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Abstract

One of the most important recent developments in the complexity of approximate
counting is the classification of the complexity of approximating the partition functions of
antiferromagnetic 2-spin systems on bounded-degree graphs. This classification is based
on a beautiful connection to the so-called uniqueness phase transition from statistical
physics on the infinite A-regular tree. Our objective is to study the impact of this clas-
sification on unweighted 2-spin models on k-uniform hypergraphs. As has already been
indicated by Yin and Zhao, the connection between the uniqueness phase transition and
the complexity of approximate counting breaks down in the hypergraph setting. Nev-
ertheless, we show that for every non-trivial symmetric k-ary Boolean function f there
exists a degree bound A so that for all A > A the following problem is NP-hard: given
a k-uniform hypergraph with maximum degree at most A, approximate the partition
function of the hypergraph 2-spin model associated with f. It is NP-hard to approximate
this partition function even within an exponential factor. By contrast, if f is a trivial
symmetric Boolean function (e.g., any function f that is excluded from our result), then
the partition function of the corresponding hypergraph 2-spin model can be computed
exactly in polynomial time.

Keywords: Approximate counting, bounded-degree hypergraphs, 2-spin systems, counting constraint
satisfaction.

1 Introduction

One of the most important recent developments in the complexity of approximate counting is the
classification of the complexity of approximating the partition functions of antiferromagnetic 2-spin
systems on bounded-degree graphs [14, 21]. This classification is based on a beautiful connection to
the so-called uniqueness phase transition from statistical physics on the infinite A-regular tree, which
was first established in the context of the hard-core model in the works of [22, 20] (see also [10, 17] for
related results) and later developed [19, 12, 21, 14] in the more general framework of antiferromagnetic
2-spin systems.
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Framework Programme (FP7,/2007-2013) ERC grant agreement no. 334828. The paper reflects only the au-
thors’ views and not the views of the ERC or the European Commission. The European Union is not liable
for any use that may be made of the information contained therein.
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Our objective is to study the impact of this classification on unweighted 2-spin models on k-uniform
hypergraphs. A Ek-uniform hypergraph H = (V,F) consists of a vertex set V and a set F of arity-k
hyperedges which are k-element subsets of V. Thus, a 2-uniform hypergraph is the same as a graph.
The degree of a vertex v € V is the number of edges that contain v, namely |{e € F | v € e}|. The
maximum degree of H is (naturally) the maximum degree of the vertices of H.

A 2-spin model on the class of k-uniform hypergraphs is specified by a symmetric function f :
{0,1}* — R, . The 2-spin model is unweighted if the function f is Boolean, meaning that its range is
a subset of the two-element set {0,1}. Given a k-uniform hypergraph H = (V| F), each assignment
o:V — {0,1} induces a weight

wra(o)= [ flo(w),....aw).

{v1,...,vx }EF

The assignment o is sometimes referred to as a configuration. The partition function Zg.py correspond-
ing to f and H is defined as follows.

Zpmi= Y, wpulo)= Y [T few)... o).

0:V—{0,1} o0:V—{0,1} {v1,...,ux }€F

Given a symmetric function f : {0,1}* — R, and a hypergraph H = (V,F) we will use us g(-) to
denote the distribution on configurations o: V' — {0,1} in which the probability of configuration o is
proportional to its weight so s,z (o) oc w(o). The distribution g g (-) is called the Gibbs distribution
associated with the partition function Zy,p.

The computational problem that we study is the problem of approximating Zf.p, given H as
input. Formally, this problem has three parameters — a symmetric arity-k Boolean function f, a
degree bound A, and a value ¢ > 1 which specifies the desired accuracy of the approximation. The
problem is defined as follows.

Name #Hyper2Spin(f, A, c).
Instance An n-vertex k-uniform hypergraph H with maximum degree at most A.
Output A number Z such that c"Zrg < 7 < " Zsp.

The most well-known example of an unweighted 2-spin model is the independent set model on
graphs. In this case &k = 2, and f is the function given by f(0,0) = f(0,1) = f(1,0) = 1 and
f(1,1) = 0. Independent sets are in one-to-one correspondence with configurations in the model —
vertices that are in a given independent set are assigned spin 1 by the corresponding configuration o.
The partition function Zy.y is simply the number of independent sets of the graph H.

Let us now consider larger arity. A (weak) independent set in a hypergraph is a subset of vertices
that does not contain a hyperedge as a subset. Weak independent sets correspond to configurations
in the unweighted 2-spin model in which f is the function f: {0,1}* — {0,1} where f(s1,...,55) =1
iff at least one of s1,..., s is 0. A strong independent set in a hypergraph is a subset of vertices that
does not contain more than one vertex of any given hyperedge. Strong independent sets correspond
to the unweighted 2-spin model in which f(s1,...,sx) = 1 iff at most one of s1,..., sy is 1. Note that
the two notions of hypergraph independent set coincide in the case k = 2, which is the graph case that
we have already considered.

The main motivation for our work is the following striking result about the complexity of approxi-
mating the partition function of the independent set model on bounded-degree graphs: (i) There exists
an FPRAS for the number of independent sets in graphs of maximum degree at most 5 [22]; (ii) There
is no FPRAS for the number of independent sets in graphs of maximum degree at most 6 [20] (unless
NP=RP). This computational transition was proved using insights from phase transitions and, in fact,
the transition coincides with the so-called uniqueness threshold of the independent set model on the
infinite A-regular tree.



The question that we seek to address in this work is whether a similar computational transition
occurs for the complexity of approximating the partition function of (unweighted) 2-spin models on k-
uniform hypergraphs, in terms of the maximum degree A. While the case k = 2 is completely covered
by the results in the previous paragraph, the picture for £ > 3 appears to be much more intricate and
the complexity threshold may differ from the uniqueness threshold.

This issue has been discussed in [23] in the special case of approximately counting the strong
independent sets of a hypergraph. While the full picture is still incomplete, it is useful to see why the
complexity threshold may differ from the uniqueness threshold in this particular model for k = 3. As
is implicit in [15] and was spelled out explicitly in [23], uniqueness holds for this model on the infinite
A-regular 3-uniform hypertree if and only if A < 3. For A < 3, the results of [15, 23] establish that
a (non-trivial) analogue of Weitz’s self-avoiding walk computational-tree approach yields an efficient
approximation scheme for the partition function by (implicitly) establishing a strong spatial mixing
result. Strong spatial mixing does not hold when A > 4 because the infinite A-regular 3-uniform
hypertree is in non-uniqueness. While it is known that it is hard to approximate the partition function
for A > 6, Yin and Zhao [23] show that natural gadgets cannot be used to show hardness for A = 4,5
and these cases remain open.

Generally, as the results of [15, 23] suggest, one would expect that, for “natural” functions f,
an FPRAS should exist up to the strong spatial mixing threshold, but this is (in general) below the
uniqueness threshold of the A-regular k-uniform hypertree.

Above the uniqueness threshold, approximating the partition function may be hard, but this is
not known in general, even for the special case of strong independent sets. Thus, it is not clear from
the literature that there is a computational threshold where approximating the partition function on
hypergraphs of maximum degree A becomes intractable and it is not clear whether this threshold, if
it exists, coincides with the uniqueness threshold.

The main contribution of this paper is showing that, for every function f (apart from seven special
“easy” functions), there is indeed a “barrier” value Ay such that for all A > Ay, it is NP-hard to
approximate the partition function.

Definition 1. For k > 2, let EASY (k) be the set containing the following seven functions.

fz(ekrz)(ml, oo x) =0, é,’fe)(xl, oo xE) =1, féfl]fz)em(xl, coonxg) =z =...=a =0},
fﬂfgne(ml, e 7JU]€) = 1{1}1 = ...=T = 1}, fég)(xl, .. ,.Z‘k) = 1{1‘1 =...= lik},
fe(\ice)n(xla R ,l‘k) = 1{.%1 DDy = O}, fég(ml, S ,.Tk) = 1{1‘1 DD = 1}.

Considering each of the functions in EASY(k), we obtain the following observation.

Observation 2. Let k > 2 and f € EASY(k). Then, the problem of (exactly) computing Zs.u, given
as input a k-uniform hypergraph H, can be solved in time polynomial in the size of H.

Our main theorem is a contrasting hardness result.

Theorem 3. Let k > 2 and let f : {0,1}¥ — {0,1} be a symmetric Boolean function such that
f ¢ EASY(k). Then, there exists Ao such that for all A > Ag, there exists ¢ > 1 such that
#Hyper2Spin(f, A, ¢) is NP-hard.

Thus we show that for all £ > 2, for all non-trivial symmetric Boolean functions f, for all sufficiently
large A, it is NP-hard to approximate Z;,m, even within an exponential factor, given a k-uniform
hypergraph H of maximum degree at most A. We do not pursue the task of obtaining an explicit
bound on A, since this would require heavy numerical work (depending on the function f) and we do
not expect that it would yield the exact value of the threshold, even if such a threshold exists.

Note added in final version:  Subsequent to this paper, the authors, together with Bezakova,
Guo and Stefankovi¢ [1], have studied the issue of a computational transition specifically for the
problem of counting the weak independent sets of a hypergraph. They found further evidence, for
this problem, that the complexity threshold, if it exists, may differ from the uniqueness threshold.



Particularly, for the weak independent set model, they gave an FPTAS which works even beyond
the strong spatial mixing threshold and they showed inapproximability even below the uniqueness
threshold.

Note, however that, while Theorem 3 does not guarantee the existence of a complexity threshold,
it does at least show inapproximability if the degree bound is sufficiently large. That is, for every
non-trivial f, it shows that for all sufficiently large A, it is NP-hard to approximate the partition
function Zy.g, given a k-uniform hypergraph H of maximum degree at most A.!

1.1 Counting Constraint Satisfaction and Related Results

Suppose that I' is a set of Boolean functions of different arities. Thus, an arity-k function in I is a
function from {0, 1}* to {0,1}. The counting constraint satisfaction problem #CSP(T) is the problem
of computing the CSP partition function Zr ; where I is a CSP instance consisting of a set V' of

variables and a set S? of constraints, where each constraint C' = (vy,..., vy, f) € S constrains the
variables vy, ..., v, by applying a particular k-ary function f € I'. The value of the partition function
is given by

Zr;p = Z H flo(v1),...,o(vp)).

0:V—={0,1} (v1,...,v,f)ES

The constraint C' = (vy,..., vk, f) could use a particular variable more than once. For example, it
is possible that v; and vy are both the same variable. The problem #CSPa(T") is the problem of
computing Zr ; given an instance I in which each variable is used at most A times. We can also define
a related approximation problem, similar to #Hyper2Spin(f, A, ¢).

Name #CSPa (T).

Instance An n-variable instance I of a CSP in which all constraints apply functions from I and each
variable is used at most A times.

Output A number 7 such that ¢ "I,y < 7 < c"Zr,r.

It is clear that our problem #Hyper2Spin(f, A, ¢) is closely related to the problem #CSPa ({f}).
In particular, #Hyper2Spin(f, A, c) is the special case of #CSPa .({f}) in which constraints are not
allowed to re-use variables. Thus, Theorem 3 has the following immediate corollary.

Corollary 4. Let k > 2 and let f : {0,1}* — {0,1} be a symmetric Boolean function such that f ¢
EASY (k). Then, there exists Ao such that for all A > Ay, there exists ¢ > 1 such that #CSPa ({f})
1s NP-hard.

The combined results of [7] and [5] show that for (exact) counting CSPs, adding a degree bound
A > 3 does not change the complexity of the problem. The situation is less clear for decision and
approximate counting. Previous work on bounded-degree decision CSP [9] and bounded-degree ap-
proximate counting CSP [11] considered only the so-called conservative model where intractability
arises more easily. In this model, dy is the unary pinning-to-0 function which is defined by §p(0) = 1
and dp(1) = 0. Also, d; is the unary pinning-to-1 function which is defined by d;(0) = 0 and 6;(1) = 1.

Theorem 24 of [11] allows us to deduce (see Observation 27) that for every A > 6 and k£ > 2 and
every symmetric k-ary Boolean function f ¢ EASY(k), there is no FPRAS for #CSP({f, do, 61}) unless
NP = RP.3 This hardness result extends from the uniqueness phase transition of the independent set

Tt is an open question whether Theorem 3 continues to hold if the input H is further restricted to be a
A-regular k-uniform hypergraph. Our result does not apply to this input restriction because our gadgets are
not regular hypergraphs.

2The reader who is familiar with weighted counting CSP may have expected S to be a multiset rather than
a set, but this is not necessary here since the functions in I" have range {0, 1}. Restricting S to be a set allows
some technical simplifications later.

3We remark here that [11] also gave a partial classification for A = 3,4,5, the remaining cases were
(partially) resolved in [15].



model (which occurs at A = 6) because pinning allows constructions which realise arbitrarily bad
configurations.

The result of [11] does not apply to our hypergraph 2-spin context where the pinning functions dg
and §; are not present. To see this, consider the following contrasting positive result of [3] which is
proved via the MCMC method: an FPRAS exists for approximating the number of (weak) independent
sets in a k-uniform hypergraph of maximum degree A whenever k > 2A + 1. Thus, even though the
weak independent function f (given by f(si1,...,s;) = 1 iff at least one of sq,...,s is 0) is not in
EASY (k) for any k > 2, the result of Bordewich et al. [3] shows that for every A < (k — 1)/2, there is
an FPRAS for the partition function Zy, iz on the class of k-uniform hypergraphs H with maximum
degree at most A.

Thus, it is clear that A = 6 cannot always be a computational threshold in the hypergraph
2-spin framework (where there is no pinning). However, our Theorem 3 shows that, for every non-
trivial symmetric Boolean function f, there is degree-bound Ag such that approximating the partition
function is intractable beyond this degree bound.

1.2 Proof Techniques

In order to prove Theorem 3, we will construct a k-uniform hypergraph H such that the spin-system
induced by f on H induces an anti-ferromagentic binary 2-spin model that is in the non-uniqueness
region of the corresponding A-regular tree. It follows from a result of Sly and Sun (Theorem 20) that
approximating the partition function of the binary model is intractable, and we will use this to show
that approximating the partition function of the k-ary model is also intractable.

While this high-level approach is analogous to the one followed in [11], in our setting where the
pinning functions dg and J; are not available, we have to tackle several obstacles. A first indicator of
the difficulties that arise is that, in [11], the target 2-spin model is always the independent set model
(largely due to the availability of the pinning functions dy and d1). In contrast, our target binary 2-spin
model will be weighted and depend on the function f. In fact, we will only know the parameters of
the binary 2-spin model only approximately which, as we shall discuss later in detail, poses difficulties
in showing that it is intractable.

To explain the argument in more detail, let us backtrack and discuss a natural approach that one
might hope would lead to proof of Theorem 3. First, if one were able to construct hypergraphs to
“realise” the pinning functions §p and §; then these hypergraphs could be combined with the reduction
in [11] to prove Theorem 3. The proof would even be straightforward if perfect reaslisations could be
found. For example, to realise §y perfectly we would need a hypergraph H whose partition function
is non-zero which has a vertex v such that every configuration ¢ with wy. (o) > 0 satisfies o(v) = 0.
More realistically, one might hope that even “approximate” versions of the pinning functions Jy or
01 would suffice to simulate the reduction in [11]. Unfortunately, this fails rather formidably: first,
as we shall see below, there are functions f which simply cannot realise (approximate) pinning, and,
second, even for those functions f which do support pinning, the bounded-degree assumption poses
strict limits on the accuracy of the approximations that can be achieved.

Despite the failure of the above approach, it does turn out to be useful to explore the extent
to which the pinning functions §p and d; can be simulated using hypergraphs. We know from the
binary case (where the uniqueness phase transition coincides with the computational transition) that
the achievable “boundary conditions” play an important role. Understanding the pinnings that can
be (approximately) achieved gives us the relevant boundary information for the higher-arity case. To
make the following discussion concrete, consider the following definition (stated more generally for
weighted functions f).

Definition 5. Let f : {0,1}* — R be symmetric. Suppose that e > 0 and s € {0,1}. The hypergraph
H is an e-realisation of pinning-to-s if there exists a vertex v in H such that pp.p(o, =s) > 1—e.
We will refer to v as the terminal of H.

Note that the perfect realisation discussed earlier corresponds to taking € = 0. Suppose that we
have an e-realisation of pinning-to-s but we want an &'-realisation for some very small positive &’.



This can be done via standard powering (see the upcoming Lemma 12): Given a hypergraph H
which e-realises pinning-to-s for some € < 1/2, one can construct a hypergraph H’ which &’-realises
pinning-to-s. Note, however, that the size of H' may depend on ¢’. For example, in the construction
Lemma 12, the maximum degree of H’ is proportional to log(1/e’). Nevertheless, the possibility of
powering motivates the following definition.

Definition 6. Let s € {0,1}. We say that f supports pinning-to-s if for every e > 0, there is a (finite)
hypergraph H which is an e-realisation of pinning-to-s.

We will next consider an example which demonstrates the limits of what can be achieved. Let
f:{0,1}* — {0,1} be the weak independent set function where f(sy,...,s;) = 1 if and only if at
least one of sq, ..., sk is 0. First, note that f does not support pinning-to-1 since for every hypergraph
H and every vertex v in H it holds that pys.g(o(v) = 1) < 1/2. The function f does support
pinning-to-0 but there is still a limit on how small € can be. In particular, for every k-uniform
hypergraph H with maximum degree A, and every vertex v of H we can obtain the crude bound
pra(o(v) =0) < 1—1/2F2 This shows that we cannot hope to pin the spin of a vertex to 0 with
arbitrary polynomial precision using bounded-degree hypergraphs. Note that this example already
shows that it is impossible to prove Theorem 3 by approximating the pinning functions dg and §; and
then applying the result of [11].

Nevertheless, pinning-to-0 and pinning-to-1 will be important for us since, whenever a function
f supports one (or both) of these notions, we will be able to use them to decrease the arity of the
function f. This is particularly useful since, recall, our ultimate goal is to obtain an intractable
binary 2-spin model. Intriguingly, there are functions f which do not support either pinning-to-
0 or pinning-to-1. For example, consider the function f which is induced by the “not-all-equal”
constraint. Then, for every hypergraph H with Z; z > 0 and every vertex v of H, it is easy to see
that pf.g(o(v) = 1) = pg,a(o(v) = 0) = 1/2. More generally, the same phenomenon holds for any
function f whose value is unchanged when the argument is complemented; such functions are called
“self-dual”.

The first point that we address in this work is a complete characterisation of the functions f which
support either the notion of pinning-to-0 or pinning-to-1. We show (Lemma 13 and Lemma 14) that
any function f other than those that are self-dual do support either pinning-to-0 or pinning-to-1 (but
perhaps not both). We show this classification even for weighted functions f, see Section 2 for more
details. The classification allows us to split the proof of Theorem 3 into three cases: (i) f supports
both pinning-to-0 and pinning-to-1, (ii) f is self-dual, and (iii) f supports exactly one of pinning-to-0
and pinning-to-1.

In cases (i) and (iii) (Sections 4.1 and 4.3, respectively) where pinning is available we show how to
use the approximate pinning to simulate binary antiferromagnetic 2-spin models that are intractable.
A difficulty that arises in the proof is that not every anti-ferromagnetic binary 2-spin model is in the
non-uniqueness region. In fact, there are relevant values of the parameters for which the corresponding
binary 2-spin model is actually in the uniqueness region for all sufficiently large A. To make matters
worse, we will not be able to control the parameters of the resulting binary model with perfect accuracy.
In particular, to analyse the k-ary gadgets, we will use e-realisations of pinnings via hypergraphs for
some small € > 0. Thus, we are faced with the possibility that the idealised binary 2-spin model (i.e.,
the one corresponding to ¢ = 0) may be in the non-uniqueness region, but we need to prove that the
approximate version that we actually achieve is also in the non-uniqueness region. In fact, the idealised
binary 2-spin model will sometimes even be on the boundary of the region where intractability holds
for sufficiently large A, which makes our task harder.

Our approach to this is to revisit (Section 3.1) antiferromagnetic binary 2-spin models, showing
(Lemma 22) that there is a sufficiently-wide strip outside of the natural square where the parameters
are at most 1 where the system is in the non-uniqueness region. We will then carefully ensure that all of
the idealised systems are inside this strip, so that even the approximations are still in non-uniqueness.

In case (ii) (Section 4.2), where the function f is self-dual and hence no pinning is possible, we
first classify those self-dual functions f where the related decision problem is NP-hard. In order to
do so, we use techniques (polymorphisms) from constraint satisfaction, which are explained in detail



in Section 4.2.1. While this hardness is not for the bounded-degree setting, we show how to lift the
results to bounded-degree hypergraphs by showing that one can force the spins of two vertices to be
equal (Lemma 28). The proof for this class of self-dual functions f is given in Section 4.2.2.

For those self-dual functions f where the associated decision problem is not hard (Section 4.2.3),
we show that one can realise approximate equality in the following sense.

Definition 7. Let € > 0 and t > 2 be an integer. The hypergraph H is an e-realisation of t-equality

if there exist distinct vertices vy, ...,v; such that for each s € {0,1},
pra(oy =...=0, =5)>(1—¢)/2.
We will refer to vq,...,v; as the terminals of H.

Definition 8. A function f supports t-equality if for every e > 0, there is a (finite) hypergraph H
which is an e-realisation of t-equality.

Using the upcoming Lemmas 10 and 13, we show that a self-dual function f supports t-equality
for every integer ¢ > 2. Roughly, this allows us to decrease the arity of the function by carefully using
(approximate) equality to obtain an anti-ferromagnetic binary 2-spin model which is intractable (note
that we again have to deal with the approximation issue that we described for cases (i) and (iii)).

1.3 Notation

We conclude this section with a piece of notation. Given a configuration o and a subset ' C V', we
will use the notation o to denote the restriction of o to vertices in T. For a vertex v € V, we will
also use o, to denote the spin o(v) of vertex v in o. Given a hyperedge e € F, we will denote by H \ e
the hypergraph (V, F \ e).

2 Properties of non-negative symmetric functions with do-
main {0,1}*

In this section, we study the concepts of pinning and equality that we will use for the proof of
Theorem 3. While our primary interest is in symmetric Boolean functions f, the results of this section
extend effortlessly to non-negative symmetric functions f with domain {0, 1}* and range R, . For the
remainder of this section, we consider a symmetric function f : {0,1}* — R,. Since f is symmetric,
there are values wp,ws, ..., wr € Ry such that f(xy,...,2) = wy whenever x1 + ...+ x, = £. We
will refer to f and to the values w; in the definitions and proofs in this section.

2.1 Pinning and equality

We start with the following remark, which follows from Defintion 7 (and makes the definition easier
to apply).

Remark 9. If H is an e-realisation of t-equality and vy,...,v; are the terminals of H, then it also
holds that pf.p(oy, = ... = 0y, = 5) < (14 ¢)/2 for each s € {0,1}. Further, we have that
:uf;H(aivj DO, F UUJ') <e.

Next, we give a straightforward extension to the notion of supporting t-equality (see Definition 8).
Lemma 10. Let t > 2 be an integer. The function f supports t-equality iff f supports 2-equality.

Proof. Tt is immediate that if f supports t-equality for some ¢ > 2 then it supports 2-equality (terminals
v3,..., v can simply be ignored).



We will now suppose that f supports 2-equality and show that it supports t-equality for a given
t > 2. Consider ¢ > 0. Choose 6 > 0 to be sufficiently small (with respect to € and t) so that

§ < e2-(t+2) and
1-6 (2)>ma 1—¢/2 1
1446 = has 14+¢/2°2])°

Suppose that H is a d-realisation of 2-equality so it has terminals  and y so that for each s € {0,1}

1+0

1—
—— < ppH(op =0y =5) < and pif, (0, =550y =s@ 1) < 0.

2

Let H' be the hypergraph constructed as follows. Let T = {vy,...,v:} be a set of ¢ vertices which will
be the terminals of H'. For each 1 < i < j <, let H;; be a new copy of H but identify the terminal =
of H;; with v; and the terminal y of H;; with v;. Let H' be the resulting hypergraph. Now for any
7 {v1,..., v} — {0,1} that does not satisfy 7(v1) = --- = 7(v), the contribution to Zy,z from
configurations o with o7 = 7 is at most

VAR ((1;5) Zf;H)(;)_l = (115) (1+ 5)(3)55211

On the other hand, by considering the contribution from configurations o with o(vy) = -+ = o(v4),
we obtain that Z¢. g/ is at least

(%) (1+6)) _2
1-ak) T 1+d7

Thus

20

ppr(op =71) <

so, since 2(20) < /2, py,p/(3i,7 : 00, # 0y;) < €/2. Furthermore, for any s € {0, 1},

pra(o(v) = =o(v) =s) 1-6\@) _1-gp2
ppm(o(vy) = =o(v) =s®1) = <1+6) 2 1+e/2

It follows that

(L+e/2ppm(o(v) =-=o(v)) =s) > (L —e/2Qupu(o(vy) = =o(v) =s®1)
> (1= /21 — ppr(o(n) = - = own) = ) — £/2),
so pfa(o(vi) =---=o0(vy) =s) > (1 —¢)/2. Thus, H' is an e-realisation of t-equality. O

Lemma 10 motivates the following definition.

Definition 11. A function f supports equality if, for some t > 2, it supports t-equality. (In this case,
Lemma 10 shows that f supports t-equality for every t > 2.)

The following lemma gives sufficient conditions for pinning-to-0, pinning-to-1 and 2-equality.

Lemma 12. Let H be a hypergraph and f : {0,1}* — R be symmetric.
1. If there is a vertex v in H such that pg. (o, = 0) > pg,u(oy, = 1), then f supports pinning-to-0.
2. If there is a vertex v in H such that pif. (0, = 1) > pgr(oy =0), then f supports pinning-to-1.

3. If there are vertices x,y in H such that pg,p(0, = 0y =0) = p,a(0, =0y = 1) and py,p(o, =
oy) > pra(oy # oy), then f supports 2-equality.
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Figure 1: The hypergraph H used in the proof of Lemma 13. The hypergraph has two hyperedges
e1, ez such that ey Nes = {21,...,2k-1}, e1\ea = {a} and es\e; = {y}. We focus on the spins s1, s9
of the vertices z,y, respectively, i.e., for a configuration o on H, s; = 0, and sy = 0y,.

Proof. We start with Item 3, which is the most difficult. Given € > 0, we will use H to construct
a hypergraph H' which is an e-realisation of 2-equality. We start by constructing a hypergraph H"
with terminals v; and vo. We construct H” by taking two copies of H. In the first copy, we identify
the vertex x with the terminal v; and the vertex y with the terminal vo. The second copy is disjoint
from the first one, except that we identify the vertex = of the second copy with the terminal vy and
the vertex y of the second copy with the vertex v;.

Let g == pif.g. Then let p = p(o, = oy = 0)? = plo, = oy = 1)? and ¢ = p(o, = 0,0, =
Du(oy =1,0, =0).

If ¢ = 0 then we can take H' to be H”. Then pyf.f/ (0y, # 0v,) = 0. However, pif.g/ (0, = 04, =
0) = pp.a (00, =0y, = 1) so for s € {0,1}, ps,p(0y, = 0y, =) =1/2 and H' is a O-realisation of
2-equality.

So suppose g > 0. Contruct H’' by taking r =1+ [lne/In(q/p)] disjoint copies of H”, identifying
all terminals v, and all terminals vo. Let p := piy, 7. We have

(o0, = 0u, =0) xp, p (00, = 00, = 1) < p, f/ (04, = 0,00, = 1) = p' (00, = 1,04, =0) ox q".
Our choice of r ensures that y'(o,, = 0,04, = 1)/p/ (04, = 04, =0) < &, so H' is an e-realisation of
2-equality.

The proofs for Items 1 and 2 are similar but simpler. We will do Item 1. Let p = p(o, = 0)
and ¢ = p(o, = 1). Construct H' by taking » = 1 + [Ine/In(¢q/p)] disjoint copies of H, identifying
vertex v in all copies. Then ps. (o, = 1) = ¢"/(¢" +p") < (¢/p)" < € so H' is an e-realisation of
pinning-to-0. O

2.2 Classifying functions with respect to pinning and equality

The following lemma will be used in our classification.

Lemma 13. Let k > 2. For all f : {0,1}* — R, which are not constant, it holds that f supports at
least one of pinning-to-0, pinning-to-1 and 2-equality.

Proof. Assume that f does not support pinning-to-0 or pinning-to-1. We will show that f supports
2-equality.

Let H be the hypergraph with vertex set {,y, z1, ..., zx—1} and hyperedge set F = {e1, e}, where
e1={z,21,...,25-1} and ea = {y, 21, ..., 2k—1} (see Figure 1). Let p := piy,r. We have that

oy = 81,04 = $2) X Zs, s, for s1,s9 € {0,1},
k— _
where Z;, 5, = 5201 (kel)wusleSz. Note that Zp; = Z10.

We first show that Zgpg = Z11. Assume otherwise. Note that u(o, = 0) x Zp1 + Zoo and
oz = 1) o< Zyg + Z11. Since Zo1 = Zio, Zoo # Z11 would imply p(o, = 0) # p(o, = 1),
contradicting that f does not support pinning-to-0 or pinning-to-1 (by Lemma 12).

Further, we have that ZygZ11 > Zgl, since

SB[ C o]0

/=0 £=0




Figure 2: The hypergraph H’ used to show that wy = wy in Lemma 14. It consists of a hypergraph
H" (dashed in the figure) which e-realises k-equality among its terminals vy, ..., v and the hyperedge
e ={v1,...,v;}. We show that if wg > wy, then H' realises pinning-to-0.

holds as an immediate consequence of the Cauchy-Schwartz inequality. From Zyy = Z1;, we thus
obtain that Zog > Zp1. Equality in (1) holds only if there exists @ > 0 such that wyy1 = awy for every
0=0,..., k—1, which yields wy = a‘wg for £ =0, ..., k. This gives Z11 = a*Zyg, s0 Zoo = Z11 leaves
only the possibility o = 1, which in turn yields that f is a constant function.

Thus, it holds that Zyg = Z11 > Zo1 = Z1p, so Item 3 of Lemma 12 yields that f supports
2-equality. O

Lemma 14. Let k > 2. If f supports 2-equality but neither pinning-to-0 nor pinning-to-1, then it
holds that wy = wi_y for all £ =0,...,k.

Proof. Let k > 2 and suppose that f supports 2-equality but neither pinning-to-0 nor pinning-to-1.
Let H be the hypergraph with the vertex set {vy,...,v;} and the single hyperedge e = {v1,...,vx}.
We may assume that f is not a constant function since a constant function does not support 2-equality.
Thus, at least one of the w,’s is non-zero and hence Zy,z > 0.

We will start by establishing the claim for £ = 0, by showing that wg = wj. Assume for contradic-
tion that wy # wg. W.lo.g we may assume that wy > wy, (if it is the other way around, then we can
swap 0’s and 1’s in the following argument). Since f supports 2-equality, it also supports k-equality
by Lemma 10. Choose € > 0 sufficiently small so that

1-— 1
w()( 25) > wy (?) + 2Fe,

Construct H' by taking H and a distinct e-realisation H” of k-equality and identifying the vertices
of H with the terminals of H” (see Figure 2). Then the contribution to Zy g from configurations
with o(vg) = 0 is at least the contribution from all configurations that assign spin 0 to all terminals

(giving a contribution of at least wo (152) Zy g~ since H” is an e-realisation of k-equality) so we get

pupa(o(vg) = 0)Zs e > wo (152) Zg,pr-

Now consider the contribution to Z; g/ from configurations with o(vg) = 1. The contribution from
configurations which map all terminals to spin 1 is at most wy (1—;5) Zy g since H” is an e-realisation
of k-equality. In addition, configurations which do not make the spins at the terminals equal contribute

at most 28¢Z; i So we get
ppa(o(or) = D) Zgnr <wi (2) Zp o + 2% Zpipo.

It follows by the choice of € that us,m/ (o(vy) = 0) > py m(o(vy) = 1), so Lemma 12 shows that f
supports pinning-to-0, contrary to the statement of the lemma. Thus, we have shown that wg = wy.
For ease of notation, we let Zy = wo and Zy, = wy. Then, for ¢t € {1,...,k — 1} let V, =

{vi,..., v}, For s € {0,1} let Z7, = ;f:_ol_t ("} wets and zZy, = IZ:_Ol_t (") Y wegste. Let
Zst = Ziy+ ZY,. We will establish the following system of equalities.
FOI‘tE{l,...,k‘}, Zo7t:Zl,t. (2)
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Figure 3: The hypergraph H’ used to show that Zy, = Zy, for t € {2,...,k — 1}. It consists of a
hypergraph H” (dashed in the figure) which e-realises t-equality among its terminals vy, ..., v; and the
hyperedge e = {v1,..., v, V441, ..,v5}. We show that if Zy, > Z7 4, then H' realises pinning-to-0.

We have already dealt with the case t = k. Next, consider ¢ = 1. Note that ps. g (o(vi) = 0) =
Zoa/Zpm and pypg(o(vy) =1) = Z11/Z g (to see these, observe that Z ; is the contribution from
configurations where, say, vertex v, has spin 0 and vy has spin s; similarly, Z; is the contribution
where v; has spin 1 and vy has spin s). Thus, if Zy1 # Z11 then pr.g(o(vy) =0) # pp.a(o(ve) =1)
so Lemma 12 shows that f supports pinning-to-0 or pinning-to-1, contrary to the statement of the
lemma.

We will now show that Equation (2) holds for ¢ € {2,...,k — 1}. The proof is similar to the proof
that wy = wy, above. Consider some ¢t € {2,...,k—1}, and suppose for contradiction that Zy; > Zy ;.
Let p=21+>0and 6 = Zy— Z1+ > 0. Again, since f supports 2-equality, it also supports t-equality
by Lemma 10. Choose ¢ sufficiently small so that

(p+5) (1;) >p<12+5) ok

Construct H' by taking H and a distinct e-realisation H" of t-equality and identifying the terminals
v1,...,v; in H and H” (see Figure 3). Note that vertex vy is not a vertex of H”. So the contribution
to Zy p+ from configurations with o(vi) = 0 is at least the contribution from such configurations which
also satisfy o(v1) = -+ = o(vy) = 0 (giving a contribution of at least Z,, (15°%) Zf,~) and a similar
contribution from configurations which also satisfy o(v1) = -+ = o(v:) = 1 (giving a contribution of
at least Z/, (152) Zf,ur) so we get

g (o(vk) =0)Zpu > 2 (555) Zrar + 25, (55) Zpwr = Zoy (552) Zy.uv
> (p+0) (5=) Zg,ur-

Now consider the contribution to Zy z from configurations with o(v;) = 1. This is at most the con-

tributions which also satisfy o(v1) = -+ = o(v;) = 0 (giving a contribution at most Z{ , (14<) Zyu~)
and a similar term Z7', (14£) Zy, g~ from the contributions which also satisfy o(vy) = -+ = o(v;) = 1.
In addition, configurations which do not satisfy o(v1) = - -+ = o(v;) contribute at most 2¥¢Z; yr. So

we get

ppi(o(vr) =1V Zp o < p (52) Zpun + 25 Z gm0

Again by the choice of ¢, we have pys. g/ (o(ve) = 0) > pyp(o(vi) = 1), so Lemma 12 shows that
f supports pinning-to-0, contrary to the statement of the lemma. So we have now established the
system of equations (2).

We view (2) as a system of equations over the k + 1 (real) variables wy, ..., w;. We refer to the
equation Zy; = Z1,; as “Equation ¢” or “the t'th equation”. In the remainder of the proof we will
show that the solutions to this system of equations are exactly the assignments of real values to the
variables satisfying

Wy = Wp_yg for £=0,...,k. (3)

We first show that any solution satisfying (3) satisfies (2). The case t = k is obvious. For
t€{l,...,k— 1}, we will show that any solution satisfying (3) satisfies Z, = Z{, and Z] , = Z,.

11



To see the first of these, consider the coefficient (kfel,ft) of wp 144 in Z7y. Now let £ =k — (¢ +1+1)

S0 wy = wyr414¢. The coefficient of wy in Z(/J,t is (k_;_t) = (k’izi;fé) = (k_él/_t). This establishes
7y = Z1;. The proof that Z] , = Zg, is similar. We will now show that the solution in (3) has the
appropriate dimension, so there are no other solutions of (2). It is simplest to split the calculation
into two cases, depending on the parity of k.

First, suppose k = 2r + 1 is odd. Consider 1 <t < t' < k — 1. We will compute the coefficients

of the variable w; in the quantities Z{,, Z,, Z{',, and Z{, using the convention that (7) = 0 if

b¢{0,...,a}. These are (2rt_t/), (2:_—;’)’ (2:__1t/) and (z";fl), respectively. Consider the case where

t>r+1. Then 2r —t' < t—1 < t so these can be simplified to 0, (2[_7/), 0 and (f_”tffl), respectively.
If ¢ > t then all four coefficients are 0 so w; is not in Equation #'. If ¢/ = ¢ then the final coefficient
is 0, but the 2nd of these coefficients is 1, so w; has a non-zero coefficient in Equation ¢t. We conclude
for t > r+1 that w; is not in Equations t+1,...,%k— 1, but it has a non-zero coefficient in Equation t.

Thus, Equations k,k—1,...,r+ 1 give us k —r = r + 1 linearly independent equations. Thus the
solution space of the system over our k + 1 variables has dimension at most k+ 1 — (r +1) = r 4 1.
But we have already shown that Equation (3) gives a solution, and the dimension of this solution is
r+1.

Similarly, suppose that k = 2r is even. Once again consider 1 <t < ¢ < k — 1 and compute the

; : : sy / 1" 1" 1" 2r—1—t"y (2r—1—t’
coefficients of the variable w; in the quantities Zj, ,,, 2/, Z7',, and Z7',,. These are =), (),

(2Tt__11_t/) and (2;'__;:{), respectively. Consider the case where t > r+1. Then 2r —1 -t/ <t—1<t

so these can again be simplified to 0, (QT;_ltTt/), 0 and (2[_;}:{), respectively. Once again, if ¢/ > t
then all four coefficients are 0 so w; is not in Equation ¢'. However, if ¢ = ¢ then the final coefficient

is 0, but the 2nd of these coefficients is 1, so w; has a non-zero coeflicient in Equation ¢. As before, we

conclude that the equations k,k—1,...,r+ 1 give us r linearly independent equations, so the solution
space of the system has dimension at most (k+ 1) — (r) = r + 1. But wy = wg_, is a solution whose
dimension is r + 1. O

2.3 Realising conditional distributions induced by pinning and equality

We will use pinnings or equality to construct and analyze gadgets; the upcoming Lemma 15 is a
first step in doing this effortlessly. It asserts that when f supports one of the properties pinning-
to-0, pinning-to-1 or equality we can consider appropriate conditional distributions (depending on
the property); these conditional distributions can then be realised using appropriately constructed
hypergraphs.

Given a set S of vertices, it will be convenient to write 0g = 0 to denote the event that all vertices
in S are assigned the spin 0 under the assignment . We will similarly write 0g = 1. We will also use
og to denote the event that all vertices in S have the same spin under o (the spin could be 0 or 1).

Lemma 15. Let f: {0,1}* — R, be symmetric. Let H = (V,F) be a hypergraph and S C V. Let
e>0.

1. Suppose that f supports pinning-to-s for some s € {0,1}. Suppose thatu € V satisfies pug,p(0y =
s) > 0. Then there is a hypergraph H' = (V' F') with V. C V' and F C F' such that for every
7:8 = {0,1} it holds that

‘Mf;H’(US =) —Mf;H(Us =7|0oy= 8)] <e.
2. Suppose that f supports equality and that R C 'V satisfies pp,u(o%) > 0. Then there is a
hypergraph H' = (V' F') with V- C V' and F C F' such that for every 7 : S — {0,1} it holds

that
‘/Jf;H’(US =7)—ppn(os =17 U;?)‘ <e,

12



Figure 4: The hypergraph H' used in the proof of Item 1 in Lemma 15. It consists of the hypergraph
H and a hypergraph Hy with terminal vy which &’-realises pinning-to-0. We identify the vertex u of
H with the terminal vertex vy of Hy keeping otherwise the two hypergraphs H, H, disjoint. Then, for
any subset S of vertices in H (which may in general include u as well), the distribution py. g/ (0g = -)
is well approximated by the conditional distribution ps g(cs = - | o, = 0).

Proof. Denote py.pr by ;. We begin with the proof of Item 1. We will take s = 0. The proof for s =1
is similar, swapping 0’s and 1’s. Let ¢’ > 0 be sufficiently small so that

(i) be=s) s @

Since f supports pinning-to-0, there exists a hypergraph Hy with vertex set V; which &’-realises
pinning-to-0. Denote by vy the terminal of Hy. For ¢ € {0,1}, let p; = pys.m,(0w, = i), so that
po > 1—¢€', py <¢€'. To construct the hypergraph H' (see Figure 4), take a (distinct) copy of Hy and
identify vy with u (the copy of Hy is otherwise disjoint from the rest of H). Let p' := ps,m. Note
that p/ (0, = 8) o< ps p(oy = s) for s € {0,1}, so that

plow=1) _ <pl> (u(ou = 1)>
p(ow=0) \po) \p(on =0)
Equation (4) yields y/(o, =1) <e.
Let 7: S — {0,1}. Note that

plos=7)=p'(ou =0 (05 =7 |0y =0)+ i/ (05 =T,0, = 1)
=W (ou=0 pulos =70, =0)+ (05 =7,0, =1),

where in the second equality we used that conditioned on the spin of u, og is independent of the
configuration oy (). It follows that

W(os =7) —plos =7 |ou=0)| < p'(on=1) <€

completing the proof of Item 1.

The proof of Item 2 is completely analogous, though slightly more technical. Let r = |R|. As
before, let ¢/ > 0 be sufficiently small, to be picked later. Since f supports equality, there exists a
hypergraph H; with vertex set V; which &’-realises r-equality. Denote by T = {vy,...,v,.} the set
of terminals of Hy. For n : T — {0,1}, let p, := pf,a, (0r = n). Since H; is an &’-realisation of
r-equality, we have that

(1-¢)/2<po,pr <(1+)/2, > py<e.
n#0,1
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To construct the hypergraph H’, take a (distinct) copy of H; and identify (in an arbitrary way)
vertices in the set R with terminals in the set T (the copy of Hj is otherwise disjoint from the rest of
H), we will keep the notation R for the merged vertices in H' (see Figure 5). Let p/ := py, /. For
n:R— {0,1}, we p/(or =) x p, u(ocr =), so that

prilor =n)
pou(or =0)+p1p(or =1)+ 3, 101 Py M(orR =17)

p(or=n) =

For s € {0,1}, we use the upper and lower bounds on ps to obtain

(o =) < ps (or = s) _ (1 +€’> ( p(or =s) > ’ (5)

“pop(or=0)+prpulcr=1) = \1—-¢') \pu(or =0) + pu(or = 1)

. ps 1(oR =$) 1-¢ por =s)
o =8) 2 on=0) +prulon =D 45 = <1+e’) <u<aRo>+u(aR =1)+ i) '
(6)

From (5) and (6), we obtain that for s € {0,1}, as &’ | 0, it holds that

plor =s)
plor =0) +p(or =1

W(op=s)— )= plor =s|oy), and thus p/'(-o%) — 0, (7)
where the latter limit follows by observing that p/(-o%y) =1 — p/(0r = 0) — i/ (og = 1).
Let 7: S — {0,1}. Note that

W(os=1)=p(op=0)p/(cs =7 |or =0)+
pop=1p'(os =7|or=1)+p (05 =7,70%)
=p'(or =0)u(os =7 | or =0)+
f(or =Vulos =7|op=1)+p (05 =T7,70%), (8)

where again in the second equality we used that conditioned on o, og is independent of the configu-
ration oy,\ . Using the limits in (7) and the equality (8), it is not hard to see that as €’ | 0, it holds
that

p(os=7) = plor =00 )ulos =7 op=0)+pulor =1|0x)ulos =7op=1). (9)

The right-hand side in (9) is equal to u(os = 7 | o), from where it follows that by choosing small &',
the hypergraph H' satisfies ’u’(as =7)—p(os =7 U?)’ < g, as wanted.
This concludes the proof of Lemma 15. O

Typically, when f satisfies, say, pinning-to-0 we will be interested in “pinning” more than one
vertex to zero, while Item 1 from Lemma 15 accomodates only one vertex. We will also be interested
in cases where f satisfies multiple properties amongst pinning-to-0, pinning-to-1 and equality. We
extend Lemma 15 to address this more general framework. Prior to that, it will be useful for our
applications to set up a convenient notation.

Definition 16. Let f: {0,1}* — R, be symmetric. Let H = (V,F) be a hypergraph and assume that
V= Vo, V1, Va,...,V,) is a labelled collection of disjoint subsets of V' such that: (i) Vo =0 if f does
not support pinning-to-0, (i1) Vi = 0 if f does not support pinning-to-1, (iii) Vo = ... =V, =0 if f
does not support equality, (iv) it holds that ps. g (oy, = 0,0y, =1, a"e/qz, cl, U?}i) > 0. We will then say

that V is admissible for the hypergraph H (with respect to f) and denote by ujfzd(v) the probability

distribution pyg.p (- | ov, = 0,0v, = 1,03%,...,0y]).

Definition 16 provides the framework to prove the following generalization of Lemma 15. In simple
words, we will now be able to combine the conditional distributions that we can realize via hypergraphs

using f.
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Figure 5: The hypergraph H’ used in the proof of Item 2 in Lemma 15. It consists of the hypergraph H
and a hypergraph H; which realises r-equality among its terminals vy, ..., v,. We identify the vertices
in R with the terminal vertices vy, ..., v, of H; keeping otherwise the two hypergraphs H, H; disjoint.
Then, for any subset S of vertices in H (which may in general include any of the vertices vy,...,v,),
the distribution p 7,5 (0g = -) is well approximated by the conditional distribution s g (cs =+ | 0%).

Lemma 17. Let f: {0,1}* — R, be a symmetric function. Let H be a hypergraph with vertex set V
and let S be a subset of V. Let V an admissible collection of subsets of V' with respect to H. Then,
for every e > 0, there is a hypergraph H' = (V' F') with V. C V' and F C F' such that, for every
7:S8 = {0,1}, it holds that

nd(V
e (os =) — ui (o

)

S:T)|§Ea

where u}?}l{d(w(-) is as in Definition 16.

Proof. To treat the different cases which arise as uniformly as possible, it will be convenient to use
the following notation for the purposes of this proof. Let ¢ : V' — {0,1} and X C V. For s € {0,1},
we will write o5, as an alternative notation to ox =s.

We are now set to prove the claim. Suppose that V = (Vp, V1, Va, ..., V,.). We proceed by induction
on W := |Vo|+|Vi|+ (r —1). The base case W = 0 is trivial — we can take H' = H. To carry out the
induction step, assume that the claim holds when W = t, we show it when W =t + 1. We have that
at least one of the following holds: (i) |Vp| > 1, (ii) |V4] > 1, (iii) » > 2. For each of these cases, we
will have a collection of sets V for which we will invoke the inductive hypothesis and a set X which we
wish to add to V to conclude the claim for V. Also, we want to be able to condition on the event 0%
for some s € {0,1,eq} (the value of s will depend on the case that we consider). More precisely, the
set X, the value of s € {0,1,eq} and the collection of sets V are specified as follows for the respective
cases:

e X ={v} forsomev € Vp,s=0,and V= (Vp\ X, Vi, Vs,..., V),
e X ={v}forsomeveV,s=1,and V= (Vo,V1 \ X, Va,...,V}),
e X=V,s=eq,and V= Vo, Vi, Va,...,Vo_1).

Note that since V is admissible for H under f, the same is trivially true for V as well.

Let S’ be an arbitrary subset of V' (which may be our target set .S). By induction, for the collection
of subsets V, we have that for every ¢ > 0, there exists a hypergraph H’ with V C V' and F C F’
such that, for every 7/ : S’ — {0,1}, it holds that

cond(V)

(o5 =7') = uiy os =7)| <, (10)
Since M(U%O,a%,l,a‘eg, ...,0y) > 0 (by the assumption that V is admissible), we also have that

M = M‘}?}'{d(v) (0%) > 0, where X,s,V were defined above. Let

e1:=¢/2, eg:=e M?/4, e3:=¢e9/215.
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Now consider 7: S — {0,1}. if pus.p(os = 7,0%) = 0 then u;‘;’;}d(v) (0s =7,0%) = 0. Also, since

V CV’'and F C F'. po;H/(US = T,a}) =0.

Otherwise, pus,p(0cs = 7,0%) > 0. In this case, applying (10) with S” = S U X we find that there
is a hypergraph H' = (V' F') with vertex set V' C V' and F C F’ such that for each assignment
75" — {0,1} that is consistent with 75 = 7 and 7%, we have

cond(V
i (os =) = pi os = 7)) <.

Summing over all 7/ : S" — {0, 1} that satisfy both 75 = 7 and 7%, we conclude that

|,Uf;H/ (O’S =T, 0}) — ,u;(:?[d(v) (0’5 =, a})| <es. (11)

So now we have established (11) for all 7 : S — {0,1} (whether py.g(cs = 7,0%) is 0 or not).
Summing over 7 : S — {0,1}, we obtain

g (o%) = ™ (0%)] < 218leg = <. (12)

This implies pf. g/ (0%) > M —eo > M/2 > 0.
Now to simplify the notation define A := ujc?;}d(v) (05 =, 0}). Now note that
cond(V
/J,f;H( )(O'S =71)=A/M.

Let A" = pyp(os = 7,0%) and let M' = py.p(0%). Equation (11) (together with 3 < e2) shows
that A’ —eg < A < A’ + &5. Also, Equation (12) shows M’ — ey < M < M’ + 5. Then we will use
the bound

A+82 A A A—€2 52(M+A) 262 2
-2 < < < 4ey/M* =
maX(Mé‘z M’ M M+es T M(M —e3) T M(M —¢e2) — 82/ o
to conclude that
A’ A s cond(V)
7 ag| = e (os =71 %) = u O (o5 = )| <. (1)

We will now apply Lemma 15 to H' and S with error parameter ;. To apply the lemma, we need
the fact that f supports pinning-to-s if s is 0 or 1. If s = eq then we need the fact that f supports
equality. Both of these follow from the admissibility of V and the construction of X and s. We aso
need the fact that py, 5/ (0%) > 0, which we have established above. Then Lemma 15 shows that there
exists a hypergraph H"” = (V" F") with V! C V" and F' C F” such that for every 7 : S — {0,1}, it
holds that

‘Mf;H”(O'S:T)_Mf;H'(US:T|U§()‘ < e (14)
It follows by (13) and (14) that

g (os = 7) = i (05 = 7)| < 261 = .

This completes the induction. O

3 A general inapproximability lemma

The purpose of this section is to prove the following lemma, which will allow us to exploit our study
of pinning-to-0, pinning-to-1 and equality.
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Lemma 18. Let f : {0,1}* — R, be symmetric. Let H be a hypergraph, let V be admissible for H
and let © and y be vertices of H. For s1,s2 € {0,1}, define pis,5, by

nd(V
Hsysy = N(}?H ( )((T(l') = Sl,a(y) = 32)'

Suppose that all of the following hold:

troo + pa1 > 0, min{ oo, p11} < /po1f10, max{poo, H11} < v/Ho1fi10-
Then, for all sufficiently large A, there exists ¢ > 1 such that #Hyper2Spin(f, A, c) is NP-hard.

The proof of Lemma 18 uses inapproximability results for antiferromagnetic 2-spin systems on
bounded-degree graphs. Thus, before giving its proof, it will be helpful to make a detour to extract
the results that will be useful in the proof of Lemma 18.

Remark 19. Note that the inequalities for the p;;’s are stronger than the standard antiferromagnetic
condition poop11 < po1pio for 2-spin models on graphs. This is to ensure that the corresponding 2-spin
system lies in the non-uniqueness region for all sufficiently large A (and hence is intractable). In fact, if
max{ oo, 411} > VHoifiio, for the corresponding binary 2-spin system (even if it is antiferromagnetic),
approzimating its partition function may be tractable for all graphs (when the external field is fixed).

3.1 Inapproximability for antiferromagnetic 2-spin systems

We review inapproximability results for the partition function of antiferromagnetic 2-spin models on
graphs. We start with a few relevant definitions following [14]. A 2-spin model on a graph is specified
by three parameters 8,y > 0 and A > 0. For a graph G = (V, E), configurations of the model are all
possible assignments o : V' — {0, 1} and the partition function is given by

-1 _ — — _
Zoorg= 3 ATOL [ pHom=o0=0) to=om=1)
o:V—{0,1} (u,v)EE

where we adopt the convention that 0° = 1 when one of the parameters /3, is equal to zero. The case
B = v corresponds to the Ising model, while the case § = 0 and v = 1 corresponds to the hard-core
model.

The 2-spin system with parameters 3,v, A is called antiferromagnetic if By < 1. In [21], it was
shown that the computational hardness of approximating the partition function in antiferromagnetic
2-spin systems on A-regular graphs is captured by the so-called uniqueness threshold on the infinite
A-regular tree. More precisely, we have the following.

Theorem 20 ([21, Theorems 2 & 3]). Consider the 2-spin systems specified by the following parameters
By, A: (i) 0 < 8=~ <1, XA>0 (antiferromagnetic Ising model), (ii) B = 0,7 =1, A > 0 (hard-core
model). If the 2-spin system specified by the parameters 8,7, A is in the non-uniqueness regime of the
infinite A-regular tree for A > 3, then there is a ¢ > 1 such that it is NP-hard to approzimate Zg ~ x.c
within a factor of ¢ on the class of A-reqular graphs G.

Note that it is not important for us that Theorem 20 shows hardness all the way to the uniqueness
threshold. It would suffice to have a weaker bound for the antiferrogmanetic Ising model and the
hard-core model. Luby and Vigoda [16] provide such a result for the hard-core model. Rather than
explicitly deriving such a bound for the antiferromagnetic Ising model, we use Theorem 20. Cai et al
[4, Theorems 1 & 2] give similar results that apply in some of the relevant parameter space, however
it is simpler to work with the later paper [21], especially since the latter shows that the partition
function is hard to approximate even within an exponential factor.

For future use, we point out the following characterisation of the uniqueness regime on the infinite

A-regular tree. For a 2-spin system with parameters 3,7, A, let h(x) := A(i”f::yl)Afl and let z* be

the (unique) positive solution of x* = h(x*). Then, uniqueness holds on the infinite A-regular tree iff
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[W'(z*)| <1, i.e., the absolute value of the derivative of h evaluated at z* is less than or equal than
1. When, instead, |h/(z*)| > 1, non-uniqueness holds on the infinite A-regular tree. Equivalently, one
can derive the following equivalent criterion: non-uniqueness on the infinite A-regular tree holds iff
the system of equations

(B (2 (5

y+y T+
has multiple (i.e., more than one) positive solutions (z,y).

It is well-known (see, e.g., [21]) that antiferromagnetic 2-spin systems on A-regular graphs can be
expressed in terms of either the Ising model or the hard-core model. Theorem 20 thus also gives the
regime where general antiferromagnetic 2-spin systems are hard, albeit somewhat implicitly. For the
sake of completeness we do this explicitly in the following simple corollary of Theorem 20 (which is
nevertheless lengthy to prove).

Corollary 21. Let 8,y > 0 with Sy <1, v >0, A > 0 and A > 3. If the 2-spin system specified by
the parameters 3,7, X is in the non-uniqueness regime of the infinite A-reqular tree, then there is a
¢ > 1 such that it is NP-hard to approximate Zg  x,c within a factor of c™ on the class of A-regular
graphs G.

Proof. For B,~v,\, A as in the statement of the lemma, consider the following map:

(VBB AB/AR), i B >0,
)= {(O’L)‘/’YA)v if 6=0.

To prove the claim, it suffices to show the following two facts and then to use Theorem 20.

Fact 1. For a A-regular graph G, a multiplicative approximation of Z3 - x,¢ within a factor C yields
a multiplicative approximation of Zgg 4 )¢ Within a factor C.

Fact 2. The 2-spin system with parameters 3,7, A is in the non-uniqueness regime of the infinite A-
regular tree iff the 2-spin system with parameters R((,~,\) is in the non-uniqueness regime
of the infinite A-regular tree.

We consider first the case 8 > 0. Let \ be defined from (\)Y/4 = Al/A\/B/\ﬁ and let 8/ = /3.
Note that R(8,7,A) = (8, 8/, N').
We first show Fact 1. Let G = (V, E) be a A-regular graph. Observe that

-1 _ _ — —
Zoana= 3 ATO J[ pHe=em=0,1tem=oe=1)
o:V—{0,1} (u,v)EE

Z H (5}\2/A)1{0(u):a(v)20}()\I/A)l{a(u)ia(v)}71{0(11,):0(11):1}
o:V—{0,1} (u,v)EE
7\ El o(u)=c(v o(u)#o(v o(u)=c(v)=
_ (\\/fB) Z H 2/A Ho(uw)=o(v)= 0}(()\/)1/A)1{ (uw)Fo( )}(5/)1{ (u)=o(v)=1}
0:V—{0,1} (u,v)EE
_ (VN E Nlo=1(0)] N 1{o(w)=0(v)}
(%) X W I @)

o:V—{0,1} (u,v)EE

= (\{%)lElZ@vﬁ',)\’;Ga

which clearly yields the desired fact.
We next show Fact 2. Note that for positive z,y, (15) is equivalent to

() =) () ) 09)
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Thus, it suffices to show that the positive solutions (z,y) of (16) are in one-to-one correspondence
with positive solutions (z’, ') to

x,(ﬁ’y’+1> _ A,(ﬁ’y’Jrl)A /(M) = A’(w)Aa (17)

yl+ﬁ/ y/+ﬁ/ xl_'_/Bl x/_'_ﬁl
where 3/ = /By and N = )\(\/B/\ﬁ)A are as before.
Let 2’ = (V/B/\/7)x and 3 = (v/B/\/7)y. Note that for 3 > 0 we have that z,y are positive iff

z',1y are positive and that x,y are in one-to-one correspondence with z’,3’. It is also simple to verify
that x,y, 2,y satisfy the equations

Br+1 /B Byx'+1 PBy+1 f\ﬁy+1

g+ VA T +VBY Yty A VB 1
and
(VB (VP
DGR DB

Using (18) and (19), one can easily check that z,y satisty (16) iff 2,y satisfy (17).
Next consider the case f = 0. The arguments are completely analogous to the case 5 > 0, up to
minor technical details. Let A’ be defined from (\)!/4 = A2 /5 and note that R(3,7, ) = (0,1, \).
For Fact 1, we have that

—1 _ _ _ _
ZgynG = Z Ale™(0)] H 61{U(u)—U(U)—O},yl{U(u)—a(v)—l}
o:V—{0,1} (u,w)EE

Z H )\Q/A 1{o(u)=0c(v)= O}()\l/A)l{U(u)ia(v)} 1{o(u)=0c(v)=1}
0:V—{0,1} (u,v)€EE
_AE S (B0 ay et o)

0:V—{0,1} (u,v)€EE

:,Y|E| Z (/\/)\fl(on H (57)1{0(u)=a(v)=0}

0:V—{0,1} (u,v)EE

E
= f)/l |ZO,1,)\’;G7

which again yields the desired fact.
For Fact 2, set # = vz’ and y = «y’. The following equivalence is easy to see by inspection: x,y

satisfy
z :)\( ! ) Y :)\( ! ) (20)
Y+ Y+ ’ T+ T+

iff ',y satisfy

/ 1 A / 1 A
() ) o
y 41 y +1 ' +1 ' +1
Note that (20) and (21) correspond to equation (16) for the 2-spin systems with parameters 8 = 0,+, A

and 8 =0,v =1, )\, respectively.
This concludes the proof of the corollary. O

For us, the case A\ = 1 (which is usually referred to as the case without an external field) will be
especially important. To motivate what follows, the reader should first bear in mind the following two
facts [14, Lemma 21] about the uniqueness regime for antiferromagnetic 2-spin systems. The two cases
correspond to whether or not one of the parameters (3, is larger than 1. These parameters cannot
both be larger than 1 because of the antiferromagnetic condition gy < 1.

1. when 8 and ~ satisfy 0 < § < 1 and 0 < v < 1, non-uniqueness holds on the infinite A-regular
tree for all sufficiently large A.
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2. when 3 and ~ satisfy 0 < 8 < 1 and v > 1 then uniqueness holds on the infinite A-regular tree
for all sufficiently large A.

In order to prove Theorem 3, we will construct a family of k-uniform hypergraphs so that the 2-
spin model that f induces on these hypergraphs simulates an anti-ferromagnetic binary 2-spin model.
Thus, the constructed hypergraphs will be viewed as binary gadgets. It will be important that the
induced binary 2-spin model is in the non-uniqueness region so that we can prove hardness using
Theorem 20. Our constructions will use the conditional distributions induced by pinning or equality
to simplify the analysis of the gadgets.

The conditional distribution will yield an idealised antiferromagnetic 2-spin system with param-
eters [y and g, say. The delicate issue that arises is that the hypergraphs that we can construct to
simulate these conditional distributions (see Lemmas 15 and 17) are imperfect. There is always a small
error €. So even if the ideal antiferromagnetic spin-system given by 5y and 7 is in the non-uniqueness
region, we will have constructed some nearby binary spin-system given by (say) parameters 8 and ~y
and we will have to prove that the spin-system given by [ and -~ is also an anti-ferromagnetic spin
system in the non-uniqueness region.

In general, the error bound that we will get from Lemma 17 will tell us that for some small constant
g, |B = Bo| < e and |y — 9| < e. The most difficult case will be when 7 is close to 1 (including the
case where g is actually 1). In this case, we might have ~ slightly larger than 1 and we will thus need
to exclude Item 2 above.

In order to overcome these obstacles, we rely on making the error € very small, at the expense,
of course, of potentially increasing the degree bound A. By a continuity-type of argument, we will
show that for 8y strictly less than 1 and ~y < 1, for all 3,y which are sufficiently close to By, o, there
exists a A such that the 2-spin system with parameters §,~ is in the non-uniqueness regime of the
infinite A-regular tree (which can then be used to derive hardness).* We will prove a slightly stronger
statement by giving a bound on the required accuracy € in terms of the degree A, which will allow
us to switch the order of quantifiers. Also, our result will be monotone in the degree-bound A (as in
Item 1 above).

Lemma 22. Suppose 0 < 5y < 1. Then, for all sufficiently large A, for e = 1/A, for all B,y which
satisfy
max{fy —&,0} <B<Po+eand0<vy<1+e, (22)

the 2-spin system with parameters §,v and A = 1 (no external field) is antiferromagnetic and in the
non-uniqueness regime of the infinite A-reqular tree.

Proof. By choosing A sufficiently large, for all 3, ~ which satisfy (22), it clearly holds that Sy < 1 and
thus the corresponding 2-spin system is antiferromagnetic. We next show that for all A sufficiently
large the 2-spin system is also in the non-uniqueness regime of the infinite A-regular tree.

We first consider the “soft-constrained” case By > 0, where we will assume throughout that
A > 1/8o, so that for all 8, satisfying (22) it holds that 8y > 0 and 8 < 1. We first recall basic
facts about the uniqueness regime of soft-contrained antiferromagnetic 2-spin systems on the infinite
A-regular tree for A > 3. The reader is referred to, e.g., [14, Lemma 21] for more details.

We have already seen that non-uniqueness holds on the infinite A-regular tree when the system
of equations (15) has multiple positive solutions. We also saw that this corresponds to the case where
|h'(z*)| > 1 where z* is the unique positive solution of z* = h(z*) for a function h(x) defined shortly
before Equation (15). In [14, Lemma 21], it is shown that there exist values Ay := A;1(8,7,4) and
A2 := X2(,7,A) such that the condition |h/(z*)] < 1 holds either when (i) v/Bvy > (A — 2)/A, or (ii)
VBy < (A —2)/A and A < A\; or A > \o. Adapting the proof [14, Proof of Lemma 21, Item 7] it is
not hard to see that the condition |h/(z*)| > 1 which we are interested in holds iff /37 < (A —2)/A
and A € (A1, A2), where A1, Ay are as in [14, Lemma 21, Ttem 7]. Thus, for 8y > 0, our goal is to show
that, for all sufficiently large A, for all §, v satisfying (22) with e = 1/A, it holds that A\; < 1 < As.

10f course, other approaches may make it possible to directly construct “strictly antiferromagnetic” gadgets,
without relying on Lemma 22.
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To show the inequalities for A\; and Ao, we next describe explicitly the values of A\; and A. For
fixed 8,7 > 0 and A > 3 with v/By < (A — 2)/A, the values of A1, A2 can be obtained as follows (see
[14, Lemma 22]). To align with the setting in [14], we denote d := A—1. When /3y < (d—1)/(d+1),
it is not hard to show that the equation

d(1— By)x

Be+ Dz +7) = 1, which is equivalent to Sz* + ((d + 1)y — (d — 1))z +v =0, (23)

has two distinct positive solutions z1,z2. Without loss of generality, we may assume that x; < zs.
For future use, we remark that

o= ([@= 1)~ @+ 18y — /(4= 1)~ @+ 1)) —487) /28
= 2y/((d= 1)~ (d+ )y + y/ (([d— 1)~ (d+ 1))’ — 467), (24)

where the latter expression follows by taking the conjugate expresion. We thus obtain the crude
bounds

2 T
%, 25 < @2 where T = (d—1) = (d+1)5y. (25)
(The upper bound for z; is obtained by ignoring the square root and the lower bound for x5 is obtained
from the upper bound for z; and noticing, from (23), that z1z2 = v/5.)

The values of A1, A2 in terms of x1, x5 are given by

T <

T+
Bx1+1

(26)

T2+ 7y ¢
Bra+1)

d
A= M(B,7,d) =11 ( ) ;A2 =By, d) =20 (

For future use, note that (x1+7v)/(Bx1+1) < 21+~. Also, since § <1 and v > 0, (x2+7)/(Bxa+
1) > xa/(x2 + 1) > (2 — 1)/x2. So, using also the bounds for 27 and x2 from (25), the expressions in
(26) yield the bounds

a_ 2 a_ 5 d
A< ap(z1 + )¢ < (1+2/T)" < Z(1+2/T)",
(27)
a T a T d
Yo > aa(1= 1) > 55 (1= 98/T)" > S (1= 2/T)",
where in the rightmost inequalities we used the bounds v < (1 +1/(d + 1))d+1 < 3ford>2

(since ¥ < 1+ ¢ from (22)) and 8 < 1 (since By < 1 and we can use our initial assumption that d is
sufficiently large and hence ¢ in (22) small).

For By > 0 and 3, satisfying (22), we have the bound (d 4+ 1)8vy < (d + 2)5p + 2, so for all
sufficiently large d (depending only on fy), it holds that 7" > d(1 — fy)/2. Hence, the bounds in (27)
yield that, for all sufficiently large d,

12 4 N d(1 — Bo) 4 N
Mg U)o (i)

Since 1 > By > 0, we clearly obtain that for all sufficiently large d (depending only on fy), it holds
that Ay <1 < A, as wanted. This completes the proof of the lemma for the case 5y > 0.
We next consider the case By = 0. For «v > 0, the 2-spin system specified by 5 = 0,7 and A =1

is in the uniqueness regime of the infinite (d + 1)-regular tree iff 1 < A.(7,d) := % (see, for

example, [14, Proof of Item 5 in Lemma 21]). Since A.(7,d) is an increasing function of ~, it suffices
to show that A\.(1+ ¢,d) < 1 for all sufficiently large d > 2. Note that (1 +¢)4t! < 3 for all d > 2

and, for d > 10, we have % < 1/3. Tt follows that for all d > 10, it holds that A.(1 +&,d) < 1,
as needed.
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To complete the proof for the case Sy = 0, we need to argue that for all sufficiently large d, for
all (8,7) € (0,e) x (0,1 +¢) with e = 1/(d + 1), the 2-spin system with parameters 3,7, \ = 1, is
in the non-uniqueness regime of the infinite (d 4+ 1)-regular tree. For d > 10 and this range of the
parameters 3, we have that 8y > 0 and /By < (d —1)/(d+1). Thus it suffices to establish that for
all sufficiently large d it holds that A\ (3,7v,d) < 1 < A2(B,7,d), where A1, Ay are as in (26). In fact,
we can use the bounds in (27), so we only need to provide a lower bound on T since our derivation
previously was to account for the case Sy > 0. For this range of the parameters 3,7, we have that
(d+1)Bvy < 2. It follows that T' > d — 3. Thus, the bounds in (27) yield

so that A\; < 1 < Ag for all sufficiently large d. This concludes the proof of the lemma. O

3.2 Proof of Lemma 18

Using Lemmas 17 and 22, we now give the proof of Lemma 18. The idea is to use Lemma 17 to
obtain a hypergraph that realises the conditional distribution with sufficient accuracy . The resulting
hypergraph can be used to simulate an antiferromagnetic 2-spin system which, by Lemma 22 and
Corollary 21, will be hard to approximate on A-regular graphs (for large A). The formal proof is as
follows.

Lemma 18. Let f : {0,1}* — Ry be symmetric. Let H be a hypergraph, let V be admissible for H
and let © and y be vertices of H. For sy1,se € {0,1}, define pg, s, by

nd(V
fsrsy = 1 (o(x) = s1,0(y) = s2).

Suppose that all of the following hold:

foo + p11 > 0, min{poo, pa1} < v/forf1o, max{poo, H11} < v/Hotfi1o- (28)
Then, for all sufficiently large A, there exists ¢ > 1 such that #Hyper2Spin(f, A, c) is NP-hard.

Proof. Let H = (V,F). We start by applying Lemma 17 with S = {z,y}. For every ¢’ > 0 and every
1,82 € {0,1}, the lemma shows that there is a hypergraph H' = (V/, F') with V C V' and F C F’
so that

d
|uf;H/(c71. = 51,0y = S3) — u?z (v)(al. = 51,04 = 52)| <. (29)

For s1,s0 € {0,1}, let pf, ., = piy.(0x = 51,04 = s2). Thus, (29) becomes

|lu’f9182 - .u8182| < 51' (30)

The conditions in (28) guarantee that pg; and p1g are positive, so by choosing &’ sufficiently small,
we can also guarantee that pg, and pj, are positive.

Assume without loss of generality that poo < p11. (Otherwise, we will swap the role of the spins 0
and 1.) Let By = udy/po1 10 and let v = p3y/po1f110- By (28), 0 < By <1 and 0 < v < 1.

Next, we “symmetrise” the hypergraph H’ to obtain a hypergraph H” (an analogous argument
was used previously in the proof of Lemma 12). To do this, take two disjoint copies of H' which we
denote by Hi, H). For i = 1,2, denote by z;,y; the images of the vertices x,y in H/. Now identify
vertices 1 and y» into a single vertex x, and similarly identify vertices x5 and y; into a single vertex
y. Let H" be the final hypergraph and let uf ., denote py.pr(o(x) = s1,0(y) = s2). Then for all
s1, 82 € {0,1}, we have

! !
Mslszuszsl

I / N
Ztl,t26{0,1} Htyty Moty

lu’;/lsg =
Note that pg; = pfy > 0.
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Consider the 2-spin system with parameters 5 := uio/uo1, v = pfi/p6:, and A = 1. Using the
definitions of By and 79 and Equation (30) we find that for every A’ > 3, and for every sufficiently
small ¢’ > 0, we have

|8 = Bol <1/A"and |y — 0| < 1/A". (31)

By Lemma 22, there is a A{; > 3 such that if A’ > Aj then the spin system with parameters
B,7v, A = 11is in the non-uniqueness regime of the infinite A’-regular tree. Thus, by Corollary 21, there
is a ¢ > 1 such that approximating Zg ~ 1.¢ within a factor of ¢ is NP-hard on the class of A’-regular
n-vertex graphs G.

Let A” be the maximum degree of the hypergraph H”. We will show the lemma for all A > A’A”.

Let G = (V, E) be a A’-regular graph for which we want to compute Zg - 1.c. We construct the
hypergraph H"” by replacing each edge of G with a copy of the hypergraph H” as follows. For each
edge (u,v) € E, take a (distinct) copy Hyy = (Viuw, Fuw) of the hypergraph H”. Denote by v, Yuv
the images of the vertices x,y in Hy,. Now for each u € V identify the vertices Ty, ,...,Tuv,, into a
single vertex u, where vy, ...,vas denote the neighbors of u in G. It is clear that the hypergraph H'”
has maximum degree A.

Let V", F""" denote the vertex and hyperedge sets of H"', respectively. For o : V' — {0,1}, let
Y(o) ={r: V" = {0,1} | 7v = o}. The total contribution to the partition function Z; g~ from
configurations in Y (o) is exactly H(u,v)EE('ug'(u)a(v)Zf%H//)' Thus, we obtain

E 0 u)o (v
Zran = i Zea)™ Y0 [T =298 = (i Zr) ! Zs i (32)
o:V—={0,1} (u,v)€E Hon

Since gy Zy,u is an explicitly computable constant, it follows that an approximation to the partition
function Zy. g within a factor of ¢ yields an approximation to Zg ,, 1,¢ within a factor of ¢”. This
completes the proof since A’ and H” are fixed, which guarantees that the number of vertices of H"”
is a constant multiple of the number of vertices of G. O

4 Proof of Theorem 3

In this section, we give the proof of Theorem 3. Let k > 2 and f : {0,1}* — {0,1} be a symmetric
Boolean function with f ¢ EASY (k). Our goal is to show that there exists Ag such that for all A > Ay,
there exists ¢ > 1 such that #Hyper2Spin(f, A, ¢) is NP-hard.

The case k = 2 corresponds to approximating the partition function of unweighted 2-spin systems
in graphs. It is not hard to see that the only symmetric arity-2 Boolean functions with f ¢ EASY (k)
are the function which is 1 if at least one of 21 and x5 is 0 and the function which is 1 if at least one
of z1 and x5 is 1. The partition function in both of these cases corresponds to counting the number
of the independent sets, or equivalently to the 2-spin system with § = 0 and v = 1 (and no external
field). For this model, it is well known that non-uniqueness holds in the infinite A-regular tree when
A > 6, which in conjuction with Theorem 21 completes the proof of Theorem 3 in the special case
k = 2 (alternatively, one may use Lemma 22 to argue that non-uniqueness holds for all sufficiently

large A).
Thus, for the rest of the proof, we will assume that k& > 3. We may further assume that at least
one of wy, ..., wy is 0 (otherwme f is the constant function fone) and at least one is 1 (otherwise f is

the constant functlon fzem).
By Lemma 13, to prove Theorem 3 we may split the analysis into the following cases

1. f supports both pinning-to-0 and pinning-to-1.
2. f supports 2-equality (but neither pinning-to-0 nor pinning-to-1).

3. f supports pinning-to-0 or pinning-to-1 (but not both). (By swapping 0 and 1, it would be
identical to assume that f supports pinning-to-0 but not pinning-to-1.)
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In each case, the goal is to show that there exists Ay such that for all A > Ay, there exists ¢ > 1 such
that #Hyper2Spin(f, A, ¢) is NP-hard.

For example, when f is the function corresponding to weak independent sets, f supports pinning-
to-0 but not pinning-to-1, so f is in Case 3. The same is true when f is the function corresponding
to strong independent sets. On the other hand, if f is the “not-all-equal” function, then it supports
2-equality, but neither pinning-to-0 nor pinning-to-1, so it is in Case 2.

Before delving into the proofs for each of this cases, we give a piece of terminology which will
simplify the exposition. The reader may wish to recall Definition 16. We will typically invoke Lemma 18
for a hypergraph H and an admissible collection of sets V = (Vy, V1, Va, ..., V,.). Rather than formally
defining V in each such application of Lemma 18, it will be convenient (and more instructive) to say,
e.g., pin vertices x1, 23 to 0 (instead of specifying Vj as Vo = {1, 22}), pin vertices a3, x4 to 1 (instead
of specifying V4 as Vi = {x3,24}), and force equality among x5, zs, x7 (instead of specifying V5 as
V2 = {175, e, x7})

4.1 Casel

In this section, we assume that the function f supports both pinning-to-0 and pinning-to-1. In this
case, Lemma 18 will always be applied to the hypergraph with a single edge e := {x1, 22, ...,z }. For
explicitness and with a slight abuse of notation we will denote by e this hypergraph.

Case Ia Suppose first that exactly one of wo,...,wy is equal to 1, say w; = 1. We may assume
that j # 0 and j # k, otherwise f = fa(llfz)em or f= fa(,’fgne, respectively. We will consider separately the
cases j =1l and k > j > 2.

Suppose first that £ > j > 2. Pin 21,...,2;_2 to 1 (if j = 2, no vertex is pinned to one), pin
Zjt2,...,25 to 0 (if j +2 > k, no vertex is pinned to zero) and set « := x;_1, y := x; (since j < k,
note that vertex x;41 is “free”). We have:

M(}?:d(v) (04 = oy = 0) o wj—2 +wj_1 =0,
M;?:d(v)(o_a: — O,Uy = 1) X wj'—l + w] = 1a

u;c:gd(v) (0z =0y =1) xw; + wj1 = 1.

Also, by symmetry, u;?:d(v)(am =0,0y=1)= u;?gd(v) (607 =1,04 =0). (We will use similar symme-
try arguments in the rest of this proof without pointing them out explicitly). So , from Lemma 18,
for all sufficiently large A, there exists ¢ > 1 such that #Hyper2Spin(f, A, ¢) is NP-hard.

Suppose next that j = 1. Pin x4,...,2; to 0 and set = := x1, y := o (since k > 3, note that
vertex z3 is “free”). We have:

cond (V)

fe  (0z =0y =0)oxw+ws =1,
,ujf;?d(v) (02 =00y =1) x w1 + w2 =1,

u;?sd(v) (0 =0y =1) xws + w3 =0,
so, from Lemma 18, for all sufficiently large A, there exists ¢ > 1 such that #Hyper2Spin(f, A, c) is
NP-hard.

Case Ib. Suppose next that at least two of wy, ..., w; are equal to 1. Let 4, j be two indices with
i < j such that w; = w; =1 and w41 = ... = wj—1 = 0. We will first prove that for any two such
indices, it holds that j = i + 2 (otherwise, we will show that #Hyper2Spin(f, A, ¢) is NP-hard). Since
f# féé), we may assume that either ¢ > 0 or j < k. Without loss of generality, we assume that j < k
(otherwise we may swap the spins 0 and 1).

1. If j > i + 2, we consider cases whether w;y; =0 or 1. If wj11 =0, pin x1,...,2;_2 to 1, pin
Tjt2,...,%k to 0 and set x := z,;_1, y := x; (since j < k, note that vertex z;41 is “free”). We have:
HER W 0y = 0y = 0) o wj + wj1 =0,

24



M;(?:d(v)(0_$ — O,Uy — 1) X 'LUj—l + w] = 1a

u??sd(v) (0z =0y =1) xw; + wj1 =1,

so, from Lemma 18, for all sufficiently large A, there exists ¢ > 1 such that #Hyper2Spin(f, A, c) is

NP-hard. If wji1 =1, pin 21,...,2;-1 to 1, pin &j49,...,2; to 0 and set = := z;, y := x;411. We
have:
d(v
[Ty Moy =0, =0) xwj_1 =0,
u;?:d(v) (605 =0,0p=1) xw; =1,

d
,u??: (V)(Uw =0y =1) xwjt1 =1,

so0, from Lemma 18, for all sufficiently large A, there exists ¢ > 1 such that #Hyper2Spin(f, A, c¢) is
NP-hard.

2. Assume now that j =i + 1. Suppose there exists j* such that w; = w41 = ... = w;y =1 and
wjrg1 = 0. Pin zq,...,2-1 to 1, pin zjr49,...,2% to 0 and set x := x5, y := xj/41. We have:
M‘J:”(;):d(w(ax =0y =0) xwj_1 =1,

uj;?:d(v) (0, =0,0p=1) xwy =1,

<10%
Hie Moy =0y =1) xxwyi1 =0,

so, from Lemma 18, for all sufficiently large A, there exists ¢ > 1 such that #Hyper2Spin(f, A,c) is
NP-hard.

If such a j’ does not exist, then it holds that w; = w;11 = ... = wy = 1, so there exists ' > 0 such
that wy = ... = wg = 1 and wy_1; = 0 (otherwise f = fér]fg) Pin zj49,..., 2, to 0, pin x1,..., 2y
to 1 and set © := z;, y := x;41. We have:

u;?:d(v) (0p =0y =0) xwy_1 =0,

ujf:gd(v) (02 =0,0y =1) xwy =1,

10%
/J,(Ji-c:él ( )(O'm =0y = 1) X Wi 41 = 1,

so again from Lemma 18, for all sufficiently large A, there exists ¢ > 1 such that #Hyper2Spin(f, A, ¢)
is NP-hard.

It follows that for every two indices with ¢ < j such that w; = w; =1 and w41 = ... = w;—1 =0,
it holds that j =i + 2. Let ¢’ be the minimum integer such that wy = 1. We have that wy = w1 =

.= wy_1 = 0. Let j/ be the maximum integer such that wy = wyyo = ... = Wyr4250 = 1. By

assumption, at least two w;’s are equal to 1, so we have that j/ > 1. We also have that wy11 =
Wi 43 = -0 = Wir425/—1 = 07 Wi/ 425/ 41 = « -« = Wi = 0.

We may assume that either ' ¢ {0,1} or ¢/ 4+ 25" ¢ {k — 1,k} (otherwise either f = F8)or
f= féﬁ) Let us assume first that ¢/ + 25" ¢ {k —1,k}, i.e., i’ + 25’ < k — 2, so that wy 12542 = 0.
Pin xy,...,zy to 1, set x := xy41,y = Ty42 and pin Tyq9543, ..., 2, to 0. We have:

25’ .
con 2 1
uf;ed(v) (0 = oy = 0) x E ( Z )w7y+z = 9% 1,

2j .
aw 2j v
M;?:( )(Uwzo’gyzno( E (g)wi’+1+e=22] L

=0
aw <l 25 1
,LLC(;):( )(O-xza'yzl)o( (é)wi/+2+€:22] *1_1’
=0



so from Lemma 18, for all sufficiently large A, there exists ¢ > 1 such that #Hyper2Spin(f, A,c) is
NP-hard.

The case ¢’ ¢ {0, 1} can be covered by an analogous argument, the only difference being that now
we pin 21,...,2y—1 to 1, set x := xy,y = xy41 and pin Tyqoj41, ..., 2, to 0. Other than that, the
previous calculations may be easily modified to obtain

Fo' o0 =0, =0) 0271 1,
u;?:d(v)(agj =0,0y=1) x 2274—17
M;c;;}d(V) (Ux =0, = 1) . 22]"_17

yielding, by Lemma 18, that for all sufficiently large A, there exists ¢ > 1 such that #Hyper2Spin(f, A, ¢)
is NP-hard. This concludes the proof in the case where f supports both pinning-to-0 and pinning-to-1.

4.2 Case I1

In Case II we assume that £ > 3 and that f is a symmetric arity-k Boolean function that is not in
EASY (k). The function f supports 2-equality but does not support pinning-to-0 or pinning-to-1.

By Lemma 14 we conclude that f is self-dual, meaning that w, = wg_, for all £ € {0,...,k}.
By Lemma 10, we conclude that f supports t-equality for all ¢ > 2. Our goal is to show that for all
sufficiently large A, there exists ¢ > 1 such that the approximation problem #Hyper2Spin(f, A, c¢) is
NP-hard. We prove this by considering two cases, depending on whether wy = 0 or wg = 1. We will
use the following lemma in both cases.

Lemma 23. Let [ be an arity-k symmetric Boolean formula that is self-dual. Let H be a hypergraph
with vertex set V and denote by ¥ := {o | 0 : V. — {0,1}} the set of all {0,1} assignments on V.
Let Q : X — X be the map which maps an assignment o to its complement G, i.e., & is defined by
Gy =1—0, for allve V. Then for every ¥’ C X, it holds that ps.u(X') = pr.a(Q(X)).

Proof. For every o € X, self-duality gives that wy.g(0) = wy,m(d). Summing this equality over all
assignments o in the subset ¥’ yields the result. O

We will split the analysis into two cases — the case where wy = 0 (Section 4.2.2) and the case where
wp = 1 (Section 4.2.3). Before these two sections, we make a digression into Constraint Satistfaction
Problems (CSP). The digression will introduce and prove a lemma that we will need for the wy = 0
case. In addition, it will provide some missing detail which we used in the Introduction to explain the
context of existing work.

4.2.1 A digression regarding Constraint Satisfaction Problems

Recall the CSP definitions from Section 1.1. Let CSP(I") be the problem of determining whether the
partition function Zp ; is non-zero, given an instance I of a CSP in which all constraints are from the
set I'.

We will use the following CSP terminology. Let f be an arity-k Boolean function. For some

positive integer m, let g be a function ¢ : {0,1}"™ — {0,1}. Suppose that Z1,...,T,, are m Boolean
k-tuples so for i € {1,...,m} we can write T; as a tuple T; = (w;1,...,2;x) in {0,1}F. We will
let Yy (T1,...,Tm) = (Y1,...,Yx) be the Boolean k-tuple constructed from g and from Ty,..., T, as
follows. For each j € {1,...,k}, y; is obtained by applying g to 1 j,...,Zm j S0 y; = g(Z1j,. .., Tm,j)-
The function g is said to be a polymorphism of f if, for any choice of m tuples Z1, ..., T,, satisfying
f(@1) == f(Tp) = 1, we also have f(y,(T1,...,Tm)) = 1.

We will use the following algebraic formulation of Chen [6, Theorem 3.21] of Schaefer’s famous
dichotomy theorem [18].

Theorem 24. (Schaefer) Let T' be a finite Boolean constraint language. The problem CSP(T) is
polynomial-tractable if one of the following siz functions is a polymorphism of every function f € I
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. g is the unary function go with go(0) = go(1) = 0.
. g is the unary function g1 with g1(0) = g1(1) =1

1
2
3. g is the arity-2 Boolean function AND.
4. g is the arity-2 Boolean function OR.
5

. g 18 the ternary majority function Maj defined by Maj(a,b,c) = (a Ab)V (aAc)V (bAc).

S8

g 1is the ternary minority function Minority defined by Minority(a,b,¢c) = a b ® c.
Otherwise, CSP(T") is NP-complete.

We start by showing that the decision problem CSP({f}) is NP-hard when f is a non-trivial arity-k
symmetric Boolean formula that is self-dual and satisfies wg = 0. In Section 4.2.2 we will use this fact
and the fact f supports equality to show that #Hyper2Spin(f, A, ¢) is NP-hard.

Lemma 25. Suppose k > 2. Let [ # fz(f%,fsgc), be an arity-k symmetric Boolean formula that is
self-dual and satisfies wg = 0. Then CSP({f}) is NP-hard.

Proof. We will show that f does not satisfy any of the tractable cases in Schaefer’s dichotomy theorem
(Lemma 24). Since f is not fz(,frz,, it is not identically zero. Thus, there is a j in the range 1 < j < [k/2]
such that w; = 1. We will use this value j in the cases below.
Cases 1 and 2: We first show that gy is not a polymorphism of f. To see this, let T; be any k-
tuple with j ones so that f(Z1) = 1. Applying the function go position-wise, we get ¥, (T1,72) =
(Y1, yk) = (go(z1,1),-- -, 90(x1)) = (0,...,0). But since wo = 0, f(0,...,0) = 0, contrary to the
fact that f(y1,...,yx) would have to be 1 if gy were a polymorphism of f. Similarly, applying g;
componentwise to T; we get ¥, (T1,72) = (1,...,1). Since wy, = 0 (by self-duality), f(1,...,1) = 0so
g1 is not a polymorphism of f.
Cases 3 and 4: Instead of doing both cases, we first use self-duality to argue that if OR is a
polymorphism of f then so is AND. For this, suppose that OR is a polymorphism of f. Let Z; and T2
be two tuples with f(Z1) = f(T2) = 1. For i € {1, 2}, let =F; be the position-wise Boolean complement
of T;. By self-duality, f(—Z1) = f(—-T2) = 1 so f(yor(—T1,T2)) = 1. But yor(—T1, ~T2) is the
position-wise Boolean complement of yanp (Z1, T2), so by self-duality, we also have f(yanp(T1,Z2)) =1,
establishing that AND is also a polymorphism of f. Thus, we can complete both cases by just showing
that AND is actually not a polymorphism of f.

Recall the value j < [k/2] from above. We first deal with the simplest case where there is a
Jj < k/2 with w; = 1. Consider two tuples Z; and T3, each with j ones, chosen so that there is
no position ¢ with z1, = z2, = 1. This is possible since j < k/2. Then f(Z1) = f(ZT2) = 1 but
Uanp (T1,Z2) = (0,...,0). Now wog =0, so f(Yanp(T1,T2)) = 0 and we have shown that AND is not a
polymorphism of f.

We now deal with the remaining case. We have j = [k/2]| and w; = 1 and every ¢ # j has wy = 0.
In this case we can consider any distinct tuples Z; and T2 with exactly j ones. Then Yanp (T1, T2) has
fewer than j ones so f(Ganp(T1,Z2)) = 0, so AND is not a polymorphism of f.
Case 5: Suppose that Maj is a polymorphism of f. We will derive a contradiction. In order to simplify
the tedious special cases arising from floors and ceilings we write k as kK = 67 + 3a + b where r is a
non-negative integer, a € {0,1} and b € {0, 1, 2}.

First, the fact that Maj is a polymorphism of f implies that for every ¢ < 2r 4 a, we have w, = 0.
To see this, let T, To and T3 be three k-tuples, each with ¢ ones, such that there is no position
p with more than a single one amongst x1 ,, x2, and x3,. This is possible since ¢ < k/3. Then
Umaj(T1, T2, Z3) = (0,...,0). So if Maj is a polymorphism of f we must have that one of f(71), f(Z2)
and f(73) is 0 (which means, by symmetry of f, that all of them are 0), so w, = 0.

Now consider any integer ¢ in the range 2r + a < £ < 3r + a. Specifically, for an integer s in the
range 1 < s <7, let £ = s+ 2r + a. Consider three k-tuples 1, To and T3, each with ¢ ones, such that
s positions have ones in all three tuples, s positions have ones in tuples T; and T», and the remaining
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positions have a one in exactly one tuple. Then Zy,; (ZT1,T2,T3) has 2s ones. Since 2s < 2r, we have
was = 0. So if Maj is a polymorphism we must have f(Z1) = f(T2) = f(Z3) = 0 so w; = 0.

So the only possible values of j where we could have w; = 1 satisfy j > 3r + a. By self-duality,
they also satisfy k —j > 3r+aso3r+a+1<j<3r+2a+0b. Since a+ 1 < 2a+ b, the pair (a,b) is
in the set {(0,2),(1,1),(1,2)}. So the three possibilities are

e (a,b) =(0,2) so k = 6r + 2 is even and the only j with w; = 1 satisfies 3r +1 < j < 3r +2 so
j=3r+1=Fk/2.

e (a,b) =(1,1) so k =6r+ 3+ 1 is even and the only j with w; = 1 satisfies 3r +2 < j < 3r +3
soj=3r+2==%k/2.

e (a,b) =(1,2) so k =6r+3+2is odd and the only j with w; = 1 satisfy 3r+2 < j < 3r+4so
by self-duality, there exactly two values w; that are non-zero, and these are j = 3r +2 = |k/2]
and j =3r+3 = [k/2].

There must be a j with w; # 0 since f is not the constant zero function. We show that in all
three cases Maj is not a polymorphism. We take the first two cases together, so suppose that k is even,
and that there is exactly one positive w; which is wy 3. Since k is even and greater than 2, it is at
least 4. Choose T; with 1’s in positions 1,...,k/2 and Ty with 1’s in positions 2,...,k/2 + 1. Choose
T3 with 1’s in positions k/2+1,...,k—1 and 1. Then Yy,;(Z1,T2,T3) has (k/2) + 1 ones (in positions
L...,k/2+1) s0 f(Ymaj(T1, T2, T3)) = 0 and Maj is not a polymorphism.

The final case is similar. Suppose that k¥ = 2¢ + 1 and that there are exactly two positive w;’s
which are w; and wyy1. Choose T3 with 1’s in positions 1,...,¢+ 1. Choose Ty with 1’s in positions
1,...,t and t +2. Choose T3 with 1’s in positions t+1,...,2t + 1. Then Jy,;(T1, T2, T3) has t + 2 ones
(in positions 1,...,t +2) 50 f(Yuaj(T1,T2,T3)) = 0 and Maj is not a polymorphism.

Case 6: Suppose that Minority is a polymorphism of f. We will derive some consequences about the
wy values which will give us a contradiction.

First, there is no index ¢ such that wy, = 1 and wy_o = 0. Clearly this is not the case for £ = k
since wy = 0. Suppose for contradiction that it is true for some 2 < ¢ < k. Construct tuples T, To
and T3 each with £ ones, such that the first £ — 2 positions have ones in all three tuples, and in each
of the next three positions there is exactly one zero. Any remaining positions are all zero. This is
possible since £+ 1 < k. Then Yjinority (T1, T2, T3) has £ — 2 ones so if Minority is a polymorphism of f
then f(Yminority (T1, T2, T3)) = 1 50 wy_o = 1, contradicting the assumption.

Next, there is no odd index 3 < j < k/2 such that w; = 0 and w;_2 = 1. Suppose for contradiction
that this is true for some j = 2r 4+ 1. Construct tuples 71, T2 and T3 as follows.

e The first 7 — 1 positions have ones in tuples T; and T3.
e The next r — 1 positions have ones in tuples To and T3.
e The next r positions have ones in tuple z; only.

e The next r positions have ones in tuple Zo only.

e The next position has a one in tuple Z3 only.

e Any remaining positions are all zero.

Each tuple has 2r — 1 = j — 2 ones. The construction is possible since 2(r — 1)+ 2r+1=4r — 1 <
dr +2 = 2j < k. Then Yyinerity(T1,T2,73) has 2r + 1 = j ones so and if Minority is a polymorphism
of f then f(Uminority(T1,T2,T3)) = 1 so w; = 1, contradicting the assumption.

The first fact rules out the possibility that there is an even index w, with w, = 1. This is ruled
out because wy = 0 and we can derive a contradiction by considering the smallest even ¢ such that
wg = 1. This also tells us that k is even. This follows because there has to be some j with w; = 1 and
from the above, j has to be odd. But if k is odd then k& — j is even, yet self-duality would imply that
Wg—j = 1.

So since f is not the trivial all-zero function fz(éiZ,, there is some (odd) j < k/2 with w; = 1. Take
j as large as possible. The first fact tells us that for all odd ¢ < j, wy = 1. The second fact tells us
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that for all odd ¢ between j and k/2, wy = 1. Thus, all odd ¢ have wy = 1. This implies that f = f(:fg,

O
contrary to the statement of the lemma. O

Before returning to our main proof, we present one more lemma that uses the language of polymor-
phisms, and we use this lemma to prove Observation 27, which supports our interpretation of existing
literature in the introduction to this paper.

Lemma 26. Suppose that k > 3. Let f be a symmetric k-ary Boolean function that is not in EASY (k).
Then either the arity-2 Boolean function AND is not a polymorphism of f or the arity-2 Boolean
function OR is not a polymorphism of f (or both).

Proof. We break the analysis into two cases.

Case 1. There is an index j in the range 1 < j < k — 1 such that w; =1 and w;1; = 0:
Let Z; have ones in the first j positions (and only in those positions) and let Ty have ones in
positions 2,...,5 + 1 (only). Then f(Z1) = f(ZT2) = 1. But yor(T1,Z2)) has j + 1 ones so
f(@Wor(T1,Z2)) = 0 and OR is not a polymorphism of f.

Case 2. There is an index j in the range 0 < j < k — 2 such that w; = 0 and w;1; = 1:
Let T; have ones in the first j + 1 positions (and only in those positions) and let T have ones
in positions 2,...,5 + 2 (only). Then f(Z1) = f(ZT2) = 1. But Yanp(T1,T2)) has j ones so
f(@anp (@1, T2)) = 0 and AND is not a polymorphism of f.

(k) p(k) (k)

If neither Case 1 nor Case 2 applies then f must be one of the four functions fzero, fones fajzero @0d
£ defined by £ (w1, ... ae) =0, fS92 (a1, .. ) =1,
f;flllcz)ero(‘rh cee 7xk) = 1{331 =... =Tk = 0}7
and i
fa(uo)ne(;vl, cohxp)=Hr = . =ap =1}
All four of these functions are in EASY (k). O

Observation 27. Suppose that A > 6 and k > 3 and that f is a symmetric k-ary Boolean function
that is not in EASY (k). Then there is no FPRAS for #CSP({f,do,d1}) unless NP = RP.

Proof. Theorem 24 of [11] gives the result unless (i) f is affine (given by a linear equation over GF5),
or (ii) f is in a set of functions called IM-conj. All symmetric affine functions are in EASY (k). IM-conj
is the same as the class IMy studied in [2, 8]. As described in these works, the Galois correspondence
between Post’s lattice and its dual shows that f is in IMs if and only if it has both AND and OR as
polymorhisms. Thus, by Lemma 26 this case does not arise. O

4.2.2 The case wyg =0

We now return to our proof. By assumption, k£ > 3 and f is a symmetric arity-k Boolean function that
is not in EASY (k). Since we are in Case II, the function f supports 2-equality but it does not support
pinning-to-0 or pinning-to-1. By Lemma 14, we know that f is self-dual. We are interested in the case
wo = 0 and we know from Lemma 25 that a related decision CSP problem is NP-hard. We wish to use
the hardness of the CSP decision problem to show hardness of our bounded-degree counting problem.
We will use the fact that f supports equality to introduce degree bounds and also to move to the more
restricted hypergraph 2-spin model where repeated variables are not allowed. The following technical
lemma is inspired by techniques from [13].

Lemma 28. Suppose k > 2. Let f # fz(fr)o,féﬁ be an arity-k symmetric Boolean formula that is
self-dual and satisfies wo = 0. Then there is a hypergraph H with Zy.g > 0 which contains vertices x
and y such that for any configuration o : V(H) — {0,1} with w¢, g (o) > 0, we have o(x) = o(y).
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Proof. We first prove that there exists a hypergraph Hy = (Vp, Fo) such that Z;,i, = 0. To see this,
consider the complete k-uniform hypergraph on 2k — 1 vertices, i.e., Vo = {1,...,2k — 1} and Fy is
the set of all k-element subsets of V5. Consider an arbitrary assignment o : Vy — {0,1}. Under o,
there exist k vertices which have the same spin, w.l.o.g. assume that these vertices are 1,..., k. Since
wy = wg, = 0 (note that wy = 0 by self-duality), it follows that the hyperedge {1,...,k} € Fp is not
satisfied under o. Since o was arbitrary, this proves that Z; gz, = 0. By removing hyperedges of H
successively, we obtain a hypergraph H' = (V’, F’) such that Z;.5» = 0 and for every e € F’, it holds

that Zp,gne > 0. Since f is not the all-zero function fz(ekrz,, we can conclude that H’ has at least one
hyperedge.

Choose e € F' and let S C e be the set of vertices of e that have non-zero degree in H' \ e. By
the minimality of H’, we have S # (). Let ¢ = |S|. Denote the vertices in S by v1,...,v; and the
vertices in e \ S by v;y1,...,v,. Consider i new vertices uy,...,u; ¢ V' and for each ¢t € {0,...,i},
let e; = {u1,...,us,ve41,-..,0;} U (e\ S). Further, consider the hypergraphs H; = (V;, F;) where
Vi = VU {uy,...,us} and Fy = (F' \ {e}) U {et}. Note that ey = e and e; has no vertices that
are in other hyperedges of H'. By the minimality of H’, we can conclude that Z;m, > 0. Let j
be the smallest integer such that Zyz, > 0. Then 1 < j < k. Also, for every o : V; — {0,1}
with wy, g, (o) > 0, it must hold that o(u;) # o(v;) (otherwise, we would have ws,m,_, (o|v,_,) > 0,
contradicting the fact that Zy,z, | = 0).

Let H = (V; U{u}}, Fj U{e}}), where € = {uy,...,uj_1,u},vj41,...,v;} U(e\ S). As above, we
conclude that Zy,zg > 0. Also, for every o : V; U {u }+ — {0,1} with wy,g(c) > 0 it must hold that
o(uj) # o(v;) and o(u}) # o(v;), so o(u;) = o’( %). So the vertices x and y in the statement of the
lemma can be taken to be u; and . O

We will now combine Lemmas 25 and 28 to conclude the following.

Lemma 29. Suppose k > 2. Let f # fzero,f oqq be an arity-k symmetric Boolean formula that is
self-dual and satisfies wg = 0. Then there is a Aqg such that for every A > Ay, there exists ¢ > 1 such
that #Hyper2Spin(f, A, ¢) is NP-hard.

Proof. From Lemma 28 we know there is a hypergraph H” with Zy, g~ > 0 which has vertices « and
y such that for any configuration o : V(H"”) — {0,1} with wf,z/ (o) > 0, we have o(z) = o(y).
Let Zy be the contribution to Zy,z» from configurations with o(z) = o(y) = 0 and let Z; be the
contribution to Zy,m~ from configurations with o(z) = o(y) = 1. By Lemma 23, we have Zy = Z;
so, since Zy + Z1 = Zy. g, which is positive, both Zy and Z; are positive. Let A” be the maximum
degree of H” and let Ay = 2A" + 1.

Let I' = {f}. We know from Lemma 25 that it is NP-hard to determine whether Zr ; = 0 given a
CSP instance I.

Consider a CSP instance I with variable set V' and constraint set S. We will show how to
(efficiently) construct a k-uniform hypergraph H’ with degree at most Ag so that Zpr; = 0 if and
only if Zy.p = 0. This will imply that determining whether Z¢.f» = 0 is NP-hard given a k-uniform
hypergraph H’ with degree at most Ay. Hence, for every A > Ag, #Hyper2Spin(f, A, c) is also
NP-hard.

The construction is straightforward, apart from the notation. For each v € V, let n(v) be the
number of times that variable v is used (taking all of the constraints in S together). Let V' = {(v, j) |
veV,1<j<n(v)} Let & be a set of constraints that is identical to S except that, for each v € V
and 1 < j < n(v), the j'th use of vertex v is replaced with (v, j). Note that the constraints in S’ use
each variable in V' exactly once. Thus, they can be viewed as hyperedges of a k-uniform hypergraph.

To build H’ we will take the vertices in V’ and the hyperedges in &’ but we will add some additional
vertices and hyperedges. In particular, for each v € V and j € {1,...,n(v) — 1} we will take a new
copy H, ; of H". We will identify the vertex x of H; with (v, ) and the vertex y of H ; with
(v,7+ 1) This completes the construction of the hypergraph H'. Note that the degree of each vertex
of H' is at most 2A” +1 = Aq. Also, H' can be efficiently constructed given I.

Now, by the properties of H”, every configuration ¢’ : V(H') — {0,1} with wy,z/(0) > 0 has
a((v,5)) = a((v,5")) for every v € V and every 1 < j,5' < n(v). Also, ¢’ induces a configuration
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o:V = {0,1} by taking o(v) = o’(v,1) = --- = ¢'(v,n(v)). Now note that

Zf;H/ = Z H f(U(Ul)v"'7J(Uk)) (H Z:((s))l> :

o:V—{0,1} \(v1,...,vx,f)ES veV

This is identical to the partition function Zy.; apart from the factors of Zy and Z;, which are both
positive. We conclude that Z;. g is positive if and only if Zy.; is positive. O]

4.2.3 The case wg =1

We now consider the case where wy = 1. We will use the following corollary of Lemma 18 (tailored to
the case where f is self-dual).

Corollary 30. Let f be an arity-k symmetric Boolean formula that is self-dual. Let H be a hypergraph,
let V be admissible for H (with Vo = Vi =0) and let z and y be vertices of H. Suppose that

cond(V)(

0<ppy (0z=0y=0)<ppy (0,=00,=1). (33)

Then there is a Ag such that for every A > Ay, there exists ¢ > 1 such that #Hyper2Spin(f, A, c) is
NP-hard.

Proof. For i,j € {0,1}, let p;; = u;‘?}}d(w(ai =i,04 = j). By Lemma 23, we have p111 = oo and

to1 = pr1o. It follows that condition (28) is equivalent to condition (33), so the corollary follows by
applying Lemma 18. O

We use Corollary 30 to show the following lemma.

Lemma 31. Let f : {0,1}F — {0,1} be a self-dual symmetric function. Let t1,ts be integers such that
t1 > 1,to > 0,2t1 + to < k. Suppose that

0 < wo + Wi, + wap, + Wapy 41, < 2(Why + Why 14,)- (34)

Then there exists Ag such that for every A > Ag, there exists ¢ > 1 such that #Hyper2Spin(f, A, c) is
NP-hard.

Proof. We will apply Corollary 30. Let e = {x1,...,2;}. Let V force equality on the sets of vertices
{Z1, . sz by {@e 415 o, Tty by {T2t, 41, - - - Tt 41, } and, whenever 2¢;+to < k, on {Tat, 44041, -+ Tt
(see Figure 6). Let t3 := k—2t1—t2 and set x := 1 and y := x4, +1. Note that the condition 2¢; 4+t < k
is equivalent to t3 > 0. By the assumptions, we also have that t3 > 0. Now define

€
ZO())( = Wo + th + w2t1 + w2t1+t27
Z5 = 2(wiy + Wiy 11,)-

First, suppose t2 > 0 and t3 > 0. In this case, we have (using self-duality in the first equality in

each line)
cond(V) ex
Hy.e (02 = 0y = 0) X Wo + Wr, + Wiy + Wiyt = Wo + Wey + Wagy 44, + Wat, = Zp5
1(V
M;?:(( (00 = 0,0, = 1) 0wy, + Wiy 11, + Wty + Wiy 410ty = Wey + Why g+ We, 4t + W5, = ZE5.

It is now immediate that inequality (34) is equivalent to condition (33) in Corollary 30, from which
the result follows.

The proofs for the remaining cases for the values of ¢, ¢35 are completely analogous. If t2 > 0 and
t3 = 0 then wy = way, 4+, and wy, = wa, so we have

u;?:d(v)(ow =0, =0) oxx wo +wy, = 3285,
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Figure 6: The hypergraph used in the proof of Lemma 31. The hypergraph has just one hyperedge e =
{x1,x2,...,2}. We partition the hyperedge into sets of sizes 1,1, t2,t3 and look at the conditional
distribution where the spins of the vertices in each set are equal.

aw
5o M(os = 0,0, = 1) 0wy, + w41, = 3255

If to = t3 = 0 then also wy, = wo and wy, ++, = Wy, , SO

d(v X
,u;og ( )(O'w =0, =0) x wo = + 753,

ne ™ (0s = 0,0y = 1) o wy, = 287

Finally, if ¢t = 0 and t3 > 0 then

cond(V) 1
Ko (0p =0y = 0) X wo + wy, = wo + way, = 5207,

cond ex
e (V)(al. =0,0y = 1) X Wy, + Wiy 44, = 2wy, = %Zor
Thus, in each of the above cases, the result follows by Corollary 30. O

We will also use the following inequality for binomial coefficients (which is slightly stronger than

the well-known log-concavity property (,";)(,};) < (")2)

(3

Lemma 32. For alln > i > 2, it holds that
n n n \?
1 1 .

Proof. For i = 2 the inequality becomes n? —n + 2 < n? which holds for all n > 2 (equality only if
n = 2). The same argument applies for ¢ = n. Thus, we may assume n — 1 > ¢ > 3. For i = 3 the
inequality becomes

IN

Equality holds iff n = 2,1 = 2.

—1)(n—2 2(n—1)2
<1+n(né(n))(n+1)§n(n4)<:>n42n3+5n216n1220.

The latter can easily be verified that it holds strictly for all n > 4. The same argument applies for
i =n — 1. Thus, we may assume n — 2 > i > 4.
For all such values of n, 4, the inequality follows by summing

() () < ()0 (33)
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A6 < ()

Inequality (36) is equivalent to n —i+1 < n —i+ 2 which is trivially true. To see (35), we first rewrite

it in the equivalent form
[(?) — (- 1)} Kzn2> G 1)] > (i — 1),

which follows from the inequalities () > 2(i + 1) and (,",) > 2(i — 1) (both are special cases of

(7;) > 2(j + 1) which holds for j > 2 and n > j + 2). O

We can now do the proof for this case. Recall that £ > 3 and that f is a symmetric self-dual
arity-k Boolean function that is not in EASY(k). The function f supports 2-equality but does not
support pinning-to-0 or pinning-to-1. We are assuming that wg = 1. Our goal is to show that for all
sufficiently large A, there exists ¢ > 1 such that the approximation problem #Hyper2Spin(f, A, ¢) is
NP-hard.

Let 0 < i < k/2 be the smallest positive index with w; = 1. Clearly, we may assume that such an

index i exists (otherwise, by the self-duality of f, we have f = é]g)

Claim 33. If there is a positive integer r with ri < k and w,; = 0 then, for all sufficiently large A,
there exists ¢ > 1 such that #Hyper2Spin(f, A, c) is NP-hard.

Proof. Let r be the smallest positive integer with ri < k and w,; = 0. Since w; = 1, we have r > 2.
We next check that the conditions of Lemma 31 are satisfied with ¢; = ¢ and to = (r — 2)i. First, we
clearly have t1 > 1, to > 0, 2t1 + to = ri < k. Moreover, the left-most inequality in (34) is true since
wo = 1. Finally, the right-most inequality in (34) also holds, since

Wy + Wiy 44, = Wi + W(r_1); = 2,
wo + Wi, + Wary + Wapy 41, = Wo + W(r_2); + W2 + wpi < 3,

where we used that w(,_1); = 1 and w,; = 0 (by the choice of ). Applying Corollary 30 yields the
claim. O

Claim 34. If there is a positive integer r < k that is not divisible by i and has w, = 1 then, for all
sufficiently large A, there exists ¢ > 1 such that #Hyper2Spin(f, A, c) is NP-hard.

Proof. Let r be the smallest positive integer that is less than k, is not divisible by ¢ and has w, = 1.
By the choice of 7, we have r > i. By self-duality, r isnot in {k —i+1,...,k—1} sor <k —i. We
next check that the conditions of Lemma 31 are satisfied with ¢t; = ¢ and t2 = r — i. We clearly have
t1 > 1,ta >0, 2t1 +to = r + 1 < k. Moreover, the left-most inequality in (34) is true since wy = 1.
Finally, the right-most inequality in (34) also holds, since

Wy, + Wiy 14, = Wi + Wy = 2,

wo + Wy, + Wop, + Wop, 44, = Wo + Wr—j + Wo; + Wy <3,

where we used that w, = 1 and w,_; = 0 (by the choice of 7). Applying Corollary 30 yields the
claim. O

The remaining cases that we have to deal with are now quite constrained, satisfying the following
properties.

e wy = w, = 1. (We know that this is true because this is the case that we are dealing with in
the current section, Section 4.2.3).

e The positive integers £ € {1,...,k—1} with wy = 1 are precisely the multiples of 4. This follows
from Claims 33 and 34.
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e k is a multiple of . Suppose instead that & = mi+ u for some non-negative integer m and some

integer u € {1,...,i—1}. Then w,,; = 1 since mi is either 0 (if m = 0) or it is a positive multiple
of ¢ which is less than k. Now k — mi = u so by self-duality w, = 1. But this contradicts the
choice of i.

e ; > 2. Ifi=1then f is the all-one function f = é,’fg If ¢+ = 2 then k is even since it is a

multiple of ¢. Then f is the easy function f = fe(fe)n
o 2i < k. We know that k is a multiple of 4, but if k is equal to ¢, then f is the equality function

_ £k
f=Tleq-
To finish the proof, we consider the hypergraph with a single edge e = {z1,...,2;}. Let x be
x9;—1 and let y be xq;. Let V force equality among the vertices in S = {22;41,...,2x}. Suppose first
that k& > 2i (so that |S| > 1). We will use £ to denote the number of spin-one vertices in z1, ..., Z2;_1.

Then, since the assignment to vertices in S can be either the 0 or 1 assignment, we get

212

nd(V 2i — 2
#;n;)e ( )(O'r =0, =0) x z < ¢ >(ng + Wit k—2i)s

£=0 (37)

2i—2 .
n 21— 2
,LL?;)ed(V)(UI = 0,0'y = l) o g ( ZE >('LU@+1 + wg+k_2i+1)-

But in the range 0 < ¢ < 2i — 2, wy is only positive if £ € {0,¢}. Similarly, by self-duality
Wy tk—2i = Wa;—p, which is only positive if £ € {0,i}. Similarly, wyy1 is only positive if £ =i — 1 and
Wy tk—2i+1 = Wa;—¢—1 which is only positive if £ =i — 1. So, (37) becomes

con 21 —2
,uf;ed(v)(gm:(jy:())oc2+2< i >,

cond (V) o o 21— 2
o (az—O,Jy—l)oc2(i_1>.

If k = 2i then we get the same equations (apart from a factor of 2, which makes no difference).
To finish the argument, we need only show that 1 4 (2’;2) < (2;__12), so that Corollary 30 yields

that for all sufficiently large A, there exists ¢ > 1 such that #Hyper2Spin(f, A, c) is NP-hard. To see
that 1+ (*%) < (*77), let n = 2i — 2. Note that 2 < i < n. Then Lemma 32 gives

R O =

21—2

The desired inequality follows after observing that (*~7) = (*';?) and simplifying.

4.3 Case II1

Throughout this section, we will assume that f supports pinning-to-0 (the case that f supports pinning-
to-1 is analogous by swapping the spins 0 and 1). Our goal is to show that there exists A such that
for all A > Ay, there exists ¢ > 1 such that #Hyper2Spin(f, A, ¢) is NP-hard.

We have the following analogue of Lemma 12 (tailored to the case where f supports pinning-to-0).

Lemma 35. Assume that f supports pinning-to-0. Let H = (V,F) and let Vo CV be admissible for

the hypergraph H, i.e., pp.u(ov, =0) > 0. With V = (Vy), recall that ujf:}]{d(v)(-) =pupua(-| oy, =0).

1. If there exists a vertex v in H such that p?;}d(v)(gv =1)>

pinning-to-1.

2. If there exists a subset S of V such that u}?zd(v)(as =1) = M‘}?Zd(v)(as = 0) = 1/2, then f
supports equality.

M?)z{d(\))(gv = 0), then f supports
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Proof. For Ttem 1, choose ¢ in the range 0 < & < \u;?zd(v)(av =1) - M;??Id(V)(UU = 0)|/2. By
Lemma 17, there exists a hypergraph H' with vertex set V' O V', such that for s € {0, 1}, it holds that
nd
|,uf;H’(O"U =s)— H;(?H (V)(UU =s)<e.
It follows that py,p/(0y = 1) > py.ar(0y = 0), so by Lemma 12, f supports pinning-to-1.
For Item 2, for € > 0, apply Lemma 17 to conclude that there exists a hypergraph H’ which
e-realises |S|-equality. By Lemma 10, we obtain that f supports equality. O

We remark here that, as in the analysis for Case I in Section 4.1, rather than formally defining Vj,
in each of the subcases which we consider, we will typically say, e.g., pin vertices x1, x5 to 0 instead
of specifying Vy as Vo = {x1,z2}. Also, unless otherwise stated, we will have V = (Vp).

Our first application of Lemma 35 is to show that if wg = 0, then f also supports pinning-to-1. So
assume that wg = 0. Let ¢ be the smallest index such that w; # 0 (if such an index does not exist, then

f= fz(fr?,), sothat 1 <i<k—1 (if i =k then f = fa((fgne). Let e = {z1,22,..., Tk}, PIN Tit1,..., Tk
to 0 and set x := x7.

i—-1 /. i—l .
cond(V) o 1—1 o cond (V) o 1—1 o o
Ke (UI—O)aZZ;( ¢ )wg—O, Ko (am—l)ocz_0< ¢ >wz+1—wi—1.

Thus, if wy # 1, by Lemma 35, we obtain that f also supports pinning-to-1, in which case we fall back
in Case I.

Thus for the rest of the proof in this section we will assume that wy = 1 (otherwise, as we showed
above, we fall back in Case I, where f supports both pinning-to-0 and pinning-to-1). Let ¢ > 0 be the

minimum index ¢ such that w; = 1 (we may assume that such an index exists, otherwise f = fa((fz)em).
We consider the cases ¢ = 1 and ¢ > 2 separately.

4.3.1 The case i > 2

The setting of this section is wg = w; = 1 and w; = ... = w;—1 = 0 (and f supports pinning-to-0).
We may assume that k > ¢ (otherwise f = féé))

Lemma 36. If k > i > 2, then the function f supports equality.

Proof. We show that f supports i-equality, so by Lemma 10, we obtain that f supports equality.
Let e = {z1,..., 2z} and pin vertices x;y1,...,x to 0. Denote S := {x1,...,2;}. We have

cond(V) cond(V) cond(V) (

My mr (05 =0) oxwp =1, Heg (05 =1) xw; =1, K g —og') o< 0.

cond (V)

Cond(v)(om =0)=pp g (0z=1)=1/2, so the result follows from Lemma 35. O

It follows that p FoH

Case IIla There exists j > i such that w; = 1.
Let j be the minimum such index. We have the following lemma.

Lemma 37. If j # 2i, the function f supports also pinning-to-1.

Proof. Suppose first that j < 2i. Let e = {x1,..., 2%}, pin Zj41,..., Tk to zero and set x := z1. We
have:

cond(V) i1 j-1 j—1

/’[’f;e (0'$:0)O(Z< i >w4:wo+( i )’wlzl—f—( i ),
£=0

cond(V) — J—1 J—1 J—1

e (%ZI)CXZ< ¢ )WH:(z’—l)w”wjzu(i—l)'
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From 2i > j, we have i — 1 > (j — 1)/2, so that M;‘?:d(v)(az =1) > M??:d(v) (0, = 0), so Lemma 35
yields that f also supports pinning-to-1.
We next consider the more difficult case 7 > 2¢. Let H be the hypergraph with vertex set
{z1, o Udyigs o U{zipn, o 2 d

and hyperedges {ex, ey, ez} with

ExX = {xlv"',xja"'axk}7 €y = {xla"7$i7yi+1;"'aij"'ayk}a
€z :{xi+17---71'21"Zi+17--~72j7--~7zk}-
We will pin to zero the vertices in Vy = {zj41,..., 25} U{yjt1,-. -, U} U{zj41,..., 2} (thus, in

the conditional distribution, each of the hyperedges ex,ey,ez has j vertices). Also, we will force
equality among the sets Va := {x1, 72, ..., w2}, V3 := {@2is1,..., 2}, Vi i= {¥iy1,...,y;} and Vs :=
{Zi+1, .. ,Zj}. Let  := x7.

Consider y;(_)zd(v)(.) =pspu(-| oy, =107, 01, 0%, 07}). We will show that

cond(V cond(V
ui ow = 1) > ui Y (0a = 0), (38)

so the result will follow by Lemma 35. To see (38), assume first that o, = 0. In the conditional
distribution u;?lr}d(v)(), it then holds that oy, = 0. From j > 2i, there is only one way to satisfy
ey,ez by setting oy, = oy, = 0. Further, there are at most two ways to satisfy ex (by setting oy, to
be 0 and possibly 1, if w;_9; = 1). Thus, the total weight of configurations with o, = 0 is at most
two. On the other hand, if 0, = 1 and hence oy, = 1, from w; = 1, there is at least one way to satisfy
to ex (by setting oy, = 1). Further, from w; = w; = 1, there are two ways to satisfy each of ey, ez
(any combination of {ov,, oy} € {0,1} works). Thus, the total weight of configurations with o, =1
is at least 4. We thus obtain that M;?Ed(v)(aw =1)> u;?;,d(v) (0, = 0), as wanted.

This concludes the proof. O

By Lemma 37, we may thus assume that j = 2i (otherwise we fall back into Case I, since f
supports both pinning-to-0 and pinning-to-1). That is, we have wg = w; = we; and for j < 2i with
J #0,4,24, it holds that w; = 0.

If ¢ > 2, by pinning k — 2 variables to 0, we (approximately) get a non-trivial self-dual constraint
with arity 2¢ (since wg = w; = wg; = 1) and hence the proof may be completed analogously to Case
IL. In particular, let e = {x1,...,2%} and pin x9;4+1,...,2; to 0. Denote x := xa;_1, y := x2;. Note
that if o is such that o, = 0, = 0, o has non-zero weight iff exactly 0 or i vertices from x1,..., 22
have spin 1 under o. Similarly, if o is such that o, = 0, = 1, ¢ has non-zero weight iff exactly ¢ — 2
or 2i — 2 vertices from x1,...,22;_2 have spin 1 under o. On the other hand, if ¢ is such that o, =0

and o, = 1 (or vice versa), o has non-zero weight iff exactly ¢ — 1 vertices from 1, ..., x2;_2 have spin

1. It follows that for {sy, sz} € {0,1}, we have u;?:d(\))(gr = $1,0y = S2) X Zs, 5, Where

21— 2 2t —2 2 —2 2t -2 21— 2
Zoo—( 0 >+< ; >, le—(i2)+<2i2>7 ZOI—ZIO—<i1)-

Note that Zyo = Z11 and ZgZ11 < Zop1Z10 by Lemma 32 (since 7 > 2), which gives that Zyy = Z11 <
Zo1 = Z19- Lemma 18 thus implies that, for all sufficiently large A, there exists ¢ > 1 such that
#Hyper2Spin(f, A, ¢) is NP-hard.

Thus, it remains to consider the case 1 = 2, i.e., wg = we = wy = 1 and w; = w3z = 0. Let j' be

the largest integer such that wo = wy = ... = wyy = 1 and wy = ... = wey_; = 0. We may assume
that 25’ < k, otherwise f = féfe)n.
Assume first woj11 = 1. Let e = {x1,22,..., 2%}, pin zojr42,..., 2 to 0 and set  := z;. We
have:
cond(V) <l 2j/ 25/ 1 cond(V) <l 2j/ 25/ 1
He (Um0)0(2<€)wg2j s M (0$1)0(2<Z)wg+12j + 1.
=0 =0
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By Lemma 35, we obtain that f also supports pinning-to-1, in which case we fall back in Case I.
Thus, we may assume that wej+1 = 0. We may further assume that 25' + 1 < k, otherwise

f= féfe)n. By the choice of j’, it follows that waj1o = 0. As before, let e = {x1,22,..., 2}, pin
Z2j/43,..., % t0 0, set x := x1, y := x2. We have:

2j/ 2]/ ,
V0, =023 (Y

cond(V) < 25" 2’ —1
L (0z=0,0y=1)x y w1 = 2 ,

£=0

2 o ,
M;c;:d(v)(o-w =0y = 1) o< ( 7 )IU4+2 —92/-1_ 1

£=0

Once again, we obtain from Lemma 18 that for all sufficiently large A, there exists ¢ > 1 such that
#Hyper2Spin(f, A, ¢) is NP-hard.
Case IIIb There does not exist j > ¢ such that w; = 1. Then we have wg = w; = 1 and w; =0

for all j # 0,4 (recall also that ¢ > 2). We may assume that ¢ < k, otherwise f = féé) We consider
separately the cases ¢ = 2 and ¢ > 2.

Consider first the case i > 2. Let e = {x1,22,..., 2k}, pin Tita,..., T to zero, force equality
between x3,...,z;+1 and set z := x1,y := 5. We have:
u(}?sd(v) (602 =0,0y =0) x wg +w;—1 =1,
cond (V) o o -
e (0 =00y =1) x w1 +w; =1,

nd
,LL;(; (V)(a:,c =10y =1) xws +wiy1 =0.

From Lemma 18, we obtain that for all sufficiently large A, there exists ¢ > 1 such that #Hyper2Spin(f, A, ¢)
is NP-hard.

Finally, we consider the case ¢ = 2. We may assume that k > 4, otherwise f = fe(\?e)n. Let
e={x1,x9,...,x}, pin T5,...,zL to zero and set x := x1,y := x2 (note that x3, x4 are “free”). We

have:
cond(V 2 2
[ ( )(O'w =0,0, =0) x (O)wo + <2)w2 =2,

con 2
,uf;ed(v)(oz =0,0y=1) x ( )w2 =2,

1
cond (V) _ _ 2 _
P (0z=10y=1)x 0 we = 1.

From Lemma 18, we obtain that for all sufficiently large A, there exists ¢ > 1 such that #Hyper2Spin(f, A, ¢)
is NP-hard.

4.3.2 The case 1 =1

In this case, we begin with the assumption that wg = wy = 1 (and f supports pinning-to-0).

Let j be the minimum index ¢ > 1 such that wy = 1. Let e = {&1,29,...,2%}. If j > 3 or such a
7 does not exist, pin z3,...,z; to 0, and set = := z1, y := x2. We have:
O, = 7y = 0) oo = 1,

H;?:d(v)(gr = 0,0y =1) xur =1,

37



u;f?:d(v)(agj =0, =1) xwy =0.

It follows by Lemma 18 that for all sufficiently large A, there exists ¢ > 1 such that #Hyper2Spin(f, A, ¢)
is NP-hard.

If j = 2, let j/ be the first index j* > j such that w; = 0. We may assume that j" exists otherwise

= éfg We have j' > 3. Let e = {z1,22,...,2}. Pin z;/41,..., 2, to 0, set z := x1, y := x5. We
3+
have:

cond(V) = j/ -2 3’ —2
Ko  (0p =0y =0)cx wy =27 7%,

cond(V) jl -2 j’—2
. z=0,0,=1 =27 7=
fpe (0 Ty ) o E ( ¢ )Wt

From Lemma 18, for all sufficiently large A, there exists ¢ > 1 such that #Hyper2Spin(f, A, c) is
NP-hard.
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