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Abstract. Approximate counting via correlation decay is the core algorithmic technique used
in the sharp delineation of the computational phase transition that arises in the approximation
of the partition function of antiferromagnetic 2-spin models. Previous analyses of correlation-decay
algorithms implicitly depended on the occurrence of strong spatial mizing. This, roughly, means that
one uses worst-case analysis of the recursive procedure that creates the subinstances. In this paper,
we develop a new analysis method that is more refined than the worst-case analysis. We take the
shape of instances in the computation tree into consideration and we amortize against certain “bad”
instances that are created as the recursion proceeds. This enables us to show correlation decay and to
obtain a fully polynomial-time approximation scheme (FPTAS) even when strong spatial mixing fails.
We apply our technique to the problem of approximately counting independent sets in hypergraphs
with degree upper bound A and with a lower bound k on the arity of hyperedges. Liu and Lin gave
an FPTAS for £k > 2 and A < 5 (lack of strong spatial mixing was the obstacle preventing this
algorithm from being generalized to A = 6). Our technique gives a tight result for A = 6, showing
that there is an FPTAS for £k > 3 and A < 6. The best previously known approximation scheme
for A = 6 is the Markov-chain simulation based fully polynomial-time randomized approximation
scheme (FPRAS) of Bordewich, Dyer, and Karpinski, which only works for k > 8. Our technique also
applies for larger values of k, giving an FPTAS for k£ > A. This bound is not substantially stronger
than existing randomized results in the literature. Nevertheless, it gives the first deterministic
approximation scheme in this regime. Moreover, unlike existing results, it leads to an FPTAS for
counting dominating sets in regular graphs with sufficiently large degree. We further demonstrate
that in the hypergraph independent set model, approximating the partition function is NP-hard
even within the uniqueness regime. Also, approximately counting dominating sets of bounded-degree
graphs (without the regularity restriction) is NP-hard.

1. Introduction. We develop a new method for analyzing correlation decays in
spin systems. In particular, we take the shape of instances in the computation tree
into consideration and we amortize against certain “bad” instances that are created
as the recursion proceeds. This enables us to show correlation decay and to obtain
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a fully polynomial-time approximation scheme (FPTAS) even when strong spatial
mixing fails. To the best of our knowledge, strong spatial mixing is a requirement
for all previous correlation-decay based algorithms. To illustrate our technique, we
focus on the computational complexity of approximately counting independent sets
in hypergraphs, or equivalently on counting the satisfying assignments of monotone
conjunctive normal form (CNF) formulas.

The problem of counting independent sets in graphs (denoted #I1S) is extensively
studied. A beautiful connection has been established, showing that approximately
counting independent sets in graphs of maximum degree A undergoes a computational
transition which coincides with the uniqueness phase transition from statistical physics
on the infinite A-regular tree. The computational transition can be described as
follows. Weitz [22] designed an FPTAS for counting independent sets on graphs
with maximum degree at most A = 5. On the other hand, Sly [19] proved that
there is no fully polynomial-time randomized approximation scheme (FPRAS) for
approximately counting independent sets on graphs with maximum degree at most
A = 6 (unless NP = RP). The same connection has been established in the more
general context of approximating the partition function of the hard-core model [22, 16,
19, 4, 6, 20] and in the even broader context of approximating the partition functions
of generic antiferromagnetic 2-spin models [18, 6, 20, 11] (which includes, for example,
the antiferromagnetic Ising model). As a consequence, the boundary for the existence
of efficient approximation algorithms for these models has been mapped out.!

Approximate counting via correlation decay is the core technique in the algorith-
mic developments which enabled the sharp delineation of the computational phase
transition. Another standard approach for approximate counting, namely Markov
chain Monte Carlo (MCMC) simulation, is also conjectured to work up to the unique-
ness threshold, but the current analysis tools that we have do not seem to be powerful
enough to show that. For example, sampling independent sets via MCMC simulation
is known to have fast mixing only for graphs with degree at most 4 [14, 3], rather
than obtaining the true threshold of 5.

In this work, we consider counting independent sets in hypergraphs with upper-
bounded vertex degree and lower-bounded hyperedge size. A hypergraph H = (V,F)
consists of a vertex set V' and a set F of hyperedges, each of which is a subset of V.
A hypergraph is said to be k-uniform if every hyperedge contains exactly k vertices.
Thus, a 2-uniform hypergraph is the same as a graph. We will consider the more
general case where each hyperedge has arity at least k, rather than exactly k.

An independent set in a hypergraph H is a subset of vertices that does not contain
a hyperedge as a subset. We will be interested in computing Zy, which is the total
number of independent sets in H (also referred to as the partition function of H).
Formally, the problem of counting independent sets has two parameters—a degree
upper bound A and a lower bound k on the arity of hyperedges. The problem is
defined as follows.?

Name #HyperlndSet(k, A).

INote that there are nonmonotonic examples of antiferromagnetic 2-spin systems where the
boundary is more complicated because the uniqueness threshold fails to be monotonic in A [10].
However, this can be cleared up by stating the uniqueness condition as uniqueness for all d < A. See
[10, 11] for details.

2Equivalently, one may think of this problem as the problem of counting satisfying assignments
of a monotone CNF formula, where vertices are variables and hyperedges are clauses. Being out of
the independent set (as a vertex) corresponds to being true (as a variable).
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Instance A hypergraph H with maximum degree at most A where each hyperedge
has cardinality (arity) at least k.
Output The number Zy of independent sets in H.

Previously, #HyperIndSet(k, A) has been studied using the MCMC technique by
Bordewich, Dyer, and Karpinski [1, 2] (see also [3]). They give an FPRAS for all
k>A+4+22>5and for k> 2 and A = 3. Despite equipping path coupling with
optimized metrics obtained using linear programming, these bounds are not tight for
small k. Liu and Lu [12] showed that there exists an FPTAS for all k > 2 and A <5
using the correlation decay technique.

Thus, the situation seems to be similar to the graph case—given the analysis tools
that we have, correlation-decay brings us closer to the truth than the best-tuned anal-
ysis of MCMC simulation algorithms. On the other hand, the technique of Liu and
Lu [12] does not extend beyond A = 5. To explain the reason why it does not, we
need to briefly describe the correlation-decay based algorithm framework introduced
by Weitz [22]. The main idea is to build a recursive procedure for computing the
marginal probability that any given vertex is in the independent set. The recursion
works by examining subinstances with “boundary conditions” which require certain
vertices to be in, or out, of the independent set. The recursion structure is called
a “computation tree.” Nodes of the tree correspond to intermediate instances, and
boundary conditions are different in different branches. The computation tree allows
one to compute the marginal probability exactly, but the time needed to do so may
be exponentially large since, in general, the tree is exponentially large. Typically, an
approximate marginal probability is obtained by truncating the computation tree to
logarithmic depth so that the (approximation) algorithm runs in polynomial time. If
the correlation between boundary conditions at the leaves of the (truncated) compu-
tation tree and the marginal probability at the root decays exponentially with respect
to the depth, then the error incurred from the truncation is small and the algorithm
succeeds in obtaining a close approximation.

All previous instantiations under this framework require a property called strong
spatial mizing (SSM),3 which roughly states that, conditioned on any boundary con-
dition on intermediate nodes, the correlation decays. In other words, SSM guards
against the worst-case boundary conditions that might be created by the recursive
procedure.

Let the (A — 1)-ary k-uniform hypertree Ty o be the recursively defined hyper-
graph in which each vertex has A — 1 “descending” hyperedges, each containing k& — 1
new vertices.

Observation 1.1. Let k > 2. For A > 6, strong spatial mixing does not hold on
Tk.A.

Observation 1.1 follows from the fact that the infinite (A —1)-ary tree Ty A can be
embedded in the hypertree Ty A, and from well-known facts about the phase transition
on ’]I‘QVA.

Observation 1.1 prevents the generalization of Liu and Lu’s algorithm [12] so
that it applies for A > 6, even with an edge-size lower bound k. The problem
is that the construction of the computation tree involves constructing intermediate
instances in which the arity of a hyperedge can be as small as 2. So, even if we start
with a k-uniform hypergraph, the computation tree will contain instances with small
hyperedges. Without SSM, these small hyperedges cause problems in the analysis.

3See section 2.1 for a definition.
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Lu, Yang, and Zhang [13] discuss this problem and say “How to avoid this effect is a
major open question whose solution may have applications in many other problems.”
This question motivates our work.

To overcome this difficulty, we introduce a new amortization technique in the
analysis. Since lack of correlation decay is caused primarily by the presence of small-
arity hyperedges within the intermediate instances, we keep track of such hyperedges.
Thus, we track not only the correlation but also combinatorial properties of the inter-
mediate instances in the computation tree. Using this idea, we obtain the following
result.

THEOREM 1.2. There is an FPTAS for #HyperlndSet(3,6).

Note that #HyperIndSet(2, 6) is NP-hard to approximate due to [19], so our result
is tight for A = 6. This also shows that A = 6 is the first case where the complexity
of approximately counting independent sets differs on hypergraphs and graphs, as for
A <5 both admit an FPTAS [12]. Moreover, Theorem 1.2 is stronger than the best
MCMC algorithm [2] when A = 6 as [2] only works for k > 8.

We also apply our technique to large k.

THEOREM 1.3. Let k and A be two integers such that k > A and A > 200. Then
there is an FPTAS for the problem #HyperlndSet(k, A).

In the large k case, our result is not substantially stronger than that obtained
by analysis of the MCMC algorithm [2] (k > A rather than & > A + 2), but it is
incomparable since our algorithm is deterministic rather than randomized. Perhaps
more importantly, the bound & > A allows us to connect the problem of counting
independent sets in hypergraphs with the problem of counting dominating sets in
A-regular graphs and show that the latter admits an FPTAS when A is sufficiently
large. Recall that a dominating set in a graph G is a subset S of the vertices such
that every vertex not in S is adjacent to at least one vertex in S. We then consider
the following problem.

Name #RegDomSet(A).
Instance A A-regular graph G.
Output The number of dominating sets in G.

Our theorems have the following corollary.

COROLLARY 1.4. For all positive integers A satisfying either A <5 or A > 199,
there is an FPTAS for the problem #RegDomSet(A).

We remark that Corollary 1.4 cannot be obtained using the result of [2]; i.e., the
seemingly small difference between & > A and k& > A + 2 does matter in deriving
Corollary 1.4 from Theorems 1.2 and 1.3. We should also emphasize that it is nec-
essary to consider A-regular graphs as inputs to the dominating set problem, since
otherwise for graphs of maximum degree A (not necessarily regular), we show that
the problem is NP-hard to approximate for A > 18 (Theorem 6.5). It is relevant to
remark here that we believe that Corollary 1.4 should hold for all A; to do this, it
would be sufficient to remove the restriction A > 200 from Theorem 1.3. Note that,
while we do not know how to remove the restriction, it would at least be possible to
improve “200” to some smaller number. However, we have chosen to stick with “200”
in order to keep the proof accessible. Next we explain the difficulties in obtaining
Theorems 1.2 and 1.3.

The main technical difficulty in correlation-decay analysis is bounding a function
that we call the “decay rate.” This boils down to solving an optimization problem
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with (k — 1)(A — 1) variables. In previous work (e.g., [17]), this optimization has
been solved using a so-called symmetrization argument, which reduces the problem
to a univariate optimization via convexity. However, the many variables represent
different branches in the computation tree. Since our analysis takes the shape of
intermediate instances in the tree into consideration, the symmetrization argument
does not work for us, and different branches take different values at the maximum.
This problem is compounded by the fact that the shape of the subtree consisting
of “bad” intermediate instances is heavily lopsided, and the assignment of variables
achieving the maximum is far from uniform. Given these problems, there does not
seem to be a clean solution to the optimization in our analysis. Instead of optimizing,
we give an upper bound on the maximum decay rate. In Theorem 1.2, as k and A
are small, the number of variables is manageable, and our bounds are much sharper
than those in Theorem 1.3. On the other hand, because of this, the proof of Theorem
1.3 is much more accessible, and we will use Theorem 1.3 as a running example to
demonstrate our technique.

We also provide some insight on the hardness side. Recall that for graphs it is NP-
hard to approximate #IS beyond the uniqueness threshold (A = 6) [19].* We prove
that it is NP-hard to approximate #HyperlndSet(6,22) (Corollary 6.3). In contrast,
we show that uniqueness holds on the 6-uniform A-regular hypertree iff A < 28
(Corollary 7.6). Thus, efficient approximation schemes cease to exist well below the
uniqueness threshold on the hypertree. In fact, we show that this discrepancy grows
exponentially in k: for large k, it is NP-hard to approximate #HyperIndSet(k, A) when
A > 5-2F/2 (Theorem 6.2 and Corollary 6.4), despite the fact that uniqueness holds
on the hypertree for all A < 2¥/(2k) (Lemma 7.7). Theorem 6.2 follows from a rather
standard reduction to the hard-core model on graphs. Nevertheless, it demonstrates
that the computational-threshold phenomena in the hypergraph case (k > 2) are
substantially different from those in the graph case (k = 2).

As mentioned earlier, there are models where efficient (randomized) approxima-
tion schemes exist (based on MCMC simulation) even though SSM does not hold. In
fact, this can happen even when uniqueness does not hold. A striking example is the
ferromagnetic Ising model (with external field). As [18] shows, there are parameter
regimes where uniqueness holds but SSM fails. It is easy to modify the parameters
so that even uniqueness fails. Nevertheless, Jerrum and Sinclair [9] gave an MCMC-
based FPRAS that applies for all parameters and for general graphs (with no degree
bounds). It is still an open question to give a correlation-decay based FPTAS for the
ferromagnetic Ising model.

1.1. Note added in revision—recent work. After our work, Hermon, Sly,
and Zhang [8] have shown that the Glauber dynamics for sampling independent sets
on n-vertex k-uniform hypergraphs has mixing time O(nlogn) if A < ¢2¥/2 for some
constant ¢. Combined with our hardness result, Corollary 6.4, this establishes a sharp
computational complexity phase transition, up to constants. Moreover, Moitra [15]
has given a deterministic algorithm for approximately counting and sampling the
satisfying assignments of k-CNF formulas, provided that the variable degree A <
2k/60  Moitra’s work relies on connections to the Lovész local lemma. His work
improves our A < k bound in Theorem 1.3 and removes the monotonicity assumption.
Despite this recent progress, Theorem 1.2 remains the best algorithmic result for
k=3.

4For graphs the uniqueness and SSM thresholds coincide, but for hypergraphs they differ.
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1.2. Outline of paper. In section 2, we first give some preliminaries. We give
a formal definition of SSM (section 2.1) and a reformulation of #HyperlndSet(k, A)
as the problem of counting satisfying assignments in monotone CNF formulas (sec-
tion 2.2). This will allow us to use the computation tree used by Liu and Lu [12]. A
formal description of the computation tree of [12] is given in section 2.3.

In section 3, we give an overview of our proof approach, i.e., the main idea behind
our new amortization technique. Section 3.2 concludes the proof of Theorems 1.2
and 1.3, using two (not yet proved) technical lemmas (Lemma 3.9 and 3.10) which
solve a complicated multivariate optimization problem and represent the bulk of the
technical work of the paper. Section 3.3 gives the proof of Corollary 1.4.

In section 4, we give the proof of Lemma 3.9, which applies to the large-A setting
of Theorem 1.3 and is by far the technically simpler of the two lemmas. Section 5
contains the proof of the technically more challenging Lemma 3.10 which applies to
the k = 3, A = 6 setting of Theorem 1.2.

Section 6 gives the formal statements and proofs of the hardness results stated in
the introduction; section 6.1 has the hardness results for independent sets in hyper-
graphs, and section 6.2 has the hardness results for dominating sets in graphs. Also,
section 7 studies the uniqueness threshold on the k-uniform A-regular hypertree (and
gives the proofs of the uniqueness statements made in the introduction). Finally,
section 8 gives the proof for several technical inequalities used in section 5.

Throughout the paper we use computer algebra to prove multivariate polynomial
inequalities over the field of real numbers (the coefficients of the polynomials are
rational). More specifically, we use the RESOLVE command in Mathematica. The
underlying quantifier elimination algorithm (described in [21]) provides a rigorous
decision procedure that determines feasibility of a collection of polynomial inequalities.

2. Preliminaries.

2.1. Strong spatial mixing. For the purposes of this section, it will be conve-
nient to view the independent set model as a 2-spin model. Namely, if H = (V, F) is
a hypergraph, each independent set I can be viewed as a {0, 1}-assignment o to the
vertices in V', where a vertex v is assigned the spin 1 under o if v € I and 0 otherwise.

We denote by Qp the set of all independent sets in H. The Gibbs distribution
wr(+) is the uniform distribution over Q. The Gibbs distribution of H can clearly
be viewed as the uniform distribution over those assignments o : V' — {0,1} which
encode a valid independent set of H. For an assignment o : V' — {0,1} and a subset
A C V, we denote by o, the restriction of o to the subset A.

For a hypergraph H = (V, F) and a subset A C V, we denote by Hj the subgraph
of H induced by A, i.e., Hy := (A,U.cr(eNA)). Also, for a vertex v € Vand A C V,
we denote by dist(v, A) the length of the shortest path® between v and a vertex of A.

DEFINITION 2.1. Let 6 : Z4 — [0,1]. The independent set model exhibits strong
spatial mixing on a hypergraph H = (V, F) with decay rate 6(-) iff for everyv € V', for
every A C V, and for any two configurations n,n' : A — {0,1} encoding independent
sets of Hy, it holds that

(V) = 1| on =) = (o) = 1| ox =')| < 8(dist(v, 1)),

where A’ denotes the set of vertices in A such that n and 1’ differ.

5A path in a hypergraph with hyperedge set F is a sequence of edges eg,...,e; € F such that
e;Neiy1 #0foralli=0,...,0— 1.
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2.2. Reformulation in terms of monotone CNF formulas. The problem
of counting the independent sets of a hypergraph has an equivalent formulation in
terms of monotone CNF formulas. In order to describe the equivalent formulation,
we first describe the problem of counting satisfying assignments of monotone CNF
formulas.

A monotone CNF formula C' consists of a set of variables V' and a set of clauses
{c1,ca,...}. Each clause ¢; is associated with some subset S; of V' and is the disjunc-
tion of all variables in S;. The arity of a clause ¢;, denoted |¢;|, is defined to be |S;].
For a variable x € V| its degree d,(C') is the number of clauses where x appears. The
mazimum degree of C' is given by max,cy d.(C).

DEFINITION 2.2. Let Ci A be the set of all monotone CNF' formulas which have
mazimum degree at most A and whose clauses have arity at least k.

Note that a formula in C; A may have some clauses with arbitrarily large arities.
A satisfying assignment of the formula is an assignment of truth values to the variables
that makes the formula evaluate to “true.”

Suppose that H = (V, F) is a hypergraph with maximum degree at most A where
each hyperedge has arity at least k. Let C' be the corresponding formula in C; A with
variable set V. The correspondence is that each hyperedge S; of H is associated with
exactly one clause ¢; of C. Independent sets of H are in one-to-one correspondence
with satisfying assignments of C—a variable is assigned value “true” in an assignment
iff it is out of the corresponding independent set.

Going the other direction, any monotone CNF formula can be viewed as a hyper-
graph. In the technical sections of this paper, we use the monotone CNF formulation.

In this article, when we consider a monotone CNF formula C' we will typically
use n to denote |V|. Variables in V' will be denoted by 1,2, .... When x and C are
clear from context, we will sometimes use d to denote d,(C). When C is clear from
context, we will sometimes use A to denote max ey d,(C).

2.3. The computation tree. In this section, we set up relevant notation and
give an exposition of the computation tree of Liu and Lu [12] which will also be used
in our proof (though our analysis will be different). The computation tree of Liu and
Lu is given in terms of the monotone CNF version of the problem. Below we give the
relevant definitions and notation; our notation aligns as much as possible with that
of [12].

Our goal is to approximately count the number of satisfying assignments of a
formula C € Cj a, which we denote by Z(C'). Since C' is monotone, an assignment
o:V — {0,1} is satisfying if, for every clause in C, there is at least one variable
x € ¢ with o(z) = 1. Note that Z(C) > 0 since the all-1 assignment satisfies every
monotone CNF formula. For convenience, we will use the simplified notation “x = 1"
to denote (the set of) satisfying assignments of C' in which z is set to 1, and we
similarly use “x = 0.” We associate the formula C with a probability distribution
in which each satisfying assignment has probability mass 1/Z(C). We will denote
probabilities with respect to this distribution by Pre(+).

Let x be a variable in V. Define R(C,x) := %; this is well defined since

Pre(z = 1) > 0 by the monotonicity of C. In fact, the monotonicity of C' also implies
that 0 < R(C,z) < 1, where the upper bound follows from the fact that, for every
satisfying assignment with x = 0, flipping the assignment of z to 1 does not affect
satisfiability. Our interest in the quantity R(C,z) stems from the following simple
lemma from [12].
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LEMMA 2.3 (see [12]). Let k and A be positive integers. Suppose that there is
a polynomial-time algorithm (in n and 1/¢) that takes an n-variable formula C €

Cr.an, a variable x of C, and an € > 0 and computes a quantity ﬁ(C’, x) satisfying

|R(C,z) — R(C,z)| < e. Then, there is an FPTAS which approzimates Z(C) for
every C € C A

Proof. The proof is actually identical to the argument in [12, Appendix A]. We
include the proof for completeness and also because an examination of the proof is
necessary to check that the FPTAS for approximating Z(C') invokes the algorithm
that computes ﬁ(C, x) only on formulas C' whose clauses have arity at least k (and
maximum degree A).

Let € > 0 and C be a monotone CNF formula C' with maximum degree A whose

clauses have arity at least k. Let x1,...,x, be the variables in C. Let C; be the

formula obtained from C by setting z; = -+ = x; = 1 and removing all the clauses
that are satisfied (i.e., all clauses that contain a variable from 1, ...,x;). We have
1 n—1
Z(C) =Prg(z1 = =2, =1) = HPIC(%‘H =l|lzy = =z;=1)
=0
(21) n—1 n—1 1
= Pre, (i1 =1) = —_
g) e (@1 =1) 1}) 1+ R(Cy, wi11)

Note that every C; is a monotone CNF formula with maximum degree A whose
clauses have arity at least k. By the assumption in the lemma, we can compute (in
poly(n,1/¢) time) quantities R(C;, x;41) such that

(2.2) ’]TE(CZ», Tiy1) — R(Ci, wi41)| < £/(100n) for all i = 0,...,n — 1.
Let
(2.3) Z(C) =[] (1 + R(Ci, wi11)).

=0

It is not hard to conclude from (2.1), (2.2), and (2.3) that (1 —£)Z(C) < Z(C) <
(14 ¢)Z(C). This completes the proof. 0

Liu and Lu [12] established that a computation tree approach gives a recursive
procedure for ezactly calculating R(C,x) for any monotone CNF formula C' and any
variable € C. We next give the details of this recursive procedure (see [12, Lemma
5]). First, we introduce the following definitions.

DEFINITION 2.4. Let C be a monotone CNF formula and let = be a variable in
C. We call the variable x forced (in C) if x appears in a clause of arity 1 in C' (note
that in every satisfying assignment of C it must be the case that x = 1 and hence
R(C,x) = 0). We call the variable x free if x does not appear in any clause of C
(note that R(C,x) =1 in this case).

DEFINITION 2.5. Let C' be a monotone CNF formula and let ¢ be a clause in C.
We call the clause ¢ redundant (in C) if there is a clause ¢’ in C such that ¢ is a
(strict) superset of ¢ (note that removing ¢ from C does not affect the set of satisfying
assignments of C ).
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We next give the details of the computation tree. The nodes in the computation
tree will be pairs (C, ) such that

(2.4) C'is a monotone CNF formula and z is a variable which is not forced in C.

Let (C,z) satisfy (2.4). We first perform a preprocessing step on C' which involves
(i) initially removing all of the redundant clauses, and (ii) then removing all clauses
of arity 1. Note that part (ii) of the preprocessing step removes all forced variables
that were present in C; at the time of the removal, forced variables appear only in
clauses of arity 1 since part (i) of the preprocessing step has already removed all
redundant clauses in C' (and hence all clauses of arity greater than 1 that contain
forced variables). Denote the formula after the completion of the preprocessing step
by C. Note that every clause in C is also a clause in the initial formula C. Tt
follows that x is not forced in C'. Further, since removing redundant clauses does not
change the set of satisfying assignments of C' and z is not forced in C, we have that
R(C,z) = R(C,x).

If z is free in C (the formula after the preprocessing step), then the start node
(C,x) is (declared) a leaf of the computation tree (note that in this case R(C,z) = 1).
In what follows, we assume that = is not free in C. Denote by {ci}ie[d] the clauses

where z occurs in C and let w; = |¢;| — 1 (note that d > 1). We will use w to denote
the vector (ws,...,wq). The variables in clause ¢; other than x will be denoted by
Ti1,-..,Tiw,. For the pair (C,x), we next construct pairs (C; ;,z; ;) for i € [d] and
J € [w;], where C; ; is an appropriate subformula obtained from C, roughly, by hard-
coding (some of) the occurrences of the variables in C to either 1 or 0 (this will be
explained below and will henceforth be referred to as pinning).°

Precisely, for i € [d], let C; be the formula obtained from C by removing clauses
€1, ---,Ci—1 (note that this has the same effect as pinning the occurrences of x in these
clauses to 1) and pinning the occurrences of x in ¢;41,...,¢q to 0 (this corresponds
to removing x from these clauses, and thus reducing their arities). For j € [w;], the
formula C; ; is obtained from C; by further removing clause ¢; and pinning all the
occurrences of z;1,...,2; ;-1 to 0.

Before proceeding, let us argue that the pairs (C; j, x; ;) satisfy (2.4) for all i € [d]
and j € [w;]. For such i, 7, we first prove that C; ; is a (satisfiable) monotone CNF
formula. That is, we prove that the various pinnings in the construction of C; ; from
C do not pin all variables of some clause of C to 0. For the sake of contradiction,
assume otherwise. Observe that C; ; is obtained from C by either removing some
clauses or pinning some occurrences of the variables to 0. Clearly, removal of clauses
does not affect satisfiability, so we may focus on the effect of pinning. For ¢ € [d] and
j € [w;], the only variables whose (some of the) occurrences in C get pinned to 0 are
Z,%i1,. .., % —1. Since we assumed (for contradiction) that C;; is unsatisfiable, it
must be the case that there exists a clause ¢/ in C all of whose variables are (a subset
of) @, @ 1,...,x; ;1. It follows that ¢; is redundant in C since it is a strict superset
of clause ¢’. This gives a contradiction since the preprocessing operation ensures that
C has no redundant clauses. Thus, C; ; is satisfiable, as wanted. Next, we show that
x;; is not forced in C} ;. First, observe that x; ; is not forced in C since the second
part of the preprocessing step ensures that C does not contain forced variables. Thus,

6Note that our notation for 4, is different from that in [12]; there, the roles of i, are inter-
changed.
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the only way that z; ; can be forced in C; ; is if there existed a clause ¢’ in C whose
variables were x; ; together with a subset of z,%;1,...,2; ;1. Since C includes c;
and C does not have redundant clauses, it must be the case that ¢’ = ¢;. It remains
to observe that C; ; does not include (any subclause of) ¢;, from which it follows that
x;,; is not forced in Cj ;.

We are now ready to state the relation between R(C,z) and the quantities
R(Ci)j,l‘i,j) with ¢ € [d} and j € [wl]

LEMMA 2.6 (see [12, Lemma 5]). It holds that

d “e R(Cijy i)
2. x) = 1- e I
(25) R’ z) E ( J1;[1 L+ R(Q‘,ja%,j))

Proof. The proof is identical to the proof of [12, Lemma 5] (which in turn builds
on the technique of [22]), we give the proof for completeness.

Recall that C is the formula after the preprocessing step and that R(é,.’L‘) =
R(C,z). We may assume that z is not free in C' (otherwise, it holds that R(C,z) = 1,
which coincides with the evaluation of the right-hand side of (2.5) under the standard
convention that the empty product evaluates to 1).

Equation (2.5) follows immediately from the following two equalities:

~ 7 R(Cij i)
(2.6) R(C,z) = ‘H R(Cy,z), R(Cijx)=1-— H TTRC )
1€[d] Jj=1 ’ ’
Prs (z=0)
7 "~ Prg(z=1)"
To see this, let C’ be the formula obtained from C' by replacing, for all ¢ € [d], the
occurrence of the variable x in clause ¢; by a new variable . We have that

The first equality in (2.6) is a consequence of a telescoping expansion of

R(C.x) = Prg(z =0) _ Prg, (z} =0,...,2, = 0)
’ Pra(le) Pré/(x/lzl,’x:izl)

_ H Prg/(z) =1,...,2;_ =12, =0,...2,=0) _ Pre,(z =0)
ieid) Prg (o =1,...,0;=1,2;,, =0,...2,=0) icid Pre,(x =1)
which yields the first equality in (2.6) after substituting R(C;,x) = %.

For the second equality in (2.6), observe that x appears only in clause ¢; of the
formula C;, and thus (denoting by C;\¢; the formula which is obtained from C; by
deleting clause ¢;)

PI‘Ci (l‘ = O)

m = 1—PI'CI.\CI. (.’1,'7;)]_ = 07 e Tiw; = 0) = 1_H Prcm. ($i7j = O),

j=1

R(C“ x) =

which proves the desired equality after substituting Prc, ,(z;; = 0) = %
By applying (2.5) recursively, it is not hard to see that one can compute the
quantity R(C,x) ezactly. Of course, exact computation using this scheme will typi-
cally require exponential time, so as in [12] we will stop the recursion at some (small)
depth L to keep the computations feasible within polynomial time. This will yield
a quantity R(C,xz, L), and the hope is that, by choosing L appropriately, the error

|R(C,z, L) — R(C,x)| will be sufficiently small.
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In light of (2.5), a natural way to define R(C, z, L) for integer L > 0 is as follows.”

1 ifxisfreeinCN'orLZO,

d wi R(Ci j,xi,4,L—1) .
| (1 - Hj:l W) otherwise.

R(C,xz,L) = {

It is immediate that when the formula C' has maximum degree bounded by a constant
and, further, every clause has arity also bounded above by a constant, one can compute
R(C,z, L) in time polynomial in n whenever L = O(logn). To account for formulas
where the arities of the clauses can be arbitrarily large (but still where the degrees
of variables are bounded by a constant), one needs to be more careful with clauses of
large arity (i.e., when their arity as a function of n is w(1), say logn). As in [12], we
will account for this more general setting by pruning the recursion earlier whenever
we encounter clauses with large arity.

DEFINITION 2.7. For any integer w, let l,, = [logg(w + 1)].

Note that Iy = --- =15 = 1. For integer L, we set
(2.7)
1 if x is free in C or L <0,

R(C7-'I/'7L) = d i R(Ci j,wi j,L—lw,) .
[Tim, (0 =TT, 1+R(C'~jyj)g;:j7L7l;i)) otherwise.

The particular choice of the logarithm base in Definition 2.7 is not very important
as long as it is a big enough constant. The quantity R(C,z, L) is typically called a
“message” (because it gets passed up the computation tree).

Remark 2.8. For formulas C' with a variable x which is not forced in C, we have
the lower bound R(C,z) > (1/2)%(®). The bound is simple to see using (2.5) and the
fact that R(C; j,x; ;) < 1 for all i € [d,(C)] and j € [w;]. Similarly, for all integers
L and all nodes (C,z) in the computation tree we have the bound R(C,z,L) >
(1/2)%(0).

3. Proof outline. We want to guarantee that the error |R(C,z,L) — R(C, z)|
is exponentially small in L. Notice that if we run the recursion long enough, it
computes the true value; namely, R(C,z,00) = R(C,z). More precisely, we will
prove the following two lemmas, which correspond to the settings of Theorem 1.2 and
Theorem 1.3, respectively. Recall that Cj A is the set of all monotone CNF formulas
which have maximum degree at most A and whose clauses have arity at least k. Our
proof will use the following constant.

DEFINITION 3.1. Let o =1 — 1074,

LEMMA 3.2. There exists a constant T > 0 such that for every C € Cs¢, every
variable x € C, and every integer L,

|R(C,z,L) — R(C,z,0)| < Ta’.

LEMMA 3.3. Let k and A be two integers such that k > A and A > 200. There
exists a constant T > 0 such that for every C' € Cy, A, every variable x in C, and every
integer L,

|R(C,2,L) — R(C,z,0)| < Ta’.

"Note that the value 1 of R(C,z, L) when L < 0 is somewhat arbitrary since L < 0 corresponds
to stopping the recursion. Our choice of the value 1 will be convenient for technical reasons that will
become apparent in the proof of the upcoming Lemma 3.8.
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Our proof uses correlation-decay techniques together with a new method which
accounts for the shape of the computation tree. Lemma 3.3 is technically simpler and
is proved in section 4 to better illustrate the idea. Lemma 3.2 is proved in section 5.
In the rest of this section, we give an overview of our overall proof strategy.

To analyze the error of the recursion, the standard approach so far in the litera-
ture has been to show that, for a node (C,z) in the computation tree, the quantity
|R(C,z,L)—R(C, z,00)| is bounded by amax; ; |R(C; ;,x; ;, L—1)—R(C; j,x; ;,00)|
for some constant 0 < o < 1. This allows one to inductively deduce that |R(C,z, L) —
R(C,x,00)| decays exponentially in L. This approach has been extremely successful
when SSM holds [18, 11, 12, 17, 23, 13).

In fact, this stepwise decay seldom holds if we track R(C,z, L) directly. Instead,
the analysis is usually done by tracking ®(R(C,z, L)) for an appropriate potential
function ®. In particular, let ® : (0,1] — R be a potential function that satisfies

(3.1)
® is continuously differentiable on (0, 1], and ¢ := @’ satisfies ¢(z) > 0 for z € (0, 1].

The usual approach is to show that |®(R(C,z, L)) — ®(R(C, z,00))| decays exponen-
tially in L, which is sufficient to imply lemmas like Lemmas 3.2 and 3.3.

In our setting, this inductive approach is problematic since, inside the computa-
tion tree, we are faced with the possibility that the formula at the root of a subtree
could have many arity-2 clauses. For A > 6, these subtrees prohibit the application
of the above proof scheme since they are in nonuniqueness and hence the desired step-
by-step decay is no longer present, regardless of the choice of the potential function.

While arity-2 clauses are problematic, clauses with larger arities do at least lead
to good decay of correlation in a single step. In general, as the arity gets larger, the
decay gets better. Thus, our approach is to do an amortized analysis. In a single
step, we track both the one-step decay of correlation and the number of variables in
the current formula that are pinned to 0. These 0-pinnings will decrease the effective
arity of clauses and will later lead to worse decay.

More formally, we will track a specific quantity m(C, z, L) which is assigned to
each node in the computation tree. Let C* be the original monotone CNF formula and
let (C,x) be a node in the computation tree. As explained in section 2.3, each clause
¢ of C is obtained from a clause ¢ of C* by pinning a certain number of variables to
0 (possibly none), which effectively is the same as removing those variables from the
clause. We call these O-pinnings deficits and let max{0,%k — |¢’|} be the number of
deficits of ¢/. Note that a clause of arity larger than k is considered to have no deficit,
although some variables of it may have been pinned to 0.

DEFINITION 3.4. Let D(C) = ), .- max{0, k—|c'|} denote the sum of the deficits
of the clauses in C.

Observe that if a clause ¢ of C* does not show up in C, it does not contribute
any deficits. For any node (C,z) in the computation tree, let

m(C,z, L) := 6P D®(R(C, x, L)),

where § € (0,1) is a constant that we will choose later, and the potential function ®
will be specified shortly in Definition 3.5. Crucially, the root formula C* satisfies

|m(C*,z, L) — m(C*,z,00)| = |®(R(C*,x, L)) — ®(R(C*, z,0))],

since at the root no variable is pinned yet and D(C*) = 0. Thus, the key step is to
show that the quantity |m(C, z, L) —m(C,x,c0)| decays exponentially with L; we will
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show that, for an arbitrary node (C,z) in the computation tree, it holds that
(3.2) |m(C,z,L) — m(C,z,00)| < amax; ; |m(C; j,zij, L —1) —m(C;j,x;j,00)]|,

where o = 1 — 1074 is from Definition 3.1.

In previous applications of the correlation decay technique, the ordering of the
children of each node (C, z) is usually arbitrary. Since we want to take the shape of
the computation tree into consideration, this ordering becomes important to us. We
will order clauses in order of increasing size, except that we leave arity-2 clauses to
the end.

Unfortunately, the quantity m(C,x, L) is more complicated than the plain mes-
sage R(C,z,L) and it is even more complicated than ®(R(C,x, L)), since it incor-
porates combinatorial information about the formula C' and thus it does not satisfy
a simple recursion (unlike R(C,z,L)). Nevertheless, we are able to define a multi-
variable quantity . (see (3.5)), and we will show (see Lemma 3.8) that when k, <1,
inequality (3.2) holds.

We will use the following potential function, which satisfies (3.1) as required. In
general, the choice of an appropriate potential function is guided by an “educated
guess.”

DEFINITION 3.5. Let x = 1/2 and 1 = 13/10. Define

1 X

Let o(z) denote ®'(z) so that
b
2(th — 2%)

Remark 3.6. The exact values of xy and ¥ do not matter at this stage, but it is
important that 0 < ¥ < 1 and 9 > 1. For such values of y and 1, ® ! exists and is
uniquely defined over the range of ®(z) for z € (0, 1].

p(z) = ¥'(2) =

3.1. A general framework to bound the error. First let us calculate how
the number of deficits changes in one step of the recursion. To avoid trivialities, we
assume k > 2. Let (C,z) be a node in the computation tree. As in section 2.3, we
first perform a preprocessing step on C' which removes redundant clauses and removes
clauses of arity 1, producing a new formula C. Every clause in C' is a clause of C,
so D(C) < D(C). Also, z is neither forced nor free in C' (otherwise, (C,z) is a leaf

in the computation tree). Let d = d,(C) and let ¢y, ..., cq be the clauses where x
occurs in C. Recall that w; = |¢;| — 1. As we mentioned in section 3, the order of
c1,...,¢q is important. We will order clauses in order of increasing size, except that
we leave arity-2 clauses to the end. Here is some notation to describe the ordering.
Let by denote the number of clauses amongst c1,...,cq with arity /. We will use
the variables b, to denote cumulative sums for ¢ > 2, so by, = 0 and, for £ > 3,
by = by_y + be. We order the clauses so that, for £ > 3, clauses ¢y, 41,...,¢p, have
arity £. Finally, clauses c4—p,+1, - .., cq have arity 2. Let s; be the sum of the deficits
of clauses cy,...,c;. Thus,

5; = Zmax((), k—w, —1).
t=1
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We will now consider how the deficits change when we construct the node (C; ;, x; ;)
from (CN', z) according to the method described in section 2.3, where j € [w;].

e The arity-2 clauses in C are always removed in the construction of Cj ;,
resulting in a loss of deficit of by (k — 2).

e The clauses cy,. .., c; are also removed in the construction of C; ; resulting in
an additional loss of deficit of spin(i,d—b,)- (The minimum is to avoid double-
counting if ¢ > d — by since in that case some of these clauses have arity 2 and
have already been counted.)

e The occurrences of = are pinned to 0 in clauses ¢;41,...,cq. Consider some
te{i+1,...,d}. If the arity of ¢; is greater than k, then this pinning does
not cause any increase in deficit. Also, if the arity of ¢; is 2, then the clause
will be removed, so there is no increase in deficit. Thus, the increase in deficit
from these pinnings is at most max(0, bj, — 7).

o If i < d— by, then w; > 1 and all occurrences of ;1,...,%; ;-1 are pinned
to 0, resulting in an increase in deficit of at most (5 — 1)(A — 1).

Let 1;<q—p, be zero-one indicator variable for the event that ¢ is at most d —by. Then,
putting these observations together, we conclude that

D(Ci,j) < D(C) - bQ(k - 2) — Smin(i,d—bs) + max((), b;c - Z) + (j - 1)(A - 1)11§d—b2'
Since D(C) < D(C), we have
(33) D(Cr;) < D(C)—bo(k—2)— Sune ety - max(0, By —i) 4 (G~ 1)(A—1)Lizqp,.

Recall that the recursion for R(C, z, L) depends on the function F%¥(r) implicitly
defined by (2.7), i.e.,

(3.4) P = [ (1 - ﬁ T )

where 7; ; € [0,1] for all ¢ € [d] and j € [w;]. In particular, unless z is free in C or
L <0, we have
R(C,z,L) = F*™W({R(Ci j, 2, L — ly,)})

The m(C, x, L) variables also satisfy a recursion which could be made explicit by
mapping them back to the R(C,z, L) variables, though we will not directly analyze
this recursion. Instead, we will define a quantity /ﬁf’w(r) which tracks the rate at
which |[m(C,z, L) — m(C, z,00)| decays in the recursion. Specifically, define @™ (r)
as follows:

(3.5)
K2 (x)
d  w; d,w d,w
::ZZa—zwi5<b2<k—2>+smm<i‘d_bz>—max(O,b;—i)—(j—l)(A—l)l,igdW)SO(F (r) "9F )]
e(rij) Ori;

i=1 j=1

The main step in the proofs of Lemmas 3.2 and 3.3 will be to bound %" (r). By
construction, the elements in w are in increasing order, apart from the 1’s at the end,
and the bound on /{f’w(r) will use this fact, so we give the following definition.

DEFINITION 3.7. Let wg = 2. A vector w = w1, ..., wq is suitable if its entries
are positive integers and there is a t € {0,...,d} such for all j in {1,...,t}, w; >
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wj—1, and for all j in {t+1,...,d}, w; = 1. Given a suitable vector w we use the
following global notation (which depends implicitly on w): by is the number of entries

of w which are equal to £—1. b}, = bg+---+by. Finally, s; = > ,_, max(0,k—w;—1).
LEMMA 3.8. Suppose that A and k are integers with A > 2 and k > 3. Suppose

that there are constants 0 < § < 1 and U > 0 such that, for all 1 < d < A, all suitable
W =wi,...,wq, and all v satisfying (1/2)2711 <r <1, it holds that

*

1 hend < A —1
(3.6) KV (1) < wnen @= ’
U whend=A.

Then there exists a constant T > 0 such that, for every C € Cy a, every variable
x € C, and every integer L, it holds that

(3.7 |R(C,2,L) — R(C,z,00)| < Ta”.

Proof. We will show that there is a constant 7 > 0 such that for all such C| z,
and L, it holds that

(3.8) |m(C,z, L) — m(C,z,00)| < 2ol

Assuming (3.8) for the moment, let us conclude (3.7). Consider C € Cy Ao. We may
assume that L > 0 since for L = 0 the inequality (3.7) holds for all sufficiently large
7 (any 7 > 1 works). Consider any z € C and consider the computation tree rooted
at (C,x). By the definition of m(:,-,-) and since by assumption D(C) = 0, we have
that

(3.9) |m(C,z, L) — m(C,z,00)| = ’@(R(C’,z,L)) - @(R(C,x,oo))|.
Let n = (1/2)27! and let

KP .= min ®'(z) = min o(z) and KP* := max ®'(z) = max p(z).
z€[n,1] x€[n,1] z€[n,1] z€[n,1]

Since ¢ is continuous and @(x) > 0 for all € [, 1], we have that K" and Kxax
are positive. We have that

1

(3.10) |R(C,z,L) — R(C,z,00)| < .
Kglln

|®(R(C,z, L)) — ®(R(C, z,0))|.

To see (3.10), we may assume that R(C,z,L) # R(C,x,00) (otherwise the inequality
holds at equality), in which case the inequality follows by an immediate application
of the Mean Value Theorem to the function ®. Combining (3.9), (3.10) with (3.8)
yields (3.7) with 7 = 7/K%" as desired.

To prove (3.8), we will first show a slightly weaker claim. Namely, for all nodes
(C,z) in the computation tree where C' € Cy A and = € C is a variable with degree
< A — 1, for all integers L, it holds that

(3.11) |m(C,z, L) —m(C,z,00)| < KP**al.
For L < 0, we have that

im(C,z, L) —m(C, x,00)| = 6P ®(R(C, x, L)) — ®(R(C, x,00))|
< KP*™|R(C,z,L) — R(C, x,00)| < KR,
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where in the first inequality we used that § € (0,1], D(C) > 0 and an application
of the Mean Value Theorem analogous to that used in (3.10), while in the second
inequality we used that for L < 0 it holds that R(C,z,L) = 1 (by definition) and
0 < R(C,z,00) < 1. Since 0 < a < 1, this proves (3.11) for L < 0.

To prove (3.11) for integer L > 0, we proceed by induction on L. Namely, we
assume that L > 0 and that (3.11) holds for all values smaller than L (the base cases
L < 0 have already been shown).

Recall from (2.4) that x is not forced in C' and that C is the formula obtained
by removing the redundant clauses in C. We may assume that z is not free in
C—otherwise, observe that R(C,z,L) = R(C,z,00) = 1 and thus m(C,z,L) =
m(C, z,00) so that (3.11) holds. We will thus focus on z’s which appear only in (a
nonzero number of) clauses in C' of arity > 2. Let d = d,(C). For i € [d] and j € [w,],
it holds that

m(Ci,j, .Z'i’j, L— lwt) = (5D(Ci’j) @(R(Ci’j, l‘i’j, L — lwi))7

3.12
( ) m(C’m-, .Ti,j, OO) = (SD(Ci’j) (I)(R(Ci,j’ J?i’j, OO))

Denote by r(!) the vector whose coordinates are given by R(C; j, i, L — ;) for
i € [d] and j € [w;]. Denote also by r(® the vector whose coordinates are given by
R(C; j,x; j,00) for i € [d] and j € [w;]. Observe that

R(C,z,L) = R(C,z,L) = F&% (r(l)) and R(C,z,00) = R(C,z,00) = F4% (r(2)).

Note also that 71 < r(M),r(® < 1 (cf. property (2.4) for the nodes of the computation
tree, (2.7), footnote 7, and Remark 2.8).

We next bound |®(F4Y(r())) — &(FEW(r(2)))| in terms of max; ; |®(r ”)) -
D(r 1(2]))\ For convenience, denote F := F%¥ and for i € [d] and j € [w;], let
NON ) 22 (2)
— o). D 8.

7] 7]

For 0 € [0,1], let 2;;(60) := 020 + (1 - 0) =), and let 7,;(0) == &~ (2:,;(0))
(note that the inverse ®~! exists and is uniquely defined in the interval ®([n,1]);
cf. Remark 3.6 and (3.1)). Denote by r(6) the vector whose coordinates are 7; ;(6)
and note that n1 < r(d) < 1. Finally, let h(f) := ®(F(r(d))). Observe that h is
differentiable for all values of 8 € [0, 1]. By applying the Mean Value Theorem to the

function h(6), we obtain that there exists 6y € (0, 1) such that

BEED) ~e(F() = GG

We have that

Oh _ 02(F(x(0) _ ., OF (x(0)) L ) 9ri(0)
e e L LU PO e v

i=1 j=1

_ 1 8F(I’(9)) azm(e)
o Z Z (P’ 7’2 9 87’1'7]’ 89

i=1 j=1

1 OFx®), 1) 2
- ZZ o/( 7’, 6)) ori j (zzb h ZZ2]>

i=1 j=1
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It follows that
|TTL(C, x, L) - m(cv €, OO)‘
= 6" D|®(R(C,, L)) — ®(R(C,z,00))]

wq

d
F(I‘)) 8F(I‘) 1 2
< max { §2© PlF(r) OF () o) @
T { ;; e(ri ;) Bm,j‘ e
(3.13)

d  w;
: b @(F(r) |0F(r)
= max [ 303 67D (
r < e(rig) | Ori

|m(Cij, i, L — lw;) — m(Ci g, @i g, OO)|> ;

i=1 j=1

where the inequality follows by the triangle inequality and the fact (see Definition 3.5)
that ¢ = @’ satisfies (3.1). Now note that, for all i € [d] and j € [w;], we have by
induction that

(314) }m(Cm-, Zij, L— lwl) — m(C’m-, Tij, OO)| < Kglax OéLilw’i .

From (3.13) and the bounds (3.14), we obtain
(3.15)

d w;
|m(C,z, L) — m(C,z,0)| < Kg** max ZZ(SD(C%D(C“J')*(F(”) OF(r)
r p(riz) 1 Ori;

oz_l“’i> ot

i=1 j=1

The lower bounds on D(C) — D(C; ;), (3.3), imply that

?

d  w;

3.16 6D(C)_D(Ci,j)M OF (r) ‘ a~twi < W (p
(3.16) >y | < K1 (x)
where in the inequality we used that § € (0,1].

Combining (3.15), (3.16), and the assumption (3.6) that ™ (r) < 1 ford < A—1
yields (3.11), as wanted.

Finally, we prove (3.8) with 7 := KP* - max{U, 1}, where U is the constant in
assumption (3.6). For = of degree < A—1, we get (3.8) immediately from (3.11). Now
suppose that (C, z) are such that = has degree A in C. Note that, for a node (C’, z’)
in the computation tree, 2’ may have degree d = A in C’ only if (C’,2’) is the root
of the tree. It follows that the children of the node (C,z), say (C; ;,x; ;) with ¢ € [d]
and j € [w], are such that x; ; has degree at most A — 1 in C; ;. Hence, by applying
(3.11), we obtain that (3.14) holds for all 4, j, and hence (as before) we deduce that
(3.15), (3.16) hold as well. Inequality (3.8) now follows since by assumption (3.6) we
have that £%" (r) < max{U, 1} for d < A.

This concludes the proof of Lemma 3.8. 0

We now state two technical lemmas which will be proved later in the paper. These
lemmas verify the premise of Lemma 3.8 in the settings of Theorems 1.2 and 1.3. Note
from (3.5) that x%™(r) depends on the global quantity k and on various quantities
(depending on w) which are defined in Definition 3.7.

LEMMA 3.9. Let k and A be two integers such that k > A and A > 200. There
are constants 0 < § < 1 and U > 0 such that, for all 1 < d < A, all suitable
W = wi,...,wy, and all v satisfying 0 <r < 1, it holds that

d’w(r)<{1 when d < A -1,

H*
U whend= A.
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LEMMA 3.10. Let A =6 and k = 3. There are constants 0 < 6 < 1 and U > 0
such that, for all 1 < d < A, all suitable w = wy,...,wq, and all v satisfying
(1/2)A711 <r < 1, it holds that

dw 1 whend <A-1,
Y (r) <
U whend=A.
Lemma 3.9 will be proved in section 4, and Lemma 3.10 will be proved in section 5.
Using these lemmas and Lemma 3.8, we can prove Lemmas 3.2 and 3.3.

LEMMA 3.2. There exists a constant T > 0 such that for every C € Cs¢, every
variable x € C, and every integer L,

|R(C,z,L) — R(C,z,00)| < Ta’.

Proof. The lemma follows immediately from Lemmas 3.10 and 3.8. ]

LEMMA 3.3. Let k and A be two integers such that k > A and A > 200. There
exists a constant T > 0 such that for every C' € Cy, A, every variable x in C, and every
integer L,

|R(C,z,L) — R(C,z,00)| < ta.

Proof. The lemma follows immediately from Lemmas 3.9 and 3.8. a

3.2. Proof of the main theorems. In this section, we give the proofs of The-
orems 1.2 and 1.3, which we restate here for convenience.

THEOREM 1.2. There is an FPTAS for #HyperlndSet(3,6).

Proof. First, reformulate #HyperIndSet(3, 6) as the monotone CNF problem with
instances in Cs g, following the reformulation in section 2.2. Then, just invoke Lem-
mas 2.3 and 3.2. 0

THEOREM 1.3. Let k and A be two integers such that k > A and A > 200. Then
there is an FPTAS for the problem #HyperIndSet(k, A).

Proof. Once again, reformulate #HyperlndSet(k, A) as the monotone CNF prob-
lem with instances in Cy o. Then invoke Lemmas 2.3 and 3.3. O

We have now finished the proofs of Theorems 1.2 and 1.3, except that we have
not yet proved Lemmas 3.9 and 3.10, which we used to bound %" (r) in the proofs of
Lemmas 3.2 and 3.3. Lemma 3.9 will be proved in section 4, and Lemma 3.10 will be
proved in section 5. The proofs bound the multivariate decay rate function kW (r).
This is an optimization problem that is quite complicated to solve. Moreover, we need
to solve it for all possible suitable vectors w. The analysis of bounding fff’w(r) is the
technical core of our proof.

3.3. Application to counting dominating sets. In this section, we use The-
orems 1.2 and 1.3 to obtain Corollary 1.4, which we restate here for convenience.

COROLLARY 1.4. For all positive integers A satisfying either A <5 or A > 199,
there is an FPTAS for the problem #RegDomSet(A).

The corollary follows from the observation that a dominating set in a A-regular
graph is defined by a collection of constraints of arity A+1 with each variable occurring
in A + 1 constraints. The details are spelled out in the following proof.
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Proof of Corollary 1.4. Let A be an integer satisfying either 2 < A < 5 or
A > 199. Let G be a A-regular graph, and denote by #DomSets(G) the number
of dominating sets in G.

Let ¥ := A+ 1,A’ := A+ 1. We will construct a k’-uniform hypergraph H
where every vertex of H has degree A’ such that the number Zy of independent
sets in H satisfies Zyg = #DomSets(G). To conclude the corollary we then only
have to check that, for the relevant range of A, we can invoke one of the FPTASs of
Theorems 1.2 and 1.3 to approximate Zg. Indeed, when A > 199, we have A’ > 200
and k' > A’. Thus, by Theorem 1.3, #HyperIndSet(k’; A’) admits an FPTAS and
thus so does #RegDomSet(A). Similarly, when 2 < A < 5, we have A’ < 6 and
k' > 3. By Theorem 1.2, #HyperIndSet(3,6) admits an FPTAS and thus so does
#RegDomSet(A).

We conclude the proof by showing the construction of H. For a vertex v € V of
G, denote by v1,...,va its neighbors in G (note that there are exactly A of those
since G is A-regular), and let e, = {v,v1,...,va}. Then H is the hypergraph with
vertex set V and hyperedge set F = Uycye,. It is clear from the construction that H
is k'-uniform with &' = A 4+ 1. Further, every vertex v of H has degree A’ = A 41
since it appears in the hyperedges e,,€e,,,...,€,,. This completes the construction
of H.

It remains to show that the number of dominating sets in the graph G is equal
to the number of independent sets in the hypergraph H. It suffices to show that
S C V is an independent set of H iff V\S is a dominating set of G. Indeed, if S is an
independent set of H, then for every vertex v € S, at least one of v1,...,vA is not in
S (since e, is a hyperedge of H), and hence V\S is a dominating set of G. Similarly,
if V\\S is a dominating set of G, then for every vertex v € S, at least one of vy,...,va
is in V\S, and hence S is an independent set of H (since each hyperedge e, of H
contains at least one vertex which does not belong to S).

This completes the proof. 0

4. Bounding the decay rate for large A. This section is devoted to proving
Lemma 3.9. Let & and A be two integers such that & > A and A > 200. We start
by setting up some upper bounds on the function nf’w(r), which is defined in (3.5)
using notation from Definition 3.7. Consider the following definitions, which apply to
suitable vectors w:

(4.1)

aflwi(ssi—s-i—d—i-bgE;Ur:ilé—(j—l)(A—l) 1 ‘3Fd,w i£1<i<d— b,

@(rij) | Ori

pYi(r) = »
(x) o lwi §5d-bs ap(rl,- ") 8;:1 ifd—by+1<1:<d,
(4.2)
d .
I (1) i (P (1)) 65 3 i),
=1

We first argue that nf’w(r) < k%%(r). To see this, note that Smin(i,d—bg) 1S Si
for 1 <4 < d—by and is sq_p, for d — by +1 < i < d. Also, b, < d — by, s0
max(0,b), —i) < d—by — i, and if i > d — by + 1, then max(0,b) — i) = 0. Finally,
(J—1)(A —1)1;<g—p, is equal to (j —1)(A —1) when 1 <4 < d — by and to 0 when
d—by+1<i.

Recall from Definition 3.1 that o = 1 —10~%. For brevity, we will denote F%" (r)
by F(r). Finally, we define the constant § (which depends on A).
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DEFINITION 4.1. Let ¢ = 0.7. Given A, define § by 6> = c.

In order to bound x%%(r), an important special case is when by = 0. Indeed, as
we will see soon, handling this special case implies an upper bound of k%% (r) for the
general case. Define the following quantity for suitable vectors w:

(4.3)
d Wi Ti w; X
1 ) H i=1 T - v —rr.
~d,w o siti—d—(w;—1)(A=1)  —l4, J +7i,j 2%
R¥Y(r) i= ———— g ) o~ — g .
Y — Fr)x — 11152, 11%;3- o ity

The next lemma gives an upper bound on the quantity %% (r).

LEMMA 4.2. Let k and A be two integers such that k > A and A > 200. Let d be

a positive integer such that d < A — 1. Let w = wy,...,wyq be a suitable vector with
by = 0. Then, for all v satisfying 0 <r <1, K% (r) < 1.
In the case d = A for w = wi,...,wq, a suitable vector with by = 0, and all r

satisfying 0 <r <1, k%% (r) < 1/6.

Note that in the statement of Lemma 4.2, the w;’s are positive integers in non-
decreasing order, all of which are at least 2. Lemma 4.2 will be proved in the remainder
of section 4. First we use it to prove Lemma 3.9, which we restate for convenience.

LEMMA 3.9. Let k and A be two integers such that k > A and A > 200. There
are constants 0 < § < 1 and U > 0 such that, for all 1 < d < A, all suitable
W = wi,...,wy, and all v satisfying 0 < r < 1, it holds that

dow 1 whend <A -1,
() <
U whend=A.

Proof. First note that

wq Ti,t

’ OF | F(r) t=1 T¥r;
87‘1',]' Ti’j(]. + Tiyj) 1-— 111:@1 1_7_1;”
Hence, for 1 <1i < d — b,
, . IG5 5 & 1 1
pVi(r) = F(r)5‘9‘+z_d+b2a_l“’i —Thd §—G-D(Aa-1)
=TI ; @(rij) rig(L+7i;)

| Wiy — X
< F(r)§si+i7d+b2f(wifl)(Afl)aflwi J=1 1474 Z 1,5 .

_ w;q Ti,j . )
1 Hj:l 147 4 j=1 1 +T1,J

and for d — by < i < d,

_ll .
pw,i(r) — & F(r) 684,172 7'171
@(rin) T+7ria
X
< P(r)gareq-t W )
- 1 + i1

Recall from Definition 2.7 that l,,, = [logg(w; + 1)] and in particular that Iy = --- =
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ls = 1. This implies that

— d—b w; Tij w; X

nd’w(r) < §o2(k—2) 25si+i7d+br(wi71)(A*1)a*lwi HJ:I T+ri; P i
= E : Wi Tig E ,

Y- Flx\ = =114 Ty j=1 L7

d . X
(4.4) + D goay T T Ti0) )
i=d—by+1 o(l+7in)

We want to move the term in front of the parentheses in (4.4) inside. Let w' =
{w1,...,wq—p2} be the prefix of w. Then

d—b2 wi
Fte ) = T (1T 3

L . 7,

i=1 j=1 »J

First, suppose that d < A — 1. By (4.4),

/ﬁd’w(r)

d—bsy wi _Tiyg wi X

- 1 imdd by — (w;—1) (A1) —luy. i=1 T+, =y
< §b2(k=2) §siti—dtba—(w;—1)( ) w; J »J
- w — Fd-—ba,w’ (I‘)X Z @ 1— Hwi Ti,j Z 1+ i,

i=1 Jj=1 147r; 5 j=1
d

1 S gt i () — T§f1))

_|_
P —= H?:dbeH(l +7ia) X i=d—by+1 a(l+7i)

d X
—2) [ ~d—by,w’ 1 ri (Y — 1)
< g2 (=2 (md ORI = (1+r1)x a(l +n~,1)1 )

i=d—bo+1
(4.5)

d X
_ 1 ri(Y — 1)
< gh2t=2) [ T, i1
=0 p> Y—A+r)x  all+ra) |7

i=d—ba+1

where we use the definition of %% from (4.3) and Lemma 4.2 (using the fact that
d < A —1) in the last step. In section 8.1.1, we verify using Mathematica’s RESOLVE
function that, for any 0 < r < 1, it holds that

1 r(y —rX)

(46) O—(1+r)xX all+r)

< 0.42.

Therefore, (4.5) simplifies to
KO (1) < 6%2(F=2) (1 4 0.42b,) .
Since 6872 < 272 < ¢172/200 and ¢ = 0.7, we have that

O (r) < k¥W(r) <1
for any integer by > 0. This finishes the proof.

The bound in the case d = A follows the same argument; the only difference
is that in (4.5) we use the d = A case of Lemma 4.2 and hence obtain a weaker
(constant) bound on k%Y (r). d
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TABLE 1
A lookup table for various constants.

[ Name [ Value [ Definition ]
a 1—101 Definition 3.1
P 13/10 Definition 3.5
X 1/2 Definition 3.5
c 0.7 Definition 4.1
4 §=cl/A Definition 4.1
cs ¢1—6/200 Definition 4.9
Ko 1.11614 Lemma 4.5
Kg 1 Lemma 4.5
T2 4.5932 Lemma 4.7
T6 2.7805 Lemma 4.7
Yo =~ 0.933133 (4.31)

Y1 =~ 0.988369 (4.31)
TABLE 2

A lookup table for various functions.

[ Name [ Defining equation
REW () (4.3)
£w,r) (412)
C(w,d) (4.18)

7 (y) (4.30)
h(y) (4.32)
ot.6(y) (4.34)
08,2(y) (4.36)

4.1. Useful lemmas for the proof of Lemma 4.2. We have now finished
the proof of Theorem 1.3 apart from the proof of Lemma 4.2, and the remainder
of section 4 is devoted to the proof of Lemma 4.2. First, in this section, we prove
some useful lemmas. To make them easier to read, we list some useful constants and
functions in Tables 1 and 2.

The first two lemmas are merely technical.

LEMMA 4.3. Let f(r) := wlf::( for r € (0,1], and parameterize t in terms of r
t __ _rT

via €' = 115 Then, f, viewed as a function of t, is concave.
Proof. Note that since r ranges from 0 to 1, we have that ¢ ranges from —oo to

In(1/2). Further, we have that r = 15;,,, so we want to show that the function

t

i) =1(+5)

1—et

is concave for all ¢+ < In(1/2). We do this by verifying that f”(t) < 0 for ¢ < In(1/2)
using Mathematica’s RESOLVE function; see section 8.1.2 for details. ]

LEMMA 4.4. Let z,y be such that 0 < y < x < 1. For integers d,w > 1, consider
the functions f1(d) := %:Zi and fo(w) = %/1;7%:1 Then, for all integers
d,w > 1, it holds that

fild) < fild+1),  fa(w) > fo(w +1).

Proof. To show that f1(d) < fi(d+ 1) for integer d > 1, we only need to show
that fi(y) < fi(x) where fi(t) := %, i.e., that fi(t) is increasing for ¢ € (0,1).
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We calculate
(1—t4)? ’

which is nonnegative for all ¢ € (0, 1) since the quantity t4**—(d+1)t+d is nonnegative
for t € (0,1) (it vanishes at t = 1 and is a decreasing function in ¢ for ¢ € (0, 1] since
the first derivative equals (d + 1)(t? — 1) < 0).

To show that fo(w) > fo(w + 1) for integer w > 1, we only need to show that
— — — w w42 —
2(z) < fo(y) where fo(t) := %, i.e., that f5(t) is decreasing for ¢ € (0,1).
(A= tw 1)

We calculate
(1 =ty (w2 — (w + 2)t T + t(w + 2) — w)

f2(t) = (1-— tw+1)3 ’

which is at most 0 for all ¢ € (0, 1) since the quantity wt**? — (w+2)t¥ 1 +¢(w+2) —w
is at most 0 for ¢ € [0,1] (it vanishes at t = 1, is negative at t = 0, and is a concave
function in ¢ for ¢ € [0,1] since the second derivative equals w(w + 2)(w + 1)(t* —
tw=1) <0). 0

We now turn to the problem of upper bounding ’f%d’w(r), Which is what we need to
do to prove Lemma 4.2. Recall from Definition 3.7 that s; = >_;_, max(0, k —w; — 1).
Thus, for s > 1 and d < A — 1, we have

>si1+k—w—1+i—wi(A-1)
23i71+k—wiA.

Hence, from the definition of K% (r), we have

~ g d a o AL s -1y
4.7 ®BWV(r) < —— G TWIn g — 2.
Y — F(r)x ; 1= T2 =55 ; L+

Recall from (3.4) that F(r) = [[,(1 — I12, 1rrfj) Define ¢; ; by el =
ri;/(1 +r;;), and let u; = Z;”:l tij. Then we can express the right-hand side

of (4.7) as a function of the t; ;’s as follows:

5k d el Wi
§eim1—wil o —lw, — f(tz', )) )
w_(l—[?_l(l_eui))x<; 1_61‘; J

where f is as defined in Lemma 4.3. By Lemma 4.3, f is concave, so Jensen’s inequality
applies, showing that the quantity is at most

5k d eli ~ o w;
6877—1_wiAa_lwz‘ — wif (1) )
a5

So we can replace each ¢; ; with u; /w; without decreasing the right-hand side. Equiv-

alently, we can replace each r; ; with a quantity r; so that H;f’;‘l 11& - = ( 1-??@- )i,
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Define y; such that y; = (1 — (72-)"#)'/2. Also notice that §* < 6% = ¢ = 0.7,

1+7‘1',
From (4.7), we thus obtain that
d Y
(4.8) ROW(r) < ———— ) 8" 'g(yi, wi),
=1Lz vi =

where

(4.9) g(y,w) = c_“’oz_l“’wl;zy2 (1 - (1- y2)1/w) <1/) - (%>X> )

and the range of y; is y; € [(1 —27#)%/2,1). The next lemma gives an upper bound
on g(y, w).
LEMMA 4.5. For all w > 2, for ally € [(1 —27")Y/2 1), it holds that

(4.10) gy, w) < Ky g((1—27")% w) = 015K, ww(2e) ™ (1 —27%) 7",
where Ko = 1.11614, K3 = 1.03, K4 = 1.01, and K, = 1 for all w > 5. In particular,
Kyi1 < Ky, for any w > 2.

Proof. The equality in (4.10) is immediate by just substituting y = (1 — 27%)1/2
into g(y,w), so we only need to argue for the inequality in (4.10).

We make the change of variable t = (1 — y?)'/® so that the range of ¢ is (0,1/2].
The inequality can then be written as

g<t7 ’LU) N tw t X
411 I8 < K, where §(t, w) == 1—t —(7) .
@) I < K where (1) = (-0 (0 - (75
We verify (4.11) for w = 2,3,4,5 and all ¢ € (0,1/2] using Mathematica’s RESOLVE
function; see section 8.1.3 for details. To obtain the lemma for w > 6, it then suffices
to show that

9t w+1) g(t, w)
i0/20+ D) < - 5(/2w) for all t € (0,1/2].

This can be massaged into
glt,w+1)  t(1—t")

g(t) <g(1/2), where g(t) := dw) 1

so it suffices to show that g is increasing for ¢ € (0,1/2]. We calculate

wtvtl — (w4 DY +1
(1 — tw+1)?

g(t) =

)

which is positive for all ¢ € (0,1) since the function f(t) := wt¥+! — (w + 1)t* + 1
satisfies f(1) = 0 and f'(t) = w(w +1)t*(1 — 1) < 0 for all t € (0,1). 0

For every positive integer w, define £(w,0) = 0. For every positive integer d,
define

(4.12) &(w,d) = ol (2¢)™ 1 — 9 w Z gmax{0,k—w—1}i

In order to upper bound £V (r), it is going to be useful to know when &(w,d) is
decreasing in w. This is captured by the following lemma.
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LEMMA 4.6. Let k, A be integers satisfying k > A, A > 200. Then for all integers
d such that 1 < d < A, for all integers w satisfying either2 <w < k—3 orw > k—1,
it holds that {(w + 1,d) < &(w,d).

Proof. Recall from Definition 2.7 that I, = [logg(w + 1)]. Thus, I, — ly41 €
{0, —1}. Using this fact and the fact that 0 < oo < 1, we obtain that
1—9—w Zf;ol 6max{0,k7w72}i
— 2—w-1 d—1 emax —w—1}14
1= 2701 S sma{0k—u—1}
1-27v
12wl

&(w+1,d)
§(w, d)

(4.13) < (2a0) M1 +w™h

= alwmler1(2¢) 711+ w™h)

D’w,da

where
Z‘?*l 5max{0,k7w72}i
Dw d = i=0 .
’ Zdi()l smax{0,k—w—1}i
1=

Note that when w > k — 1, D, 4 is trivially equal to 1, so for this range of w the
right-hand side of (4.13) is upper bounded by 1 (since w > k —1 > 199 and, from
a=1-10"* and ¢ = 0.7, we have (2ac)™! < 3/4).

Henceforth, we will thus focus on the range 2 < w < k — 3. To bound the
right-hand side of (4.13), we will use the following bound on D,, 4:

2/(14¢) ifk—3>w>6,

414 Duy.g < My, where M, :=
(4.14) w,d = Hw, WHEE Hw {1.05 if2 < w<5.

We will justify the bound in (4.14) shortly; for now note that the desired inequality
E(w+1,d)/¢(w,d) <1 will follow from
1 _q1, 1=27%

(4.15) My (2ac) " (1 4w )W <1.
We verify (4.15) for w = 2,3,4,5 and also show that for w = 6 we have M,,(2ac)~*(1+
w™t) < 1 (for w > 7 the result follows by monotonicity); see section 8.1.4 for the code.

We finish the proof by justifying the bound in (4.14). Note that for all 2 < w <
k — 3, we have that
1— 5(k7w72)d 1— 5k7w71
1_ g(k—w—1)d "] _ gk—w—2"

Dw,d =

To prove (4.14) for 2 < w < 5, we use the fact that &k > A > 200, the definition
62 = ¢, and the fact that the function /(1 — x) is increasing for = € (0, 1) to obtain

1 — gk—w-1 Sk—w—2 6177/A
wd S T s w3 1+ 1— gk—w—2 (1-0) <1+ 1_cl-7/A
1-7/200

D

(1—c2)

(416) <1+ ¢ 1 — /200y < 1.05;

_ C1—7/200(

see section 8.1.4 for the calculation in the last inequality. To prove (4.14) for 6 < w <
k — 3, we will show that

149
(417) Dw,d < Dw,A < Dk73,A = % < 2/(1 + C).
C

To justify (4.17), note that the equality is immediate using that 6* = c. Also, the
very last (strict) inequality in (4.17) is immediate using 0 < § < 1. In the following,
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we may thus focus on proving the first two inequalities in (4.17). To justify the first
inequality in (4.17), i.e., Dy g < Dy for 1 < d < A, just use Lemma 4.4 for the
function f; with = 6*~*~2 and y = §*~*~!. For the second inequality in (4.17),
ie., Dy A < D3 a for 6 <w <k — 3, note that, by 0B =g,

1— C(k7w72) 1— 5k7w71 1— Cw' 1— 511)'

= 1 — clk—w—1) ’ 1 — §k—w-2 = 1— cw/+1/1 _ 5w'+1’

Dy.a where w' i =k —w — 2.
Then Dy, A < Di—3 A when w < k —3 (i.e.,, w’ > 1) follows from Lemma 4.4 for the
function fo with x =9 and y = c.

This concludes the proof of the bound in (4.14), which completes the proof of
Lemma 4.6. O

For w = {wy,...,wq} define the quantity

d
(4.18) C(w,d) s= Y 8%t amten (20) ™y (1-27)

i=1

In order to upper bound %W (r), it is going to be useful to have an upper bound on
¢(w,d), and this is done in the following lemma.

LEMMA 4.7. Let k, A be integers satisfying k > A, A > 200. Let 7o := 4.5932
and ¢ := 2.7805. Consider d < A and let w = wy,...,wy be a vector of integers
satisfying wy < -+ < wy.

1. If wy > 2, then ((w,d) < 7.
2. If wy > 6, then {(w,d) < 76.

Proof. We wish to find an upper bound for {(w,d). The reason that the task is
difficult is that the vector w may have up to d different entries. We say that a vector
w’ = {w],..., w}} of integers dominates w if the following are true.

o W = w,

° wfl <. <L w:ﬁ

o for all i, w] < w;, and

o ((w,d) <¢(w',d).
So a good way to find an upper bound for {(w,d) is to find a “simple” vector w’
which dominates w and then find an upper bound for {(w’,d). To do this, we define
several classes of vectors w, depending on how “desirable” they are for proving upper
bounds.

e A vector w of integers is “partly good” if 2 <w;y < --- < wy.

e A vector w is “fairly good” if it is partly good and wy = - - - = wq or wg < k—1.

e A vector w is “very good” if it is fairly good and every w; is in {wq,k — 1}.

The vector w that we start with (in the statement of the lemma) is partly good,
but it will be easiest to prove upper bounds on ((w, d) for very good vectors w. Thus,
we will define two transformations.

1. The first transformation starts with a partly good vector w. If w is fairly
good, then the transformation does nothing. Otherwise, it produces a partly
good vector w’ # w which dominates w.
2. The second transformation starts with a fairly good vector w. If w is very
good, then the transformation does nothing. Otherwise, it produces a fairly
good vector w’ # w which dominates w.
Both transformations make progress in the sense that there exists an ¢ such that
w; < wj.
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If we start with any partly good vector w and repeatedly apply the first transfor-
mation, then, after a finite number of transformations, we must obtain a fairly good
vector w' which dominates w. (The reason that a finite number of transformations
suffices is that each individual transformation makes progress, but the entries stay
sorted, and the first coordinate never changes.) Next, we apply the second transfor-
mation repeatedly, starting from w’. Again, after a finite number of transformations,
we end up with a very good vector w” which dominates w’ and therefore dominates w.
An upper bound on {(w”,d) gives an upper bound on {(w,d). So to finish the proof,
we must show that the two transformations are possible. Then we must show that
for every very good vector w with wy > 2, {(w,d) < 75, and we must show that for
every very good vector w with wy > 6, {(w,d) < 76.

Transformation 1. Start with a partly good vector w. If w is fairly good, do
nothing. Otherwise, wy > max(wi,k — 1). Choose the integer ¢ to be as small as
possible, subject to the constraint that, for all i in t+1, ..., d, we have w; = wq. Note
that 1 <t < d and w; < wg. Recall from Definition 3.7 that s, = Z;Zl max (0, k —
w; —1). Since wyy1 = -+ = wy, we have for any j € {0,...,d — t} that s;4; =
st+max{0, k—wy—1}j. This means that Z‘LHI §%i-1 = ¢t Zi:_g_l groax{0k—wa—1}i,
So,

t
(419) C(Wv d) — Z 5Si_1a—lwi (20)—wiwi (1 _ 2—wi)—1 + 5St£(wd,d _ t).

i=1
By Lemma 4.6, {(wg,d —t) < &(max(wy, k —1),d —t), so decreasing w1 = -+ = wq
from wy to max(wy, k — 1) does not decrease ((w,d). Thus, the transformation sets
Wiy == wy = max(w, k —1) and wi, ..., wi = wi,...,w.

Transformation 2. Start with a fairly good vector w. If w is very good, do
nothing. Otherwise, w; < wg < k—1. Choose the integer ¢ to be as small as possible,
subject to the constraint that, for all 4 in t 4+ 1,...,d, we have w; = k — 1. Clearly,
t < d. We defined £(w, 0) to be 0, so from (4.19) we have

t
(4.20)  ((wod) =Y 6% rar e (2e) Vi (1—27%) T 4 8% E(k — 1,d — t).
=1

Now, choose the integer ¢’ to be as small as possible, subject to the constraint that,
for all ¢ € {t/ +1,...,t}, w; = wy. Since w is not very good, 1 < ¢ < t and
wy < wy < k—1. Since w41 = -+ = wy, we can decompose the right-hand side of
(4.20) as

t/
C(w,d) = Z 5%t (20) T, (1 — 2—“”)‘1 + 8% E(wy, t — 1) + 0% E(k —1,d —t).
i=1

Now wy < wy < k — 1 implies wy < k— 3 and w; < k — 2, so by Lemma 4.6,

E(w,d —t) < &(wy,d —t), so decreasing wyy; = -+ = wy from wy to wy does

not decrease ((w,d). Thus, the transformation sets wy_ , = --- = w; = wy and
/ !/ / !

Wy, Wy =W, ..., Wy and wyy g = - =wy =wgy1 = =wg =k — 1.

To finish the proof, we must show that for every very good vector w with w; > 2,
¢(w,d) < 79, and we must show that for every very good vector w with w; > 6,
¢((w,d) < 16. Now if w is a very good vector, then choose ¢ as small as possible
so that wyy1 = -+ = wg = k — 1. Note that 0 < ¢t < d and w; = --- = w; and
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Wiy = -+ =wgqg = k — 1. Thus,
(4.21) C(w,d) < &(wr,t) +&(k—1,d—1).

To bound the terms in (4.21), note that {(k —1,0) =0 and for any 1 < d —t <
A < k it holds that
(4.22)
E(k—1,d—t) = o~ 1(2¢) "D (k—1)(1—2"* =)= (d—t) < 2k%(2ac)~* D) < 10710,

where the last inequality follows from (2ac)™t < 3/4 and k > 200.

For t = 0, we have &(wi,t) = 0 and &(k — 1,d — t) < 10710 by (4.22). Thus
assume t > 0 so that w; < k — 1. Then, by Lemma 4.6, for k — 1 > w; > 2, we have
E(wy,t) < €(2,t) and

t—1
2,0 =a 120722 (1-272) Yotk
=0
_ _ _oy—1 1
Sa 1(20) 22(1_2 2) m
_ o1 -2 —2y~1 1
1 1

—1 -2 —2\—
The numerical calculation in section 8.1.5 shows that this is at most 4.5931. Since
this plus 10710 is less than 75, we obtain the first part of the lemma. Similarly,

-1 1

T < 278045

(4.24) £(6,t) < a~?(2¢)7% (1 - 279)

see section 8.1.5 for the calculation in the last inequality. Since 2.78045 + 10710 < 7,
we obtain the second part of the lemma, and we have finished the proof of the lemma.O

4.2. A quick proof of a weaker theorem. Our goal is to prove Lemma 4.2,
but the proof, which will be given in section 4.3, is a little bit technical. In order to
give the intuition, without getting into technical details, we first state and prove a
weaker version of the lemma. Lemma 4.8 below is identical to Lemma 4.2, except that
the condition £ > A has been strengthened to k > 2.64A. Using Lemma 4.8 in place
of Lemma 4.2 strengthens the condition to k > 2.64A in Lemmas 3.9 and 3.3. Thus,
Lemma 4.8 immediately gives a weaker version of Theorem 1.3 where the condition
k > A is replaced with k& > 2.64A.

LEMMA 4.8. Let k and A be two integers such that k > 2.64A and A > 200. Let

d be a positive integer such that d < A — 1. Let w = w1,...,wy be a suitable vector
with by = 0. Then, for all v satisfying 0 <r <1, R¥W(r) < 1.
In the case d = A for w = wi,...,wq, a suitable vector with by = 0, and all v

satisfying 0 <r <1, K% (r) < 1/6.
Proof. Recall that for d < A —1,

. 5k S
(4.8) ROV (r) < ———— > 6" g(yi, wi),

< a
v —1lic v i
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where y; = (1 — (%;i)wi)l/2 and y; € [(1 —27")Y2 1). From Lemma 4.5 we have
g(yi, w;) < 0.15K0 bwiw; (2¢) % (1 — 2_1”7")_1, so, from the definition of ((w,d) (see

(4.18)),

k 2:64
. 70-15K2((w, d) < .
where in the last inequality we used the fact that {(w,d) < 75 from the first part of
Lemma 4.7 and the fact that 6% < §2644 = ¢2:64, It is a matter of a simple numerical
calculation to check that the right-hand side of (4.25) is less than 1; see section 8.1.6
for details. Thus, we have shown that %% (r) < 1.
The case d = A has the same proof; the only difference is that in (4.7) and (4.8)
we replace 0% by 671, losing a factor of 1/ (the upper bound is valid using the same
argument as before, now using inequality s; +i —d — (w; — 1)(A — 1) > ;-1 + (k —

4.3. The proof of Lemma 4.2. Recall that our actual goal is to prove
Lemma 4.2, which is stronger than Lemma 4.8 because it only assumes k > A, not
k > 2.64A. Recall that

(4.25) RIW(r) < 0.15K579,

d

5k:
(4.8) RIM(r) € ————— 8" g(ys,wi),
(Rl | B Vi
where y; = (1 — (755-)")"/? so that y; € [(1 —27%#)"/2,1) and the function g(y,w)
is given by (4.9). Using the fact that k¥ > A and §* = ¢, we obtain the inequality
. d
(4.26) B < ———— > 5% gy, w;).
(Rl | S Vi

Lemma 4.5 gives an upper bound on g(y,w) in terms of the constants K. Since
K, =1 for all w > 5, we want to split the sum in (4.26) for w < 5 and w > 6.
More generally, we split the summation in the bound (4.26) at an index ¢ < d using
Lemma 4.5 as follows:

AW (r)

t d
&
<———— | Do gy w) + D 65i19(yi7wi)>
Y- H?:l Yi <¢1 i=t+1

t d
< — Ct (Z‘Ssilg(yiv w;) + 0.156% Koy, 44 Z goim1mota e (20)""iw; (1 - Z_wi)J )
Y—1Iliz1 9 i=1 i=t+1

¢ d
= Ct< E 6Si719(yi7’wi)+0.15(55tKwt+1 E 55/1'7106*11%- (20) iw; (1 _2wi)1>7
v —Ilizivi \ i i=t+1

(4.27)
c - S; S /
= m <;6 i=1g(y;, w;) + 0.150 tKleC(w ,d—1)],
where 8 | = 8,21 — 8t = Z;;H max(0,k —w; — 1), W = {wy1,...,wq}, and the
function ((w,d) is as defined in (4.18).
Intuitively, the term ((w’,d — t) bounds a tail sum coming from the last d — ¢

clauses corresponding to the variables wy41,...,wq. Recall from the statement of
Lemma 4.2 and the sentences following its statement that the w;’s are in increasing
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order. Preferably, we want to choose the index ¢ to split the sum in (4.27) so that
wy < 5 and wyyq > 6. However, we also do not want too many terms to be in the first
sum (since each of these will cause us work), so we insist that ¢ < 8. When ¢ = 8§,
we will use the bound w41 > 2. If £ < 8, we will be able to use the stronger bound
wiy1 > 6.

The first step in the proof of Lemma 4.2 is to find a good way to control g(y,w)
for 2 < w < 5. To this end, we use a piecewise linear function to upper bound g(y, w).
In particular, in section 8.1.7, we verify using Mathematica’s RESOLVE function that,
for w = 2,3,4,5 and y € [(1 —27%)/2 1), it holds that

(4.28) ¢g(y,w) < hy(y), where hq(y) := min{0.2279, —1.5y + 1.6276, —8y + 8.052}.

Moreover, let tg + 1 be the first index where wy,4+1 > 6. Therefore, w; <5 for all
2 < i < tg. Then applying (4.27) with ¢t = tg and Lemma 4.7,

te
~d,w s s
R (r)<7 E 0% =1 g(ys, w;) + 0.155%%6 74
- Hz 1yz<

¢ i
e
=1L v \io

where, for i € {1,...,ts}, y; is in the range [(1 — 27#)¥/2 1). Since each w; is at
least 2, we have (1 —27%)1/2 > /3/2, so each y; € [v/3/2,1].
The function hi(y) is nonincreasing, and in fact

(429) 5(i*1)(k*6)h1(yi) +0.156t6(k6)7'6> 7

0.2279 if v3/2 <y <Yy,
(4.30) hi(y) = { —1.5y + 1.6276 if Yo <y < Y1,
8y +8052  ifY; <y<I,

where Yy ~ 0.933133 and Y; ~ 0.988369 are two constants such that

—1.5Yp + 1.6276 = 0.2279,

(4.31)
—1.5Y; 4 1.6276 = —8Y; + 8.052.

Notice that hi(y;) is a constant for y; € [v/3/2, Yy]. Moreover, P Ht

ing function of y; for each i. Hence, to upper bound the right-hand s1de of (4.29), w
may restrict the y;’s to be in the interval [Yy, 1]. More precisely, let

is an increas-

~15y+ 16276 if Yy <y <Y,
(4.32) h(y);:{ v LY

—8y+8.052 iV <y<l

DEFINITION 4.9. Let ¢ := ¢176/200,

Observe that ¢5 = §21=6/200) > §A=6 > §k—6 59 k' > A > 200 and § < 1. By
(4.29) we have that

RIW(r) < ————— SU=DE=6)p(y) +0.15¢k0 74
1/} H'L 1yl Z

i=1

=1

(4.33) w Hz ” (ZCE Yn(y:) + 0.15¢ke 76>,



309

where each y; € [Yp, 1].
What is left is to bound the right-hand side of (4.33). For y; € [Yp, 1], define

t
c .
(4.34) o16(y) == —— E et h(y;) + 0.15ck76 |,
Y- HZ:I Yi \ i=1 ’ ’

where 7 can be found in Table 1. The following lemma, which is proved in section
4.4, bounds oy 6(y) when 0 < ¢ < 7.

LEMMA 4.10. Let t be an integer such that 0 <t < 7. For any (y1,...,y:) where
each y; is in the range [Yy, 1], we have o, 6(y) < 1.

Combining (4.33), (4.34), and Lemma 4.10, we get an upper bound on &%" (r)
provided w is such that t¢ < 7. If tg > 8, we will set ¢ = 8 in (4.27). Similarly to
deriving (4.33), we get that

8
(435) Rd’w(r) < m (Z Céﬁlh(yi) + 0.1562[(27’2) s
i=1J°

i=1

where each y; € [Yp, 1] and Ky and 75 can be found in Table 1. Similarly to (4.34),
define 03 2(y) to be the right-hand side of (4.35). Namely,

8
(4.36) o82(y) = ——g——( S hly:) +0.15E Ko |.
-1l v \ i

The next lemma bounds o 2(y) and is proved in section 4.4.

LEMMA 4.11. For any (y1,...,ys) where each y; is in the range [Yo, 1], we have
0s2(y) < 1.

We can now prove Lemma 4.2, which we restate here for convenience.

LEMMA 4.2. Let k and A be two integers such that k > A and A > 200. Let d be

a positive integer such that d < A — 1. Let w = wn,...,wq be a suitable vector with
by = 0. Then, for all v satisfying 0 <t <1, R (r) < 1.
In the case d = A for w = wy,...,wq, a suitable vector with by = 0, and all r

satisfying 0 <r < 1, 4% (r) < 1/6.
Proof. Consider tg.
1. If ts < 7, then by (4.33), (4.34), and Lemma 4.10, &% (r) < 0y, 6(y) < 1.
2. Otherwise tg > 8. By (4.35), (4.36), and Lemma 4.11, K%(r) < 05 2(y) < 1.
The case d = A has the same proof. Like the proof of Lemma 4.8, the only
difference in the d = A case is that in (4.7) and (4.8) we replace 6% by 6! losing a
factor of 1/6 (the upper bound is valid using the same argument as before, now using
inequality s; +i—d — (w; —1)(A—=1) > 8,1 + (k= 1) — w;A). O
4.4. Remaining proofs. In this section we provide technical details of Lemmas
4.10 and 4.11, which we restate for convenience.

LEMMA 4.10. Let t be an integer such that 0 <t < 7. For any (y1,...,y:) where
each y; is in the range [Yy, 1], we have o, 6(y) < 1.

Proof. Recall that

t
(4.34) or6(y) == - l_it " (Z i h(y;) + 0.15cgm> ,
=1 J?

=1
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where c5 = ¢ 76/200 ¢ = (.7, and 7¢ = 2.7805 are as in Table 1 and the function h(y)
is as given by (4.32). For t = 0, we have

0.15
(4.37) Go.6(y) = ——8 ~0.973044 < 1;

=1

see section 8.1.8 for the calculation. For ¢t = 1, we have

(4.38) o16(y) = ¢ (R(y1) 4+ 0.15¢576) < 1

Y=
see section 8.1.8 for the verification using Mathematica’s RESOLVE function. Thus,
we may assume that ¢ > 2 henceforth.

For the sake of contradiction, suppose that there exists y’ such that oy 6(y’) > 1
for some 2 < ¢t < 7. We will gradually adjust the variables y. without decreasing
o1,6(y’) until there is only one variable left, in which case we will be able to exclude
the possibility that oy ¢(y’) > 1.

We first observe that the partial derivative of oy ¢(y) with respect to y; is

t

9oy 6(y) 1 ore6(y) [1;=1 yj i1

= 7 — 1.5ccy
dyi =12y Yi

if Yo <y; <Y1 and

(4.40) dorely) _ 1 t6(y) H§:1 Yi_ geei—1
9yi P — H§-:1 Yj Yi °

(4.39)

ity <y; <1
Suppose that there exists an index 3 < ¢ < ¢ such that y, < Y3. Using our initial
assumption that o 6(y’) > 1, we then have (from (4.39) and y} > Yo) that

1 .
> <YO“ - 1.5ccg1> >0
y=y’ 'l/)* Hj:l Y

for any 2 < t < 7 and 3 < i < t; see section 8.1.8 for the verification of the last
inequality. Hence oy 6(y) is increasing in this y}, and we may thus assume y; > Y7 for
all 3 <<t

Suppose that y5 < Y;. Then, using that y; > Y] for all 3 < i < ¢ and y] > Yo,
together with our assumption that o, 6(y’) > 1, we have (from (4.39)) that

9 1
(4.42) %(y) > <Y0Yf‘2 - 1.5cc5> >0
Y2 y=y’ - Hj:l Y;

for any 2 <t < 7; see section 8.1.8 for the verification of the last inequality. Arguing
as before, we may therefore assume y; > Y] for all 2 <14 < t.

Suppose that there exists an index 2 < ¢ < min{5,¢} such that y; > ¥;. Since
y; > Yy for all 2 < i < tand yj > Yy, we obtain (from (4.34)) the following upper
bound on o,6(y’) (using also the fact that h is decreasing):

3016,6()’)

(4.41) o

t
(4.43) ore(y’) < m i 1 (h(Yb) + ;céflh(yl) + 0.15027'6> )
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Plugging (4.43) into (4.40) and using the fact that the y;’s are at most 1, we obtain
that

(4.44)
Jo1,6(y) 1 ¢ ( 1- C?l ¢ i—1
: < - h(Yo) + csh(Y1) + 0.15¢c576 | —8cc < 0;
o yey’ P — H;:I Y; P —1 1—c5 5

see section 8.1.8 for the verification of the last inequality. Therefore, o4 6(y) is de-
creasing in y} for any 2 < i < min{5,t}, and we may therefore assume that y; = Y;
for any 2 < i < min{5,t}.

For 2 <t <5, using the fact that y5 = --- = y; = Y7, we thus have that

t—1

c 1—cq

(4.45) orey) = ———
,(/} _ yS_}/]_t 1

<h(yi) + C5h(Y1) + 0.15627‘6) > 1,

1—65

which is false for all y] € [Yp, 1]; see section 8.1.8 for the proof using Mathematica’s
RESOLVE function. Similarly, for ¢ = 6, using that y4 =--- =y, =Y1, V1 <y; <1
and that h is decreasing, we have that

1—c?

1765

¢
< =
Y —yYy!

(4.46) 1 < o66(y") (h(yi) + esh(Y1) + 01502%) ;

which is false for all 3] € [Yy, 1]; see section 8.1.8 for the proof using Mathematica’s
RESOLVE function. Finally, for ¢ = 7, we have that y, = y5 = vy, = y; = Y1. Using
this and Y7 < y§, y5 < 1, we obtain that

S C/ 4
Y=y Yy

1— 6
(447) 1< oro(y') (h(yi) T esh(Yi) {2 + 0.15c§m>,
—C5
which is false for all y] € [Yp, 1]; see section 8.1.8 for the proof using Mathematica’s
RESOLVE function.
Thus, for all 2 < ¢ < 7, the assumption that there exists y’ such that oy 6(y’) > 1
has lead to a contradiction, thus completing the proof of Lemma 4.10 for all 0 < ¢t < 7.0

The proof of Lemma 4.11 is very similar.

LEMMA 4.11. For any (y1,...,ys) where each y; is in the range [Yo, 1], we have
os2(y) < 1.

Proof. Recall that

8
(4.36) o82(y) i= m (Z kT h(y:) + 0.15ch2¢2> :
—1li=1 Y

i=1

where ¢5 = ¢176/200 ¢ = 0.7, Ky = 1.11614, and 75 = 2.7805 are as in Table 1 and
the function h(y) is given by (4.32). For the sake of contradiction, suppose that there
exists y’ such that og2(y’) > 1. We will gradually adjust the variables y; without
decreasing og 2(y’) until there is only one variable left, in which case we can directly
verify that og2(y’) > 1 is impossible.

Identically to Lemma 4.10, the partial derivative of og 2(y) with respect to y; is

8
(4.39) Prsaly) | 1, (U&Q(” Lo 1.50551)
Oyi (e Hj:l Yj Yi
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it Yy <y, < Vi and

8
(440) 80’8,2(}’) _ 18 (08,2(},) HJ:l Yj . 8ccé_1>
dyi v —Tl=1 v Yi

if V7 <y, < 1. We may thus use the same line of arguments as in Lemma 4.10 to
conclude that we may assume that y; > Y7 for 3 < i < 8 (by verifying (4.41) for t =8
and 3 < ¢ < 8) and then bootstrap that to y, > Y; for 2 <4 < 8 (by verifying (4.42)
for t = 8 and ¢ = 2); see section 8.1.9 for the details of the verification.

We thus obtain the following upper bound for og2(y’) (this is an analogue of
(4.43) which is obtained using the fact that h is decreasing):

8

C i—

(4.48) og2(y’) < = (h(YO) +) (V) +0.15C§K272> .
=2

Now suppose that there exists an index 2 < ¢ < 5 such that y/ > Y;. We plug (4.48)
into (4.40) and obtain the following analogue of (4.44):

(4.49) .

003 2(y) 1 ( c ( 1—¢cf s ) i—l)
: < h(Yo) + csh(Y; 4 0.15¢c5 K272 | — 8cc < 0;
L — w_H?:Iy;' ¥-1 (o) es (1)1_65 T ’

see section 8.1.9 for the details of the verification of the last inequality. Thus, we may
assume that y, = Y7 for 2 <i <5.
Then we can bootstrap our bound on og 2(y’) in (4.48) to

8
C i—

(4.50) os2(y’) < e h(y}) + Z e h(Yy) + 0158 Ko |,

Y- i=2
which gives that
(4.51)
0 1 Y , 1—cf

o;,;G(y) < ST (w _Cyll v (h(yl) + c5h(Y1)1 — Zz —|—0.15c§Km) - 8cc§;> <0,
y=y’ “llj=19; 171

where the last inequality holds for all y; € [Yp, 1]; see section 8.1.9 for the verification
using Mathematica’s RESOLVE function. This implies that we can set yg = Y7 as well.

Using y4 = -+ = y5 = yg = Y1, Y1 < y%,y5 < 1, and the fact that h is decreasing,
we obtain that

c 1-
(4.52) 1 <oga(y') < A (h(yi) + CSh(Yl)l

c 8 >
+O.15C5K2T2 R
s
which is false for all ¥} € [Yo, 1]; see section 8.1.9 for the proof using Mathematica’s
RESOLVE function.
Thus, the assumption that there exists y’ such that og2(y’) > 1 has led to a
contradiction. This completes the proof of the lemma. 0

5. Bounding the decay rate for kK = 3, A = 6. In this section, we fix k =3
and A = 6. This section is devoted to proving Lemma 3.10, which we restate here for
convenience.
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LEMMA 3.10. Let A =6 and k = 3. There are constants 0 < 6 < 1 and U > 0
such that, for all 1 < d < A, all suitable w = wy,...,wq, and all v satisfying
(1/2)A711 < r < 1, it holds that

d,w

o

{1 when d < A —1,
(r) <
U whend=A.

In the statement of Lemma 3.10, d is an integer between 1 and 6. The vector w
is a suitable vector, which is defined in Definition 3.7. This means that the entries
w1, ..., wq are in nondecreasing order, except that any “1” entries are left to the
end. The definition of “suitable” also includes some global notation which depends
implicitly on w: For all positive integers ¢, b, is the number of entries amongst
w1, . ..,wq which are equal to £ — 1. Hence, Y.,°,b; = d. Also, wy,...,wp, are all
equal to 2, whereas for ¢ > bs, w; is either 1 or at least 3. We have k = 3, so b5 = bs.
Finally, s; = >",_, max(0,2 — w;). Recall the definition of k3% (r) from (3.5), which
we have specialized here to k = 3:

d w; d,w d,w
dwi oy . L, 5 (b2 Smmin(i.d—by) —max(0,b3—) — (= 1) (A=1)1,<4_y,) LIV (X)) | OF
K (r) — a twig min(i,d—by) i<d—bo

;; @(riy) | Orig

Consider the following definitions, which apply to all suitable w.

Wi (G-1(A-1) d,w
. 1 1 oOF*
(5.1) pVi(r) = ot E ( ) ’

—\d p(rig) | Orij |’
b 3—1 . d .
62w = ere) e (Y ()" s 3 ).
i=1 i=bz+1

We first argue that /@'f’w(r) < k%W (r). To see this, note that Smin(i,d—bs) = 0.
Also, the term max(0,b3 —4) is b3 — ¢ if 1 < 4 < b3 and is 0 if ¢ > bs. Finally,
Licgp, < 1.

DEFINITION 5.1. Let 6 = 9789,/10000.

We can now state a lemma which immediately implies Lemma 3.10 since K™ (r) <

KW (r).

LEMMA 5.2. Let A = 6 and k = 3. There is constant U > 0 such that, for all
1 <d <A, all suitable w = wy, ..., wq, and all v satisfying (1/2)2711 <r <1, it
holds that

dw 1 whend <A—-1,
kY% (r) <
U whend=A.

The rest of the section contains the proof of Lemma 5.2. This is a more involved
optimization problem than the one that arose in the proof of Lemma 3.9. Before
delving into the details, we set up some convenient notation and then give a roadmap
of the argument.

5.1. Outline of the proof. For convenience, let ' := F4Y g(r) := k%% (r),
which is defined in (5.2), and for i € [d], let p;(r) := p™*(r), which is defined in (5.1).
Our goal is to show that, for all r such that %%11 <r <1, it holds that x(r) < 1
when d < A — 1 and that &(r) is bounded by a constant when d = A.

Here is a rough outline of our analysis.
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1. The first part of the proof will be to bound the quantities p;(r) appropriately
for each i € [d]. Namely, the main goal here will be to replace the {r; ;} e[w,)
by a suitable quantity #;. In fact, for this part of the proof, rather than
working with the r; ;’s, it will be easier to work with ¢, ; = 1;‘7}] (See
Lemma 5.3.) '

2. After the first part, we will have significantly reduced the dimensionality
of the optimization problem: from the initial number of Zie[d] w; variables

{rij}tiela),jeqw,), we will be left with just d “representative” variables (one for
each ).

3. Despite having reduced the number of variables quite a lot, the w;’s so far
can be arbitrarily large integers. It will be convenient for us to restrict the
range of the w;’s. Using a rather crude argument, we will be able to restrict
our attention to i’s such that 1 < w; < 5. Intuitively, the reason is that large
w;’s make k smaller. We quantify this effect in an appropriate way for our
analysis. (See Lemma 5.4.)

4. The next step is a further reduction of the number of variables. In particular,
recall from item 2 that we have reduced to the case where the number of
variables is d (one for each ¢) and, from item 3, for each ¢ € [d] it holds
that 1 < w; < 5. We will further group these variables together according
to their values. That is, for integer 1 < w < 5 we will be able to use a
single variable (indexed by w) to capture the aggregate contribution of the
variables w; with w; = w. (See (5.23) and the inequality in Lemma 5.7 and
the relevant Lemmas 5.6 and 5.7.)

5. At this point, we are able to do the final steps of the optimization. The
most important case turns out to be when all of the w;’s are either 1 or
2 (Lemma 5.8). In this case, we obtain quite sharp bounds for k for each
value of d (i.e., d =1,2,...,A — 1 =5). This facilitates the application of
cruder arguments to handle the cases where there exist ¢ € [d] with w; # 1,2
(Lemmas 5.9, 5.10, and 5.11).

5.2. The details of the argument. In this section, we expand in detail the
outline of section 5.1 and give the necessary technical ingredients needed to complete
the proof of Lemma 5.2. Later subsections contain the leftover technical proofs which
would significantly interrupt the flow.

The first part of the proof will be to bound the quantities p;(r) appropriately. For
i € [d] and j € [w;], we have (by differentiating In F'(r) as in the proof of Lemma 3.9)

w; T
aF Hj/:1 1+’I",J£1j/ 1
ori; 7F(r)1 vt (L4 )
i o § 7 v, |0 i
Let g(z) := w(lz) ﬁ = d’ljrzzx. For i € [d], the quantity p;(r) can then be written
as
2 5 Vi1 G-1 (A1)
(5:3) i) = F) e > (5) 9(ris).
Hj:l 1+7;,5 j=1
Let t; ; := 1_:’;:]_, and let ; be the geometric mean of the t; ;’s, i.e., (;)¥ =
H;”:ll ti; = H;U:ll 137;7 -, As we shall see soon, t; will be used to capture the “aggre-
0,5

gate” effect of w;. Let t be the vector whose entries are given by t; ; with i € [d] and

j € [wi]. Note that zz=r—1 <t < (1/2)1.
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We will view the quantities x(r) and p;(r) as a function of t. For that, it will be
convenient to consider the function

(5.4) h(t) =g (1;) =(-1 {@” - (1t—t)]

for t € [1/(247' +1),1/2]. With this preprocessing, for i € [d], the quantities
pi(r), x(r) as a function of t become

pz(t) _ F(t) (tAZ)wL ot i (E)Q_l)(A_l)h(ti’j)’

1-— ({l)wi = 1)
(5.5) " )
w0 = o F©) 8 (X (5)" w0+ X nw).
=1 i=bs+1
where

ﬁ(lﬁti,j).

After this preliminary step, for ¢ € [d], we will now pursue the task of substituting
the variables ¢; ; with j € [w;] with a single variable ¢;. Let t = {t;},=1 .4, and note

that ﬁl <t < (1/2)1. As a starting point, observe that
B R d
(5.6) F(t) = F(t), where F(£) =] (1 - (f:)"
i=1

Recall that A =6, 6 = 9789/10000, x = 1/2, and ¢ = 13/10. The following technical
lemma, proved in section 5.3, will be crucial in reducing the number of the variables
t17‘7 .
LEMMA 5.3. Define the following constants.
KM =1, K® =1069/1000, K =1160/1000, K* =1225/1000, and
(w) 1\ (w=1)(A-1)
K; :(5) for w > 5.

Then for all positive integers w, the following inequality holds for all t1,...,t, €
[0,1/2]:

w 1 w
> 5D lts) < w K" ht),
j=1

where t is the geometric mean of the t;’s, i.e., t = (t1 - ~tw)1/w.

Applying Lemma 5.3 to the quantity p;(t) in (5.5) yields that for all ¢ € [d] it
holds that

(5.7) pi(t) < pl(-l)(f) where p(l)( t) = ﬁ(f)wi Kéw")a_l“% %h(ﬂ'),

where ﬁ(f) is as given by (5.6).

The next part of the proof will be to bound the contribution of w;’s with w; > 6 by
small quantities so that we will eliminate those ¢ with w; > 6 (and hence the respective
variables £;) from consideration. This will be accomplished by the following lemma
(proved in section 5.4).
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LEMMA 5.4. Let M = 25/1000. Recall that F(&) is given by (5.6). Let i be such
that w; > 6. Then, for all t such that 0 <t < (1/2)1, it holds that

M3y < LA
p; (E) < ~F(E)M

Recall from the beginning of section 5 (based on Definition 3.7) that b, is the
number of entries amongst wi, ..., wy which are equal to £ — 1. Using Lemma 5.4,
we will now be able to eliminate those 7 such that w; > 6. In order to do that
easily, we will first reorder the entries in w. Let B = by 4+ b3s + by + bs + bg and note
that 0 < B < d. Note that, in the context of (5.5), the ordering of the w;’s with
w; # 2 does not matter as long as we maintain the invariant that their index 7 satisfies
i > b3+ 1. Thus, from now on, without loss of generality, we will assume that w; > 6
implies that ¢ > B 4+ 1. That is, w;’s with w; > 6 have indices larger than w;’s with

Using (5.5), (5.7), Lemma 5.4, and [y = --- =[5 = 1, we thus obtain
1 A
(5.8) R(t) < Em(l)(t),
where
(5.9)

~ ~

<) i= o (F(E) F(0)0"
b bs—i A B .
o (1\" @)? W wy ()™ o B
(2 (5) Tt 3 e g @ 4= pv),

where ﬁ(f;) is given by (5.6) and M = 25/1000 (cf. Lemma 5.4).
To complete the program of eliminating those variables ¢; where i is such that
w; > 6, observe that zp(z) = 1/(¢ — 2X), so

(5.10)

PP 1 1 1

F F = = = = d ~ X — B 2\, VX
410( (t)) (t) W — (F(t))x - Hi:l (1 _ (ti)wi) = P — Hi:l (1 — (ti)w,)

Using (5.10), we thus obtain that
(5.11) sV(E) < (D),

where
(5.12)

2) b bs—i (£;)2 ~ B (w; 2)wi .
bo 2K<§ Zzil (%) ° 1£({>1.)2 h(t’b) +Zi:b3+1 w; K5 )15(5)1)11)1 h(t’b) + (d_ B)M
¥ =TT, (1= (E)w)*

The following quantity x(3)(t) is similar to x(®(t):
(5.13)

K2 @E) =6

1—(t:)? 1—(t)wi

B SN\ X
v-1ILi, (1 - (ti)w‘)x
The only difference between x(?(t) and x®)(f) is that the term (d — B)M is not
present in the numerator of the latter. We therefore have

8%2(d — B)M -

B( )A - < K(S)(t)+

v =TT (1= (&)™)

(2) b3 1 bg—i (£7)2 g B ) (wl) (tA?)w, y
/<;(3)(‘E) _ b 2K 30520 (5) h(ti) + > iy, 41 wi K h(tz>.

(d—B)M

(5.14) KO R) =k® () + =1
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where the last inequality follows from by > 0, & € (0, 1], and the fact that the ;’s are
positive.

The following lemma, proved later in this section, will allow us to conclude
Lemma 5.2.

LEMMA 5.5. Let A = 6 and B be a nonnegative integer less than or equal to
A —1=5. Recall that o = 1 — 10~*. There exists a constant eg < a such that for
all nonnegative integers bs, bs, by, bs, bg with b + b3 + by + bs + bg = B, it holds that
KO®) < .

In particular, we will show that
(5.15)
g0 =0, &1 =06/10, e9="7/10, e3=283/100, e4=91/100, e5=a= 1-107*%

Assuming Lemma 5.5 for the moment, we give the proof of Lemma 5.2, which we
restate here for convenience.

LEMMA 5.2. Let A = 6 and k = 3. There is constant U > 0 such that, for all
1 <d <A, all suitable w = wy, ..., wq, and all v satisfying (1/2)2711 <r <1, it
holds that

dw 1 whend <A-1,
KO (r) <
U whend=A.

Proof of Lemma 5.2. We first derive the bound x(r) < 1 when d < A —1 = 5.
Recall that the quantity x(r) (as given in (5.2)) is equal to the quantity % (t) (as given
in (5.5)). Also, we have shown that

(5.8) Kt < s (E),

where £ (t) is as in (5.9). We have also shown that
(5.11) kM (E) < k@ (F),
where () (t) is as in (5.12). Moreover, we showed that

(5.14) KA E) < k®(F) + W,

where x(®) (t) is as in (5.13), B is a nonnegative integer less than or equal to A—1 =5
satisfying B = by + bs + by + bs + bg, and M = 25/1000 is as in Lemma 5.4. Finally,
by Lemma 5.5, we have

k3 {) <ep,

where the constants ep are as in (5.15). Combining all of the above, we obtain that

1 d— B)M
It is a matter of numerical calculations to check that
1 (d—B)M
5.17 7( 7) <1
( ) o ep + ] =

forall B=0,1,...,5and d = A—1 = 5; see section 8.2.1 for the explicit calculations.
This completes the proof of the lemma for d < A —1=25.
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We next consider the case d = A; i.e., we show that there exists a constant U > 0
such that x(r) < U. This will follow by continuity arguments. More precisely, first
note that inequalities (5.8), (5.11), and (5.14) still hold in the case where d = A,
with the minor modification that in (5.14), the integer B (which, recall, is equal to
by + b3 + by + b5 + bg) can be as large as (but not bigger than) A. Let us fix B to be
a nonnegative integer which is at most A = 6. Observe that there are finitely many
possibilities for the nonnegative integers by, b3, by, b5, bg such that by +bs+by+bs+bg =
B. For each such choice, the quantity x(*)(t) is a continuous function of the (finitely
many) variables t1,...,tp and hence is bounded above by an absolute constant when
0<t< (1/2)1. Tt follows that for every nonnegative integer B < A = 6, there exists
an absolute constant Up > 0 such that (3 (t) < Ug. Thus, analogously to (5.16), we
obtain the bound

(5.18) A(r) < max {;<UB + W)} —U.

Note that U, as defined in (5.18), is a constant. The desired bound on x(r) when
d = A follows.
This concludes the proof of Lemma 5.2. ]

The remainder of this section will focus on the proof of Lemma 5.5. We begin
our considerations by reducing the number of variables. We first need the following
transformation. Namely, for w = 1,2,... and all ¢ € [B] such that w; = w, we set
yi = 1—t? (note that y; € [1—(1/2)*,1—-1/(22"1+1)*]). Forw = 1,2,..., consider
the functions g,,(y) defined for y € [1 — (1/2)¥,1 —1/(2271 +1)v].

(5.19) Juw(y) = (1_yy)h((1 —y)'").

The quantity £ (t) as a function of y = {y;}2, and the functions g,, then become

2 b bz —1i B Wy
by 2K§ )Ziil (%) " g2 (i) + Zi:bg-i-l Wi Ké )gwi (yi)
5 .
Y- (Hizl yi)x

Let ¢, be the geometric mean of those y;’s with w; = w (note that the number of
such 4’s is equal to by,11). More precisely, for by1 > 0, let

= (11 )"

W, =w

(5.20) KB (y) =10

and when b,,+1 = 0, let g, = 1. Note that

5

B
(5.21) [Tv: = T ).
i=1

w=1

Let ¥ = {§i}i=1,....5. Our goal will be to bound x®)(y) by a function of y.

LEMMA 5.6. For w = 1,2,...,5, the function g, (€*) is a concave function of z
in the interval [In (1 — (1/2)"),0].

Proof. For z € [In (1 —(1/2)"),0], let f(z) = gw(e*). Our goal is to show that
forw=1,...,5, it holds that

(5.22) f"(z) <0forall z € [In(1-(1/2)"),0].
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For convenience, we use Mathematica’s RESOLVE function; see section 8.2.3 for de-
tails. 0

Lemma 5.6 and Jensen’s inequality yield that

(5.23)
1 . ny; .
Z gw(yi) = Z gw(elnyi) = bwt1 Gw (eb“’Jrl Leiswi=w Y ) < byt Gw (yw)

To bound Zfil (%)ba_i g2(y;) by a function of g2, we will use the following lemma
(proved in section 5.5).

LEMMA 5.7. Let A = 6 and b3 be a nonnegative integer less than or equal to A —

1 = 5. There exists a constant C6b3) > 0 so that for yu,...,yp; € [3/4,1—1/(2¢+1)2]
it holds that

b3 bs—1
1 .
> (5> 92(yi) < b3 C5™) ga( /T W)

i=1

In particular, we will show that the inequality holds with C§b3) = 61,3%1(%)1/1’,

where p = 27/2. For § = 9789/10000, we have the following upper bounds on the
values of C’ébe‘):

c® —o, c” =1, ¢® =102/100, C¥ =103/100, C'*¥ =104/100, C* =105/100.
Using (5.21), (5.23), and the inequality in Lemma 5.7, we obtain that
W (y) <KO(F),
where

2 b ~ ~
B) (o . 5b2 2b3K(§ )Ctg 2 92(y2) + Zw;we[5],w;é2 wb7U+1K(§w)g7U (yw)
K (Y) = . 5 - \b X
¥ = [Taer (Gu) et

)

with the values of Kéw) as in Lemma 5.3 and the values of C§b3) as in Lemma 5.7.

We next define the following constants 73, », for nonnegative integers by, b3 satis-
fying by + b3 < A — 1 =5 (they are all at most « and we will show that they bound
wO)(3)):

(5.24)
T0,0 = O, T0,1 = T1,0 = 42/1007
T0,2 = 54/1007 T1,1 = 59/1007 72,0 = 63/1007
To,3 = 72/100, 71,9 = 74/100, 1 = 76/100, 730 = 79/100,
To,a = 864/1000, 713 = 868/1000, 729 = 876/1000, 731 = 886/1000, 740 = 901,/1000,
Thy,bs = & When by + b3 = 5.

LEMMA 5.8. Let by = bs = bg = 0. For all nonnegative integers by, bs such that
by +b3 <A —1=05, it holds that K (F) < Ty, 4,

Proof of Lemma 5.8. For by = bs = bg = 0, the quantity ) (y) simplifies to

2b3 K57 O ga(92) + b2 91 (1)
P — (§1)02X (o)X 7

(5.25) kO (3) := 6 .
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where we used that Kél) = 1 (note that the values of the variables g3, §4, 95 do not
affect the value of x(®) when by = bs = bg = 0).

To bound n<5>(§), we need a couple of transformations. The first one is simple:
set vy := 1 —9; and vy := (1 — 2)'/? and note that vy, vy € [1/(2271 +1),1/2]. From
the definition of the functions gy, go (cf. (5.19)), we have that

010 = 200 ) = ) = o (0 - (7)),

Y1 1-— (%1 1-— (%1
(5.26) 1— s o V2 2 vy \X
o) = h((1—1g = h = - .
92(y2) gg (( y2) ) 1— ’U% (UQ) 14+ (%) (w (1 — ’Ug) )

It follows that the quantity x(°)(¥) as a function of vy, vy becomes

205 KD O T (v = (7225)Y) + b (v = (2))

(6) — 6b2
K ('Ul,'U2) : wi (lfvl)bQX(lfog)bBX

We will show that for all v1,vy € [0,1/2], it holds that kO (vy,v5) < Thy,bs- TO dO
this, we will use Mathematica’s RESOLVE function. We first need to rationalize the
expressions to keep the computations feasible (this can be achieved for y = 1/2). This
brings us to the second (and final) transformation. In particular, set

423 422
_tA =
(1+22)2° % 1+4:

v =

for 0 <z <vV2—-1and 0 < 2z < %(\/5 — 1). Under these transformations, for
X = 1/2, we obtain that

1/2 2 1— 22 1/2 2 1— 428
( - > = lev (1—v)'/? = Zé’ ( = ) = 7 (-2 = 2421'
1—v 1— 27 1427 1 —wvo 1—2z5 1+4z;

The quantity (6 (v1,v2) in terms of 21, 2o thus becomes

427 2z (2) ~(bs) 1625 22
b2 b2 (1+zlf)2 (7/’ o 1—2%) + 2b3K6 C(S ’ (1+223)2(21+4z§) (w - 1—22,23)

1-22\02 11422\ b3
e <1+z%> (1+4zzl>
Our goal is to show that, for bs,b3 > 0 satisfying by + b3 < A — 1 = 5, there
do not exist 21,2 in the range 0 < 23 < V2 —1and 0 < 2z < %(\/3 — 1) such

that %7 (21, 22) > Tp,.p,, Where the constants 7 are as in (5.24). This can be done
symbolically using Mathematica. We give the code in section 8.2.5. |

/im(zl,zQ) =

We use Lemma 5.8 to show the following.

LEMMA 5.9. Let b5 = bg = 0 and B be a nonnegative integer less than or equal to
A —1=25. For all nonnegative integers ba, bs, by such that ba + bs + by = B, it holds
that K©)(¥) < 7o, where the constants T o are as given by (5.24).

Proof of Lemma 5.9. We may assume that by > 1 (when by = 0, the bounds
in the lemma follow immediately from Lemma 5.8). For b5 = bg = 0, the quantity
x(®)(§) simplifies to

bagi(d1) + 23 K" CF" g2 (i) + 3bakc§” g3 (is)

B (g o ba
RO) =0 B — (50)PX (o) () Pox !
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where we used that K(gl) = 1 (note that the values of the variables g4, §5 do not affect
the value of k¥ when by = bg = 0). The proof splits into two cases depending on
whether bs is zero.

Case I. b3 > 1. Let A := (7;)%2X(g2)"X. Since 91,72 € [0, 1], we have the crude
bound 0 < A < 1. By Lemma 5.8 (see also (5.25)), we have that

Cbagi(91) + 2bs K> C{") ga (i)
Y —A

where the values of the constants 7, , are as in Lemma 5.8 (cf. (5.24)). It follows
that

5"

< Thybss

Ty by (10 = A) +36% by K1 g3 (i)
Y — A(gs)bax
We next perform a transformation for the variable g3 (similar to the one used in the

proof of Lemma 5.8); namely, we set vz := (1 — 93)'/? so that vz € [0,1/2]. From the
definition of the function g3 (cf. (5.19)), we have that

m(s)(§) < K,(G)(A,@;;), where m(ﬁ)(Agjg,) =

J— 1 3 3
(5.27) ga(s) = P h((1— )3 =

< (s U3 X
h :*5( - )
73 1—v3 (vs) 1+wvs+032 ¥ (1—’03)

It follows that the quantity x(%)(A,73) as a function of A,v3 can now be written as

v3 )
Tba,bs (¢ - A) + 361)2 bs thg) m (/¢ - (173;13))()
T A= |

k(D (A, vs) =

We will show that
(5.28) k(M(A,v3) <7poforall 0 < A<1, 0<wvy<1/2 (recall B = by + bs + by).

We use Mathematica’s RESOLVE function; see section 8.2.6 for details.
Case II. by = 0. For by = by = bg = 0, the quantity x(*)(¥) simplifies to

Cbagi(91) + 3b4K§3) 93(73)
Y — (1)°2X(g3)bax

We next perform a transformation on the variables ¢, g3 (similar to the one used in
the proof of Lemma 5.8); namely, we set v; = 1 — ¢; and v3 := (1 — §3)'/3 so that
v1,v3 € [0,1/2]. Using (5.26) and (5.27), we obtain the following expression for #(®)
in terms of vy, vs:

KO)(F) = 6%

bav1 (1/J - (1fbl)x) +3bu K ﬁ(w - <1373vs)x)
P — (1 — wp)b2x(1 — vg)bax .

(5.29)  k®(vy,v3) := 6%

This quantity is still too complicated for Mathematica to resolve efficiently, so we will
need one more transformation. In particular, let w1, us be positive reals defined by

2
. u Vg = u3
1+u?’ 14+ u?’
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and note that 0 < u;,uz < 1. The quantity %® in terms of u1, u3 becomes

by (¢ — up) + 3baK P (4 )
bo 1+uf 1 45 3ug+6u§+4u§+1 3

b w2 3\ bax
= ()" (1- (55)")

kO (uy,ug) =6

We will show that
(5.30) w9 (ur,u3) < 1po for all 0 < ug,uz < 1 (note that B = by + bs).

We use Mathematica’s RESOLVE function; see section 8.2.6 for details.
This completes the case analysis and therefore the proof of Lemma 5.9. ]

LEMMA 5.10. Let bg = 0 and B be a nonnegative integer less than or equal to
A —1=05. For all nonnegative integers by, bz, by, bs such that ba 4+ b + by + by = B,
it holds that k® (¥) < TB,0, where the constants T are as given by (5.24).

Proof of Lemma 5.10. We may assume that b5 > 1 (when b5 = 0, the bounds in
the lemma follow immediately from Lemma 5.9). For bg = 0 (note that the value of
the variable 75 does not affect the value of (), the quantity ) (¥) becomes

~ 2 b, ~ 3 ~ 4 ~
Mawyzém.bm@ﬂ+2%K§Vﬁwgﬂm)+%d§)m@@+4%K§@dm)
P — (91)02X(J2) 3 (3) 24X (G ) bsX

Let A := (§1)%2X(42)"X(g3)b*X. Since 1,92, 93 € [0, 1], we have the crude bound
0 < A<1. By Lemma 5.9, we have that

bagi (1) + 203K O ga (i) + 3ba K5 g3(3s)
Y —A

where the values of the constants 7p/ o are given by (5.24). Using that 62 < 1, it
follows that

5"

< 7ps,0, Where B’ = by + b3 + by,

T 0 —A)+4bs K§4) 94(Ya)
¥ — A(fa)b5x
We next perform a transformation on the variable {4 (similar to the one used in the

proof of Lemma 5.8); namely, we set vy := (1 — 94)'/* so that vy € [0,1/2]. From the
definition of the function g4 (cf. (5.19)), we have that

ga(i) = (1~ 50 = (o) = (- ().

U4 1—v} 1+vg+ 03+ 1—wy

k) (¥) < 5(6)(14,;1]4)7 where K(6)(A7ﬂ4) =

It follows that the quantity K(G)(A, 94) as a function of A, v4 can now be written as

TB’,0(¢ - A) + 4b5 K§4) 1+v4}|i;':2+v2 (w - (134;4))()
W= A1 = vj)box '

KD (A, vy) ==

We will show that
(5.31)
K (Ayva) < 7B forall 0 < A<1, 0<wvy<1/2 (recall B = by + bs + by + bs = B’ + bs).

We use Mathematica’s RESOLVE function; see section 8.2.7 for details. 0
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LEMMA 5.11. Let B be a nonnegative integer less than or equal to A—1=15. For
all nonnegative integers b, bs, by, bs, bg such that by + bs + by + bs + bg = B, it holds
that K©)(¥) < 7.0, where the constants T o are given by (5.24).

Proof of Lemma 5.11. We may assume that bg > 1 (when bg = 0, the bounds in
the lemma follow immediately from Lemma 5.10). Recall that the quantity £ (¥) is
given by
b2 g1(31) + 263K 5" go(32) + 304K 3 (ga) + b5 KV ga(9a) + 5b6 K g5(35)

B (7) = §b2
@) =2 U (51)52%(32)PX ()P4 (3) 55X (G5 )P

Let A := (§1)"2X(92)"X(93)4X(g4)%5X. Since 91,72, 93,92 € [0,1], we have the
crude bound 0 < A < 1. By Lemma 5.10, we have that
+ 205 K7 O g5(92) + 304K g3(3s) + 4bs K\ g4 (34)
P—A

where B’ = by + b3z + by + bs and the values of the constants 75/ ¢ are given by (5.24).
Using that §%2 < 1, it follows that

sbe . 22 91(41)

< 7B 0,

TB1,0(1) — A) 4+ 5bg K§5) 95(7s)
P — A(ys5)box
We next perform a transformation on the variable 5 (similar to the one used in the

proof of Lemma 5.8); namely, we set vs := (1 — §5)'/° so that vs € [0,1/2]. From the
definition of the function g5 (cf. (5.19)), we have that

k) (¥) < K(G)(A,g]g,), where H(G)(A7g5) =

95(95) = liysh((lf%)lﬁ) -5 h(vs) o (qb*( - )X>

U5 ] T 14w+ u2t0d+ ol 1—us

It follows that the quantity x(®)(A,s5) as a function of A, vs can now be written as

5 v2 v
Tpr0(Y — A) + 5bs K<§ ) 1+@5+v§+ug+u§ (1/} - (1—5;15 )X)

(7) —
K (A7U5) : v — A(l — Ug)bﬁx

We will show that
(5.32)  w(D(A,v5) <Tpoforall 0 < A<1, 0<vs<1/2 (recall B= B’ + bg).

We use Mathematica’s RESOLVE function; see section 8.2.8 for details. 0

The proof of Lemma 5.5, which was important in proving Lemma 5.2, is now
immediate.

LEMMA 5.5. Let A = 6 and B be a nonnegative integer less than or equal to
A —1=05. Recall that « =1 —10~%. There exists a constant eg < a such that for
all nonnegative integers bs, bs, by, bs, bg with b + bg + by + bs + bg = B, it holds that
kB () <ep.

In particular, we will show that
(5.15)
e0=0, &1 =6/10, e9="7/10, e3=283/100, e4=91/100, e5=a= 1-107%.

Proof of Lemma 5.5. By the definition of §, we have that £ (t) = x(®) (). Now,
just use Lemma 5.11 and observe that the e in (5.15) and the constants 75 o in (5.24)
satisfy 73,0 < eB. O
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5.3. Simplifying the optimization using geometric means. In this section,
we prove Lemma 5.3, which we restate here for convenience. Roughly, the lemma
bounds the contribution of a w; with w; = w to k. The main accomplishment here
is the significant reduction of the number of variables; initially the contribution is a
function of w variables tq,...,t,. The lemma shows that we can reduce the number
of variables to 1 by considering the geometric mean of the t;’s. The challenge here
is to deal with the asymmetry caused by the § terms without introducing too much
slack into the argument, especially for small values of w (say, w < 4).

LEMMA 5.3. Define the following constants:
KM =1, K® =1069/1000, K =1160/1000, K* =1225/1000, and

w 1y (w=1)(A-1)
K(g ) = (5) for w > 5.

Then for all positive integers w, the following inequality holds for all t1,...,t, €
[0,1/2]:

w 1 w
Z mh(tj) < w K" h(t),
j=1

where t is the geometric mean of the t;’s, i.e., t = (t1---t,)"/".

Recall that the function h(t) is given by

(5.4) h(t) = (1—1) [w - (f_tﬂ for ¢ € [0,1/2],

where x = 1/2, ¢» = 13/10. We begin with the following lemma.

LEMMA 5.12. The function h(e¥) is a concave function of y in the interval
(—00,In(1/2)].

Proof of Lemma 5.12. Let f(y) := h(e¥) for y € (—o0,In(1/2)]. We will show
that
(5.33) " (y) <0 forall y € (—o0,In(1/2)].

For convenience, we use Mathematica’s RESOLVE function; see section 8.2.9 for the
code. |

As an immediate consequence of Lemma 5.12 and Jensen’s inequality, we obtain
the following inequality for w = 2,3,..., for all ¢1,...,t, € [0,1/2]:

(5.34) Zh Zh Wty < h(ew 2= 08) = wh(t),
: _7:1

where ¢ is the geometric mean of the t;’s, i.e., t = (t; ---t,,)"/*. Using that § € (0,1]
and inequality (5.34), it follows that
w h 1 h
Z 56— 1)(A 1) h(t;) < Sw—1)(A-1) 1)(A 1) Z W Sw—n(a-1) ( )-

This proves the bounds on Kéw) stated in the lemma for all integers w > 5.
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For the bounds on Kéw) stated in the lemma for w = 2, 3,4 we will have to work
harder. Our goal is to prove the following inequalities for ¢; € [0,1/2] (i = 1,2,...):

1
(5.35) fmo+?mm§z@%mmax
1
(5.36) h(t1) + 5 h(tz2) + m h(ts) < 3K h(/iitats),
1 1 1
(5.37) h(t1) + 55 hlta) + 575 hits) + 55 hita) < AK Y h(ttatsts).

To prove these, we will need the following inequalities.

LEMMA 5.13. Let Ay, Ay > 0 be real numbers. There exists A > 0 such that for
t1,t2 € [0,1/2], it holds that

(5.38) Aih(ty) + Agh(ty) < Ah(Vtits).

In particular, inequality (5.38) holds for the following values of Ay, Ag, A:

(5.39) A =1, A=, A=2KP
2 1120
(5.40) A =2, Ay = 5—5K§2)7 =4 oo
1 5
(541) A1 = 17 A2 - 5T57 A 2,
(5.42) Ay = 575[((2) Ay — g A=4. K,

where K\*' =1069/1000 and K" = 1225/1000 are as in Lemma 5.3.

Proof. The existence of such an A follows by standard continuity and compactness
arguments. The positivity of A is also easy to prove. We thus focus on the more
intricate task of verifying (5.38) for the values of Ay, Ay, A given in the statement of
the lemma.

We will use Mathematica’s RESOLVE function. To do this, we first need to ratio-
nalize the expressions which can be achieved for xy = 1/2. In particular, we will use
the transformations

2 2
4zt 4z

5.43 = ——, _ "2
(5.43) e P

for 0 < x1, 25 < /2 — 1. Under these transformations, for y = 1/2, we obtain that

t1 X 211 to X 219 4x1x0
) = (%) - s =
1-— tl 1-— IL‘l 1— tQ 1

(5.44) ( o T

We are quite close to rationalizing the desired inequality; we only have to address the
. . . Viita \X

rationalization of (ﬁ)

radical for this expression.

In particular, inequality (5.38) is equivalent to

ma—hﬂ¢—@3Jﬂ+Awfmﬂ¢—@39ﬂ< N
A= Vi) <= (me)

. Unfortunately, we will have to explicitly eradicate the

(5.45)
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Inequality (5.45) will follow from the following inequalities:

a1 =) [ = (55) ] + Aet =) [0 = (5235) ]

(240 Al Vi) =Y
and
(5.47) 1\/7% - <¢— Ai(1—t1) [w - (11?4)(1}-5-\/1;1127:21)— t2) [1/’ - (172152) } >2.

Note that (5.46) allows us to take square roots in (5.47), and thus (5.45) follows.
It remains to prove (5.46) and (5.47). Using the substitutions (5.43) and (5.44),
inequalities (5.46) and (5.47) are equivalent to

(1-z})? 2z (1—x3)* 2z
Avtirate <¢ T i ) + A2ty (1/’ - 1423)

(5.48) 0<y—
A 1— 4xq1x2

( (1+w%)(1+x%))
and
(5.49)

(1- z1) 2?"1 (1-=3)? 2x

4122 < Al (1+23)2 <¢ - ) + Az 1+w§)2 (w - 17;‘3)

1+z9)(1+2 dx1x9 — _ 41T
( i 3) — dm1z A<1 (1+z§)1(12+z§)>

respectively. The last inequalities involve rational expressions and can be resolved
using Mathematica for the values of Aj, Ay, A given in the statement of the lemma;
the code can be found in section 8.2.10. |

We now return to the task of proving the inequalities (5.35), (5.36), and (5.37).
Inequality (5.35) is an immediate consequence of Lemma 5.13 (cf. the values in (5.39)).
To prove (5.36), we will use the following inequality:

1 1 1120
(5.50) h(t1) + 5 310 5 h(ts) + h(ts) < 4- wh(\/tltgtgu).

Applying (5.50) with t4 = /ti1tats (note that with this value of t4 it holds that
\Aytltztgbl = \B/tltgtg) yields

h(te) + —=

1120

1 1 41550 — 1 3 3
h(t1) + 55 h(t2) + 535 hlts) <3 (1030) h(YTitats) = 3K h(titats),

which proves (5.36). It remains to prove (5.50), which follows by adding the following
inequalities:

(5.51) h(t1) + h(ts) < 2h(V/tits),
(5.52) %h(tg) + 51 h(ts) < (751((2);1(\/@73),
(5.53) (VETR) + 2 K h(VETs) < 4 10 h(VRTESTS).

Inequality (5.51) is an immediate consequence of Lemma 5.12. Inequality (5.52) is
an immediate consequence of inequality (5.35) (multiplied by 1/6°). For inequality
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(5.53), we use the transformations u; = /t1¢4 and uy = \/tat3, so that we need to
show

1120

2
(5.54) 2h(uy) + (75}((52)11(@) <4+ Vi)

for uy,us € [0,1/2], which follows from Lemma 5.13 (cf. the values (5.40)).
Finally, we conclude with the proof of inequality (5.37). This is obtained by
adding the following three inequalities:

1 1 2
(5.55) 55 1(t2) + 555 hlta) < gfgg?)h(ﬁfm),
1 5}
(5.56) h(t1) + ﬁh(tzl) < §h(\/t1t4),

2
5
Inequality (5.55) is an immediate consequence of (5.35) (again, multiplied by 1/6°).
Inequality (5.56) follows from Lemma 5.13 (cf. the values (5.41)). Finally, inequality
(5.57) can be proved using a transformation analogous to the one used to prove (5.53);
the required analogue of inequality (5.54) has been proved in Lemma 5.13 (cf. the
values (5.42)).
This concludes the proof of Lemma 5.3.

5
(5.57) K h(/iats) + Sh(Viit) < AK Y h(iTatsts).

5.4. Eliminating large arity clauses from consideration. In this section,
we prove Lemma 5.4, which we restate here for convenience. Recall that in the con-
struction of the optimization problem from the original correlation-decay argument,
w; is the arity of the ith clause containing x minus one. Intuitively, clauses with
large arity should not significantly affect the correlation decay. The following lemma
captures this in a quantitative way which is sufficient for our needs (for clauses with

LEMMA 5.4. Let M = 25/1000. Recall that F(%) is given by (5.6). Let i be such
that w; > 6. Then, for all t such that 0 <t < (1/2)1, it holds that

~ 1~ 4
! (F) < ~FER)M.
Proof. We will show that for all integers w > 6 and all ¢ € [0,1/2], it holds that

v 63 ¢
< .
1—¢w — 2w —-11-—1¢6
We will also show that for x = 1/2,¢ = 13/10, it holds that

(5.58)

16 1
h(t) < My, where M; = —.
%, Ty () < M, where M,

(5.59) i

Finally, we will show that for integer w > 6, I, = [logg(w + 1)1, 6 = 9789/10000, it
holds that

63 .M,

qw _ 1wK§w) a~te <

(5.60)

M
o )

where K(gw) for w > 6 is as given by Lemma 5.3 and M = 25/1000 is as in the
statement of the lemma. The lemma then follows by multiplying (5.58), (5.59), and
(5.60).
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We start with the verification of (5.58). Note that (5.58) holds at equality for
t = 1/2, so it suffices to show that for all integers w > 6, the function

_ (- ) w61 —19)

TO ==y = 1w

is increasing for ¢ € [0,1/2]. For w = 6, there is nothing to show, so we may assume
that w > 7. We then calculate (see section 8.2.2 for the calculation)

_ tw_7 p(t)

(561) f/<t) = W, Where p(t) = Gtw —_ tﬁw + w — 67

so we only need to show that p(t) > 0 for ¢t € [0,1/2]. Note that p/(t) = 6w(t¥1—#°) <
0 for all ¢ € [0,1/2] since w > 7. It follows that

p(t) > p(1/2) = 6(1/2)™ + (63/64)w — 6 > (63/64)w — 6 > 1/2,

where in the last inequality we again used that w > 7. This completes the verification
of (5.58).

We next verify (5.59). For convenience, we use Mathematica’s RESOLVE function;
see section 8.2.2.

Finally, we verify (5.60). Since l,, < logg(w + 1)+ 1 and a« =1 —10"% < 1, it
suffices to show that for all w > 6 it holds that

63 M, (1)(“1*1)(&*1)

T 1’LU - a—logﬁ(w+1) < M.

(5.62) 5

It is a matter of numerical calculations to show that a=! < exp(11-10~°). Thus, to
show (5.62), it suffices to show that

63 M- (})(w—l)(ﬁ—l)

1 11:107%/1n6 M.
v 1"\ (w+1) =

(5.63)

We view the left-hand side in (5.63) as a function of w, say f(w). We will prove that
(5.64) f(6) < M and f(w+1)/f(w) <1 for all w > 6,
from which inequality (5.63) follows. The first inequality in (5.64) follows by a nu-

merical calculation; see section 8.2.2 for details. For the second inequality in (5.64),
we have

flw+1) _ (E)Afl 2% —1 (14w (L (w+ 1)_1>11‘1075/1n6.

flw) 1) 2w+l 1
Note that 23:;1_711 < 1/2, and hence, for w > 6, we have the bound
flw+1) 1/1\A71 —1 ~1411-1075/1n6
5.65 T < 7(7) 1+6 (147 /6 1
(5.65) . <3(5) areThaeT

where the last inequality follows by a numerical calculation; see section 8.2.2 for
details. This concludes the proof of (5.64) and thus the proof of Lemma 5.4. d
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5.5. The contribution of arity-3 clauses. In this section, we give the proof of
Lemma 5.7. Roughly, the lemma bounds the aggregate contribution of arity-3 clauses
along with the effect of the creation of arity-2 clauses (due to the pinnings when
processing arity-3 clauses). This was used to further reduce the number of variables.

To prove Lemma 5.7, we will use Hélder’s inequality. Let p > 1. For ¢ = p/(p—1)
and positive real numbers «;, §; for i € [b3], it holds that

bs b3 1/p s b3 1/q
Zaiﬁiﬁ(zaf> <Z[33) .
i=1 i=1

i=1

This yields

(5.66) 3 (;)bg_imy» < (Z (;)(ZBi)p)l/p(iwyi))q)l/q.

i=1 i=1 i=1

For p = 27/2, we have ¢ = 27/25. Recall from (5.19) that the function g2(y) is given
by

(5.19)

,7(1*9) 1/2 7(1_9)(1_(1_@1/2) (1*y)+(1*y)1/2 X
92(y) == Th((l—y) 1?) = Y (1/}_( y ) )

LEMMA 5.14. For ¢ = 27/25 and A = 6, the function (g2(e?)))? is a concave
function of t in the interval [In(3/4),In(1 — m)]

Proof of Lemma 5.14. Let ga(t) := (g2(e?))9. Our goal is to show that g4 (t) <0
for all t € [In(3/4),In(1 — m)] We have
_ -1
95(t) = 4 (g2(e"))" g (e)e’,
_ -2 2 -1 -1
(1) = ala — 1) (g2(e")" " (g2(€")) e +a(g2(e"))" g3 (e")e* +a(g2(e")”  gale")e".

Observe that ga(ef)e! > 0 for all ¢ € [In(3/4),In(1 — m)] Thus, using the
transformation y = e, it suffices to show that

2

(5.67) (2= Dy (92(1))" + 92() (95(y) + y g5 (1)) <0

forally € [3/4,1— m] For convenience, we verify (5.67) using Mathematica’s
RESOLVE function; see section 8.2.11 for the code. 0

We are now ready to prove Lemma 5.7, which we restate here for convenience.

LEMMA 5.7. Let A = 6 and b3 be a nonnegative integer less than or equal to A —

1 =5. There exists a constant C§b3) > 0 so that for yu,...,yp, € [3/4,1—1/(2¢+1)2]
1t holds that

b3 bg—i
1 b
Z (5) 92(yi) < b3 C5™) go (/T W)
i=1

In particular, we will show that the inequality holds with C§b3) = 6173%1(%)1/1’,
where p = 27/2. For § = 9789/10000, we have the following upper bounds on the

values of C(gbe‘) :

c® =0, ¢V =1, ¢ =102/100, C¥ =103/100, C* =104/100, C =105/100.
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Proof. For p=27/2 and ¢ = 27/25, inequality (5.66) and Lemma 5.14 yield that

bs 3—1 b ’_i) l/p
> () w0 < (X G)" ) v

i=1 =1

Note that for b3 = 1,...,5 it holds that

b .
) -1 §bs=1p 1 _¢§p °

i=1 5P

Using this and ¢ = p/(p — 1), we obtain that

b3 b3 —1
1 3
Z <5) g2(ys) < b3 Céba)gz( /YL Ybs)-

i=1
b —5bsp

where C{"*) = M%(%)l/p

of C’ébe’) given in the statement of Lemma 5.7 for b3 = 1,...,5 can be verified by a

direct calculation using Mathematica; see section 8.2.4. This concludes the proof of
Lemma 5.7. ]

as desired. The numerical bounds on the values

)

6. Hardness for approximate counting. In this section, we prove the hard-
ness results stated in the introduction for the problem of counting independent sets
in hypergraphs and the problem of counting dominating sets in graphs.

6.1. Counting independent sets in hypergraphs. In this section, we prove
inapproximability results for the #HyperIndSet(k, A) problem. For this section, it will
be convenient to return to the original hypergraph independent set formulation of the
problem (instead of the monotone CNF formulation). The proof is via a reduction
to the independent set model on graphs which was used by Bordewich, Dyer, and
Karpinski [2]. The precise inapproximability results for the hard-core model had not
yet been proved at the time [2] was written, so we carry out the details explicitly to
obtain the bound that their reduction gives.

Namely, we will use the inapproximability result of Sly and Sun [20] for the
hard-core model. We first remind the reader of the relevant definitions. Let A > 0.
For a graph G = (V, E), the hard-core model with parameter A\ is a probability
distribution over the set of independent sets of GG; each independent set I of G has
weight proportional to Al/l. The normalizing factor of this distribution is the partition
function Zg (1)), formally defined as Zg(\) := 3, A/, where the sum ranges over all
independent sets I of G.

THEOREM 6.1 (see [20]). For A >3, let A\.(A) := (A—1)2"1/(A—2)2. For all
A > A (A), it is NP-hard to approximate Zg(\) on A-regular graphs G, even within
an exponential factor.

THEOREM 6.2. Letk > 2, A > 3 be integers. Suppose that 21%/21 -1 < %.

Then, it is NP-hard to approzimate #HyperlndSet(k, A), even within an exponential
factor.

Proof. Let k > 2, A > 3 be integers satisfying 2/%/21 — 1 < %7 and let

A= 1/(2MF/21 — 1),
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Note that A > A.(A) where A.(A) is as in Theorem 6.1. For convenience, let k' :=
[k/2] in what follows.

Let G = (V, E) be a A-regular graph, and set n := |V|. We will construct a (2k’)-
uniform hypergraph H = (U, F) with maximum degree A such that |U| = ¥|V],
|F| = |E|, and

(6.1) Zy = (2" —1)" Zg(N).

Note that the size of H is larger than the size of G only by a constant factor. It thus
follows that if we could approximate #HyperlndSet(k, A) within an arbitrarily small
exponential factor, we could also approximate Zg(\) within an (arbitrarily small)
exponential factor for all A-regular graphs G, contradicting Theorem 6.1.

It remains to construct the hypergraph H = (U, F). Let

U= U{uv,la-"auv,k’}a F = U {{uv,lv'“;uv,k/auw,la~"7uw,k’}}~

veEV (v,w)eEE

In words, every vertex v of G maps to a (distinct) set of k' vertices in H, the set
{ty,1,. .., Uy p}, which we will henceforth denote as S,. Further, each edge (v, w)
in G maps to a hyperedge in H which is given by S, U S,. It is clear from the
construction that every vertex of H has degree A (since G is a A-regular graph) and,
further, that every hyperedge of H has arity 2k’ > k. Also, note that |U| = k/|V| and
F| = |B).

We complete the proof by showing (6.1). To do this, we will map independent
sets of the hypergraph H to independent sets of the graph G as follows. Let Iy be an
independent set of H. Define I to be the subset of vertices of G such that v € I iff
Sy, NIg = 8,. It is immediate that I5 is an independent set of G. In fact, it is not
hard to see that for every independent set I of G there are exactly (2k/ —1)n el
independent sets of H that map to Ig. From this, (6.1) follows, thus completing the
proof. 0

COROLLARY 6.3. Let k = 6 and A = 22. It is NP-hard to approzimate
#HyperIndSet(k, A), even within an exponential factor.

Proof. Just plug in the values of k, A to check that the inequality 2/%/21 — 1 <

(A=2)% y 1ds. Th ly Th 6.2 0
W oldas. en, apply eorem 0.z.

The following corollary is a crude estimate of the range of A in which
#HyperIndSet(k, A) is hard to approximate (by applying Theorem 6.2).

COROLLARY 6.4. Let k > 2. For all integers A > 5 - Qk/z, it is NP-hard to
approximate #HyperlndSet(k, A), even within an exponential factor.

Proof. For A > 5 - 2k/2 we have that

(A-2)

Loyat (4’ k)2 /2]
:(A—2)<lfﬁ> >(z) A-2> V222 —1zo o

The first inequality follows from the fact that (1 — 52 )2~! is an increasing function

of A and the (trivial) absolute bound A > 6 (sinceik > 2). The second inequality
follows from the fact that A > 5-2%/2 and k > 2. Finally, the last inequality is trivial.
Now apply Theorem 6.2. O



332

6.2. Counting dominating sets in graphs. In this section, we prove inap-
proximability results for the problem of counting dominating sets in graphs of maxi-
mum degree A. In contrast to Corollary 1.4, where we showed algorithmic results for
A-regular graphs, here we consider graphs which are not necessarily regular but only
have bounded maximum degree. Formally, we are interested in the following problem:

Name #DomSet(A).
Instance A graph G with maximum degree at most A.
Output The number of dominating sets in G.

For unbounded degree graphs, it was shown by Goldberg, Gysel, and Lapinskas [7,
Theorem 4] that it is #SAT-hard to approximate the number of dominating sets. We
refine this result in a bounded degree setting. More precisely, we show the following.

THEOREM 6.5. For all integers A > 18, it is NP-hard to approzimate #DomSet(A),
even within an exponential factor.

To prove Theorem 6.5, we will utilize inapproximability results for the partition
function of the antiferromagnetic 2-spin system on graphs. We give a quick overview
of the relevant definitions and results, following [5, 11]. A 2-spin system on a graph
is specified by three parameters §,v > 0 and A > 0. For a graph G = (V, E),
configurations of the system are all possible assignments o : V' — {0,1}, and the
partition function is given by

-1 =o(v)= o(u)=oc(v)=
ZeBr N = 3 AL [ pHew@=em=0tet=at=1},
o:V—{0,1} (u,v)EE

with the convention that 0° = 1 when one of the parameters 8, is equal to zero.
The case 8 = =y corresponds to the Ising model, while the case § = 0 and v = 1
corresponds to the hard-core model (which we already encountered in section 6.1).

The 2-spin system with parameters 3,7, A is called antiferromagnetic if Sy < 1.
In [20], the following inapproximability result was shown for antiferromagnetic 2-spin
systems on A-regular graphs.®

THEOREM 6.6 (see [20, Theorems 2 and 3]). Let 8,7 > 0 with By < 1, v > 0,
A >0, and A > 3. If the 2-spin system specified by the parameters B,v, X is in the
nonuniqueness regime of the infinite A-reqular tree, then there is a ¢ > 1 such that
it is NP-hard to approzimate Zg ~ x.¢ within o factor of ¢® on the class of A-regular
graphs G.

To apply Theorem 6.6, we will need the following characterization of the unique-
ness regime on the infinite A-regular tree (see, e.g., [11, Lemma 21] or [5, section 3]
for more details). For a 2-spin system with parameters /3, v, A, nonuniqueness on the
infinite A-regular tree holds iff the system of equations

* )T )T

has multiple (i.e., more than one) positive solutions (z,y).
We are now ready to give the proof of Theorem 6.5.

8Theorems 2 and 3 in [20] are about the hard-core and the antiferromagnetic Ising model on
A-regular graphs. It is standard to derive from those Theorem 6.6 (which applies to general anti-
ferromagnetic 2-spin systems), since it is well known (see, e.g., [20]) that antiferromagnetic 2-spin
systems on A-regular graphs can be expressed in terms of either the Ising model or the hard-core
model. The detailed derivation can be found in [5, Corollary 21].
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Proof of Theorem 6.5. Let A := 17, A’ := A +1 = 18. Consider the 2-spin
system with
A=1/2,6=1/2,v=1.

In section 8.3.1, we use Mathematica to find that (6.2) has multiple positive solutions
(z,y). Thus, we have that the 2-spin system is in the nonuniqueness regime of the
infinite A-regular tree, and hence Theorem 6.6 applies.

Let G = (V, E) be a A-regular graph for which we want to compute Zg (3,7, \).
Set n := |V| and m := |E|. We will construct a graph G’ = (V’, E’) with maximum
degree A’ = 18 such that |V'| = 2n + m, |E’| = |2m + n| and

(6.3) #DomSets(G') = 2"2™ Za (8,7, \),

where #DomSets(G’) denotes the number of dominating sets of G’. Note that the
size of G’ is larger than the size of G only by a constant factor. It thus follows that
if we could approximate #DomSet(A’) within an arbitrarily small exponential factor,
we could also approximate Zg(f,y, A) within an (arbitrarily small) exponential factor
for all A-regular graphs G, contradicting Theorem 6.6.

It remains to construct the graph G’ = (V' E’). The graph G’ is obtained as
follows from G. Denote V = {vy,...,v,} and E = {e1,...,en}. For each vertex
v; € V, add a new vertex u; and connect it to v;. Further, for each edge e, = (v;, v;)
add a new vertex wy, connect it to both v; and v;, and delete the edge e;. In particular,
we have that

V' ={v1,..., 0.} U{ul, ceyUn b U{wl, ce Wi b
E = {(vl,ul),...,(vn,un)}U U {(vi, wy), (we,v5)}-

ef:(vivvj)eE

It is clear from the construction that every vertex of H has maximum degree at most
A’ = A+1 (since G is a A-regular graph, in G’ each of vy, ..., v, has degree A’, each
of uy,...,u, has degree 1, and each of wy,...,w,, has degree 2). Further, it is clear
that |V'| = 2n+m and |E’| = 2m + n.

We complete the proof by showing (6.3). To do this, we will map dominating sets
of G’ to configurations o : V. — {0, 1}. In particular, let S be a dominating set of G’.
For a vertex v € V, we set o(v) = 1 iff v € S. Then, it remains to observe that for
every o : V — {0, 1}, there are exactly
(6.4)
gla ™t ()] H oH{o(u)=1Vo(v)=1} _ gnom (1/2)|6’1(0)| H (1/2)1{J(U):U(v):0}

e=(u,v)EE e=(u,v)EFE

dominating sets of the graph G’ that map to o. To see this, fix 0 : V — {0,1}. We
will consider the possibilities for a dominating set S of G’ that maps to o. For every
vertex v; € V, if o(v;) = 1, we have that v; € S and hence the vertex u; can either
belong to S or not belong to S (two choices). In contrast, if o(v;) = 0, we have that
v; ¢ S, and hence the vertex u; must belong to S in order to be dominated since
its only neighbor is vertex v; (one choice). Similarly, for every e; = (v;,v;) € E, if
o(v;) = o(v;) =0, then v;,v; ¢ S, and hence the vertex w; must belong to S in order
to be dominated since its only neighbors are the vertices v;,v; (one choice). In all
other cases, wy can either belong to S or not belong to S (two choices). This justifies
(6.4), thus completing the justification of (6.3).
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Note that the purpose of the “bristle” vertices uq,...,u, is to make the interac-
tions of the edges of G’ independent of each other. If G has edges e; = (v;,v;) and
ey = (v;,vjr) and amongst {v;, wy, v;}, only v; € S, then w; has to be in S, so wy can
either be in S or not, independently of w; and v;.

This concludes the proof. 0

7. The uniqueness threshold on the infinite hypertree. We denote by
Tk, a the infinite (A — 1)-ary k-uniform hypertree with root vertex p. Also, for n =
0,1,2,..., denote by Ty a(n) the subtree of Ty A obtained by the first n levels; i.e.,
Tk, a(n) is the tree induced by the set of vertices at distance < n from p in Ty A. We
denote by V;, the vertex set of Ty a(n) and by L,, the leaves of the tree, i.e., vertices
with degree 1 in Ty a(n).

Denote by i, the Gibbs distribution of the independent set model on Ty a(n)
(see section 2.1). For a configuration o : V,, — {0, 1}, we denote by o, the restriction
of o to the set L, and by o, the spin of the root p.

DEFINITION 7.1. Let k > 2,A > 2 be integers. The independent set model has
uniqueness on Tr A iff

(7.1) limsup  max (o, =110L, =n) = pn(o, =1 0L, =7')| =0.
n—oo 1M :Ln—{0,1}
We will use o7, = 1 to denote that, in the configuration o, all vertices in L,, are
assigned the spin 1. For n =0,1,2,..., define

(72) Pn = ,un(o'p =1 | oL, = 1)

When o, = 1, in each of the A — 1 hyperedges that include p, at least one of the
kE — 1 vertices (other than p) must have spin 0. When o, = 0, any configuration
on the neighbors of p is allowed. By considering the (normalized) weight of such
configurations on Ty a(n + 1)\p, it is not hard to see that the sequence p,, satisfies
the following recursion for every integer n > 0:

(1 o Zkfl)Afl

(7.3) Pnt1 = f(pn), where f(z) := 1+ (1= - 1)a-1
For any configuration n : L, — {0,1}, we will see that pu,(o, =1 | or, =) is
sandwiched between p,, and p,,+1. This yields the following.

LEMMA 7.2. Let k > 2, A > 2 be integers. The independent set model has unique-
ness on Tr A iff

(7.4) lim sup [pp11 — pn| = 0.
n—oo

Proof. Let n be a nonnegative integer, and let  be an arbitrary configuration on
L,,ie.,n:L,— {0,1}. We will show that

(7.5) Pnt1 < pn(op, =101, =n) < p, for even integers n,
. Pn < pin(0, =10, =n) < ppya for odd integers n.

Let us first conclude the lemma assuming (7.5). From (7.5), we obtain that for all n,
it holds that

o T ln(op =1]oL, =n) = pn(o, = 1] oL, =1")| = [pnt1 — pul-
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It follows that the conditions in (7.1) and (7.4) are equivalent, which yields the state-
ment in the lemma.

We next show (7.5). The proof is by induction on n. The claim is trivial for
n = 0 since pg = 1 and p; = 0. So assuming that the claim holds for all nonnegative
integers less than n, we will show it for n.

Set d := A — 1. Let ey,...,eq be the d hyperedges containing p, and for i € [d]
denote by v;1,...,v; k-1 the vertices in e; other than p, i.e.,

€1 = {P,U1,17 cee 71)1,1@71}, B {P7 Vd,1y--- 7Ud,k}.

Fori € [d] and j € [k —1], let T; ; be the subtree of Ty a(n) rooted at v; j. Denote by
Si,j the leaves of T; ; and by n; ; the restriction of n on S; ;. Let ur, ; be the Gibbs
distribution of 7; ; in the independent set model. Note that Ujc(q) je(x—1]5i.; = Ln-
Finally, let

dij = HT; ; (O—'Ui,j =1 | 08;; = ni:j)?
q:=pin(op =1 0L, =n).

It is simple to see that

[Ty (1~ TT5=) i) g
(7.6) ¢ = — I—————, or equivalently that = H (1 _ H qi’j)
L+ [T (U =TI 4i) 1-¢ j=1

For i € [d] and j € [k — 1], note that T; ; is isomorphic to Ty a(n — 1), and hence we
can use the induction hypothesis to bound g; ;. Let us consider first the case where
n is odd. Then, we have that

(77) Pn < qi,j < Pn-1.

It follows from (7.6) and (7.7) that

—1\d q —1\d
(78) (1 - (pn—l)k 1) < 17(] < (1 - (pn)k 1) , SO that Pn < q < Pn+1,

where to derive the last inequality we used that the sequence p,, satisfies the recursion
X

in (7.3) and that the function %= is increasing in . The proof for odd n is com-
pletely analogous, modulo that the inequalities in (7.7) and (7.8) hold in the opposite
direction.
This concludes the induction step and hence the proof of (7.5). The proof of the
lemma is thus complete. ]
LEMMA 7.3. Let k > 2, A > 2 be integers. Let f(z) = % be as in
(7.3). The function f is strictly decreasing in the interval [0,1]. Also, there is unique

€ [0,1] such that

(7.9) f(z) ==,

which further satisfies |f'(x)| = (A= 1)(11 ?,fkl )
Finally, if | f'(z)| < 1, the equation

(7.10) f(f(z) =z for z €[0,1]

is uniquely satisfied by z = x.
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Proof. To see that the function f is decreasing, we calculate
(A —1)(k—1)(1 — zh=1) 27252
(1+ (1 2h-1)a-1)?

which clearly shows that f is decreasing for z € [0,1]. Note that f'(z) =0iff z =0
or z =1, so in fact f is strictly decreasing over the interval [0,1].
We next show the second part of the lemma. We can rewrite z = f(z) as

(7.11) Jz) = -

)

g(2) =0, where g(2) := 2z — (1 — 2)(1 — ZF~1)A~1

For the function g, we have that g(0) = —1, g(1) = 1, and g is continuous on [0, 1].
It thus follows that there exists z such that g(z) = 0, which implies that f(z) = z.
We next prove that z is unique; i.e., for all z # x it holds that g(z) # 0. For this, it
suffices to show that ¢ is increasing on [0, 1] or that ¢’(z) > 0 for all z € [0,1]. We
calculate

g(x) = 1+ (1= D21 4 (k= 1)(A = 1)(1— 2)(1 - A 1)A 252,

which clearly shows that ¢’(z) > 1 for all z € [0,1]. Finally, to see the expression for
|f'(z)], just use (7.11) and use that

(1 7Ik71)A71 ) 1
T = —r =
1+(1_$k—1)A—1’ 1+(1_xk—1)A—1

to simplify. This proves the second assertion in the lemma.
Finally, we show the last part of the lemma. Namely, suppose that |f'(z)| < 1.
Consider the function

h(z) = f(f(z)) — z for z € [0,1].

Clearly, we have that h(z) = 0. By the assumption |f'(x)| < 1, we have that h'(z) < 0,
and hence for small € > 0 it holds that h(x —€) > 0 and h(x +¢) < 0. Note also that
h(0) > 0 and h(1) < 0.

For the sake of contradiction, assume that h has a zero other than z, say at
z = p1, where p1 # x. Let py := f(p1), and note that f(p2) = p1. Observe also that
h has another zero at z = pa. Also, using that f is decreasing and f(x) = x, we have
p2 # p1,x. In fact, we have that x is between p; and ps. Without loss of generality
we may thus assume that p; > x > po (otherwise, we may swap p; and ps).

We may also assume that h'(p;) > 0. Otherwise, we claim that there exists
p € (x,p1) such that h(p) = 0 and h'(p) > 0, so that if h'(p1) < 0, we could switch
our focus from p; to p (the role of ps = f(p1) would be played by f(p)). To see the
claim, assume that h'(p;) < 0, and let € > 0 be sufficiently small. Then, it holds
that h(p; —e) > 0. Recall also that h(z +¢) < 0. It follows that there must exist a
crossing of h in the interval (z, p1), i.e., a real number p € (z, p1) such that h(p) =0
and, for all sufficiently small &', it holds that h(p+¢’) < 0 and h(p —e€’) > 0. It must
thus be the case that h'(p) > 0, as claimed.

Thus, if | f'(x)| < 1, we have concluded the existence of p1, p2 such that 1 > p; >
p2 >0, p1 = f(p2), p2 = f(p1), and h'(p1) > 0. We obtain a contradiction by showing
that h'(p1) < 0. We have
(7.12)

R (p1) = f'(p1)f (p2)—1 = 1.

(A _ 1)2(]{} _ 1)2pllc—2p12€—2(1 _ pllg_1)A—2(1 _ pg_l)A—2
(L (=i A ) (1 (1= p5 A1)
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For k = 2, A =2, (7.12) is trivial, so henceforth we may assume that at least one of
k, A is greater than or equal to 3.
We can rewrite p; = f(p2) and p2 = f(p1) as
1 1

(7.13) l=—p1= —, l—p2=
1+ (1—p 14 (1= pht

)Afl'

Subtracting the equations in (7.13) gives

(=g ) = =pi )2
L+ (L= i A ) (14 (1= pf )21

(7.14) P1L—p2= (

Let E := (1 fpg_l)Afl —(1 fplf_l)Afl, and assume for now that k£ > 3, A > 3. We
use the inequality ¢ — y? > d(x — y)(2y)@~Y/2, which holds for all d > 2 and real

numbers = > y > 0 (see, for example, [6, Claim 35]), to obtain the following bound
for E:

E> (A—1)(ph 1 = ph=1)(1 = ph=1)(2=2/2(1 _ ph-1)(a-2)/2
(7.15)
> (A=1)(k—1)(p1 — p2)pgk—2)/2pék—2)/2(1 o pllc—l)(A72)/2(1 _ pg—l)(A—Q)/g
Note that the strict inequality in (7.15) holds even in the cases where k = 2, A > 3

or A =2k >3.
Combining (7.14) and (7.15), we obtain that

(A—=T1)(k— 1)p§k*2)/2p§k*2)/2(1 — p’f‘l)(A—Q)/Q(l _ pg—l)(A—z)/z

e QA+ (A D)1+ (1))

Squaring the last inequality and using (7.12), we obtain h’(p1) < 0, as desired.
This concludes the proof of Lemma 7.3. O

(1—zk—1)a-1

LEMMA 7.4. Let k > 2,A > 2 be integers. Let f(z) = W be as in
(7.3) and x be as in Lemma 7.3.

If |f'(z)| < 1, the independent set model has uniqueness on Ty A.

If |f/(z)] > 1, the independent set model has nonuniqueness on Ty a.

Proof. Recall the sequence p,, defined in (7.3). Let p}” = pa, and p,, = payi1. As
a consequence of the fact that f is decreasing (cf. Lemma 7.3) and p = 1, p; = 0,
we have that

(7.16) prlpt, p, o,

where pT,p~ are real numbers in [0, 1]. To see the existence of these limits, note that
pe =1>pf andp; =0 < p;. Since pr = f(f(p)), a simple induction shows that
p} is a decreasing sequence and p;, is an increasing sequence. Since both sequences
are bounded, we obtain the existence of the limits in (7.16). For later use, we remark
here that the continuity of f and the recursions pf_H = f(p}) and pf_H = f(f(p))
imply that p™,p~ satisfy the equalities

(7.17) pr=f(p7)andp” = f
(7.18) pt=f(f(p")) and p~ = f(f(p7)).



338

As a consequence of the existence of the limits in (7.16), we can conclude that
the condition limsup,,_, o [Pn+1 — Pn| = 0 is equivalent to

(7.19) pt=p.

We are now ready to show the equivalence in the lemma. For the first part,
assume that |f’(z)| < 1. To show that uniqueness holds on Ty a, it suffices to show
that (7.19) holds, i.e., pt = p~. We have that p*, p~ satisfy (7.18). From the second
part of Lemma 7.3 and the assumption |f’(z)| < 1, we thus obtain that p* =z =p~,
as wanted.

For the second part, it suffices to show the contrapositive. So, assuming that
uniqueness holds on Ty a, we will show that |f'(z)] < 1, where we recall that x
is specified by the relation z = f(x) (cf. the second part of Lemma 7.3). From
Lemma 7.2 we have that limsup,,_, . [prnt1 — Pn| = 0, and hence by our previous
arguments, we obtain that (7.19) also holds. From (7.17) and using the uniqueness
of z (cf. Lemma 7.3), we obtain that the common value of p™ and p~ is z and thus
Dn — .

By the Mean Value Theorem we have that there exists &, between p,11 and p,
such that | f'(&,)] = [Pn+1 — Pnl/|Pn — Pr—1|. From p, — z, we also have that &, — x.
Since p,, — x, we have that for infinitely many n it holds that |p,+1—pn| < |Prn—Dn-1].
For all such n, it holds that |f/(&,)| < 1. Using that f’ is continuous and &, — x, we
obtain that |f'(z)| < 1, as desired.

This concludes the proof of Lemma 7.4. ]

The following lemma establishes the intuitive fact that, for the independent set
model, uniqueness on Ty A is a monotone property with respect to A.

LEMMA 7.5. Let k > 2 be an integer. There exists A.(k) > 3 such that the
following holds for all integer A > 2. The independent set model has uniqueness on
Ti.a whenever A < A (k) and nonuniqueness whenever A > A (k).

Proof. Fix an integer k > 2. For integer A > 2, parameterize the function f(z)
in (7.3) by A; ie., set

(1 _ Zk—l)A—l
1+ (1— A a1

fa(z)

Let xa be the unique solution of z = fa(z) (cf. the second part of Lemma 7.3). Recall
also from Lemma 7.3 that

P11 - 2)

(7.20) |fa(za)] = (A =1)(k —1)h(za), where h(z) := T

We will show that |fA (za)] is a (strictly) increasing function of A, i.e., [fAL (xa41)| >
|fA(za)|- This follows immediately by multiplying the following inequalities:

(7.21) Alzar) ' > (A =1)(za)*,
ko1 _ k=1 _

(7.22) o)™ —1 (wan)™ 1
Ta —1 a1 —1

Thus, to show the desired monotonicity, we only need to argue for the validity of
(7.21) and (7.22). We will need the following simple fact:

(7.23) for all z € (0,1) and all A > 2, it holds that fat1(z) < fa(2).
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To see (7.23), fix z € (0,1), and let A > 2. Then we have

favi(z) _ k1A _ k1AL fa(z)
L— fas1(2) =@ e ) 1— fa(2)’

and thus (7.23) follows.

We next proceed to show (7.21) and (7.22). The crucial step will be to show
that xa is a decreasing function of A, i.e., zay1 < za. Suppose for the sake of
contradiction that za < xa41 for some A. Using (7.23) for z = xA and the fact that
fat+1(2) is decreasing (by Lemma 7.3), we have

A = fa(ra) > fati(wa) > fari(Tayt) = zat1,

a contradiction. It thus follows that zao > xa41. From this, it is simple to conclude
(7.22):

k—2 k—2
(za)f7' -1 i _ (wap) -1
= TA) > Ta+1) = .
rera DICNESENNEES NTES

We next show the slightly harder (7.21). From xza > xa41 and the facts zo =

fa(za) and a1 = fari(xatl), it follows that fa(za) > fati(zat1). This in turn
yields

_ L k—1\A-1 _ fa(za) fari(@at) _ L k—1\A
s T G " T faiaan) AR

Using Bernoulli’s inequality, we thus obtain

1—ah > ijrll)Aél >1- ﬁka;lp
and, by rearranging, we obtain (7.21).

Since |fA(xza)| is increasing for A > 2, to complete the proof of the lemma, it
suffices to show that for A = 2 it holds that |fA(za)| < 1 and that for some A it
holds that |fA(za)| > 1.

Note that for all z € (0,1), we have (k—1)2*+1 > k2*~! (the function (k—1)2*+
1 — k2! is decreasing for z € [0,1] and it has a zero at z = 1). Rearranging, we
obtain that h(z) < 1/(k—1), so that for A = 2 we have from (7.20) that |fA (za)] < 1,
as needed.

For large A, since xa is decreasing and bounded, we have that za converges.
From za = fa(za), we thus obtain that za | 0 as A — oco. We claim also that
A(xza)*1 — 00 as A — oo, from which it clearly follows that |fA (za)| — oo (cf.
(7.20)) and hence |fA(za)| > 1 for large A. To see the claimed limit, assume for the
sake of contradiction that there was M > 0 such that A(za)*~! < M for infinitely
many A. For all such A, it holds that

7 L k—1ya-1 o 1 MyA-t
_ _ > 21— > 7(1 _ 7> .
o= falea) =T s 2 gt ra )T 250 R
It follows that limsupa_,., za > %exp(—M) > 0, contradicting that za | 0 as
A — 0.

This completes the proof of Lemma 7.5. O
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COROLLARY 7.6. Let k = 6. The independent set model has uniqueness on Ty A
iff A <28.

Proof. We will show that for A = 28, the independent set model has uniqueness
on Ty A and nonuniqueness for A = 29. The result then follows from Lemma 7.5.

For A = 28, we have that |f'(z)] < 0.996, where x, f(x) are as in Lemma 7.3. For
A =29, we have that |f'(z)| > 1.01. Lemma 7.4 thus shows that the independent
set model has uniqueness for A = 28 and does not have uniqueness for A = 29, as
needed. ]

The following lemma asserts that, asymptotically in &, the critical value A.(k) in
Lemma 7.5 satisfies A.(k) = (1 + ox(1))2¥/k. The precise statement is as follows.

LEMMA 7.7. Let A (k) be as in Lemma 7.5. For all e > 0, there exists an integer
ko(e) > 0 such that the following holds. For all integers k > ko(e),

(1—e)28/k < Ac(k) < (14¢)2"/k.

Proof. Let € > 0, and let ko(¢) > 2 be a large constant (depending only on ¢).
We will henceforth assume that k is an integer satisfying k > ko(e).

Let A} :=[(1+¢)2¥/k| and A, := [(1 —€)2¥/k|. Note that for all sufficiently
large k it holds that A¥ > 3. Let fy. 4 (2) be the function f(z) in (7.3) when A = AF,
ie.,

(1 _ Zlc—l)A,:—l

1 k-1 Af -1
frs(z) = =) —
14 (1— zh—1)2%

UL (1 k)ALt

and fi,—(z) =

Further, let xf be the unique solution of x = fj +(x). We will show that for all
sufficiently large k, it holds that

(7.24) fe (o) < Land |, ()] > 1.

Together with Lemmas 7.4 and 7.5, (7.24) yields that A, < A.(k) < A}, as desired.
The key to showing (7.24) is that zif — 1/2 as k — oo. Assuming this for the
moment, let us conclude (7.24). Recall from Lemma 7.3 that

(Ag =Dk = D(@p) 11 —ap)

(A =Dk = D(@) (1 —af)
1— (z)k? ’

()] = v

A @) =

Now just using that xf — 1/2, we obtain that for & — oo it holds that
fo—@ ) = 1—e  |fia@))]—=1+e

This shows that (7.24) holds for all sufficiently large k.
We next show that 2;f — 1/2 as k — co. From 27 = fi, + (), we obtain that

+
L

L

(7.25)
from which it clearly follows that J;f < 1/2. Thus, it suffices to show that for every
¢’ > 0, for all sufficiently large k, it holds that i > (1/2) —¢’.

From (7.25), by taking logarithms and then the kth root, we obtain

In (2
(7.26) (OF =P =gt it gfe) = ot )
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We will use that the function g(z) is decreasing for z € (0,1/2], since

(k — l)zk—Q In (é) ((1_zz)2 + flz) (1 — Z) <0
(1 — zF=1)In? (1 — zk—1) - zln (1 —zF1) -

g'(2) =

We will also use that for any z € (0,1/2) it holds that

z
1—2z

))Uk —1land lim (—In(1 —zk*l))l/lC — z.
k—oo

lim (g(z))l/k = 1/z, since kli)r{)lo (— ln(

k— oo

Now, for the sake of contradiction, assume that there was & > 0 such that
z, < (1/2) — &’ for infinitely many k. For all such k, we would have that g(zi) >
g((1/2) — ¢’), and thus, by taking the limsup in (7.26), we obtain

1

2 =lim sup(Aki—l)l/k = lim sup (g(x:kt))l/k > lim sup (g((1/2)—6/))1/k =

1
k—o0 k—o0 k—o0 5 — €

> 2,

/

a contradiction. This proves that xf — 1/2 as k — oo, thus concluding the proof of
Lemma 7.7. 1]

8. Computer assisted proofs. The code in each subsection below can be exe-
cuted by copying it into a Mathematica cell. It is safest to quit the local kernel before
executing each subsection to avoid interference between them.

8.1. Analysis for £ > A > 200.

8.1.1. Mathematica code for proof of (4.6).
psi = 13/10; chi = 1/2; alpha = 1 - 107(-4);
f=1/(psi - (1 + r)"-chi)*(r (psi - r~chi))/(alpha (1 + 1r));
Resolve[Exists[r, £ > 42/100 && 0 <= r <= 1]]

8.1.2. Mathematica code for proof of Lemma 4.3.
psi = 13/10; chi = 1/2;
f = (psi - r°chi)/(1 + r);
hatf = £ /. {r -> Exp[t]l/(1 - Exp[t])};
SECDER = (FullSimplify[D[hatf, {t, 2}]1) /. {Exp[t]->T,Exp[-t] -> 1/T};
Resolve[Exists[T, 0 <= T <= 1/2 && SECDER > 0]]

8.1.3. Mathematica code for proof of Lemma 4.5. (** Verification of
(4.11) for w=2,3,4,5 *x)
psi = 13/10; chi = 1/2;
K2 = 111614/10°5; K3 = 103/100; K4 = 101/100; K5 = 1;
glv_, t_] = t7w/(1 - t7w) (1 - t) (psi - (t/(1 - t))"chi)
Resolve[Exists[t, gl[2, t] K2 * g[2, 1/2] & 0 < t <= 1/2]]
Resolve[Exists[t, gl[3, t] K3 * g[3, 1/2] && 0 < t <= 1/2]]
Resolve[Exists[t, gl[4, t] K4 * g[4, 1/2] && 0 < t <= 1/2]]
Resolve[Exists[t, g[5, t] K5 * g[5, 1/2] && 0 < t <= 1/2]]

vV V V V

8.1.4. Mathematica code for proof of Lemma 4.6.
alpha=1-10"(-4); c=7/10;
(x* Verification of (4.15) #*x*)
For[w = 2, w <= 5, w++,
Print [105/
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100 (2*alphax*c)~(-1) (1 +
W (=1))x(1 - 2°(-w)) /(1 - 2°(~w - 1)) < 1]11;

(2/(1 + ¢) (2 alpha*xc)(-1) (1 +w™(-1)) /. w -> 6) <1
(x* Verification of (4.16) #**)
1+(c~(1-7/200)/(1-c~(1-7/200) ) ) *(1-c~ (1/200) ) <105/100

8.1.5. Mathematica code for proof of Lemma 4.7.
alpha=1-10"(-4); c=7/10;
(x* Verification of (4.23) *x*)
alpha” (-1)*(2c) " (-2)*2*(1-2"(-2)) " (-1) /(1-c~ (1-3/200) ) <45931/10000
(#* Verification of (4.24) **)
alpha” (-2)*(2c) " (-6) *6x(1-2"(-6)) "~ (-1) /(1-c~ (1-7/200) ) <278045/100000

8.1.6. Mathematica code for proof of Lemma 4.8. (** Verification that
the r.h.s. in (4.25) is less than 1 *%)
psi = 13/10; K2 = 111614/100000; c=7/10; tau2= 45932/10000;

c~(264/100) / (psi-1)*(15/100) *K2*tau2<1

8.1.7. Mathematica code for proof of (4.28).
alpha = 1 - 10°(-4); c = 7/10;
psi = 13/10; chi = 1/2;
1[2] = 1; 1[3] =1; 1[4] = 1; 1[5] = 1;

gly_, w_l := c (~w) alpha~(-1[wl)*wx(1 - y°2)/y"2%(1 - (1 - y~2)~(1/w))*
(psi - (1 -y 2)~(/w)/(1 - (1 - y"2)"(1/w)))"chi);
ylowlw_] := (1 - 2°(-w))"(1/2); yuplw_] := 1;

For[ww = 2, ww <= 5, ww++,
Print [Resolve[
Existsly, gly, wwl > 2279/107°4 && ylow[ww] <=y < yuplwwl]ll];
1;

For[ww = 2, ww <= 5, ww++,
Print [Resolvel[
Existsly,
gly, wwl > -15/10 y + 16276/10°4 && ylow[ww] <= y < yuplww]]1l;
1;

For[ww = 2, ww <= 5, ww++,
Print [Resolve[
Existsl[y,
gly, wwl > -8 y + 8052/10°3 && ylowl[ww] <= y < yuplwwlll];
1;

8.1.8. Mathematica code for proof of Lemma 4.10. (** The exact values
of YO and Y1 in (4.31) *x*)
SOL=Flatten[Solve[{-15/10 YYO + 16276/1074 == 2279/1074,
-15/10 YY1 + 16276/10"4 == -8 YY1 + 8052/10°3}, {YYO, YY1}]];
YO0=YYO/.SOL; Y1=YY1/.SOL;
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c=7/10; cb=c~(1-6/200); tau6=27805/10"4; psi=13/10;
hly_] := Min[-15/10 y + 16276/10°4, -8 y + 8052/10"3]
(x* Verification of (4.37) *x*)
15/100*c*tau6/ (psi-1)<1
(x* Verification of (4.38) #*x*)
Resolve [Exists[y1,
YO <= y1 <=1 && c/(psi - y1)*(h[yl] + 15/100*%c5*tau6) > 1 ] ]
(#* Verification of (4.41) for 2<=t<=7, 3<=i<=7 **)
Print[ Table[ YO~ (t-1)-(15/10)*c*c5~(i-1)>0, {t,2,7}, {i,3,t} 1 1]
(x* Verification of (4.42) for 2<=t<=7 *x)
Print[ Table[ YO*xY1~(t-2)-(15/10)*c*c5>0, {t,2,7} 1 1
(*#* Verification of (4.44) for t=2,..,7 and 2<=i<=Min[5,t] **)
Print[ Tablel[
c/(psi-1)*( h[YO]+ c5*h[Y1]*(1-c57(t-1))/(1-c5)+15/100*c5 t*taub )
-8c*xcb~(i-1)>=0, {t,2,7}, {i,2,Min[5,t]}
11
(*#* Proof that (4.45) is false for t=2,3,4,5 **)
For[tt = 2, tt <= 5, tt++,
Print [Resolve[Exists[y1,
YO <= y1 <= 1 &&
c/(psi - yi*¥1~(tt-1) ) *
(hly1] + cB*h[Y1]1*(1-c57(tt-1))/(1-cB) +15/100%c5 tt*taué) > 1
111
]
(#* Proof that (4.46) is false *x*)
Resolve [Exists[y1,
YO <= y1 <=1 &&
c/(psi - y1*Y1°4 ) =
(hly1] + c5*h[Y1]*(1-c575)/(1-c5) +15/100*c5~6*taub) > 1
11
(x* Proof that (4.47) is false **)
Resolve [Exists[y1,
YO <= y1 <=1 &&
c/(psi - y1*¥Y174 ) =*
(hly1] + c5*h[Y1]*(1-c576)/(1-c5) +15/100*c5~7*tau6) > 1
11

8.1.9. Mathematica code for proof of Lemma 4.11. (**x The exact values
of YO and Y1 in (4.31) **)
SOL=Flatten[Solve[{-15/10 YYO + 16276/1074 == 2279/1074,
-15/10 YY1 + 16276/1074 == -8 YY1 + 8052/10°3}, {YYO, YY1}]1]1;
YO=YY0/.SOL; Y1=YY1/.SOL;

c=7/10; cb=c~(1-6/200); tau2=45932/10"4; K2=111614/10"5; psi=13/10;
hly_] := Min[-15/10 y + 16276/10°4, -8 y + 8052/10"3]

(*#* Verification of (4.41) for t=8, 3<=i<=8 *x)

Print[ Table[ YO~ (t-1)-(15/10)*cxc5~(i-1)>0, {t,8,8}, {i,3,t} 1 1]
(x* Verification of (4.42) for t=8, i=2 xx)

Print[ Table[ YO*xY1~(t-2)-(15/10)*c*c5>0, {t,8,8} 1 1]

(x* Verification of (4.49) for 2<=i<=5 *x)
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Print[ Tablel[
c/(psi-1)*( h[YO]+ c5+h[Y1]*(1-c57(7))/(1-c5)+15/100*%c5~8*K2*tau2 )
-8c*c5~(i-1)<0, {i,2,5}
11
(x* Verification of (4.51) #*x*)
Resolve [Exists[y1,

YO <= y1 <= 1 &&

c Y1°4/(psi - y1*¥Y14)*

(hly1] + cB5*h[Y1]1*(1 - c5°7)/(1 - cb) + 15/100%c578*K2*tau2)
- 8 c*cb75 >= 0]]

(x* Proof that (4.52) is false *%)
Resolve [Exists[y1,
YO <= y1 <= 1 &&
c/(psi - y1*Y1°5 ) =*
(hly1] + c5*h[Y1]*(1-c57°7)/(1-c5) +15/100%c578*K2*tau2) > 1
11

8.2. Analysis for £ > 3, A = 6.

8.2.1. Mathematica code for proof of Lemma 5.2. (** Verification of
(5.17) %)
alpha = 1 - 107(-4); psi = 13/10; Delta = 6; d0 = Delta - 1;
eps[0]=0; eps[1]1=6/10; eps[2]1=7/10; eps[31=83/100; eps[4]1=91/100; eps[5]=alpha;
M = 25/1000;

For[BB = 0, BB<=d0, BB++,
Print ["Running for BB=", BB];
Print[Resolve[1/alpha (eps[BB] + (d0 - BB) M/(psi-1)) > 11];
1;

8.2.2. Mathematica code for Lemma 5.4. (*¥* Verification of (5.59) *x)
M1 = 1/410;
h= (1-t) (psi- (t/(1-t))"chi)/.{chi -> 1/2, psi -> 13/10};
f=1t"6/(1 - t76) h;
Resolve[Exists[t, £ > M1 && 0 <= t <= 1/2]]

(x* Verification of (5.61) *x*)

f=("wWw-6) (1-1t76))/(1-t"w;
p=6tw-t6w+w-6;

Simplify[D[f, t] - (t"(w - 7) p)/(1 - t"w)"2]

(#* Verification of the first inequality in (5.64) **)

M = 25/1000; M1 = 1/410; Delta = 6; delta = 9789/10000;

Kw = (1/delta)”((w - 1) (Delta - 1));

f=(63M1/(2°w - 1))* Kw *x w * (w + 1)"(11%107(-5)/Logl6]);
(£ /. {w-—>6}) <=M

(x* Verification of (5.65) *x*)
Delta = 6; delta = 9789/10000;
(1/2)*(1/delta) " (Delta-1) (1+67(-1)) (1+77(-1))~(11%107 (-5) /Log[6]) <1

8.2.3. Mathematica code for proof of Lemma 5.6. (** Verification of
(5.22) *x)
h= (1-t) (psi- (t/(1-t))~chi)/.{chi -> 1/2, psi -> 13/10};



345

For[w = 1, w <= 5, w++,
Print ["Running for w=", wl;
glwl = @@ -y9/y*x /. {t > Q- A/wW}H;
flwl = glwl /. {y —> Explzl};
f2[w] = (DMf[w], {z, 2}1)/. {Explz] -> T, Expl[-z] -> 1/T, Exp[2%z] -> T"2};
Print [Resolve [Exists[T, f2[w] > 0 & 1 - (1/2)"w <= T <= 1]1];
1;

8.2.4. Mathematica code for proof of Lemma 5.7. (** Verification of
values Cﬁbﬂ *%)
CC[1]=1; CC[2]=102/100; CC[3]=103/100; CC[4]=104/100; CC[5]=105/100;
Delta=6; delta=9789/10000; p=27/2;
Cproof=(1/delta) (b3-1) * ( (1-delta”(b3xp))/(b3 (1-delta"p)) )" (1/p);
For [bb3=1, bb3<=Delta-1, bb3++,

Print["Checking for b3=",bb3];

Print [Resolve[ (Cproof/.{b3->bb3}) > CC[bb3] 11;

8.2.5. Mathematica code for proof of Lemma 5.8.
SUBS1 = {(v1/(1 - v1))~chi -> (2 z1)/(1 - z1"2),
1 - v1)" (2 chi) -> (1 - z172)/(1 + z172))7b2,
vl => (4 z172)/(1 + z172)"2
1
SUBS2 = {(v2/(1 - v2))~chi -> (2z2)/(1 - 2z272),
(1-v272)~ (b3 chi) -> ((1 - 4z274)/(1+4z274)) b3,
v2 => (4z2°2)/(1+4z2°4)
};
SUBS = Join[SUBS1, SUBS2];
kappa = delta”b2 *
(b2 vi(psi-(v1/(1-v1)) chi)
+2 b3 K2 CC[b3] ((v272)/(1+v2)) (psi-(v2/(1-v2))"chi))/
(psi - (1-v1)~ (b2 chi) (1-v2~2)~ (b3 chi))/. SUBS

delta0=9789/10000; psi0=13/10; KK2=1069/1000; d0=5; alpha=1-10"(-4);
CC[0]=0; cC[1]=1; CC[2]=102/100; CC[3]1=103/100; CC[4]1=104/100; CC[5]=105/100;
taul[0, 0] = 0; taul[O, 1] = 42/100; taull, 0] = 42/100;

taul0, 2] = 54/100; taul[1l, 1] = 59/100; taul[2, 0] = 63/100;

taul0, 3] = 72/100; taull, 2] = 74/100; taul[2, 1] = 76/100; taul[3, 0] = 79/100;
taul[0, 4] = 864/1000; tau[l, 3] = 868/1000; taul[2, 2] = 876/1000;

taul3, 1] 886/1000; taul[4, 0] = 901/1000;

For[bb2 = 0, bb2 <= d0, bb2++,
tau[bb2, d0 - bb2] = alpha;
]

kappa = kappa/.{d->d0, delta->deltal, psi->psiO, K2->KK2, M->MO};
zlup = 2°(1/2) - 1; z2up = 1/2(3°(1/2)-1);
For[bb2 = 0, bb2 <= 40, bb2++,

For[bb3 = 0, bb3 <= d0 - bb2, bb3++,

Print["b2=", bb2, ", b3=", bb3];
EXP = kappa /. {b2 -> bb2, b3 -> bb3};
Print[

Resolve[Exists[{z1, z2},
EXP > taul[bb2,bb3] && 0 <= zl1 <= zlup && 0 <= z2 <= z2upll];
1;
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1;

8.2.6. Mathematica code for proof of Lemma 5.9. (** Verification of
(5.28) **)
kappa = (taul[b2, b3] (psi-A) +
3% delta"b2 * K3 * b4 * (v373)/(1+v3+v3~2)*(psi-(v3/(1-v3)) chi))/
(psi - A(1-v3~3) " (b4*chi))

Delta=6; ddO=Delta-1; delta0=9789/10000; psi0=13/10; chiO=1/2; alpha=1-10"(-4);
taul0, 0]=0; taul0, 1]1=42/100; taull, 0]=42/100;

taul[0, 2]=54/100; taul[l, 1]=59/100; taul[2, 0]=63/100;

taul[0, 3]=72/100; taull, 2]=74/100; taul[2, 1]=76/100; taul3, 0]=79/100;

taul[0, 4]1=864/1000; taul[l, 3]1=868/1000; taul[2, 2]=876/1000;

tau[3, 1]=886/1000; taul[4, 0]=901/1000;

tau[5, O]=alpha;

kappa = kappa/.{delta->deltal, psi->psiO, chi->chiO, K3->1160/1000}
For[bb2 = 0, bb2 <= dd0, bb2++,
For[bb3 = 1, bb3 <= dd0 - bb2, bb3++,
For[bb4 = 1, bb4d <= dd0 - bb2 - bb3, bbd++,
Print ["Running for b2=", bb2, " b3=", bb3, " and b4=", bb4d];
EXP = kappa /. {b2 -> bb2, b3 -> bb3, b4 -> bbd};
B = bb2 + bb3 + bb4;
Print[
Resolve [Exists[{A, v3},
EXP > taulB, 0] && O <= v3 <= 1/2 && 0 <= A <= 1]]
1;
1;
1;
1;
(% Verification of (5.30) *x*)
SUBS = {(v1/(1 - v1))~chi->ul, vi->(u1~2)/(1+u1~2), (v3/(1-v3)) chi->u3,
v3->(u372)/(1+u3"2) };
kappa = delta"b2 *( b2 vl (psi - (v1/(1 - v1))~chi)
+3*K3*b4* (v373) / (1+v3+v3~2) *(psi - (v3/(1 - v3))“chi))/
(psi - (1-v1)~(b2*chi) (1-v3~3)~(bd*chi)) /. SUBS

Delta=6; dd0=Delta-1; delta0=9789/10000; psi0=13/10; chi0=1/2; alpha= 1-10"(-4);
taul[1,0]=42/100; tau[2,0]=63/100; taul[3,0]1=79/100; taul[4,0]=901/1000; taul[5,0]=alpha;

kappa = kappa /.{delta->delta0, psi->psiO, chi->chiO, K3->1160/1000}
For[bb2 = 0, bb2 <= dd0, bb2++,
For[bb4 = 1, bb4d <= ddO - bb2, bbid++,
Print ["Running for b2=", bb2, " and b4=", bb4];
EXP = kappa/.{b2 -> bb2, b3 -> bb3, b4 -> bb4};
B = bb2 + bb4;
Print[
Resolve[Exists[{ul, u3},
EXP > taul[B, 0] && 0 <= ul <=1 && 0 <= u3 <= 1]1];
1;
1;

8.2.7. Mathematica code for proof of Lemma 5.10. The following code
can be executed by copying it in a Mathematica cell.
(*¥* Verification of (5.31) *x*)

kappa = (tau[Bp, 0] (psi-A) +
4 x K4 x b5 * (v4~4)/(1+v4+v4~2+v4~3) *(psi-(v4/(1-v4)) chi))/
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(psi - A(1-v4~4) " (b5%chi))

Delta=6; dd0=Delta-1; delta0=9789/10000; psi0=13/10; chiO=1/2; alpha=1-10"(-4);
tau[0,0]=0; taul[1,0]=42/100; taul[2,0]=63/100; taul[3,0]=79/100; taul4,0]=901/1000;
tau[5,0]=alpha;

kappa = kappa/.{delta->delta0, psi->psiO, chi->chiO, K4->1225/1000}
For[BBp = 0, BBp <= dd0, BBp++,
For[bb5 = 1, bbs <= dd0 - BBp, bbb++,
Print ["Running for Bp=", BBp, " and b5=", bb5];
EXP = kappa /. {Bp -> BBp, b5 -> bb5};
B = BBp + bb5;
Print[
Resolve[Exists[{A, v4},
EXP > taul[B, 0] && 0 <= v4 <= 1/2 && 0 <= A <= 1]]
1;
1;
1;

8.2.8. Mathematica code for proof of Lemma 5.11. (** Verification of
(5.32) *x*)
kappa = (tau[Bp, 0] (psi-A) +
5 * K5 * b6 * (v575)/(1+vb+v5~2+v5~3+v574)*(psi-(v5/(1-v5)) “chi))/
(psi - A(1-v57°5) "~ (b6*chi))

Delta=6; dd0=Delta-1; delta0=9789/10000; psi0=13/10; chi0O=1/2; alpha=1-10"(-4);
taul[0,0]=0; taul[1,0]=42/100; taul[2,0]=63/100; taul[3,0]=79/100; tau[4,0]1=901/1000;
tau[5,0]=alpha;

Resolve[(1/delta0) " (4*dd0)>1532/1000]

kappa = kappa/.{delta->deltal, psi->psiO, chi->chiO, K5->1532/1000}
For[BBp = 0, BBp <= dd0, BBp++,
For[bb6 = 1, bb6 <= dd0 - BBp, bb6++,
Print ["Running for Bp=", BBp, " and b6=", bb6];
EXP = kappa /. {Bp -> BBp, b6 -> bb6};
B = BBp + bb6;
Print[
Resolve[Exists[{A, v5},
EXP > taul[B, 0] && 0 <= vb5 <= 1/2 && 0 <= A <= 1]]
1;
1;
1;

8.2.9. Mathematica code for proof of Lemma 5.12. (** Verification of
(5.33) **)
f=(00-1t) (psi - (¢/(1 - t))~chi) /. {psi->13/10, chi->1/2, t -> Explyl}
£f2 = FullSimplify[D[f, {y, 2}1]
Resolve[Exists[y, f2 > 0 && y <= Logl[1/2]]1]

8.2.10. Mathematica code for proof of Lemma 5.13. (** Verification of
(5.48) and (5.49) **)
psi=13/10; delta=9789/10000; K2=1069/1000; K4=1225/1000;
AA[1]={A1->1, A2->1/delta”5, A->2K2};
AA[2]={A1->2, A2->2K2/delta"5, A->4*1120/1000};
AA[3]={A1->1, A2->1/delta”15, A->5/2};
AA[4]={A1->2K2/delta"5, A2->5/2, A->4K4};

LHS
RHS

(4 x1 x2)/((1 + x172) (1 + x272) - 4 x1 x2);

psi - (A1x(1 - x172)72/(1 + x172)72 (psi - (2 x1)/(1 - x172)) +
A2% (1 - x272)7°2/(1 + x2°2)°2 (psi - (2 x2)/(1 - x2°2)))/

(A (1 - (4 x1x2)/((1 +x172) (1 + x272))))
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EXPR = RHS"2 - LHS

xup = Sqrt[2] - 1;
For[i=1, i<= 4, i++,
Print ["Running for Al=", A1/.AA[i], " A2=", A2/.AA[i], " A=", A/.AA[il];
RHSO=RHS/.AA[i]; EXPRO = EXPR /. AA[i];
Print [Resolve[Exists[{x1, x2},
RHSO < O &% 0 <= x1 <= xup && 0 <= x2 <= xup]l]
1
Print [Resolve[Exists[{x1, x2},
EXPRO < 0 && 0 <= x1 <= xup && 0 <= x2 <= xup]]
1;
1;

8.2.11. Mathematica code for proof of Lemma 5.14. (#* Verification of
(5.67) *x)
q = 27/25; Delta = 6;
h = (1-t) (psi - (¢/(1 - t))~chi) /. {psi->13/10, chi->1/2, t->(1-y)~(1/2)};
g2 = ((1-y)/y) * h;
FUN = Simplify[(q - 1) y*(D[g2, y1)"2 + g2 * ((D[g2, y]) + y*(D[g2, {y, 2}1))]1;
Resolve[Exists[y, FUN > 0 && 3/4 <=y <= 1 - 1/(2"(Delta-1) + 1)~2]]

8.3. Remaining proofs.

8.3.1. Proof of Theorem 6.5. (*xx Verification that (6.2) has multiple
solutions *x)
Delta = 17;
lambda = 1/2; beta = 1/2; gamma = 1;
Resolve [Exists[{x, y},
x == lambda ((beta y + 1)/(y + gamma)) ~(Delta - 1) &&
y == lambda ((beta x + 1)/(x + gamma)) (Delta - 1) && x > 0 &&
y >0 && x > yll
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