.

¢ ¢ € C\(CremUFy). By Proposition 39, we have var(c)N(VaUvar(Fy)) # 0 and var(c)NV, C Vet
Since ¢ € Fy, it follows that c is satisfied by both X and Y and, thus, ¢ does not appear in
any of the formulae ®X and ®Y.

We conclude that we can write C)? =C1UCy and C? = C1UCs, where C; C Cyremn and Co,C3 C Fy
as we wanted. ]
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In order to further analyse the probability distribution of the output of Algorithm 4, we intro-
duce the following definition.

Definition 41 (run, R(®, M,u,A), TR(®, M, u, A), Veet(R), Va(R), Fu(R), Fa(R), Crem(R)). A
run of Algorithm 4 is a sequence of all the random choices (X (v),Y (v)) made in line 17 when
executing Algorithm 4. Let R(®, M,u,A) be the set of all possible runs of Algorithm 4 for
the inputs ®, M,u, A and let 7(®, M,u,A) be the probability distribution that Algorithm 4
yields on R(®, M,u,A). Each run R € R(®, M, u,A) determines the output (X,Y’) and the sets
Vset (R), Va(R), Fu(R), Fa(R), Crem(R) that are computed in Algorithm 4.

With the aim of applying Proposition 38, we extend the coupling ()? , 17) to all marked and
auxiliary variables.

Definition 42 (The coupling (X,Y)). Let R € R(®, M,u,A) and let ()?,}A/) be the correspond-
ing output of the run R. Let <y, be a total order on the variables of ® and let v; <y vo <y
.-+ <y v; be the variables in (Vi U V,) \ Vset- We extend the assignments )/(\',17: Veet = {F, T} to
V1,02, . .., v inductively (as follows) to obtain a coupling (X,Y’) such that X follows the distribu-
tion MQAUUHT\(VmUVa)\Vset and Y follows the distribution MQAUuHF’(VmUva)\Vset. Assume that X and
Y are defined on Vet U{v1,v2,...,v;-1} for j € {1,2,...,t}. Then we sample (X (v;),Y (v;)) from
the optimal/monotone coupling of the marginal distributions (on v;) of pox and pqy.
Remark 43. When R € R(®, M, u, A) follows the probability distribution 7 (®, M, u,A) (Defini-
tion 41), the pair of random assignments (X,Y") of Definition 42 is a coupling of the distributions
HOAUu—T ’VmUVa and HOAUu—F ’VmUVa’

In Lemma 44 we bound the probabilities Pr(X (v) # Y (v)|R) for any R € R(®, M, u,A) and
V€ (Vi UVa) \ Veet (R).

Lemma 44. Let R € R(®, M,u,A). Let (X,Y) be the coupling of Definition 42. Then for any
v € Vi UVa) \ Vet (R) we have Pr(X (v) # Y (v)|R) < 27Tok+1/k,

Proof. Let X and Y be the output of Algorithm 4 for the run R. Let vy, v9, ..., v be the variables
in (WVm UVa) \ Veet (R) in the order that they are considered in Definition 42. Let j € {1,2,...,t}
and let A', A”: Vst (R) U {v1,v2,...,vj-1} = {F, T} be two assignments such that A’|,, = X and
Ay, = Y. When X agrees with A’ and Y agrees with A”, the values X (vj) and Y (v;) are sampled
from the optimal/monotone coupling between the marginals on v; of the distributions jigs and
paar. Let us denote these marginals by vx and vy respectively. Thus, by the coupling lemma
(Proposition 37) and Proposition 10 (or Lemma 28) on the marginals of marked and auxiliary
variables, we have

Pr (X(Uj) 75 Y(Uj)|AI, A”) = dTv(Vx, Vy) = ‘PI‘(X(UJ') = T|A/) — PI‘(Y(U]‘) = T|A//)‘
< [Pr(X(vg) = TIA) = 1/2[ + [1/2 = Pr(Y (v)) = TIA)|

1
< exp <k2T0k> -1

Applying the inequality e* < 1+ 2z for z € (0,1), we find that Pr (X (v;) # Y (v;)|A/,A”) <
2770k+1 /k Thus, from the arbitrary choice of A/, A” and the law of total probability we conclude
that the bound Pr (X (vj) # Y (v;)|R) < 27"0%+1/k holds. O

Combining all the results presented up to this stage in the current section allows us relate the
sum Evevm\( SUfu}) ‘IA(u — v)‘ to the coupling process over auxiliary variables. In fact, we bound
this sum of influences between marked variables by the expected number of failed clauses in the
coupling process on auxiliary variables. Recall that here r = rg — 4.
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Lemma 45. There is an integer ko such that for any k > ko and any density o with o < 2(r0—0)k /K3
the following holds w.h.p. over the choice of the random k-CNF formula ® = ®(k,n, |an]). Let
(Vim, Va, Ve) be an (rg — 9,79, 10, 2r9)-marking of ®, and let u € V,, and A: S — {F, T} with
S C Vm \ {u}. Then for a random run R of the coupling process on the auxiliary variables
(Algorithm 4), we have

Y TN u ) <27FHEF(R))).
VEVm\(SU{u})

Proof. Let (X,Y) be the coupling in Definition 42 for a (random) run R ~ 7 (®, M,u,A) of
Algorithm 4. We are going to show that

Pr(X(v) =Y (W)|R) =1forallv eV := (Vi UVa) \ (Vset (R) U var(Fy(R))). (27)

Let X,Y: Vet (R) — {F, T} be the output of Algorithm 4 for the run R. By Lemma 40 we conclude
that we can write CX = C;UCq and CY = C;UC3, where C; C Crem(R) and Cz,C3 C Fy(R). Thus, the
variables in V' (see (27) for a definition of V') either appear in a clause in C; or they are not present
in any of the formulae ®X and ®¥". Moreover, by Proposition 39, we have var(c) N var(c’) = () for
all ¢ € Crem(R) and ¢ € Fy(R). We conclude that the distributions ,U,Q)?‘V and 'qu/|V agree —
both are the uniform distribution over the satisfying assignments of the CNF formula (V,C;). Let
v1, V2, ..., v be the variables in V' in the order they are considered in the definition of the coupling
(X,Y). By induction on j € {1,2,...,t}, the marginals on v; in Definition 42 are the same when
coupling X (v;) and Y (v;). Thus, we have X (vj) =Y (v;) for all j € {1,2,...,t}.

Since S U {u} C Vst (R) € S U {u} UV,, we have Vi, \ V = S U {u} U (Vi Nvar(Fy(R))). In
light of Lemma 44 and (27), we find that

> RE@AYEIR S Y PX) £ YIR) < 22 ar(F(R))]
vEVm \ (SU{u}) vEVmNvar(Fu(R))
From |var(Fy(R))| < k|Fu(R)| we conclude that
Y. Pr(X(v) #Y(v)|R) < 27MF(R)]. (28)
vEVI\(SU{u})

In the rest of this proof we are going to aggregate (28) over R € R(®, M, u, A) with the aim of
applying Proposition 38. Let (X,Y) be the coupling in Definition 42 for a (random) run R ~
TR(®, M, u, A) of Algorithm 4. We have

Y. PrX)#Y@)= ) >, Pr(R)Pr(X(v) #Y(v)|R)
vEV\(SU{u}) VEVm\(SU{u}) RER(P,M,u,A)
= Y PR ) Pr(X(v)#Y(v)|R)
ReR(®,M,u,A\) vEVm \(SU{u})

<27 N Pr(R)|Fu(R)|
RER(®,M,u,A)

=2 ME [ F(R)]).

Finally, we note that we can indeed apply Proposition 38 to the restriction of X and Y on V
as (X,Y) is a coupling of the distributions pgavu-tly, . and pgavu—rly, ), (Remark 43). This
finishes the proof. O
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In the remainder of this section we bound E [|F,(R)|], which would complete our proof of
Lemma 14 when combined with Lemma 45. In order to do this we exploit the fact that F,(R) U
Fa(R) is connected in G (Proposition 39), the local sparsity properties of random CNF formulae
and the properties of the marking (V,, Va,Ve). It is important that the bound on E[|F,(R)|]
is poly(k)logn in order to conclude fast mixing time of the p-uniform-block Glauber dynamics
when applying the spectral independence framework. First, we bound the probability that some
good clauses are failed in Algorithm 4. At first glance this seems to be a straightforward task
thanks to the fact that the marginals of marked and auxiliary variables are close to 1/2 (see
Proposition 10). However, for any good clauses ¢; and cg, the events that ¢; € F4q(R) U Fy(R) and
¢y € Fq(R)UFy(R) may not be independent; any value given to the variables in ¢; may affects the
marginals of the variables in ¢ and whether these variables are considered by the coupling process
or not. However, we show that, as long as ¢; and ¢y do not share good variables, these dependencies
are not very strong and we can indeed bound the probability that ¢1,co € Fq(R) U Fy(R) with a
careful probability argument that analyses the coupling process step by step, see Lemma 49. With
this in mind, we introduce the following definitions.

Definition 46 (Ri(®, M,u,A), A<;). For a positive integer ¢, we let Ry (®, M,u,A) be the set
containing for each R € R(®, M,u,A) a tuple with the first min{¢,length(R)} entries of the
sequence R. That is, Ry(®, M, u, A) is the set containing all possible sequences of the first ¢ choices
that Algorithm 4 makes in line 17. Note that if R € R(®, M, u, A) has length(R) < ¢, then R €
Ri(®, M, u, A). Each Ry € R¢(®, M, u, A) determines two partial assignments A’ and A” of marked
and auxiliary variables that correspond to the assignments X and Y after length(R;) iterations of
line 17 following R:. Let A<; be the o-algebra containing all the subsets of R:(®, M, u, A).

Intuitively, A<; contains all the possible events that may occur in the first ¢ iterations of line 17,
which is the only randomised operation in Algorithm 4. When bounding the probability that a
clause is failed, we will express this event in terms of events concerning the values that X and Y
take on its variables. This motivates Definition 47.

Definition 47 (D,(j)). We define the following events for variable v € V, and a random run R ~
TR(®, M, u,A) of Algorithm 4. Let D,(1) be the event that v € Veet(R) and X (v) # Y (v). Let
D,(2) be the event that v € Vet (R) and X (v) = F. Let D,(3) be the event that v € Viet(R) and
X(v) = T. Let Dy(4) be the event that v € Ve (R) and Y (v) = F. Let D,(5) be the event that
v € Veet(R) and Y (v) = T.

Finally, in order to study the events D, (j) for v € V we will have to reason about the first time
that a variable in V' is added to Vset(R), which motivates the following definition.

Definition 48 (7(V'), f(V)). For a set of auxiliary variables V', we let 7(V') be the random variable
that takes the value ¢ if the first time that a variable in V is added to Vgt (R) in Algorithm 4
is the ¢-th time line 17 is executed, and we denote by f(V') this variable. We set 7(V) = oo if
V N Vet (R) = 0, in which case f(V) is not defined.

We now have all the tools that we need to analyse the coupling process step by step.

Lemma 49. Let V C V, and let i, € {1,2,3,4,5} for each v € V. Let h(1) = 277k*1/k and
h(i) = @208 for i € {2,3,4,5}. Then, we have

Prperp (@ mun) (mve\/ Dv(iv)> < H h(iy).

veV
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Proof. We are going to prove, for any positive integer ¢t and A € A<,
Pr (ﬂvev Dy(iy)| A, 7(V) = t) < [ niv)- (29)

veV
The lemma will then follow from the arbitrary choice of A and t and the law of total probability.
We carry out the proof of (29) by induction on M = |V|. Equation (29) holds when V' is empty.
Let us assume that (29) holds when |V| < M. Let V be a set of auxiliary variables with M = |V|
and indexes i, for all v € V, let t be a positive integer and let A € A<;. To simplify the notation,
for each w € V' we define Ay(w,V) = AN[r(V)=t]N[f(V) =w|. Then, we have

Pr(ﬂvev w(iv)| A, 7( ) S O Pr(f(V) = w|A, (V) =t) - Pr(Dy(iw)| Ae(w, V)

wev . (ﬂvev\{w} D, (iy)| Au(w, V),Dw(iw)) .

We note that 7(V '\ {w}) > t when conditioning on 7(V) = ¢ and f(V) = w. Let A’ = A¢(w, V)N
Dy (iy). We have

Pr (ﬂvev\{w} Dy (iy)

A’) = Y Pr(r(V\ {w}) = j| &)

j=t+1
Pr <ﬂvev\{w} Dy(in)| A, 7(V\ {w}) = j> :

By our induction hypothesis for V'\ {w}, the condition 7(V \ {w}) = j and the event A’ € A<;,
we find that

Pr(ﬂ Vv DU(Zv) A/) = Z ( (V\{w} _]‘AI H hlv)g H th
ve \{w} J=t+1 UEV\{U)} UGV\{U}}

As a consequence, we obtain

Pr (ﬂvev Dy (iy)| A, 7(V) = t) <Y Pr(f(V) =w]A, (V) =t) - Pr(Duli)| A(w, V)

veV\{w}

We are going to show that Pr(D,,(iy)|A:(w,V)) < h(iy). Once we have proved this, the proof of
(29) is completed by noting that ), ., Pr(f(V) =w[A,7(V) =1t) = 1.

Let us now bound Pr(Dy,(iy)|A¢(w,V)). Recall here that A;(w,V) implies the event w €
Vset (R). Recall also that At(w, V) € A<y, see Definition 46. For each R; € Ay(w, V) C Ry(®, M, u, A),
we are going to apply Proposition 10 and the fact that X (w) and }A/(w) follow the optimal coupling
between two marginal distributions on v of the form g and pgar for some assignments A’, A”
on some marked and auxiliary variables that are determined by R;. Here it is important for ap-
plying Proposition 10 that the event A¢(w, V') is in A<y, so every partial run R, € Ay(w, V') only
gives information about what has happened in Algorithm 4 before w is added to Vset(R). Thus,
aggregating over all possible runs R; € Ay(w, V'), we find that

~ ~ 1 1
maX{Pr (X(w) = F‘ At(w,V)> ,Pr (X(w) = T‘ A (w, V))} < ieXp <1k2rok> (30)
< e (E)’
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where the probability is over the random run R ~ 7 (®, M, u, A). The bound (30) also applies with
Y instead of X. In particular, we conclude that Pr(Dy(j)|A:(w,V)) < exp(1/k)/2 = h(j) for all
j €{2,3,4,5}. Moreover, using the definition of optimal coupling for two Bernoulli distributions,
the probability that X (w) # Y (w) can be bounded as

Pr (X'(w) ” ?(w)( Ay(w, V)) - ’Pr (X'(w) - T’ Ay(w, V)) —Pr (?(w) - T‘ Ay(w, V)) ]
< ‘Pr ()?(w) - T} Ay(w, V)) - 1/2‘ n ‘1/2 —Pr (?(w) - T‘ At(w,V))‘

1
§exp <k27’0k> -1

Hence, applying the bound e* < 1+ 2z for z € (0,1) and the definition of the event D, (1), we
have Pr(D,, (1)[A¢(w,V)) < 2/(k27F) = h(1). This finishes the proof of (29). From the arbitrary

choice of A and t and the law of total probability, the statement follows. O
We can now bound the probability that some good clauses are failed with the help of Lemma 49.

Lemma 50. Let ®,u, A be the input of Algorithm 4. Let c1,...,¢¢ € Cgooa such that the variable
u does not appear in any of the clauses in ¢i,...,cp, and var(c;) N var(c;) N Vgooda = @ for all
1 <i<j <{ Then, for R ~ 75(®, M, u,A), we have Pr(cy,...,co € Fa(R)UF(R)) < 2(-rok+4),

Proof. Let ci,...,cs be some good clauses of ® as in the statement. The hypothesis that v does
not appear in any of these clauses is necessary as if u € var(c) then ¢ € F4(R) by definition. We
consider a random run R ~ 7g(®, M, u, A) of Algorithm 4 and let X , Y be the (random) output of
Algorithm 4 for the run R. For j € {1,2,...,/4}, let F;(1) be the event that there is v € var(c;) NV,
such that v € Veet(R) and X (v) # Y (v), let F;(2) be the event that var(c;) NV, € Veet(R) and ¢;
is unsatisfied by X, and let F;(3) be the event that var(c;) N Va C Vet (R) and ¢; is unsatisfied by
Y. In light of Proposition 39, we have [c1, ..., ¢, € Fa(R) U Fu(R)] = ﬂle(Fj(l) U F}(2) U Fj(3)).
We obtain

¢ £ .
P (L (EOUE@UEG)) < oy (N m@). ey

We note that Fj;(1) = Uvevar(cj)mva D, (1), see Definition 47. Let (iy,do,...,1¢) € {1,2,3}, and let
L ={j:ij=1}, b ={j:i; =2} and I3 = {j : i; = 3}. If the event ;. F}(i;) holds, then, for
each j € Iy there is a variable u; € var(c;) NV, such that D, (1) holds. Thus, for the set of tuples
T = [l ey, (var(cj) NVa), where [ here denotes the cartesian product of sets, we have

NEGH= U M Du, (1). (32)

jel (ul,ug,...,qu‘)ETjEIl

Now we explain how we bound Pr ((ﬂj€I2U13 Fj(ij)> N (mjeh Dy, (1))) for a tuple (u1,ug,...,up)) €
T. We are going to show that

ex (k—3)ro|I2UI3| [11]
P (M, 500) 71 (N, o)) = (2209) O

The proof of (33) is not as straightforward as it may seem at first glance due to the dependencies
among the events F;(i;), Dy, (1). The key idea is re-writing the LHS of (33) as in the statement of
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Lemma 49. Indeed we note that for each j € I and for each variable v € var(c;)NV,, the event F;(2)
implies that there is i, € {2,3} such that D, (i,) holds, concluding F}(2) = m’UEVar(C]‘)nVa Dy (i),
see Definition 47. Analogously, for each j € I3 and for each variable v € var(cj) N V,, we find
iy € {4,5} such that F};(3) = ﬂvaar(cj)mva Dy (iy). Therefore, we have

<ﬂjelgu13 FJ(ZJ)) n (ﬂjell Duj(1)> = m Dy (i), (34)
veVy

where V; contains exactly all the auxiliary variables in the clauses ¢; with j € I3 U I3 and the
variables uy, ug,...,ur,|. Recall now that each good clause contains at least ro(k — 3) auxiliary
variables, and, thus, the bound given in (33) follows from (34) and Lemma 49. Combining (33),
(32) and (31), and counting the number of tuples in T', we conclude that

Pr <ﬂj:1(Fj(1)UFj(Q)UFj(?)))) < Z Ll <exp(21/k;)>(k3)rolgulg| (k22m>lh|

(i1,82,.,0¢) €{1,2,3}

02370 [I2UI3] 9 \ Ml
< ¥ (=) (&)

(i1,i2,..,i¢)€{1,2,3}
€230 230 9 \*
= < 2kT0 + 2]€T0 + 27‘0k> ’

where we used the multinomial theorem. The result now follows from 2e2370 + 2 < 24, ]

Following [24] and motivated by Lemma 50, we introduce the combinatorial structure that we
use in our proof of Lemma 14 to bound the expected number of failed clauses.

Definition 51 (G=F, D3(Gg,c,¥)). For a graph G = (V, E) and a positive integer k, let G=F be
the graph with vertex set V in which vertices v and v are connected if and only if there is a path

from u to v in G of length at most k. Given the graph Gg, a clause ¢ and a positive integer ¢, let
Ds3(Gg,c,l) be the set of subsets T C V(Gg) such that the following holds:

1. |T|=¢and c e T;

2. for any c1,co € T, var(ci) Nvar(c2) N Veood = 0;

3. the graph G;g[T], which is the subgraph of Gf’ induced by T, is connected;
4. we have |T' N Cypoq| > (1 —8/k)L.

In [24] the authors consider connected sets in G§4 instead of G(%?’. Here we manage to perform
our union bound on D3(Gy, ¢, £) thanks to the fact that the set of failed clauses is connected in our
refinement of the coupling process.

Lemma 52 ([24, Corollary 8.19] for G=?). Let G = (V, E) be a connected graph, let v € V and let
¢ be a positive integer. Let ng¢(v) denote the number of connected induced subgraphs of G' with
size £ containing v. Then, for £/ = min{3¢, [V[}, we have ng<s 4(v) < 2"ng.e (v).

Proof. Let T be a connected subgraph of G=? with size ¢ containing v. We claim that, for all
positive ¢, we can find a connected subset H of G with size ¢/ = min{3¢, |V|} containing 7. The
proof is straightforward by induction on ¢, see [24, Lemma 8.18] for the analogous result on G=%.
We note that there are at most (/Zl) < 2% subsets T of H containing v that could be mapped to H

by the previous construction. Hence, we conclude that nGggyz(v) < 2€/nG,g/ (v) as we wanted. O
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Lemma 53 ([24, Lemma 7.9] for D3(Go,c,?)). Let £ be an integer which is at least logn. W.h.p.
over the choice of @, every clause ¢ € Cgo0q has the property that the size of D3(Go,c,?) is at most
(18Kk2ar)3".

Proof. This follows from bounding the number of connected sets of size ¢ in Gg?’ that contain ¢ by
combining Lemmas 34 and 52. 0

We have now all the tools that we need to bound the expected number of failed clauses in the
coupling process given in Algorithm 4 and complete the proof of Lemma 14.

Lemma 14. There is an integer kg > 3 such that for any integer k > k¢ and any density «
with a < 279%/3/k3 the following holds. W.h.p. over the choice of the random k-CNF formula
® = ®(k,n, lan]), for any (ro — 6,70, 70, 210 )-marking (Y, Va, Ve) of @, the distribution pgqly, is
(2= (r0=9)k Jog n)-spectrally independent.

Proof. Let u € Vo and A: S — {F, T} with S C Vp,, \ {u}. First of all, we apply Lemma 45 to bound
2 0eV\(SULu}) |Z*(u — v)| by 27K HIE [|Fy(R)|], where R ~ 7r(®, M, u,A). In the rest of this
proof we show that Pr(|F,(R)| > 2k*logn) < O(1/n) and, thus, for large enough n, E [|Fy(R)|] =
2 ReR(@ Mu,p) PT(R)[Fu(R)] < 4k*logn. Putting all this together, and using the fact that 8k*
29 for large enough & (here § = 0.00001) we would obtain the bound D veVin\(SULu}) ’IA(U — v)}
8- 2770kt ogn < 27("0=9k g n and, thus, the result would follow.

So to finish we just need to show that, w.h.p. over the choice of ®, Pr(|F,(R)| > 2k*logn) <
O(1/n). Let L = [2k*logn] and let ¢ = [0.5k*logn]. First, we are going to show that, w.h.p.
over the choice of ®, the following holds:

<
<

if Z C C is connected and |Z| = L, then 3¢ € Z N Cypoq and T' € D3(Gp,c,l) with T C Z.  (35)

In order to prove (35), we are going to find a large independent set of Z N Cgo0d, and we are going
to extend it with some clauses in Z N Cpaq to obtain T € D3(Gy, ¢, f). We need three results that
hold w.h.p. over the choice of ®: Lemmas 20, 32 and 31. We note that we can apply Lemma 20 for
r = 19— 0 as our density satisfies o < 270F/3 /3 < [2(r0=0k] /13 — A /K3, where § = 0.00001. For Z
as in (35) we have |Z| > 2k*logn, so by Lemma 32 with a = 2k*, we find that |var(Z)| > 2k*logn
and, thus, in light of Lemma 20, we conclude that |ZNCgo0d| > (1 —1/k)|Z| and |ZNChaa| < |Z]/E.
From Lemma 31 with b = 4k*, w.h.p. over the choice of ®, all connected sets of clauses with
size at most 4k*logn have tree-excess at most ¢t := max{1,8k*log(ek?a)}. Thus, we can find
U C Z N Cgypoa such that U is a forest (disjoint union of trees) and |U| > (1 — 1/k)|Z| —t. In
particular, U is bipartite, so there is I C U such that var(c) N var(c¢’) = 0 for all ¢,¢’ € T and
[I| > |U]/2 > (1 —1/k)L/2 —t/2 > 2k*logn, where the last inequality holds for large enough n.
Let I’ be an independent set of Z N Cypoq with the largest possible size. Then we have shown that
[I'| > ¢ = [1k*logn].

We claim that the set 77 := I’ U (Z N Cpaq) is connected in (G[Z])=3, where Gg[Z] is the
subgraph of G induced by Z. Assume for contradiction that T is not connected in (Go[Z])<3. In
this case, we can write 7" = S7 U Sy such that for all ¢; € S and ¢y € Sy, the shortest path between
¢1 and cg through clauses in Z has length at least 4. Let (c¢1,c2) € S1 X S be the pair with the
shortest path in Z, and let this path be ¢; = ey, e2,...,ej = cp. Thenj > 5andes,...,ej_1 € Z\T".
Moreover, we find that var(ez) N var(c) = @ for all ¢ € T" as otherwise ey, e2,...,e; would not be
the shortest path between S; and S3. Moreover, since T” contain all bad clauses in Z, we conclude
that eg is a good clause. It follows that I’ U {e3} is an independent set of good clauses of Z, which
contradicts the fact that I’ has largest possible size among such sets.
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Finally, as |T'| > ¢, we can find a good clause ¢ and a subset T of 7" with size ¢ such that ¢ € T,
T is connected in G%s and |[T'NCrad| < |ZNChad| < L/k < 8¢/k. We conclude that T € D3(Gg, ¢, £).
This finishes the proof of (35).

In the rest of the proof we use (35) to bound Pr(|Fy(R)| > L). Recall that the set of failed clauses
Fa(R) U Fy(R) is connected (Proposition 39). If |F,(R)| > L, then there is Z C F4(R) U Fu(R)
with |Z] = L such that Z is connected in Gg, and, thus, we can find ¢ and T as in (35). We
have shown that the event |F,(R)| > L is contained in the event that there is a good clause ¢ and
T € D3(P,c,{) such that T C F4(R) U Fu(R). As a consequence, we have

Pr(|Fu(R)| > L] <> > Pr[T C Fa(R)UFu(R)]
ceC TeD3(P,c,0)

<> Y Pr[T'NCgoa € Fa(R)U Fu(R)].
c€C TED3(P,c,b)

We note that for any T' € D3(®, ¢, £) there is at most one good clause ¢’ that contains the marked
variable u. Thus, by definition of D3(®,c, ), there are at least (1 — 8/k)¢ — 1 good clauses in T
that do not contain the variable u. Hence, we can apply Lemma 53 on the size of D3(®, ¢, ¢) and
Lemma 50 on the probability of good clauses (that do not share good variables) failing to further
obtain

Pr[|Fu(R)| > L] < m (18k%a)* 2~ (rok=4[(1-8/k)t-1],

In what follows it is essential that o < 270k/3 /K3, and this is the only proof in this paper where we
need this bound on the density — other proofs only require the less restrictive bounds a < 2(ro—9)k /K3
or o < 2039k /3 Thus, we conclude that

orok/3

3¢ 3 ¢
) o (rok—4)(1-8/k)C grok—4 _ <1:328r0+4(1—8/k)> orok—4

Pr[|Fu(R)| > L] <m (18

Finally, for large enough k we find that Pr [|Fy(R)| > L] < me 270k < mn=05k"2r0k — O(1/n) as
we wanted. O

8.3 Mixing time of the p-uniform-block Glauber dynamics

Finally, we combine the results in this section with Lemma 13 to complete the proof of Lemma 15.

Remark 54. The distribution jgql,, on assignments of the marked variables (Definition 11) is b-
marginally bounded for b = 1 — (1/2)exp(1/k) by Proposition 10 (or, equivalently, Lemmas 26
and 28). Since exp(1/k) <1+ 2/k, we have b > 1/2—1/k > 1/e for k > 8.

Lemma 15. There is a function ko(6) = ©(log(1/60)) such that, for any 6 € (0, 1), for any integer
k > ko(6) and any density a with o < 29039 the following holds. W.h.p. over the choice of the
random k-CNF formula ® = ®(k, n, |an|), for any (ro— 9, ro, o, 2ro)-marking (Vi Va, Ve) of ® and
for p = [27%=1V,|], the p-uniform-block Glauber dynamics for updating the marked variables has
mixing time Thix(p,€/2) < T := [22+3nf log 22].

Proof. In view of Lemma 14, as a < 20039 < 2T0k/3//€3 for large enough k, w.h.p. over the choice
of ®, the distribution pugly, is n-spectrally independent for n = 2= (10=0)k Joen. Moreover, this
distribution is b-marginally bounded for b = 1/e when k£ > 8. We are going to apply Lemma 13
with V' = Vi, = paly_, M = [Vu| and £ = 27k=1 First, we check that the hypothesis
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M > 2(4n/b*> 4+ 1) of Lemma 13 holds. By Corollary 30 with 7 = rg — § and V' = V,, we have
M > (rg — 8)(ka/Ap)n = Q(n), so M > 2(4n/b* + 1) holds for large enough n as 2(4n/b? + 1) =
O(logn). Hence, we can apply Lemma 13 to obtain

M 1 2
Toix(pre/2) < |G, 25 (Tog1 log =) |,
(p,e/2) [ " (Og ogumer ogezﬂ
where p = [kM] and C, = (2/&)4"/1’2“. We have

4 log 2)(logn)(k + 2)4e?
C, = exp <(log2)(k+2)(bg+1)> §2k+2exp<< & )(250_)§)k ) )

so there exists a function ko() = ©(log(1/6)) such that when k > ko(6), we have C, < 28+2p?. In
light of Remark 54, we have jimin > o™, so loglog(1/tmin) < log(M log(1/b)) =log M as b = 1/e.
Thus, we conclude that

2 2
Tix(p,e/2) < {2%*'3719 <logM + log 2>-‘ < [22’”3719 log Z-‘ . O
€ €

9 Proof of Theorem 1

In this section we complete the proof of Theorem 1. The proofs in this section do not present any
challenging steps. In fact, they amount to combining the main technical results that have already
been proved in this work. We start by showing that the calls to the method Sample in Algorithm 1
are unlikely to ever return error, that is, the connected components of Gga have size at most
2k%(1 4 &) log(n) almost every time the method is called. As pointed out in our proof outline, this
is a straightforward consequence of Lemma 17 and the fact that the probability distribution of the
output of the Glauber dynamics is (1/k)-uniform (Corollary 29).

Lemma 55. Let 6 € (0,1). There is an integer kg > 3 such that, for any integers k > ko, £ > 1
and any density a < 20039k /3 the following holds w.h.p. over the choice of ® = ®(k, n, |an]).
In the execution of Algorithm 1 with input ®, with probability at least 1 — n ™3¢ over the random
choices made by Algorithm 1, every time that the algorithm calls the method Sample(@A, S), the
connected components of Gga have size at most 2k*(1 + £) log(n).

Proof. Let ¢ = n~¢ and let T = [2273nf log g—’ﬂ be the mixing time established in Lemma 15.
Note that a < 2(0=30k /i3 < 9(ro=0)k /-3 " 56 we an indeed compute the marking (Vi, Va, Ve) in
Algorithm 1 with the help of Lemma 26. We need o < 2(ro—308)k /k3 so that we can apply Lemma 17
with r = rg — §. Algorithm 1 calls the method Sample exactly T + 1 times in total: T times in
line 7 (when simulating the p-uniform-block Glauber dynamics) and one time in line 10 to extend
the assignment X7 of marked variables to all variables.

Let t € {0,1,...,T} and let m; be the probability distribution of X;, where X; is the state of
the p-block-uniform Glauber dynamics on the marked variables described in Algorithm 1 after ¢
steps. Recall that p = [27%71|V,,|] and that X is chosen uniformly at random. First, we focus on
the case t < T. We are going to apply Lemma 17 with 7 = 79 — §, a = 2k*, b =2a(1+ &), V = Vy,
w = m and this choice of p. The set Vy, is ro-distributed by the definition of (rg — d,ro, 70, 2r0)-
marking (Definition 8). Moreover, 7; is (1/k)-uniform by Corollary 29, and we have p < [V |/2F.
Hence, we can indeed apply Lemma 17. Consider the following experiment described in Lemma 17
for L = [a(1 4 &) logn], which satisfies alogn < L < blogn. First, draw S C V,, from the uniform

44



distribution 7 over subsets of V,, with size p. Then, sample an assignment Ay from thvm\ g, the
marginal of 7, on V;,, \ S. Denote by F the event that that there is a connected set of clauses Y of
® with |Y| > L such that all clauses in Y are unsatisfied by A;y;. Then we have

Prg.. (PrAmva L)< 2—5“) >1 - 27%kL, (36)

Alternatively, this experiment is the same as first sampling an assignment X; of all variables in Vp,
from 7y, and then restricting the assignment to a random set S ~ 7, obtaining Ay41. Note that this
exact experiment occurs before calling the method Sample in the ¢-th step of the p-uniform-block
Glauber dynamics in Algorithm 1. Thus, in light of (36), the probability that in step ¢ + 1 of
the execution of Algorithm 1 the graph Gga,,, has a connected component with size at least L is
at most 279FL 4 279kL where the first 27°%L comes from the probability of choosing a wrong set
S ~ 7 in (36) and the second 279X comes from the bound on the probability of the event F once
we have chosen S. We have shown that with probability at least 1 — 2-27%ZL  all the connected
components of the graph Gga, appearing in step ¢ + 1 of the execution of Algorithm 1 have size
less than L. We have 2-27%L < 9.p=0ka(148)log2 < 1, =5¢ for large enough k, so the probability that
Sample returns error at step t + 1 is at most n~°¢. The case t = T is analogous, the only difference
here is that we call Sample on ®X7, where X7 ~ 77 is an assignment of all marked variables, so
we apply Lemma 17 with p = 0 instead of p = [27*=1|V,[].

Finally, we carry out a union bound over ¢ € {0,1,...,T}, so the probability that any of the
calls to Sample returns error is at most (T'+1)n~%¢ < n=3¢ for large enough n as T = O(n’logn) =
O(nlogn). O

Once we have established Lemmas 15, 19, and 55, the proof of Theorem 1 follows as below.

Theorem 1. For any real § € (0, 1), there is kg > 3 with kg = O(log(1/0)) such that, for any integers
k > ko and £ > 1, and for any positive real a < 20-039%  the following holds.

There is an efficient algorithm to sample from the satisfying assignments of a random k-CNF
formula ® = ®(k,n, |an|) within n~¢ total variation distance of the uniform distribution. The
algorithm runs in time O(n'*?), and succeeds w.h.p. over the choice of ®.

Proof. Let ko(0) = ©(log(1/0)) be large enough so that, for all integers k > ko(f), £ > 1 and all
densities v < 20-039°% the conclusions of Lemmas 26, 15, 19, and 55 hold w.h.p. over the choice of the
random k-CNF formula ® = ®(k, n, [an|). These lemmas are enough to analyse Algorithm 1 and
tackle this proof. We analyse the distribution fi,4 of the output of Algorithm 1. This distribution
outputs either a satisfying assignment of the input formula ® or error. Let ¢ = n~¢. Let & be the
event that running Algorithm 1 outputs error. This happens with probability at most £/4 when
computing the marking (Wi, Va, Ve) in line 2 of the algorithm, and in lines 7 and 10 if the method
Sample(i), S) returns error, which occurs when G4 has a connected component with size more than
2k*(1 + &) log(n). In view of Lemma 55, the probability that Algorithm 1 outputs error due to
the failure of the method Sample is at most n ™3¢ = 3. We conclude that the probability that
the algorithm outputs error is bounded above by /4 + e <e /2 . Let pgGiauper be the distribution
that Algorithm 1 would output if there were no errors (that is, the distribution assuming that the
method Sample always outputs from the appropriate distribution). Then dTv(,ualg, UGlauber) 1S the
probability that an error occurs, which is at most €/2. Let mgiqauper be the distribution output by
the p-uniform-block Glauber dynamics on V,, after T steps. By Lemma 15 on the mixing time of
the Glauber dynamics, we have drv(7giauber; Holy, ) < €/2. AS [iGlauber comes from sampling an
assignment X7 from mgauper and then completing X7 to all V by sampling from puq(-|X7), we have

drv (BGiauber, 10) < dTv(TGlaubers foly, ) < €/2. We find that drv (taig, pe) < drv(falg, KGlauber) T
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drv(UGiauber, 1) < €/2 4+ ¢/2 = ¢ as we wanted. The running time of Algorithm 1 is now easily
obtained by adding up the running times of the following subroutines. The good clauses and good
variables are computed in time O(n + km) = O(n), see Proposition 7. The marking (Vm, Va, Ve) is
computed with probability at least 1 —&/4 in time O(nA,k?log(4/¢)) = O(nlogn), see Lemma 26.
Recall that there are T+ 1 = O(n? log(n/e?)) = O(nflogn) calls to the method Sample(®’, S), and
each call takes time O(|S|logn) = O(nlogn) by Lemma 19. We conclude that the running time of
Algorithm 1 is O(n'*%1og(n)?). The result now follows by choosing k; = kg(6/2), so the running
time for k > k; is O(n'*%/2log(n)?) = O(n'*9). O

We have now proved that it is possible to (approximately) sample uniformly at random from
the satisfying assignments of ® = ®(k, n, [an|). At this point, standard techniques can be applied
to obtain a randomised approximation scheme for counting the satisfying assignments of ®. These
techniques are based on the self-reducibility of k-SAT [33]. The following remark shows how to
obtain a randomised approximation scheme that runs in time O(n?(n/¢)?) following [21, Chapter
7], where the authors base their counting algorithm on the simulated annealing method [47, 30, 35].

Remark 56 (Approximate counting for random k-SAT formulae). Let ko(6) be the integer depending
on # € (0,1) obtained in Theorem 1. Let k1 = ko(6/2), let k > k1 be an integer, let £ be a positive
integer and let o < 20939% be a density. We apply Theorem 1 to obtain an algorithm to sample
from the satisfying assignments of ® = ®(k,n, |an|) within n=% total variation distance from the
uniform distribution. This algorithm runs in time O(n'*%/2) and succeeds w.h.p. over the choice
of .

Let € € (0,1) with £ > n~¢. A modified version of the approximate counting algorithm of [21,
Section 7], using O(¢2nlog(n/e)) samples from the sampling algorithm above, approximates the
number of satisfying assignments of the k-CNF formula ¢ with multiplicative error &, thus, achieving
running time O(n?(n/e)?log(n/e)) = O(n’(n/e)?). Here we describe these minor modifications.

Let Qpaq be the set of assignments X:V — {F, T} that satisfy the bad clauses of ®. For
X € Qpag, we define F(X) to be the set of good clauses that are not satisfied by X. For k € R, we
define wy(X) = exp(—«[F(X)[) and we define the partition function Z(r) = > xcq, , wx(X). The
simulated annealing algorithm of [21, Section 7] uses Z(x) (with Q* from Definition 9 in place of
Qpad) to approximate the number of satisfying assignments of . We note that Z(0) = |Qpaq|, which
can be computed in linear time in n using the exact counting algorithm given in Proposition 36.
Here one has to use the fact that the connected components of Gg/ for the formula ® = (V, Cpaq)
have size at most 2k*logn, see Lemma 69 from Appendix A and Lemma 32, and the fact that
these connected component have tree-excess upper bounded as a function of k£ (Lemma 31). Once
one has performed these modifications, the algorithm given in [21, Section 7] applies without any
difficulties.

10  Proof of Theorems 3 and 5

In this section we exploit Lemma 17 to prove Theorems 3 and 5 on the connectivity and looseness of
the solution space of random k-CNF formulae. We recall that the density threshold in Theorems 3
and 5 is a < 29227k significantly larger than our algorithmic threshold in Theorem 1, which is
a < 20039 Tn order to conclude connectivity for densities up to 20-227% we let r = 0.227092 and
consider the threshold A, = [27¥] for r = 71 — § in the definition of high-degree variables instead of
A5 = [2(”)_6)]“1. In all this section we set r = r; — §, so we omit r in the notation and we write
Veood instead of Vyood(r). We work with an (r,71,0,r1)-marking (V,?,V.) (the set of auxiliary
variables is empty), which we can find w.h.p. over the choice of ® = ®(k,n, |an]|) as in Lemma 27.
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Let us briefly recall some of the properties of this marking. First of all, by definition, the set V,
is 71-distributed and is a subset of Vjooq. Moreover, the distribution pqly, is (1/k)-uniform by
Lemma 28. In light of Lemma 17 for r = r; — §, these properties allow us to show that, when
sampling A ~ pqly, , the connected components of PN are logarithmic in size with probability
1 — o(1) over the choice A ~ pqly, . In fact, this is also the case when A ~ pugly, \y,y for any
variable v.

Corollary 57. There is an integer ky > 3 such that, for any integer k > kg, any density a < a 1=
2(nm=39)k "the following holds w.h.p. over the choice of ® = ®(k,n, [an]).

Let V' be a set of good variables of ® that is r1-distributed, let 1 be a (1/k)-uniform distribution
over the assignments V' — {F, T} and let v € V. Then, with probability at least 1 — n~* over the
choice A ~ u|V\ (v} the connected components of ®* have size at most 2k* log n.

Proof. The result is an application of Lemma 17 with » = r; — 6, b = 4k* p = 1 and L =
[2k*logn]. We need large enough kg such that 2—0kL < 902k logn < nF for all k¥ > ky. For
these parameters, in the setting of Lemma 17, the distribution 7 is the uniform distribution over
the variables in V. The experiment in the statement of Lemma 17 consists in sampling v ~ 7
and then sampling A ~ M|V\ (v} Let F, be the event, concerning the choice A ~ u]v\ (o} that

there is a connected set of clauses Y of ® with |Y| > [2k*logn] such that all clauses in Y are

unsatisfied by A. Then by Lemma 17 we have Pr,, (PrANmV\{U} (Fy) < 2—5kL> > 1-2-%L_ Fyom
279kL < n=k we obtain the bound Pry., (PTANM\V\{U} (Fy) < 2—5kL> > 1 —n—*. Since 7 is the
uniform distribution over the variables in V, for v ~ 7, either the event that PTAN#\V\{U} (Fp) <

279kL has probability 1 or it has probability at most 1 —1/|V| < 1 — 1/n. The latter option is not
possible due to Pry., (PFANM\V\{U} (Fo) < 2*5“) >1—n"%and k > 3. Thus, we conclude that

Pryr (PTANM\V\{U} (Fy) < 2*5“) =1, so for any v € V we have PrANM\V\{U} (Fp) < 279FL < =k,
That is, for any v € V, with probability at least 1—n~" over the choice of A ~ ,u\v\ {0} the connected

components of ®* have size at most L — 1 = [2k*logn] — 1 < 2k*logn as we wanted to prove. [J

Our connectivity and looseness results will follow from Corollary 57. In Section 10.1 we prove
Theorem 3 and in Section 10.2 we prove Theorem 5.

10.1 Proof of Theorem 3

We consider Algorithm 5 that receives two satisfying assignments of a k-CNF formula ® as the input
and constructs a path between them. Before introducing this algorithm, recall that the graph Hg
is the dependency graph of the variables of ® introduced in Definition 18.
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Algorithm 5 Finding a (poly(k) logn)-path between two satisfying assignments
Input: a k-CNF formula ® = (V,C) with n variables, an (r, 71,0, r1)-marking (Vy,, 0, V.) of ®, and
two satisfying assignments o, o’.

1: Let vi,vo,...,vy be the variables in Vy,.
2: (p <« o.
/* Stage 1: Update the marked variables */

3: for ¢ € [¢] do
. . . . Ul(vj)a ] < Zv
4:  Find ¢; € Q with marked variables specified by ¢;(v;) = T
o(vj), Jj>1;
such that ||¢; — ¢;—1]|1 is minimised.

5: end for
6: &0 =

/* Stage 2: Update the rest of variables */
7. Let 7" = 0’|y, and suppose that Hg. has connected components &1, &, ..., &.

8: for ¢ € [t] do
o'(v), ve (VUL &)U (Uimi &)

9:  Let & € 2 be defined as & (v) = { .
G(v), velUj_i1 &5

10: end for
11: return Thepatho =y < - < (=&« - & =0,

To prove Theorem 3, it suffices to show that the output of Algorithm 5 is with high probability
a D-path in the solution space for D = 2k°logn for the inputs o ~ uqo and o’ ~ pg. We will
not actually require o ~ pgo and o’ ~ ug in the proof; instead we will just use the fact that the
restrictions of o and ¢’ on Vy, follow a (1/k)-uniform distribution as guaranteed by Lemma 28, see
the proof of Lemma 59 for details.

We need the following two lemmas to establish Theorem 3. The first lemma (Lemma 58) shows
that all the truth assignments (;, & in the algorithm exist and satisfy the formula (i.e. the algorithm
is well-defined), implying our constructed path is indeed a valid path comprising only satisfying
assignments. The second lemma (Lemma 59) shows that w.h.p., two adjacent assignments differ
by at most 2k’ logn variables. This result is an application of Corollary 57.

Lemma 58. For any k-CNF formula ® with n variables, any (r,71,0,71)-marking (Vi,, 0, V.) of @,
and any two satisfying assignments o, o/, Algorithm 5 on these inputs is well-defined in the following
sense:

1. It is always possible to implement Line 4 such that (; € €.
2. We have ¢; € Q for each i € [t].

Proof. To prove item 1, we are going to show that for any partial assignment X: V,,, — {F, T},
we have Pr,,(X) > 0 and, thus, can extend X to some satisfying assignment. If this claim holds,
then we can indeed compute the satisfying assignments (i, (o,...,{; in Algorithm 5. Recall that
the distribution pgly, is (1/k)-uniform, see Lemma 28. From the definition of (1/k)-uniform
distribution, we find that an analogous statement to Proposition 10 holds for our (r,r1,0,71)-
marking (here 7 = ry —0): for any v € Vyood(r), any V C Vy, with v € V, and any A: V — {F, T},
we have

max {PrMQA (v F|A),Pry, (v T A)} < %exp (;) )
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Thus, by induction on the size of a set S C Vp,, we conclude that any assignment A: S — {F, T}
has Pr,, (A) > 0, finishing the proof of item 1.

Next consider item 2. Let 7/ = ¢’ ‘Vm as in Algorithm 5. All clauses that do not appear in G ./
are satisfied by the partial assignment 7/. Now consider two satisfying assignments A, A’ such that
A(Vm) = N'(Vm) = 7'. Let G4, have connected components Cy,Ca, . ..,Cy. In particular, A‘var(Ci)

and A/ lvar(ci) each satisfy all clauses in C;. Each clause in ®” is in exactly one connected component
Ci. Consequently, any assignment X such that X[y, = 7" and X[, c,) € {Alar(c,) A lvar(cy)} for

all i € [t'] is a satisfying assignment (any variables that do not appear in Vy, U (Uf/:l V&I‘(Ci>>
can be chosen arbitrarily). We note that there are two types of connected components of Hgr.

The first type are those corresponding to var(C;) for some i € [t']. The second type are those

t

connected components with variables in V'\ (Vm U (Uzlzl Var(Ci))) These connected components

are singleton and consist of one variable v that does not appear in ®” or, equivalently, every clause
of ® containing v is satisfied by 7. As a consequence, taking A = (;, A’ = ¢/ and X = § in

the argument above, we conclude that &y,&q, ..., & are satisfying assignments by construction in
Algorithm 5 and item 2 holds. O
(r1—3d)k

Lemma 59. There is an integer kg > 3 such that, for any integer k > kg, any density o < 2
the following holds w.h.p. over the choice of & = ®(k,n,|an]). In Algorithm 5 with inputs
the formula ®, an (r,r1,0,7r1)-marking of ® and the two satisfying assignments o and ¢/, with
probability at least 1 — 1/n over the choices o ~ uqg, o’ ~ ug, we have

1. [|G — Gio1lly < 2k%logn for all i € [£];
2. ||& — &i-1l1 < 2k logn for all i € [t].

Proof. Let ® and (Vp,, 0, V,) be the first two inputs of Algorithm 5, and let vy, vs,..., vy be the
variables in Vy, in the order considered in Algorithm 5. Let o ~ uq and o’ ~ ug. Let 0 = (p <>
4 =& > - < & = o' be the path between o and ¢’ output by Algorithm 5. In light
of Lemma 58, the assignments (p,(y,. .., &1, .-.,& are satisfying assignments of ®. We also
note that the set of marked variables V), is ri-distributed and does not contain bad variables by
Definition 8. We are going to apply Corollary 57 with V = V), several times in this proof. In view
of Lemma 28, the distribution pugqly, is (1/k)-uniform, and this will be relevant when applying
Corollary 57. We prove that Item 1 holds with probability at least 1 — 1/(2n) and that Item 2
holds with probability 1 — 1/(2n), so the result follows from a union bound.
Item 1. Let i € [¢] and let 7; be the restriction of {; to Vy,. By construction, 7; agrees with
o’ on wvy,vy,...,v; and it agrees with o on v;11,v;192,...,v,. Let A; denote the restriction of 7;
on Vy \ {vi}, which agrees with ¢; and ¢;—; on Vi, \ {v;}. Recall that, by definition, ¢; is the
satisfying assignment that extends 7; that minimises ||(; — (;—1]|1, see Algorithm 5. We consider
the connected components of Gga,, which can be seen as CNF formulae with variables in V. U {v;}
due to the fact that all marked variables other than v; are set by A;. Each one of these connected
components are satisfied as CNF formulae by the assignments (; and (;_1. We conclude that ;
and (;_1 agree on the variables of all these connected components except for those variables in the
connected component of the clauses containing v;, where (; and (;_1 may disagree. Let us denote this
connected component by C,,, which is empty when all the clauses containing v; are satisfied by A;.
We have ||(; — (i—1]}1 < k|Cy,|, where the factor k& comes from the fact that each clause has at most
k variables. We now bound the size of C,,. Since the restrictions of o and ¢’ to V, follow “Q‘Vm’
which is (1/k)-uniform, we find, by Definition 12, that 7; also follows an (1/k)-uniform distribution
over the assignments Vy,,, — {F, T}. Let us denote this distribution by p;. Then A; ~ /‘i’vm\ {v:}
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and, by Corollary 57 with V' =V, A = A; and p = p;, with probability at least 1 — n=* over the
choice A; ~ F‘i|vm\ (s} the connected component C,, C Gga; containing v; has at most 2kt logn
clauses. Thus, with probability at least 1 — n~*, we have ||¢; — ¢i—1]1 < k|Cy,| < 2k°logn. By a
union bound over i € [¢] and the fact that k£ > 3 and ¢ < n, we conclude that, with probability at
least 1 — 1/n?, we have ||¢; — Gi_1|l1 < 2k%logn for all i € [/].

Item 2. Let 7/ = ¢'|y,, as in Algorithm 5. By construction, & = {; and & = ¢’ agree with
7/ on V. Since o/ ~ ugq, we have 7/ ~ pely, , which is (1/k)-uniform by Lemma 28. In view
of Corollary 57 for V.=V, A =7/ and p = paly, , with probability at least 1 — n~", all of the
connected components of G 4./, have size at most 2k*logn. Thus, all the connected components of
Hg. have size at most 2k logn. By construction, see Line 9 in Algorithm 5, the assignments &_1
and &; agree on the variables in all the connected components of Hg,» except for the variables in
the i-th connected component, where they may disagree. Thus, they disagree on at most 2k logn
variables. This gives the desired result. O

We can now complete the proof of Theorem 3.

Theorem 3. There is ky > 3 and a polynomial p(k) with non-negative integer coefficients such
that, for any integer k > ko, and for any positive real o < 20-227F the following claim holds with
high probability over the choice of a random k-CNF formula & = ®(k,n, [an]). Two satisfying
assignments chosen uniformly at random are p(k) log(n)-connected with probability at least 1—1/n.

Proof. Since a < 20227k < 2("1_3‘5)’1“/k:3 < 2("1_5)’“/l<:3 for large enough k, w.h.p. over the choice
of @, there is an (r,71,0,71)-marking (Vy,,0,V.) of @, see Lemma 27. We run Algorithm 5 with
inputs @, and the associated marking (Vi,®,V.). W.h.p. over the choice of ®, Lemma 59 holds.
Therefore, with probability at least 1 — 1/n over the choice of two random satisfying assignments
o ~ pug and o’ ~ pgq, the output path of Algorithm 5 is well-defined by Lemma 58 and satisfies
that [|¢; — Gi—1]l1 < 2k logn for all i € [¢] and ||& — &—1])1 < 2k5logn for all i € [¢] by Lemma 59.
Hence, it is a D-path in the solution space € for D = 2k°logn as we wanted. O

10.2 Proof of Theorem 5

We next show O(logn)-looseness for all variables with high probability over (®,0) for random
k-CNF instances ® and uniformly random satisfying assignment o € 2. Consequently, in an
algorithmic regime where a < 2°* for some ¢ < 1, we resolve a conjecture of [1]. Our proof exploits
Corollary 57 on the size of the connected components of ®*. It is important in our arguments that
every variable in the formula is flippable.

Definition 60. Let ® = ®(k,n, m) be a random k-CNF. A variable v € V is flippable if there exists
a pair of satisfying assignments (X,Y) to @, in one of which X (v) = F and in the other Y (v) = T.

Lemma 61. For o < 2°=2, with high probability over the choice of ® = ®(k,m,n), all variables in
® are flippable.

Proof. Observe that we can define an NAE-SAT problem based on ®. By definition, any NAE-
satisfying assignment ensures that every clause contains at least one satisfied literal and at least one
unsatisfied literal. By Theorem 2 in [4], with high probability ® is NAE-satisfiable. Consequently,
we can find some assignment o that NAE-satisfies ® with high probability, and then the opposite
assignment & also NAE-satisfies ® by the symmetry of NAE-SAT solutions. In particular, both o
and @ are solutions to the original SAT formula ®. Observe that for every variable v € V' we have
X(v) =T and X (v) = F in exactly one of 0,7 and thus, with high probability, every variable in ®
is flippable. O
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Lemma 62. For any variable v € V and any partial assignment X : Vp, \ {v} — {F, T}, we have
Pr,,(v— F|X)>0 and Pr,,(v— T|X)>O0.

Proof. We prove Pr,, (v — F|X) > 0; the proof of Pr,, (v — T|X) > 0 is analogous. We distinguish
two cases.

The first case is when v is a good variable. Lemma 28 gives Pr,, (v F|X,Apyq) > 1 —
exp(1/k)/2 > 0 for any satisfying assignment of the bad clauses Apaq. Thus, we have Pr,,, (v — F|X) >
0.

The second case is when v is a bad variable. By Lemma 61 there exists a satisfying assignment
o with o(v) = F. Let Apaa = ofy, , be the assignment on bad variables and so in particular

Pr,,(Apada) > 0. Then by Lemma 28 we have Pryg, (X|Apaa) > (1 — exp(1/k)/2)V=! > 0. This

implies that Pr,, (X, Apag) > 0 and in particular Pr,, (v — F,X) > 0, so Pr,, (v — F|X) >0. O

We can now prove Theorem 5 with the help of Corollary 57.

Theorem 5. There is kg > 3 such that, for any integer k > kg, and for any positive real o < 202275,
the random k-CNF formula ®(k,n, [an]) is poly(k) log(n)-loose.

Proof. Note that 20-227k < 2(r—30)k < 2(7"1*5)"“/k3 for large enough k. Thus, w.h.p. over the choice
of ®, there is an (r,71,,r1)-marking (Vi,0,Ve) of ®, see Lemma 26. The distribution ugqly, is
(1/k)-uniform by Lemma 28. Hence, Corollary 57 holds for V' = Vi, and p = pgqly, . Let v be a
variable of ®. Let 0 ~ ug and let A be the restriction of o to Vy, \ {v}. Then, with probability at
least 1—n "%, the connected components of Gga have size at most 2k* logn. Let C]A be the connected
component containing the variable v, which is empty if all clauses containing v are satisfied. Let
w be the negation of o(v). By Lemma 62, we have Pr,,(v — w|A) > 0. Therefore, there is an
assignment Y of the variables in var(C]A) that satisfies the clauses in CJA and has Y (v) = w. We
construct the assignment ¢’ that has o/(v) = w, agrees with Y in Var(Cj\) and agrees with o in the
rest of the variables of ®. In particular, this assignment agrees with A and satisfies each one of the
connected components of ®*. Thus, ¢’ is a satisfying assignment of ®. Moreover, w.h.p. ¢’ differs
with o in at most 2k°logn variables (the variables in var(CJA)). We have shown that, w.h.p. over
the choice of ®, with probability at least 1 —n~* a random assignment o ~ pugq is (2k° logn)-loose,
so the statement follows. O
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Appendix A Proof of Lemma 20

In this section we prove Lemma 20. Recall that this result is [24, Lemma 8.16] with a less restrictive
bound on the density of the formula and a more restrictive definition of good variables/clauses, see
Section 4 for details. Moreover, the obtained upper bound on the number of bad clauses in our
version of [24, Lemma 8.16] is tighter. The original proof of Lemma 20 given in [24, Section 8] is split
into a sequence of results on random formulae. Here we restate some of these results — only those
whose statement needs to change as a consequence of our definition of good variables/clauses and
the tighter upper bound. We also explain how these changes affect the proofs if any modifications
are necessary.

Let us fix some notation first. The results stated in this section only hold for large enough &
unless we say otherwise. We note that in [24] the density o is at most 2¥/300/k3 and A = 2k/300]
where A is the threshold in the definition of high-degree variables, and the proofs are carried out for
these particular values. It turns out that, following the proofs in [24, Section 8], the only properties
of @ and A needed in order to proof Lemma 20 are that, for r € (0,1/(21og?2)), we have A, = [27*]
and « is bounded above by A,/k3 (note the subscript r here to indicate that A, depends on 7).
First, we need some definitions. For any set of variables S C V of ®, we denote by HD(S, r) the set
of high-degree variables in S (recall that a variable is of high-degree if the degree of v is at least
Ay).

Lemma 63 (|24, Lemma 8.1]). Let r € (0, 1). There is a positive integer kg such that for any integer
k > ko, A, = [2"%], and any density a with a < A,/k?, the following holds w.h.p. over the choice
of ® = ®(k,n, [an). The size of Vo(r) := HD(V, r) is at most (a/A,)n/2%"°.

Proof. The proof is the same to that of [24, Lemma 8.1], apart from one change that we highlight
here. The degrees of the variables in ® have the same distribution as a balls-and-bins experiment
with km balls and n bins. Let Dy, Ds,..., D, be independent variables following the Poisson
distribution Poi(u) with parameter 1 = ka. The degrees of the variables of ® have the same
distribution as {Di, Da, ..., D,} conditioned on the event £ that Dy + Dy + --- + D,, = m, see
for instance £38, Chapter 5.4]. Let U = {i € [n] : D; > A,}. We want to show that Pr(|U| >
(a/A)n/2F"°|€) = o(1). In [24, Lemma 8.1] the authors show that Pr(|U| > n/2F"°|€) = o(1).
Their bound is not tight, but it is enough for their purposes. In fact, one can change k' by any
polynomial and the result would still hold for large enough k. Here we obtain the extra factor
a/A, by slightly modifying the application of the tail bound Pr(Poi(u) > z) < e H(eu)*/z*. For
x = A,, instead of using the bound e #(ep)®/z* < e~ 4 < 2-%°=1 hich holds for large enough
kas pu/r < k=2 and A, is exponential in k, we use the bound e #(epn)®/2z* < (ep/z)e *+1 <
(a/A)27% =1 The rest of the proof is analogous; we have E[|U[] > n(a/A)27%"~1 so by a
Chernoff bound we find that Pr(|U| > (a/A.)n/28") < exp(—Q(n)). From the connection between
a balls-and-bins experiment and the Poisson distribution, see [38, Theorem 5.7], we conclude that
Pr(|U| > (a/A)n/28°|E) < exp(—Q(n)) as we wanted. O

Corollary 64 ([24, Corollary 8.4]). There is a positive integer kg such that for any integer k > ko and
any density a with o < 2%/(ek3) the following holds w.h.p. over the choice of ® = ®(k,n, |an]).
For every set of variables Y such that 2 < |Y| < n/2*, the number of clauses that contain at least
3 variables from Y is at most |Y|.

Proof. This is a consequence of [24, Lemma 35| with b =3 and ¢t = 2/(b— 1) = 1, whose proof only
requires o < 2% /(ek?). O

Recall that the graph Hg is the dependency graph of the variables of @, see Definition 18.
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Lemma 65 (|24, Lemma 8.8]). Let r € (0, 1). There is a positive integer kg such that for any integer
k> ko, A, = [27%], and any density o with a@ < A, /k?, the following holds w.h.p. over the choice
of ® = ®(k,n, |an]). Every connected set U of variables in Hg with size at least 2k log n satisfies
that [HD(U,7)| < 555 |U]|.

Proof. The proof is that of [24, Lemma 8.8], with the difference that 6y = 1/(2k?) instead of 5y =
1/21600, as the exact value of §y does not play a role in the proof as long as, for y = A, —2(k+1),
we have §pfg log ]fQ—Oa > 3log k +log «r, which holds for large enough & when dy = poly(k). Moreover,
the only restriction on « is that of Corollary 64, and the fact that o < A, /k3. 0

Lemma 66 ([13, Lemma 2.4] and [24, Lemma 8.10]). Let £ > 3 be an integer and let « be a positive
real number with o < €¥/2/(2¢%k?). For any € € [1/n,1) (depending on n) such that ¢ < e~3¥ for all
n, the following holds w.h.p. over the choice of the random formula ® = ®(k,n, [an]). Let Z be a
set of clauses with size at most en and let ¢1,...,¢; € C\ Z be distinct clauses. For s € {1,2,...,¢},

let Ny :=var(Z)U Uj;i var(c;). If |var(cs) N Ng| > 3 for all s € {1,2,...,¢}, then £ < en.

Proof. The proof is almost identical to the proof of [13, Lemma 2.4]. There are four differences.
First, here, as it is also the case in [24, Lemma 44|, ¢ can depend on n. This will arise later in
this proof. Second, the proof of [13, Lemma 2.4] is carried out for the condition |var(cs) N Ns| > A,
where ) is an integer with A > 4. Here we set A = 3 and impose stricter hypotheses on a and ¢ to
compensate for a smaller A. Their (more relaxed) hypotheses on o and € are o < 2¥log2, ¢ < k=3
and £* < (2¢)7*F/e. Third, we substitute the last inequality of [13, Equation 4], which is

[(e”;/n> 2 exp(%)(%s)A] - < [(26)% EA/Z} "

by the inequality
En

< [exp(3k — 1)e]™,

en

(37)

where we used A = 3 and m/n < o < ¥/2/(2¢%k?). Now, as it is done in [24, Lemma 8.10], we
distinguish two cases depending on e. If ¢ > 10(logn)/n, then using this in conjunction with ¢ <
e~k the right hand size of (37) is bounded by e=*" < 1/n'0 = o(1/n). If 1/n < e < 10(logn)/n,
then, for large enough n, the right hand size of (37) is bounded above by exp(3k — 1)e = o(1). The
last difference between the proofs is that our argument works for all k > 3, whereas the bound [13,
Equation 4] only holds for large k. O

The remaining results in this section do not need any changes in their original proofs, other
than that every time Corollary 8.4, Lemma 8.8 and Lemmas 8.10-8.16 are invoked in [24, Section
8], we use the version given in this appendix instead. We note that the statements of these results
are slightly different to their [24, Section 8] versions, and these changes are again due to the fact
that we use A = 3 instead of A = k/10 in the definition of good variables/clauses.

Corollary 67 ([24, Corollary 8.11]). Let r € (0,1/(2log2)]. There is a positive integer ko such that
for any integer k > ko, A, = [27%], and any density o with a < A, /k?, the following holds w.h.p.
over the choice of ® = ®(k,n, |an]). Let Z be a set of clauses with size at most 2n/2" and let
C1y...,¢c € C\ Z be distinct clauses. For s € {1,2,...,¢}, let N := var(Z) U Uj;i var(cj). If
|var(cs) N Ns| > 3 for all s € {1,2,...,¢}, then ¢ < |Z].
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Proof. The proof given in [24, Corollary 8.11] also applies here. We note that the density « is at
most €¥/2/(2¢%k?) so we can indeed apply Lemma 66 when the proof given in [24, Corollary 8.11]
invokes [24, Lemma 8.10]. O

Lemma 68 ([24, Lemma 8.13]). Let r € (0,1/(2log2)]. There is a positive integer ko such that for
any integer k > ko, A, = [27%], and any density o with a < A,./k?, the following holds w.h.p. over
the choice of ® = ®(k,n, |an]). For any bad component S of variables, we have |\S| < 2k|HD(S, r)|.

Proof. The proof given in [24, Lemma 8.13] applies using our versions of [24, Lemma 8.1, Corollary
8.4 and Corollary 8.11]. O

Lemma 69 ([24, Lemma 8.14]). Let r € (0,1/(2log2)]. There is a positive integer ko such that for
any integer k > ko, A, = [27%], and any density o with a < A,./k?, the following holds w.h.p. over
the choice of ® = ®(k,n, |an]). Every bad component S has size at most 2k* logn.

Proof. The proof given in [24, Lemma 8.14] applies using our versions of [24, Lemma 8.8 and
Lemma 8.13]. O

Lemma 70 ([24, Lemma 8.15]). Let r € (0,1/(2log2)]. There is a positive integer ko such that for
any integer k > ko, A, = [27%], and any density o with a < A,./k?, the following holds w.h.p. over
the choice of ® = ®(k,n, |an]). For every connected set of S variables with size at least 2k*logn,
we have |S N Vpaa| < |S|/K2.

Proof. The proof is analogous to that given in [24, Lemma 8.15]. The only differences are that we
apply Lemma 65 instead of [24, Lemma 8.8], we apply Lemma 68 instead of [24, Lemma 8.13], and
we have &y = 1/(2k3) instead of o = 1/21600. O

Lemma 20 ([24, Lemma 8.16]). Let r» € (0,1/(2log2)]. There is a positive integer ko such that
for any integer k > ko, A, = [2"%], and any density o with a < A,/k?, the following holds
w.h.p. over the choice of ® = ®(k,n, [an|). For every connected set of clauses Y in Gg such that
[var(Y)| > 2k*logn, we have |Y N Cpaq(r)| < |Y|/k.

Proof. The same proof applies using our versions of [24, Corollary 8.4 and Lemma 8.15]. O

Lemma 21 ([24, Lemma 8.12]). Let r € (0,1/(2log2)]. There is a positive integer ko such that
for any integer k > ko, A, = [2"%], and any density o with a < A,/k?, the following holds
w.h.p. over the choice of ® = ®(k,n, |an]). We have |Chaq(r)| < 2(a/AT)n/2k10 and [Vhaa(r)| <
20k + 1)(a/Ar)n /24"

Proof. We consider the set of high-degree variables Vy(r) = HD(V, r), which w.h.p. over the choice
of @ has |Vo(r)| < (/A,)n/2%"° by Lemma 63. In view of Corollary 64 with Y = Vy(r), we have
ICo(r)] < [Vo(r)| < n/2%°, where Co(r) is the set of clauses with at least 3 variables in Vo(r),
see Algorithm 2. From Corollary 67 and the construction of Cpaq(r) in Algorithm 2, we find that
IChaa ()] < 2/Co(r)] < 2Vo(r)| < 2(a/A,)n/2K"°. By construction of Vpaq(r), see Algorithm 2, we
conclude that [Voaa(r)| < [Vo(r)| + k[Chaa(r)| < 2(k + 1)(a/A)n/2F". O
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Appendix B Proof of Lemma 13

In this section we collect the results from [11] that one needs to combine to obtain Lemma 13 on
the mixing time of the p-uniform-block Glauber dynamics.

Definition 71. Let p be a distribution supported on Q C [¢]V. Let f: Q — R>p. We denote the
entropy of f by Ent,(f), that is, Ent,(f) = E,(flog f)) — E.(f)log(E.(f)) when E,(f) > 0,
and Ent,(f) = 0 when E,(f) = 0. For S C V, we denote Enti(f) = Erulys Ent,(f|7), where
Ent, (f|7) is the entropy of f conditioning to the event that the assignment drawn from p agrees
with 7in V'\ S.

Let p € {1,2,...,n}. We say that u satisfies the p-uniform block factorisation of entropy (with
constant C,) if for all f: @ = R>o we have

'OEnt — Z EntS
)

One of the main results of [11] is showing that p satisfies the p-uniform block factorisation of
entropy when the distribution u is n-spectrally independent and b-marginally bounded. In the proof
of [8, Corollary 19] the authors observe that the proof of Lemma 72 also holds when 1 depends on
n and, in particular, in the case n = elogn.

Lemma 72 ( [11, Lemma 2.4]). The following holds for any reals b, > 0, any x € (0,1) and any
integer n with n > 2(4n/b? + 1).

Let ¢ > 2 be an integer, let V be a set of size n and let u be a distribution over [q]". If
w is b-marginally bounded and n-spectrally independent, then p satisfies the [kn]-uniform block
factorisation of entropy with constant C' = (2/k)%/0*+1,

It turns out that one can bound the mixing time of the p-uniform-block Glauber dynamics when
the target distribution p satisfies the p-uniform block factorisation of entropy.

Lemma 73 (See, e.g., [11, Lemma 2.6 and Fact 3.5(4)] or [8, Lemma 17]). Let ¢ > 2, p > 1 be
integers and V be a set of size n > p+ 1. Let p be a distribution supported on Q C [¢]" that
satisfies the p-uniform-block factorisation of entropy with multiplier C,,. Then, for any ¢ > 0, the
mixing time of the p-uniform-block Glauber dynamics on p satisfies, for pmin = minpeq p(A),

n 1 1
Thix(e) < [Cpp <log log - + log 2€2>-‘ .

Proof of Lemma 13. The proof of Lemma 13 follows directly from combining Lemmas 72 and 73.
O

99



Appendix C Notation and definitions reference

Here we gather the notation and definitions that are used globally in our work. If some notation is
not here, then it is only used in one section of our work (and it is defined in that section).

C.1 Table of notation

Notation Description Reference
O(k,n,m) A random k-CNF formula with n variables and m clauses. Section 1

o The density of the formula ®, so a« = m/n. Section 1

1% The set of variables of ®. Section 1

C The set of clauses of ®. Section 1
w.h.p. Stands for “with high probability”. Section 1
drv The total variation distance between two distributions. Section 1

¢ Our sampling algorithm has error at most n=¢. Theorem 1
A, The high-degree threshold, set to [2(70=9)k], Definition 6
ro, 1, 0 ro = 0.117841, ry = 0.227092 and § = 0.00001. Definition 8
var(c) The set of variables in a clause c. Section 2.1
var(.S) The set of variables J g var(c). Section 2.1
Co00d(T); Chad(r) | Good and bad clauses, a partition of C. Section 4
Veood (1) Vbad(r) | Good and bad variables, a partition of V. Section 4

VHI? Vaa VC
Q*

Q

1A

(I)A

VA cA
QA

ply
Tix(p; €)
TMu — v)
Go

Hg
q)good(r)
q)bad(r)

The sets of marked, auxiliary and control variables.
The set of all assignments V — {F, T}

The set of satisfying assignments of ®.

The uniform distribution over A C Q.

The formula ® simplified under A.

The variables and clauses of ®*

The set of satisfying assignments of ®*.

The marginal distribution of © on V.

The mixing time of the p-uniform-block Glauber dynamics.
The influence of u on v (under A).

The dependency graph of C.

The dependency graph of V.

The subformula of ® with all good variables and good clauses.

The subformula of ® with all bad variables and bad clauses.

C.2 Table of definitions

Name Reference
high-degree
r-distributed

(r,"m, Ta, rc)-marking
e-uniform
b-marginally bounded

n-spectrally independent

Definition 6, page 5
Definition 8, page 6
Definition 8, page 6
Definition 12, page 7
Section 2.2.1, page 8
Section 2.2.1, page 8
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Definition 8
Definition 9
Definition 9
Definition 9
Definition 9
Definition 9
Definition 9
Definition 11
Section 2.2.1
Section 2.2.1, (1)
Definition 16
Definition 18
Definition 24
Definition 24
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