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Abstract: In an extremely influential paper Mézard and Parisi put forward an analytic
but non-rigorous approach called the cavity method for studying spin systems on the
Bethe lattice, i.e., the random d-regular graph Mézard and Parisi (Eur Phys J B 20:217—
233,2001). Their technique was based on certain hypotheses; most importantly, that the
phase space decomposes into a number of Bethe states that are free from long-range
correlations and whose marginals are given by a recurrence called Belief Propagation.
In this paper we establish this decomposition rigorously for a very general family of
spin systems. In addition, we show that the free energy can be computed from this
decomposition. We also derive a variational formula for the free energy. The general
results have interesting ramifications on several special cases.

1. Introduction

1.1. Disordered systems and the Bethe lattice. In 2001 in a ground-breaking contribu-
tion Mézard and Parisi proposed an analytic but non-rigorous technique that they called
the cavity method for the study of spin glasses on the ‘Bethe lattice’,! known in com-
binatorics as the random d-regular graph [48]. Mézard and Parisi argued that the Bethe
lattice constitutes an attractive halfway point between classical ‘mean-field’ models such
as the Sherrington-Kirkpatrick model with complete interaction between all sites and
spatial models such as the Edwards-Anderson model. Indeed, the Bethe lattice induces
a non-trivial metric on the sites, each of which interacts with only a bounded number
of others. But at the same time Mézard and Parisi showed that the model is amenable
to analytic methods, even though matters are significantly more complicated than in the

I Sometimes the d-regular infinite tree is referred to as the ‘Bethe lattice’. However, as Mézard and Parisi
point out, the d-regular infinite tree does not provide a particularly useful framework for the study of spin
interactions because almost all sites belong to the boundary of the tree. The random d-regular graph, which
they and hence we call the Bethe lattice, provides a useful way out: while the local geometry around a given
vertex is just a d-regular tree, at long distances this tree ‘wraps around’.
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fully connected case. They went on to argue that the spin glass on the Bethe lattice ex-
hibits many of the properties expected of real glassy systems, such as replica symmetry
breaking and the proliferation of pure states.

From the original contribution [48] sprang a truly enormous body of work that has
had a transformative impact on an astounding variety of subjects, ranging from physics
to combinatorics to machine learning. Many of the applications may appear unexpected,
even surprising. Almost all of them hinge on the cavity method. Prominent success sto-
ries include the development of ‘low-density parity check codes’, a rare example of a
statistical physics idea leading directly to an eminently useful, and widely used, algo-
rithm [56]. A further example is a new algorithm for the compressed sensing problem, a
fundamental signal processing task [58]. Other important cavity method-based contribu-
tions pertain to classical problems in mathematics, such as phase transitions in random
graphs and other random structures [41,46,47]. The cavity method has also been used
to put forward predictions in machine learning, including the capacity of the Hopfield
model or on restricted Boltzmann machines [45].

Due to these numerous ramifications, vindicating the cavity method rigorously has
become an important research task at the junction of mathematical physics, combina-
torics and computer science. There has been a lot of progress recently, e.g., [9,19,33,51];
we shall review the literature in greater detail in Sect. 2.5. However, much of this work
is concerned with special cases, mostly the ‘replica symmetric’ scenario where there is
just a single pure state.

The aim of the present paper is to move past such assumptions and special cases. We
confirm several of the key hypotheses of Mézard and Parisi, particularly the decomposi-
tion into pure states and the validity of the Belief Propagation recurrence, the mainstay
of the cavity calculations. Further, we obtain a general variational formula for the free
energy that is perfectly in line with the Mézard-Parisi ansatz. Additionally, we show
that the free energy can be computed from the Belief Propagation representation of the
pure states of the model. We obtain these results not merely for a specific model, but
for a broad family of models on the Bethe lattice. The prime example is, of course, the
diluted spin glass model. But in addition, since the proof techniques that we develop are
generic, the results apply to models that are of eminent interest in other areas, particularly
combinatorics, such as the Potts antiferromagnet or the hard-core model. Crucially, the
results apply universally to all parameter values (such as degree, inverse temperature)
of the respective models.

We should point out, however, that the present results fall short of fully corroborating
the Mézard-Parisi ansatz. Most importantly, while we prove that general random factor
graph models possess pure state decompositions represented by (approximate) Belief
Propagation fixed points, an important prediction of the Mézard-Parisi ansatz pertains
to the relative geometry of these fixed points. Roughly speaking, Mézard and Parisi pre-
dict three different scenarios, depending on the parameter values (such as temperature).
In the replica symmetric case, there is just one single pure state (or possibly a small
bounded number due to inherent symmetries). Moreover, in the /-step replica symmetry
breaking scenario an unbounded number of pure states occur, each represented by a
Belief Propagation fixed point. But these fixed points are predicted to exhibit a strong
symmetry property that ensures, e.g., that the empirical distributions of the Belief Prop-
agation messages in the different pure states are (nearly) identical. Finally, in the full
replica symmetry breaking scenario we also expect an unbounded number of pure states
and assorted Belief Propagation fixed points, which are arranged hierarchically in the
fashion of an ultrametric tree. While in the present paper we prove the existence of a



Spin Systems on Bethe Lattices 443

pure state decomposition and of associated Belief Propagation fixed points, our methods
do not suffice to establish these more precise predictions as to the geometry and relative
weights of the pure states. A full verification of these predictions remains an important
open problem as it would, among other things, lead to a significantly simplified vari-
ational formula for the free energy. For a more detailed discussion of the Mézard and
Parisi ansatz, replica symmetry breaking, and ultrametricity we refer to [46,53,54].

Technically the paper builds upon and continues two intertwined threads of prior
work. First, we bring to bear a variant of the ‘regularity method’ from combinatorics
that we developed recently [10,15,24] in order to establish the pure state decomposition
and to vindicate the Belief Propagation equations. Second, we seize upon Panchenko’s
work on asymptotic Gibbs measures and the interpolation method, particularly in order
to derive the variational formula for the free energy [52,53]. Both of these methods
were previously applied with great success to random graphs of Erd6s-Rényi type. This
line of work crucially exploited the relative geometric flexibility of the Erd&s-Rényi
model, whose Poisson degree distribution facilitates coupling arguments. By contrast,
the geometry of the Bethe lattice is rigid. While this entails that the specification of
the model, the cavity equations and their solution are quite ‘clean’, the rigidity poses
substantial technical challenges that the present paper resolves.

Before presenting the main results of the paper, which cover a broad family of prob-
lems that we call random factor graph models, in Sect. 2, we illustrate the results and the
concepts around which they revolve with the spin glass model from the original contri-
bution of Mézard and Parisi. We also work out an additional application to the hard-core
model and the independence number of the random regular graph. Several further ap-
plications, including the Potts model and the MAX ¢- CUT problem, are worked out in
Sect. 7.

1.2. The diluted spin glass. For integers d > 3, n > 0 such that dn is even, let G =
G(n, d) be the uniformly random d-regular graph on the vertex set V,, = {vy, ..., v,}.
With each edge ¢ € E(G) comes a standard Gaussian J,. The random variables
(Je)eeE(G) are mutually independent. For a given inverse temperature 8 > 0, the diluted
spin glass on G is the probability distribution on {£1}"" defined by

l_[ 1 + tanh (B Jyy)oyoy

1
uG(0) = —— > . (1.1)

Z(G) vweE(G)

where the partition function Z(G) ensures normalization.> Without the couplings J,,
this would just be the ferromagnetic Ising model on G. But since the J, are independent
Gaussians, some will be positive and others negative. In effect, some edges induce
ferromagnetic and others antiferromagnetic interactions, causing frustration. Thus, ug
is a spin glass model, the well-known diluted spin glass on the Bethe lattice.

There are two fundamental problems associated with this and numerous similar mod-
els: first, to characterize the structure of the Boltzmann distribution . Does it exhibit
long-range correlations? Does it decompose into one or several ‘pure states’, and if so,
how can we characterize them? Second, to calculate the quantity lim,,_, oo %E[log Z(G)],
which we call the free energy density. Its fundamental importance is due to the fact that
other important observables derive from it. Moreover, the singularities of the function
B = lim,_ %]E[log Z(G)] constitute the phase transitions of the model.

2 The expression (1.1) is equivalent to the possibly more familiar formula pg (o) o exp (,B Sow (rv(rw)‘
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Bethe states and the Boltzmann distribution. With respect to the first problem, Mézard
and Parisi hypothesized that the Boltzmann distribution always decomposes into one
or a moderate (albeit not necessarily bounded) number of pure states. Further, they
hypothesized that these pure states are characterized by fixed points of a recurrence
called Belief Propagation. Our first theorem confirms this hypothesis.

To be precise, writing dv for the set of neighbors of a vertex v, let .# (G) be the set
of all families (Vy—v)veV, ucsv such that v,_,, € [0, 1]. We call v, ,, the message from
u to v. The messages need not be symmetric, i.e., possibly v,_,, # v,_,,. Furthermore,
Belief Propagation is the operator BP : .#(G) — .#(G), v — D, where

n Hweau\u 1 +2tanh(BJyw) (Vw—v — 1/2)
Vy—s>u = .
o ZO’E{:I:I} Hweav\u 1+ 20 tanh(BJyw) (Vy—v — 1/2)

The motivation behind this operator, and the origin of the name ‘cavity method’, is this.
Suppose we fix a vertex v in a d-regular graph along with a neighbor u. Now suppose we
remove the vertex u, thereby creating a ‘cavity’. Then the ‘ideal’ message ug, ,— o that
we would like to compute is just the marginal probability pug—, , (1) that u takes spin 1
in the subgraph obtained by removing v. If the Boltzmann distribution ug is free from
long-range correlations, then these ideal messages should plausibly be a fixed point of
the BP operator. Indeed, if we remove v, then very likely its former neighbors will be
mutually far apart in the resulting graph. In effect, the joint distribution of their spins
should factorize. If so, then a straightforward calculation verifies that the ideal messages
are a fixed point of BP. In fact this reasoning goes back to Bethe’s classical work [15].

However, generally spin glass models do exhibit long-range correlations, a phe-
nomenon called replica symmetry breaking (see, e.g., [17,25] for proofs that replica sym-
metry breaking occurs in certain models). Yet the fundamental hypothesis of Mézard and
Parisi holds that the phase space {£1}"» always decomposes into Bethe states Sy, . . ., S¢
in such a way that the conditional distributions pg| - |S,] are free from long-range cor-
relations. Formally, this means that if we pick a pair of vertices (v;, v;) uniformly at
random, then typically the conditional joint distribution KG,v;,v; [-|Sn] of the spins of
v; and v; is close to the product distribution g, v, (- |Sp) ® KG,v, (-18n), i.e.,

1

= > G CISK) = 16w IS0 ® pw; 180 |1y = 0D, (1.3)

(1.2)

1<i<j<n

In effect, within each Bethe state the ‘ideal’ messages are predicted to be an approxi-
mate fixed point of the BP operator. To be precise, for adjacent vertices u, v we write
UG v—ulSh] = G—u v (1|Sy) for the conditional probability given Sy that v takes spin
1 in the subgraph of G with u removed. Then we expect that

1 n
= D luem—ulSil = eyl Sillry = (1) whete (g vulSiDvev, uciv

i=1 uedv;
= BP(H’G,U*)M[S}!])UEV”,MEE)U' (1.4)

Further, the cavity method predicts that the Boltzmann marginals can be obtained from
the messages by a formula quite similar to (1.2):

Hweav,- 1 +2tanh(BJ) (UG wlSh]l — 1/2)
> oet1y [ lwesy, 1 +20 tanh(BI) (uG, wlSp] — 1/2)

1 n
— D 16w (11SH) - = o(1).
i=1

(1.5)
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The following theorem establishes these conjectures rigorously. We say that G enjoys a
property with high probability (‘w.h.p.”) if the probability that the property holds tends
toone as n — oQ.

Theorem 1.1. For any d > 3, B > 0 the following is true. Let L = L(n) — 00 be
any integer sequence that tends to infinity. Then there exists a decomposition Sy =
So(G), S1 = S1(G), ..., S = S¢(G), £ = L(G) < L, of the phase space {£1}" into
non-empty sets such that L (So) = o(1) and such that with high probability (1.3)—(1.5)
are satisfied forh =1, ..., L.

Crucially, and in contrast to much prior work in this area, Theorem 1.1 applies indis-
criminately to all d, . While it is expected that in the ‘high-temperature’ regime (small
B) there is just a single pure state, it is widely conjectured that for large d and S the
number of pure states is unbounded. Thus, we do not expect that it will be possible to
replace the unbounded L in Theorem 1.1 by a constant. Yet Theorem 1.1 shows that the
number of states can be upper bounded by an arbitrarily slowly growing function L(n).

The free energy. The Bethe states and their associated messages contain all the in-
formation needed to compute the free energy. To be precise, once more following the
ideas of Mézard and Parisi, we can set up a recurrence for computing the difference
Ellog Z(G(n+1,d))] — E[log Z(G(n, d))], which in turn enables us to write a formula
for %]E[log Z(G(n, d))] by telescoping. To set up such a recurrence it is necessary to
crack the rigid geometry of the random regular graph open a little bit. To this end, we re-
sort to the idea of creating a few ‘cavities’. Specifically, we delete a few random vertices
and edges from G(n, d). Formally, let w > 0 and let X, Y be two independent Poisson
variables with mean w. Moreover, let u1, ..., ux and viwy, ..., vywy be sequences
of uniformly random vertices and edges of G, chosen independently. With Sy, ..., Se
the decomposition from Theorem 1.1, we introduce weights
-1

X
zen=nc@) -] Do [T 1+20 @anh(BJuu) (kv l01Sh] = 1/2)

i=1 \oe{£l}vedu;

Y
1_[ (1 +4 tanh(BJv;w,) (UG, v;—w; [11Sh] = 1/2) (146, w;—v; [11Sh] — 1/2))_1
i=1

and zg = Zfl=1 za.»- Further, let € (G) be the set of all vertices of degree less than

d in the graph G, ,, obtained from G by removing uy, ..., ux and viwy, ..., vywy.
Then with high probability each ¢ € € (G) has degree precisely d — 1, and we write ¢’
for the erstwhile d’th neighbor of c¢. Further, with ¢1, ¢z, ... a sequence of uniformly

and independently chosen elements of 4’(G) and (J;);>1 a sequence of independent
standard Gaussians, we let

4 d
BG)=F @Ziﬂ 3 T +20 anh(BJ)(ug e e [Sh] — 1/2)|G
h=1 oce{+l1}i=1

)
d G
— EE |:log1 +4tanh(8J ) E TJ(MG*‘.]*}C’I [1]Sk]
h=1

d
~1/2)(1 15111511 — 1/2)‘@] ~ 3 log2.
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The expression A(G) mirrors our recurrence for the difference E[log Z(G(n+1, d))] —
E[log Z(G(n, d))]. Having created a moderate number of cavities, we insert a new
(n + 1)st vertex, connected to d randomly chosen ‘cavities’. The first summand above
represents the ensuing change in the free energy. But this operation adds d more edges,
whereas a random regular graph with n + 1 vertices only has d/2 more edges than one
with n vertices. Therefore, a correction term is needed. Hence the second summand.

Crucially, the functional #(G) depends only on the pure state decomposition from
Theorem 1.1 and the associated messages. The following theorem shows that this infor-
mation suffices to compute the free energy.

Theorem 1.2. Foralld > 3, B > 0 we have
1
lim —E[log Z(G)] = liminf liminf E[A(G)].
n—-oon w—>00 n—>00

Entirely in line with the ideas developed in [48], Theorem 1.2 establishes a direct
conceptual link between Belief Propagation and the pure state decomposition from The-
orem 1.1 and the free energy for all d, B. Of course, in order to evaluate ZA(G) it is
necessary to actually determine the pure state decomposition along with the correspond-
ing Belief Propagation messages. The shape of this decomposition, and the practical
difficulty of computing it, will depend significantly on the parameters d, 8. Alterna-
tively, as we see next, it is possible to derive a variational formula for the free energy.

Avariational formula. The variational formula comes in terms of an optimization prob-
lem on a space that resembles the graphon space from the theory of graph limits [44].
To be precise, let v : [0,1]> — [0, 1], (s,x) — vs, and V' : [0,1]> — [0, 1],
(s, x) — vg’ . be measurable maps. We define the cut distance between v, V' by

/
/S/x Vs,x (@) = V) () (@)dx ds |,

where ¢, ¢’ : [0, 1] — [0, 1] are measurable maps that preserve the Lebesgue measure
and S, X C [0, 1] are measurable. Obtain the space £ by identifying any v, v' with
20(v,v') = 0. Then K endowed with the cut distance is a compact metric space. In
addition, write ® for the space of probability measures on K.

The formula for the free energy comes as a variational problem on a subspace ©* of
D.Let N, M > 0 be integers. For € £ we define a randomly perturbed 1 *™V-M) ¢ &
as follows. Let (x; j); j>1 be a family of uniform random variables on [0, 1] and let
(Ji,j)i,j>1 be a family of standard Gaussians, all mutually independent. Then for s €
[0, 1] we define

20(w,v') = inf  sup
#.¢" §,XC0,1]

N d
=[] X []t+2@h®Ji)Gx, —1/2)
i=1 \oe{xl} j=I1
M

(1+4tanh(BJien, D) (s xioy s — 1/2) (s xiay > — 1/2)) -

i=1

Further, let

6 1
t =t(s) =inf {9 e [0,1]: / Z,du > sf zudu} , and M;(;V,M) = urx € R
0 0
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Now, suppose that 7 € D is a distribution, and write ™ € R for a sample from 7. Then
we let D* be the set of all 7 € ® such that the perturbed p™*V-*) has distribution 7
again for all N, M > 0.

The definition of ®*, which is an adaptation of the one stated by Panchenko [52]
in the case of models of Erd6s-Rényi type, mirrors a natural combinatorial invariance
property of the graph G, ,, with the random cavities. Indeed, because the numbers X, Y
of deleted edges and vertices are Poisson with a large mean w, for any fixed N, M the
random graph G,, ., with X deleted vertices and Y deleted edges is close in total variation
to the one with merely X — N deleted vertices and Y — M deleted edges. Furthermore,
because adding or removing a small number of edges only affects the Boltzmann weights
by a bounded factor, we should expect that the Bethe states of these two factor graphs
remain the same. But, of course, the relative probability masses of the Bethe states
will be different. Accordingly, the weights z; mirror the changes in the weights of the
Bethe states upon re-insertion of N vertices, each with d incident edges, and another
M edges into G, .. Once we take w and 7 to infinity, the closeness of the two random
factor graphs in total variation translates into the statement that the distribution of the
messages emitted by the cavities of G, ., belongs to ©*.

Finally, define a functional & : & — R by letting

1 d
%’(M):E[log > /O []1+20 @nh(BJ; ;) (sx,, — 1/2)ds
i=1

oe{£l}
d 1
~ S log (1 +4tanh(BJ1,1) / (soers = 1/2)(tsxr s — 1/2>ds) |
0
d
— —log2.
2 8
We are ready to state the variational formula for the free energy.
1
Theorem 1.3. Foralld > 3and > Owehave lim —E[log Zg(G)] = min E[A(u™)].
n—oon TED*

Theorem 1.2 provides the combinatorial interpretation of the optimal 7 for Theo-
rem 1.3: it is the kernel representing the messages (UG, c—¢'[ - 1Sh]ce#(@).n=1,...,¢ sent
out by the cavities on the individual Bethe states.

1.3. The hard-core model. As a second application we discuss the hard-core model
on the random regular graph G = G(n, d). This is a probability distribution on the
collection of independents sets of G parametrized by A > 0, the fugacity. Formally,
encoding subsets of the vertex set by their indicator vectors, we define

W= O
7(G)

1_[ 1 — 1{v; € dvj}oio; (o € {0, 1}"),

I<i<j<n

ng(o) =

with Z (G) the partition function that turns ug into a probability measure. Thus, ug (o) =
0 unless the 1-entries of o form an independent set in G, in which case the weight of o
is proportional to X taken to the power of the size of the independent set.

The hard-core model, of great prominence in statistical physics, is of eminent impor-
tance in combinatorics as well because it is closely related to the problem of finding the
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size of the largest independent set of the random regular graph. For d large, this problem
was solved by Ding, Sly, and Sun [34] using an intricate version of the second-moment
method guided by insights from the 1-step replica symmetry breaking (1IRSB) version
of the cavity method. But according to the physics predictions [13], the 1RSB method
runs into an inherent obstacle for small d as the model exhibits a continuous phase
transition to a more complicated ‘full replica symmetry breaking’ (full RSB) phase. In
Corollary 1.5 below we will derive a formula for the largest independent set size that
holds for all d and that accommodates the full RSB scenario.

But let us first deal with the free energy of the hard-core model, in and of itself
a well-known problem. To derive a variational formula for the free energy, obtain &;
from the space of all measurable functions [0, 11?7 = [0, A /(1 + X)] by identifying any
v,V with (v, v') = 0. Then £, is a compact. In addition, we let ©; be the space
of probability measures on £; . Similarly to the spin glass problem, the formula for the
free energy comes as a variational problem on a subspace D7 of ©;. This subspace
is defined as follows. Let (x; ;); j>1 be a family of independent random variables,
uniformly distributed on [0, 1], and let N, M > 0 be integers. Then for u € R, we
define a random p*V-M) e g; as follows. For s € [0, 1] let

d M

N
s = 1_[ 1 + )" 1_[ 1 - Ms,x,-,j 1_[ (1 - MS,XHNJ/‘LS,xHN.z) and
i=1

j=1 i=1
0 1
t:t(s):tyinf{@ e [0, 1]:/ 2 ds >sf fj},”du}
0 0

and set

WM =y € R

Further, suppose that 7 € 9, is a distribution, and write u” € K, for an element
chosen from 7. Then we let D3 be the set of all 7 € D, such that u* and pEWNM)
are identically distributed for all N, M > 0. Finally, let #Z : R, — R be the function
defined by

d 1
ZA(u) =E | log 1+X/ 1_[1 M x; ;ds —Elog<1 /Oﬂs,x1,1ﬂs,x1,zds>

The variational formula for the free energy reads as follows.

Theorem 1.4. For all d > 3 and . > 0 we have
1
lim —E[log Z(G)] = &4, with  ®g4; = min E[Z(u™)].
n—oo n TeD}

In the limit A — oo the distribution i ) concentrates on the maximum independent
sets of the random graph. As an application of Theorem 1.4 we therefore obtain the
following result on the size of the largest independent set, i.e., the independence number
a(G) of the random graph.

1
Corollary 1.5. For all d > 3 we have lim —E[ax(G)] = lim A - (Pg 11 — Dyi).
n—-oon A—>00
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The formula in Corollary 1.5 may not be easy to evaluate; in particular, it may be difficult
to obtain a numerical estimate for a given value of d. Nonetheless, since the proofs show
that the optimal 77 in Theorem 1.4 is closely related to the Belief Propagation fixed points
on G, it should be possible to extract combinatorial information about the independent
set problem on random graphs. In any case, Theorem 1.4 and Corollary 1.5 put a lid on
the complexity of the problem.

1.4. Organization. In Sect. 2 we present the main results of the paper, which cover a
broad family of random factor graph models. At the end of Sect. 2 we are in a posi-
tion to discuss related work in detail. Sections 3—6 deliver the proofs of these general
results. Finally, in Sect. 7 we show how Theorems 1.1-1.4 and Corollary 1.5 follow
from the general results in Sect. 2. In addition, we work through several more applica-
tions that have each received considerable attention in their own right, such as the Potts
antiferromagnet.

2. Random Factor Graphs

In this section we present the main results of the paper, which cover a broad class of mod-
els called random factor graphs. The class encompasses many well-studied examples
of problems on random regular graphs or hypergraphs, including the spin glass model
from the previous section. Some other cases, such as the hard-core model or extremal
cuts, can be dealt with by taking limits; we will come to that in Sect. 7.

2.1. Definitions. To define random factor graph models, we consider a finite set Q2 # &
whose elements we call spins. Moreover, for an integer k > 2 we let (U, P) be a
probability space of weight functions ¥ : QX — (0, 1). We always denote by ¥ an
element of W chosen from the distribution P. The space W may be finite or infinite. In
the latter case we assume that

Elexp(1/ mink ¥(0))] < 0. 2.1)
oeQ

Furthermore, we always assume that the distribution P is invariant under permutations
of the coordinates. That is, for any ¢ € W and for any permutation « of {1, ..., k}
the function ¥* : o — V¥ (oy,, ..., 0y ) belongs to ¥ as well and ¥* has the same
distribution as ¥. Additionally, let p be a probability distribution on 2 with p(w) > 0
for all w € Q. Further, let d > 3,n > 0 be integers and set m = |dn/k]. Let V,, =
{vi, ..., vy} be asetof variable nodes and let F,, = {ay, ..., a,} be a set of constraint
nodes.

Definition 2.1. Suppose that k divides dn. The random factor graph G = G(n, d, p, P)
consists of

e a weight function v, € W drawn from the distribution P independently for each
i=1,...,mand
e anindependent uniformly randombijection dg : Fy, x{1, ..., k} = V,x{1,...,d}.

The definition resembles the pairing model of random regular graphs [40]. Accord-
ingly, we use standard graph-theoretic terminology. For instance, we call x; € V,, and
aj € I, adjacentif there exists € [d]and k € [k] suchthat 9 (aj, t) = (x;, s). We also
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use the symbol d¢ (a;, t) for the variable node x; such that 9 (a;, t) = (x;, s). Further,
we write dgx; for the set of all a; € F), that x; is adjacent to, and similarly for a;. We
omit the index and just write dx;, da; etc. where the reference to the random graph is
apparent. In particular, G induces a bipartite graph on the variable and constraint nodes,
and thereby the shortest path metric on V,, U F,,. Hence, by extension of the above
notation, we write 9% u for the set of all nodes at distance precisely £ from u and Véu
for set of all variable nodes at distance at most £ from u.

We let . be the event that G is simple, i.e., that there do not occur multiple edges
between any variable and constraint nodes. Moreover, we denote by G the conditional
distribution of G given .”. Let us make a note of the following well known fact.

Fact 2.2 ([40]). We have P[G € .71~ exp[—(d — 1)(k — 1)/2— 1{k = 2}(d — 1)*/4].

The random factor graph induces a probability distribution on Q"». To define it, we
introduce the shorthand v, (o) = V¥, (0(d(a;, 1)), ...,0(d(a;, k))) for i € [m] and
o € QY. Thus, Yq; (o) is the weight that constraint node a; gives to o. Further, we
introduce the fotal weight

¥6(0) =] [Va (@) (0 Q")
i=1

by multiplying up all the weight functions of the constraint nodes. The total weights
Y (o) give rise to the partition function and the Boltzmann distribution:

VG (o)
Z(G)

26G) =Y ve@|[[re)), ne)=
TeQVn i=1

[[pe@) (@ ea".
i=1

(2.2)

Since all the weight functions i € W are strictly positive, the Boltzmann distribution is
a well-defined probability measure on the phase space Q".

We set out to investigate the structure of the Boltzmann distribution pg(-) and to
compute the partition function Z(G) or, more specifically, its logarithm, which we call
the free energy. In Sect. 2.2 we will prove the main result of the paper, which provides
that the Boltzmann distribution decomposes into a convex combination of relatively
simple distributions called Bethe states. But before we come to that, let us look at an
example.

Example 2.3 (the k-spin model). Let Q2 = {41}, let k > 2 be an integer and let 8 > 0
be a real parameter. The k-spin model is a generalization of the spin glass model from
the previous section, which corresponds to the special case k = 2. The weight functions
of the k-spin model read

1 k
V.01, ..., 00) = 5 (1 +tanh(,3])1_[oi> (J € R).

i=1

Thus, ¥ = {yg ; : J € R}, and the distribution P on W is defined by choosing J from the
standard Gaussian distribution. This distribution clearly satisfies (2.1). Geometrically,
this model lives on a generalized Bethe lattice where all variable nodes, representing
the sites, have degree d, while all constraint nodes, representing the interactions, have
degree k.



Spin Systems on Bethe Lattices 451

The hard-core model from Sect. 1.3 cannot be expressed as a factor graph model
directly because of the requirement that all weight functions be strictly positive. But it is
possible to arrive at the hard-core model by taking suitable limits; see Sect. 7 for details.

2.2. Bethe states. The Belief Propagation message-passing scheme provides the main-
stay of the physicists’ non-rigorous cavity method. Our first main result vindicates its
use by showing that the Boltzmann distribution of any random factor graph model can
be described in terms of Belief Propagation fixed points.

To introduce Belief Propagation let .# (G) be the message space, consisting of all
families

V= (Vy—a, Va—)v)vEVn,aeF,l:veaga

of probability measures v,_.4, V4—, On 2. For adjacent a, v we interpret v,_,, as a
‘message’ from v to a, and v,_,, as a message in the reverse direction. We equip .# (G)
with the metric

1
B0 =2 T o= vl # s =y
v,a:vedga

Belief Propagation is the operator BP : .# (G) — .# (G) that maps v to b defined by

P©@) [Tpeavra Vo—v(0)
> req PO [heppa Vo—o(D)’
> reqia Uty = 0}¥a () [1ycparp Yw—a(tw)
> _reqia Ya(T) Hweaa\y Vw—a(Tw) '

Further, a point v € .Z (G) is an e-Belief Propagation fixed point if 21(v, BP(v)) < e.

For a thorough discussion and motivation of Belief Propagation we refer to [46]. The
punch line is that on acyclic factor graphs a Belief Propagation fixed point computation
provably yields the marginals of the Boltzmann distribution as well as the free energy.
Since the random graph G contains only very few short cycles, one may therefore expect
that Belief Propagation renders meaningful information on random factor graphs as well,
provided that the Boltzmann distribution is free of long-range correlations.

Alas, in general long-range correlations do occur. Nevertheless, we will prove that
the Boltzmann distribution still decomposes into a convex combination of relatively few
‘Bethe states’, characterized by Belief Propagation fixed points. To be precise, suppose
that @ # § C Q7 is an event. Let v be a variable node and let ¢ € dgv. Then we
define pG y—q(-|S) as the conditional marginal of v given S under the Boltzmann
distribution of the factor graph G — a obtained from G by removing the constraint node
a. In formulas, with (-, ug(-|S)) denoting the expectation with respect to o drawn
from pug(-|S), we have

Dysalo) =

(2.3)

Dasv(0) =

(Lo, = 0}/ Ya(@). (- 1S))
valo | S) = Q). 2.4
HG—al@ | 5) (1/¥a(@). G (-1S) (e @4

Similarly, we let j1G 4—, (- |S) be the conditional marginal of v under the Boltzmann
distribution of the factor graph obtained from G by removing all constraint nodes b €
dgv\a and disregarding the prior of v:
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(tew = 01/(p(©@) TTyeana V(@) kG- 19)

(o0 €). (2.5)
(/@) Tyeama Vo@D, 16 (-15)

MG,a—)v(U | S) =

We refer to G v—a (- 15), LG a—v (- |S) as the standard messages given S.

Definition 2.4. Let ¢ > 0. An event S C Q" is an &-Bethe state of G if the following
two conditions hold.

BS1: the standard messages given § are an e-Belief Propagation fixed point.
BS2:if ¢,¢ < 1/eandif I C V,, J C F;, are independent uniformly random sets of
sizes [I| = ¢, |J| = £', then for every o € Q" we have

IE’ <1{VU cTUJ U :0,=0,), ug(- |S)>
p(oy) Haeav V(o) Hweaa\v Hw—a(0ow]S) .
erQ p(x) naeau ZreQZ’” Ya(T) Hweaa\v Hw—sa(Tw]S)

Ya(o) Hweaa Hw—a(ow|S)
acd ] Zregau Ip(l(‘l:) Hweaa Hw—a (Twls)

vel

< €. (2.6)

Thus, on a Bethe state the standard messages form an approximate Belief Propagation
fixed point. Furthermore, locally around a bunch of randomly chosen variable and con-
straint nodes the Boltzmann distribution is characterized by the standard messages. In
particular, setting £ = 0 and ¢’ = 1 in BS2, we see that the conditional joint distribution
G .aa(+|S) of the variables around a typical random constraint node a reads

Ya(o) nweaa Hw—sa(owlS)

0] Qaa. 27
oo Va0 [Tycas tiwsa(mls) T 0@ @ €20 GD

MG,Ba(G | S) = Z

Additionally, setting £ = 1 and £’ = 0, we find that the local distribution around a typical
variable node v, i.e., the distribution ug sz, (- |S) induced on the second neighborhood
of v, reads

1% 2,0 | 8) = p(ov) Ha€3U Va(0) Hwei)a Hw—a(op]S)
G,vUd*v erg p(X) Hueav ZTEQZM lﬂa(‘r) l_[weaa Hw—a(Tw|S)

+0() (o € Q™) 2.8)

Thus, for most variable nodes v the conditional Boltzmann marginal g , (- |S) satisfies

p(o) l_[agav Ha—sv(0]S)

0 Q). (9
xeszP(X)]_[aeavua_)v(ms)‘F (e) (0 €Q) (2.9)

nGw(o | S) = 5

Apart from the conditioning on S, the formulas (2.7)—(2.9) coincide with the ones known
in the acyclic case [46].

In addition, (2.6) implies that if we pick a few variable and/or constraint nodes
randomly, then the joint distribution of their neighborhoods approximately factorizes.
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Applied to £ = 2, ¢’ = 0, this means that once we condition on S, the joint distribution
of two randomly chosen variable nodes is close to a product distribution:

Y Efr6un (19— keu (19 @ ugy, 19 = 0@: @10

I<i<j<n

in statistical physics jargon, the conditional distribution pg (- |S) is replica symmetric.

Confirming the picture sketched by the cavity method and vindicating the use of
Belief Propagation for the study of the Boltzmann distribution, the following theorem
shows that w.h.p. the Boltzmann distribution of a random factor graph decomposes into
a relatively small number of Bethe states.

Theorem 2.5. For any function L = L(n) — o0 there exists ¢ = ¢(n) — 0 such that
the following is true. There exists a decomposition Sy = So(G), S1 = S1(G), ..., S =
Se(G), £ = L(G) < L, of Q" into non-empty sets such that ug(So) < & such that with
high probability Sy, ..., S¢ C Q" are e-Bethe states. The same statement holds with G
replaced by G.

An important feature of Theorem 2.5 is that the upper bound L on the size of the
Bethe state decomposition can be an arbitrarily slowly growing function of n. Thus, the
Gibbs measure can generally be decomposed into relatively few Bethe states, within
which long-range correlations are negligible and where short-range correlations are
characterized by Belief Propagation.

2.3. The free energy. Apart from the structure of the Boltzmann distribution, a second
key challenge is the computation of the free energy. More specifically, arguably the
single most important quantity associated with a random factor graph model is the free
energy density

lim lE [log Z(G)]. (2.11)
n—oon

Of course, it comes as no surprise that computing (2.11) generally poses a formidable
challenge. In fact, even the existence of the limit remains an unresolved problem in
several interesting cases.

The next theorem provides a formula for (and en passant establishes the existence of)
the limit (2.11) in terms of the Bethe state decomposition from Theorem 2.5 for a broad
class of models. We merely require a certain ‘convexity condition’. This condition can
be stated neatly in terms of a space that resembles the graphon space from combinatorics
[44]. Specifically, let .# be the space of all measurable maps [0, 11> — £(£2) modulo
equality (Lebesgue-)almost everywhere. We call these maps strong kernels. For (s, x) €
[0, 1]and u € F welet us » € Z(Q2) denote the function value of  at (s, x). Further,
for w, u' € & we define the cut distance

Za(u, 1) = inf  sup
¢.¢ §,XC[0,1]
weR

]; / H“S,X(a)) - M:p(s)’w/(x)(a))dx ds B (212)
X

where the infimum is over all measurable ¢, ¢’ : [0,1] — [0, 1] that preserve the
Lebesgue measure and where the supremum runs over all measurable S, X C [0, 1].
Strictly speaking, Z(-, -) is a pre-metric (as possibly Z7(u, v) = 0 even though
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u # v). We therefore let £ be the metric space where any two w, v with Zq(u, v) =0
are identified. Then £ is a compact Polish space [39]. Additionally, we write © for the
space of all probability distributions on £.

Crucially, the convexity assumption that we require comes solely in terms of the
distribution P on the set ¥ of weight functions. Namely, let x = (x;);>1 be a sequence
of independent uniformly random points in [0, 1], chosen independently of ¢ € W.
Writing E [ - ] for the expectation on x, ¥, we make the following assumption.

For all i, u" € 2 and for every integer £ > 1,

12 12
1k 1k

El(l - wa)fo Huy,x,wf)ds) 1+<k— I)El(l— > ww/ﬂ ]_[uﬁ,x,(m)ds) }
i=1 i=1

oeQk oeQk

(POS)

¢
k 1
=) E {(1 -2 wa)fo wsn(n) [ u;,x,(aods) 1
h=1

oeQk i€[k]\(h})

We will see in Sect. 7 that POS is easily verified for several interesting models, including
the spin glass model from Sect. 1.

To obtain the formula for the free energy, we will represent the Bethe state decom-
position of the random factor graph by a point in K. Specifically, let X, ¥ be random
variables with distribution Po(w) for an integer @ > 0, mutually independent and inde-

pendent of G. Then with Sy, ..., S¢ the decomposition promised by Theorem 2.5 we
introduce fori =1,..., ¢,

¥ -1
tei=nc@S)- [ D_re0 [T Do Mrw=xWa@® [] ru—alzulS)

i=1 \xeQ acdv; teQoa weda\v;

—1

Y
TI XS va@ [T wa@lso] (2.13)
i=1

reQdai wea;

and we let zg = Zle Z@g.;- It will emerge that combinatorially Z¢g ; /ZG represents the
probability mass of the Bethe state S; in the factor graph G’ where we remove the first
Y constraint nodes ay, ..., ay as well as the first X variable nodes vy, ..., vy along
with their adjacent constraint nodes. While this removal operation has no discernible
impact on the free energy (so long as @ = o(n)), it enables us to set up a recurrence for
computing this quantity.

The recurrence comes in terms of the messages sent out by those variable nodes that
are left with degree d — 1 after the removal operation. We thus set up a kernel that
captures these messages. Specifically, let vy, ..., v, be the variable nodes of degree
d — 1 in the factor graph G’ and let by, ..., b; be their G-neighbors that got deleted.
Then we define the kernel i x.y : [0, 11> — Z(R) by letting

Pt
fiGxy (s, x) > Y Y 1t —1<x<t, Y Z6a <526 < Y_ZGh { HG.oy —b; (- 1S)).
i=1 j=1 h<j h<j

(2.14)

Recalling that G, X, Y are random, we write 77, ,, € © for the distribution of g xy.
Analogously, we write 7, ,, & for the distribution of fi x y defined for the simple
random factor graph.
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Finally, we introduce a functional on the space © that encodes the recurrence for
computing the free energy from the Bethe state decomposition. Namely, let (x; ;);, j>1
be a family of random variables that are uniform on [0, 1], let (k;);>1 be a family of
random variables that are uniform on {1, ..., k}, let (¥;);>1 be a sequence of samples
from P, and let ™ € R be a sample from 77 € D, all mutually independent; then

1 d
B(m) :]E[log'/o Zp(a)l_[ Z ¥i(t) H 1, (Tj)ds

0 i=1reQk: j#hi
Th; =0
1 k
—d(1 —k_l)log/ Y@ [l ,,(rj)ds]. (2.15)
0 eqk j=1 Y.

We obtain the following expression for the free energy.

Theorem 2.6. Assume that condition POS is satisfied. Then

1
lim -F [log Z(G)] = liminf lim inf A(7, ),
n w—>00 Nn—00

n—oo

1
lim —E [log Z(G)] = liminf liminf 2 (7, ., »).
n—>00 11 ©—>00 Nn—>00 o

In particular, the limit on the left hand side exists, and it can be computed from the Bethe
state decomposition.

2.4. Avariational formula. We proceed to state a variational formula for the free energy
of the random factor graph models akin to the one from Theorem 1.3 for the spin glass
model. Namely, we express the limit (2.11) variationally as the infimum of %(x) over
7 chosen from a certain subspace ©* C ®. The definition of ©* is an adaptation to the
Bethe lattice of the invariance property that Panchenko [52] put forward in the case of
the Erd6és-Rényi model.

To define the subspace ©* let © € %, lets € [0, 1] and let N, M > 0 be integers.
We introduce the random variable

N d
2 =[] Do @[] D U, =0 Waie; @ [ tscrarapn (@)

i=1 ]| o0eR j=1reQk h#h;
M k

' 1_[ Z WdN+i (T) l_[ Ms,xdk(N+1)+_j (7:/) . (216)
i=1 | reqt j=1

Further, let
0 1
t=1t(s) =inf{9 e0,1] :/ z(u)du zs/ z(u)du} and M;(,(NM = Uty
0 0
(2.17)

Thus, for each . € & we obtain a random p*V-M) e & Further, given 7 € D we
can apply this operation to a randomly chosen kernel #™ € £, thus obtaining a random
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kernel u*N-M) We denote the distribution of u™*-") by 7*N.M) Now, let D* be
the set of all densities 7 € © such that 7*N-M) = 7 for all N , M > 0. Then we obtain
the following self-contained formula for the free energy.

Theorem 2.7. Assume that POS holds. Then
o1 1 .
lim —E [log Z(G)] = lim —-E [log Z(G)] = min %(w).
n—-oon n—-oon TED*

Admittedly, the variational formula may not be easy to evaluate. But Theorem 2.7
places a lid on the complexity of the problem, and Theorem 2.6 provides an explicit
combinatorial interpretation of the minimizer in terms of Belief Propagation fixed points
and Bethe states.

2.5. Discussion and related work. Over the past two decades an enormous amount
of research, based on both rigorous and non-rigorous techniques, has been devoted to
random factor graph models. Much of this work has been sparked by the cavity method
advanced in the original contribution of Mézard and Parisi [48]. A survey of this literature
up until about 2008 can be found in [46]. More recently models of Bayesian inference
problems such as the stochastic block model have received a great deal of attention as
well; this literature is surveyed in [1,50,58].

Rigorous work on random factor graphs and the cavity method can broadly be split
into two categories. First, contributions that investigate physics predictions on specific
models. Many of these contributions, particularly the earlier ones, rely on ‘classical’
techniques such as the second moment method, albeit frequently with physics-inspired
twists. Examples include work on the k-SAT threshold [3,6,20,21,32], which culminated
in the proof of the k-SAT threshold conjecture for large k [33], the Potts model and
the random graph coloring problem [4,11,16,26] or the hard-core model [27,34]. Some
recent work is based on the powerful but technically demanding idea of ‘spatial coupling’,
which has led to important results in, e.g., coding theory [37] and random constraint
satisfaction problems [2]. A second line of work focused on the mathematical vindication
of the cavity method in general, with applications to specific models of interest. Examples
include work on the role of spatial mixing [7,28-30], the use of the interpolation method
[14,43,55], phase transitions in inference problems [12,19], and contributions based on
the asymptotic analysis of the Boltzmann distribution such as the influential work of
Panchenko [52] as well as [10, 15]. The present paper belongs to this second category.

In the following we discuss the main results and methods of the paper and how they
compare to prior mathematical research. Subsequently we compare the present work
with the physics intuition and discuss directions for future research.

Mathematical work. Weregard Theorem 2.5 as the main result of the paper. The theorem
confirms in great generality one of the key assumptions behind the cavity method and
explains the success of Belief Propagation as a device for analyzing random regular
factor graph models. Indeed, the existence of a Bethe state decomposition has been
conjectured explicitly, e.g., by Mézard and Montanari [46, Chapter 19]; see also Dembo
and Montanari [28].

In a prior paper [23] we constructed a Bethe state decomposition for random factor
graph models of Erd6s-Rényi type, where the constraint nodes independently choose k-
tuples of adjacent variable nodes. While we will be able to use some of the general tools
developed in that work, the main argument breaks in the case of the Bethe lattice due to
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its rigid geometry. Indeed, the construction of the Bethe state decomposition hinges on
coupling arguments involving, e.g., a coupling of a factor graph with n variable and m
constraint nodes and another one with parameters n’ and m’ such that n = n’ + O(1),
m = m’ + O(1). Due to the Poisson degree distribution and the Stein-Chen property,
such arguments are pretty straightforward in the Erd6s-Rényi case. One might say that
the Erd6s-Rényi graph resembles a gentle climbing wall with footholds supplied by the
irregularity of the Poisson degree distribution. By contrast, the Bethe lattice with its
regular degree makes for a smooth cliff. As a consequence, the Bethe lattice requires
new ideas, leading to a rather subtle but ultimately elegant argument. The upshot is that
this proof, which we present in Sect. 4, can be expected to generalize to other random
graph models with given degrees. Apart from the appeal of such lattice-like models
from a physics perspective, these models play a vital role, e.g., in coding theory, where
a suitably chosen degree sequence is apt to greatly boost performance [56].

Similarly, the variational formula for the free energy provided by Theorem 2.7 is a
generalization and adaptation of the formula established by Panchenko [52] for models
of Erd6s-Rényi type with spins 2 = {#£1}. Panchenko’s proof relies on two ingredi-
ents: an interpolation argument and a coupling argument. So does ours. But while the
interpolation argument, an adaptation of the technique of Franz and Leone [35], goes
through without too much trouble, the coupling argument does not. Once more the rigid-
ity of the Bethe lattice poses substantial challenges that require subtle new arguments.
A further, albeit relatively minor extension is that the present work applies to relatively
general models with two or more spins, subject only to the condition POS. A further
similarity between Panchenko’s work and ours is the embedding of discrete Boltzmann
distributions into a compact metric space, which enables us to pick convergent subse-
quences. While Panchenko resorts to the Aldous-Hoover representation, here we use the
cut metric and the associated kernel space, which is convenient to link the combinato-
rial representation of the measures in terms of messages directly with the free energy
formula. That the Aldous-Hoover representation is closely related to graph limits is, of
course, a well known fact [31].

Furthermore, Bayati, Gamarnik and Tetali [14] applied the interpolation method to
factor graph models, including ones with regular degrees, to establish the existence of
the limit lim,,, oo %E[log Z(G)] in certain cases via a super-additivity argument. In the
process they also used arguments based on ‘cavities’, i.e., the removal of a small but
linear number of vertices from the graph; a similar trick was used in [22] as well. But
here, particularly in the construction of the Bethe state decomposition, we need to tread
much more carefully. In particular, while removal of a small linear number of vertices
does not shift the free energy too much, here we can only afford the creation of a very
small number of cavities in order to avoid a distortion of the Boltzmann distribution, an
extremely volatile object.

Theorem 2.6, which expresses the free energy density in terms of the Bethe state
decomposition, is a synthesis of Theorems 2.5 and 2.7. The proof shows that the free
energy can be expressed in terms of a particular distribution on kernels [0, 11> — 22(Q),
namely the one that encodes the Bethe state decomposition of the random factor graph
or, more specifically, the associated Belief Propagation messages. No corresponding
result was previously known even in the conceptually simpler Erdés-Rényi case.

Apart from the interpolation method and coupling arguments, the proofs of Theo-
rems 2.5-2.7 rely on some of the techniques that we developed in [10,15,19,24], par-
ticularly the cut metric and its ramifications. The cut metric, which we apply to kernel
representations of probability distributions, was originally developed in the context of
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the regularity method [36] and the theory of graph limits in combinatorics [44]. Here we
use the cut metric and certain assorted results, such as the ‘pinning lemma’ (Lemma 3.15
below) from [19] as tools, e.g., in the construction of the Bethe state decomposition.

While the present paper is concerned with diluted models where each node has
a (fixed) bounded number of neighbors, there is also a substantial literature on fully
connected models. The prime example, of course, is the Sherrington-Kirkpatrick model.
The monographs of Panchenko [54] and Talagrand [57] provide an overview of this
literature. In particular, the TAP equations, the (simplified) fixed point equations that
correspond to the Belief Propagation equations in the fully connected case, have been
established in several cases [8].

In Sect. 7 we work out several application of the general results to specific models,
such as the spin glass model from Sect. 1. Pointers to related work on the specific
problems can be found there.

The physics perspective. The seminal work of Mézard and Parisi [48] marks the starting
point of a substantial body of physics work. Highlights include the Survey Propagation
algorithm and precise predictions on phase transitions, including satisfiability thresholds
in combinatorial problems [41,47,49].

The results provided by Theorems 2.5-2.7 are perfectly in line with the physics
predictions. But we should comment on a subtle point that is apt to cause confusion.
Namely, it has been pointed out that within the replica symmetric phase of certain
models the support of the Boltzmann distribution may decompose into an exponentially
large number of tiny ‘clusters’ [41,47], a phenomenon called ‘dynamic replica symmetry
breaking’. Indeed, it has been conjectured that each of these tiny clusters induces a Bethe
state [46]; for the special case of the random graph coloring problem, this can be verified
rigorously [11]. At first glance this proliferation of Bethe states may appear to contradict
Theorem 2.5, where the number of Bethe states is upper-bounded by an arbitrarily slowly
growing function L(n). Yet the Bethe state decomposition is not unique, and despite the
abundance of tiny clusters, ug itself is replica symmetric (i.e., condition (2.10) holds
for § = Q") throughout the dynamic RSB phase. In effect, Theorem 2.5 would render
just a single Bethe state that comprises all of the tiny clusters. By contrast, beyond the
dynamic RSB phase, within the so-called condensed phase, Theorem 2.5 would yield
a non-trivial decomposition. The existence of a condensed phase has been established
rigorously in several examples [17,19].

The variational formula for the free energy furnished by Theorem 2.7 is in line with
the physics work, which does, however, provide additional clues as to the structure of the
minimizer of the functional Z( - ). Specifically, three different scenarios are expected to
occur, depending on the model and the choice of its parameters. First, the replica symmet-
ric scenario with a single (or a bounded number of) Bethe states. Second, the so-called
‘one-step replica symmetry breaking’ scenario, where there are an unbounded number of
‘independent’ Bethe states. Third, the ‘full replica symmetry breaking’ scenario, where
the Bethe states form a hierarchical structure; see [46] for a detailed discussion. Clearly,
in order to better evaluate the variational formula it would be very valuable to establish
this additional structural information rigorously; in the Erd6s-Rényi case first attempts
have been undertaken in [53].

2.6. Organization. In Sect. 3 we introduce the necessary pieces of notation and state
some basic results that we will need. Then in Sect. 3.3 we revisit the cut metric. While
much of what we need on this subject already appears in earlier papers, there are a
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few general preparations that we need to make and that we carry out in that section.
Subsequently Sect. 4 deals with the proof of Theorem 2.5. In Sects. 5 and 6 we then prove
Theorem 2.7 about the variational formula for the free energy. Sect. 6 also contains the
proof of Theorem 2.6. Finally, in Sect. 7 we work through a few applications, including
the spin glass and hard-core models from Sect. 1.

3. Preliminaries

3.1. Basics. For an integer £ > 1 we use the shorthand [¢] = {1, ..., £}. Furthermore,
the symbols O(-), (), ... refer to the limit » — oo by default. To indicate asymp-
totics with respect to another variable K tending to infinity, we write Og (- ), Qg (), etc.
Further, where set operations involve singletons, we usually omit braces. For instance,
if x € X, then we just write X \x rather than X\ {x}.

For a finite set 2~ we let (") be the set of all probability distributions on 2",
endowed with the total variation distance. More generally, if (2", 1) is a measurable
space, then Z(2°) = P(Z,2) denotes the set of all probability measures on this
space. Further, for probability measures 7w, 7’ € Z(2") we let I'(7r, 7’) be the set of
all couplings of 7z, 7r’. Thus, y € ' (7, ©’) is a probability distribution on 2" x 2~ with
marginals 7, 7/,

Suppose that 2" is a finite set, that n > 1 is an integer and that u € & (Z™"). Then
we denote by o, a'#, a2, ... a sequence of independent samples from . We omit
the superscript 4« where it is evident from the context. Further, if f : (2" — R is
a function, then we write ( f (01, el O’Z), ,u) for the expectation of f with respect to
independent samples from p; thus,

L
<f(al, ...,o‘),u> S D (ALY | )
i=1

Suppose that 2, V # & are finite sets. For a distribution 1 € 22(Q2") and a set
I C V we denote by w; the joint distribution of the coordinates /. That is,

wi(o) = Z 1Viel:n=oi}u) (IcV,oeh.
TeQ"
For 0 € Q! we use the shorthand p(0) = puy(o). Moreover, if I = {iy, ..., i} we

usually write ;... ;, instead of p;, .. ;. Additionally, if I C V and 7 € QY then we
let T; = (7j);es be the restriction of T to 1.

We keep the notation from Sect. 2; in particular, €2 continues to denote a finite set
of spins, p is a probability distribution on 2, W is a measurable space of functions
Q% — (0, 1), and P is a probability distribution on W. In addition throughout the paper
we denote by

Xi Xi, i, Xij, X[ %] Xy ()= 1)
uniformly distributed random variables with values in [0, 1]. Additionally,
1/f,10i,'/’i,j710;,j»1[’;ij»‘/’i,j @ j=1
denote elements of W drawn from the distribution P. Further,

hi,hi,j,h;,ili,j @j=1
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are uniformly distributed random variables with values in [k]. All of the above random
variables are mutually independent as well as independently of any other sources of
randomness. These random variables yield random functions that will play an important
role: fori > 1 we let

d
9; : Q% 5 R, o Z 1409 H Howj-vyem:; = x3¥i,(0),
xeQ j=1
d ~
§; 1 Q% 5 R, o Z p(x) l_[ How -y, = X3V (0
xeQ j=1

3.2. Factor graphs. In Sect. 2 we already introduced the random factor graph model
G(n,d, p, P). To facilitate the proofs we need the following abstract definition.

Definition 3.1. Suppose that (2, 21) is a measurable space. An 2 -factor graph G =
(V. F, (0a)aeF, (Wa)acF, 1) consists of

e a finite set V of variable nodes,

e a finite set F' of constraint nodes,

easetda C V foreacha € F,

e a function ¥, : 2% — [0, 0o) for each a € F and
e a probability measure p on .2"", called the prior.

A factor graph induces a bipartite graph on V U F, where x € V is adjacenttoa € F
iff v € da. Accordingly, for a variable node v we let dv C F be the set of adjacent
constraint nodes (i.e., a € dv iff v € da). The bipartite graph defines a metricon VU F,
the shortest path metric. For a variable or constraint node u we let 3‘u = Béu be the
set of all nodes at distance precisely ¢ from u. Moreover, Viu = V N (u U Ui <e d'u)
denotes the set of all variable nodes at distance no more than ¢ from u.

Further, for an assignment o € QY anda € F we use the notation V(o) = Va(03q)
and we define

Y6(0) =[] Valos) and  Z(G) = /%V Ve(o)dp(o).

aceF

Providing that Z(G) > 0, we introduce a probability measure ;g on 2", the Boltzmann
distribution, by letting

VG(o)
Z(G)
Mostly the factor graphs that we deal with will have a finite space 2~ = 2 and the

prior p will be the product measure p = &), .y pv. In this case we introduce the standard

messages given an event S C Q" as in Sect. 2: for a constraint node @ and v € da we
let

dug(o) = dp(o).

(Lo = 0}/ a(0). G (-19))
v—sa S) = Q), 3.1
#G,oa(0 | 5) (/@) i (- 1S)) (@, G

(tor =01/ (@) Tyeama Vo@D, 16 (- 19))
(1/(u @) TTyeana V6 (@), 16 (-15))

UGa—sv(o | S) = (0 €Q). (3.2
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In the case that S = QY is the entire phase space, we omit the conditioning from the
notation and just write ;G y—4 and (G, q— v, respectively.

3.3. The cut metric revisited. The cut metric, defined in (2.12), plays a key role in the
proofs of the main results. In this section we summarize a few basic facts about the cut
metric. Although some have been proved in prior work, we will need to provide a few
extensions and adaptations for our purposes. In addition to the continuous version from
(2.12), we also need a discrete version of the cut metric, which we present in Sect. 3.3.2.

3.3.1. The continuous cut metric. We remember that Z~ denotes the space of all mea-
surable maps [0, 11> — (), up to equality almost everywhere; we call such maps
strong kernels. The cut distance (2.12) induces a pre-metric on this space [39]. Moreover,
on the space £ obtained by identifying points at cut distance O the cut distance yields a
metric. The elements of K are called weak kernels. We drop the attribute and just speak
of kernels where there is no danger of confusion.

Proposition 3.2 ([24]). Endowed with the cut distance R is a compact Polish space.

We continue to write © for the space of all probability measures on K. This space is
endowed with the weak topology. Since R is a compact Polish space, so is ©. Hence,
there is a natural metric on ® that induces the weak topology, the L-Wasserstein metric.
We take license to denote this metric by (-, -) as well. Thus, recalling that I' (7r, /)
is the set of all couplings of 7, 7’ € D, we have

0w, ') = inf {/ﬁ ﬁQD(M, wHdy(u,u'):y e L'(xm, n’)}-

For 7 € © we let u” € R denote a sample. We just write u where 7 is apparent.

By comparison to other metrics on the space of measurable functions [0, 1]> —
Z(2) the cut metric is extremely weak; this is highlighted by the compactness of the
space R provided by Proposition 3.2. Yet the cut metric is sufficiently strong to ensure
that certain functions that will be of vital interest to us are continuous. Indeed, suppose
that m, n > 0 are integers and that f : Q™*" — R is a function. Then for u € # we
define the random variable

| | m n
= 7@ [ [T inr, oo

oeQmxn i=1j=1

Because we average out the s; and the x; are uniform, the random variables ( f, ) and
(f, v) are identically distributed if Z7(u, v) = 0. Thus, we may safely write { f, u) for
uw e R.

Lemma 3.3. For any f : Q™" — R, £ > 1 the map n € R +— E[(f, /L)Z] is
continuous with respect to the cut metric.

The proof of Lemma 3.3 can be found in the appendix. For a probability distribution
7w € ® we let (f, w) be the random variable ( f, u™), with u” chosen independently of
the x;. Since © carries the weak topology, Lemma 3.3 implies

Corollary 3.4. For any f : Q™" — R, € > 1 themap w € D +— E[(f, 7)"] is
continuous.
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We recall the functional Z(-) from (2.15).
Corollary 3.5. The map m € ® — JB(x) is continuous.

Proof. Thanks to the tail bound (2.1), we can approximate the logarithms in (2.15) by
polynomials. Therefore, the assertion follows from Corollary 3.4. O

The set ©* of & € D that are invariant under the *(N, M)-operation is a closed
subset of ©. To see this, and to interpret the x(N, M)-operation nicely in terms of
operations that are continuous under the cut metric, we introduce the following general
transformation. Suppose that f : @V — (0, 00) is a function and that & € .#". Then
we define a random f * u € ¢ as follows. Letting

N 1

Zs = Z{’”’ = Z f(o)nus,fi(ai)’ 7= zf>l/~ — f Z{’Mds,
j 0
i=1

oeQN

we introduce
. 0
t =t :inf{@ e[0,1]: / zudu > sz}.
0

Now, f * s x = p¢x. We emphasize that f % u € £ is random, dependent on
X1, ..., xn. The kernel is characterized by the identity

1 1 1 1
1
/ / 8s.x ° o Ms,x(a))dex = - E f(G)/ / 8s.,x 'Ms,x(w)zstdx
0 Jo z seal 0o Jo

forall g : [0, 11 = [0, 1], w € Q.

Further, since the X; are uniform, we have 2(f * u, f * v) = 0 if Zq(u,v) = 0.
Hence, the x-operation extends to weak kernels. Furthermore, for a distribution = we
let f * 7 be the distribution of f * u™.

Lemma 3.6. For any function f : QF — (0, 00) the map & — D, u — f % u is
continuous.

The proof of Lemma 3.6 can be found in the appendix.

The x(N, M)-operation is an application of the above x-operation to a particular
random function f. To define this random function, we need one more piece of notation.
Namely, for functions f : QMxN _, R, g: QM*L _, R we define

f@g: QMW LR o f (o, )ierm, jein) - 8 ((oi j+n)ierm), jelL]) -

In words, we stick the first N ‘columns’ of ¢ into f and the last L columns into g and

multiply the results. Recalling the random functions 1/;,-, ¢; from Sect. 3.1, we obtain
the following.

Lemma 3.7. For any u € R the random p* MM e R is distributed as

(@?/:1 ¢ 0D, f,) * [

Proof. This is immediate from the construction of u*™-M) o

Corollary 3.8. For any N, M the map . € 8 — w*N-M) is continuous with respect to
the cut metric.
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Proof. Since ® carries the weak topology, which is induced by the Wasserstein metric,
the assertion follows from Lemmas 3.6-3.7 and (2.1). O

As a further immediate consequence of Lemma 3.7 we obtain

Corollary 3.9. A distribution m € 9O belongs to ©* if and only if m =
(@f\;l 0; ® @f‘il 1}1) * 7 forall N, M.

In particular, Corollaries 3.8 and 3.9 imply that the map = +— 7*V-M) is continuous
for all N, M > 0. Consequently, ©* is a closed subset of ©.

3.3.2. The discrete version. Apart from the ‘continuous’ installment of the cut metric,
defined on kernels, we also need a discrete variant, defined on probability measures on
discrete sets. To be precise, with 2 # & our finite set of spins and V another finite set of
size n > 1, we define a metric A( -, -) on Z(Q") as follows. Recalling that I'(jz, v)
is the set of all couplings of probability measures ., v on Q" we let

1
A ,V) = — min max o, 7)o, =} —1{ti =w
O(k.v) = min - max Z Y v 0o =) — 1t =)
BcQVxQV iel (o0,7)eB
we

for u, v e 2(QY). (3.3)

Fact 3.10. ([23]) AQ(-, -) is a metric on P (QV).

We refer to A(-, ) as the discrete cut metric.

Suppose that V is a finite set. A measure . € Z2(Q2") can be represented by a point
i € . Indeed, assume without loss that V = [r] and that = [¢]. Then the set Qv
can be ordered lexicographically as o (", ..., ¢@"). We define i € # by letting

n

n q
frse =y > UHi—=D/n<x<i/mlid pue™) <s <y ue™ s .

i=1 j=1 h<j h<j

Comparing (3.3) with the definition (2.12) of the continuous cut metric, we see that

D, b) < Ag(u, v) (v e Q). (3.4)

The discrete cut metric encodes a great deal of information about the discrete mea-
sures. A particularly important case occurs when a measure 1 € Z2(2V) is close to a
product measure. To be precise, we say that j is e-extremal if Aq(u, Q,cy 1) < €.
In words, p is close to the product measure with the same marginals. In addition,
we 2QV)is (e, £)-symmetric if

— Y B — By ® 7 ® g |y < & (3.5)

Informally, if we choose ¢ coordinates randomly, then their joint distribution typically
‘nearly’ factorizes. The following statement shows that these concepts are essentially
equivalent, up to a moderate loss in the parameters.
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Proposition 3.11 ([23]). For any Q2 of size 1| < || < 00, any 0 < ¢ < 1/2 and any
£ > 2 there exists ng > 0 such that for alln > no and all p € 2 the following
two statements hold.

(i) If 1 is (¢/9)3-symmetric, then v is &-extremal.
(ii) If w is €3 ) (128|Q2|)*¢-extremal, then v is (g, £)-symmetric.

Itis an elementary observation that probability measures that are close in the discrete
cut metric cannot have very different marginals. Formally, we have the following.

Lemma 3.12. Forany two probability measures v, v on Q¥ we have Y ovey o = vollTy
=2[QIAg(u, v).

Proof. There exists w € 2 such that

D (@) = vy(@) VO = 2|sz| D e = volly. (3.6)

veV veV

Let I = {i e V:pui(w)>vi(w)}and B = Q¥ x QY. Then for any coupling y €
(. v),

Yo Y v o= -Hu=0h =Y (ui@) —vi@)V0. (37)
iel (o0,71)eB ieV
Combining (3.6) and (3.7) completes the proof. O

The converse bound, that close marginals imply closeness in the cut metric, holds for
extremal measures.

Lemma 3.13. For any two g-extremal j1,v € P(QY) we have Jq(u,v) < 2e +
Zvev Ity — vullTv.

Proof. Assume without loss that V = [n] and let & = @Q'_, u; and v = @}, vi.
Since u, v are e-extremal, we have

Ag(p, ) < e, Ao, v) < e. (3.8)

Lety; € Z(Q2xQ)beanoptimal coupling of u;, v;,i.e., | — villtv = ZG# yi(o, 7).
Theny = ®7:1 y; is acoupling of ji, v. Further, forany I C [n], B C Q"xQ", w € Q
we have

Y vyl =0} — g =o))

iel (0,7)€B

= Z Z y(o, 0)loi # u} < Z i — villty.

iel (o,7)eB

Hence, Ag(u, v) < Z?:l [li — villTv, and thus the assertion follows from (3.8) and
the triangle inequality. O

We also make a note of the following enhanced triangle inequality.
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Lemma 3.14 ([23]). Suppose that pV, v .. 1 ® v© are probability measures on
QV and that uy, . . ., ue > 0 are numbers such that Zle u; = 1. Then

l 4 4
AQ (Z uipn®, Zuiv(’)> <Y uiAp@® v®).
i=1 i=1 i=1

Finally, we come to an important fact, intimately related to the Szemerédi regularity
lemma from combinatorics. Namely, any probability distribution i € Z2(QV) is close
in the cut metric to a mixture of a ‘small’ number of product measures. To state this
results precisely, suppose that I C V and that o € Q/. Let

S“’:{reQV:n:o}

be the sub-cube of 2" where the entries of the coordinates in I coincide with o . Further,
assuming that u € 2(QV) and ,u(SI*") > 0, we let

phe = pul-18"7] (3.9)

be the corresponding conditional distribution of . (If £(S’:9) = 0, then we agree that
u!>? is the uniform distribution on S’-°.) The following key lemma shows that u/-% is
likely e-symmetric for suitably random /, o.

Lemma 3.15 ([19, Lemma 3.5]). For any set Q2 of size 1 < |Q2] < oo and any ¢ > 0
there exist ng > 0 and a random variable 0 < 0 < 2e~*log |Q| such that for all n > ny
and all i € 2(QY) the {ollowing holds. Let I C 'V be a uniformly random subset of
size @ and choose 0 € Q" from . Then P [/,LI’G is s-symmetric] >1—e.

We can apply Lemma 3.15 multiple times to obtain a decomposition of the set 2V
into sub-cubes Sy, ..., S¢ such that u[ - |S;] is e-symmetric. To obtain these sub-cubes
we just choose the set I randomly asin Lemma 3.15 and let o range over all el possible
assignments of I. We then obtain the following version of the regularity lemma.

Corollary 3.16 ([10]). For any finite set Q # & and any ¢ > 0 there exist L, no such
that for all n > nq the following is true. For any u € P (QV) there exists a partition
of QY into pairwise disjoint sets S, ..., Sg, £ < L, such that j1(So) < & and such that
w(-|S;) is e-symmetric for each 1 <i < £.

3.3.3. Contiguity. Suppose that Q@ # < is a finite set and let ¢ > 1. A probability
distribution v on Q" is c-contiguous with respect to another probability distribution p if

v(o) < cu(o) forallo € Q".

Moreover, wu, v are mutually c-contiguous if each is c-contiguous with respect to the
other.

Lemma 3.17. For any ¢ > 1,8 > 0 there exists € > 0 such that for all large enough n
the following is true. Assume that p € 2 (Q") is e-extremal and that v is c-contiguous
with respect to . Then v is §-extremal and Ap (i, v) < 6.
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Proof. Choose 0 < ¢ K n K ¢ < § and assume that n > ng(¢) is sufficiently large
and that p is e-extremal. Applying Corollary 3.16 to the measure v, we obtain a partition
S0, S1, ..., S¢ of the cube Q" into pairwise disjoint sets such that v(Sp) < 1 and such
that v(- |S;) is n-symmetric forevery i = 1, ..., £. Moreover, £ is bounded by a number
L(n, ) > 0 that depends on 1 and |€2| only.

Suppose that for every 1 <i < £ with v(S;) > /¢ we have

D w18 = wyllty < ¢n. (3.10)
j=1

Then Lemma 3.13 yields Aq(v(-1S;), ) < 2n+ ¢. Hence, Lemma 3.14 shows that
A, p) <4n+¢ < 6. 3.11)

Further, (3.10) implies that Z;’-:l lvj — mjlltv < ¢ +2n. Hence, letting i = Q;_; i,
b = @);_, vi and applying Lemma 3.13 a second time, we obtain A (i, V) < ¢ + 21.
Thus, invoking the ¢-extremality of u and (3.11), we conclude that

Ag,v) < Ag, W)+ Ag(e, 0) + Ag(e, v) < @4+ +e+ (& +2n) <48. (3.12)

In summary, if (3.10) is satisfied, then (3.11) and (3.12) yield Ag(v, u) < § and
Ag(v, v) < 4, as claimed.

Thus, we are left to establish (3.10). Assume for contradiction that thereis 1 <i < ¢
with v(S;) > n/€ and Z'}zl lvi(-1Si) — pjlltv > ¢n. Then there exist J C [n] and
w € £ such that ZjeJ vi(w]S;) — uj(w) > ¢n/(2]2]). In other words, the random
variable X (o) = ) ;. ; 1{o; = w} satisfies

(X, v(-18)) — (X, ) > &n/ 2IK2) . (3.13)

Due to the n-symmetry of v(-|S;) and the e-symmetry of i, the second moments work
out as

jeJ

(XX =DovCIS0) = Y (Hoj=0; =) v(-[S)) <+ (X, v(-[5)?,
J i€l j#]
(X(X =D, pw) <en+(X,p)?. (3.14)

Combining (3.13) and (3.14) with Chebyshev’s inequality and keeping in mind that
& K n K ¢, we conclude that the event B = {X (o) > (X, u) + ¢ /(4|€2])} satisfies

v(BIS;) > 3/4, u(B) < &'/, (3.15)
However, if v is c-contiguous with respect to w1, then (3.15) yields
ce' = cp(B) = v(B) = v(B|S))v(S;) = 31/(40) = 3n/(4L(n, Q).
which contradicts the choice of the parameters ¢, 7. O

Corollary 3.18. Foranyé > O there exists ¢ > O such that the following is true. Suppose
that w is e-extremal and that S C Q" is an event such that u(S) > 8. Then u(-|S) is
8-extremal and A (u(-|S), n) < 4.

Proof. Since pu(o|S) < u(o)/n(S) for every o, the conditional distribution (- |S)
is 1/e-contiguous with respect to . Thus, the assertion follows from Lemma 3.17
immediately. O
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4. Bethe State Decompositions

In this section we prove Theorem 2.5. Before getting into the details, why might we expect
the statement of the theorem to be correct? In order to construct the desired decomposition
of the phase space 2" we could attempt to apply Lemma 3.15. The lemma shows that
if we randomly pick a set I C V,, of a moderate size of, say, I = O(loglogn), we will
likely obtain a decomposition (SI ) geql such that (2.10) is satisfied for most of its
parts. Formally, Lemma 3.15 guarantees that with high probability,

1
. (- SI,(T _ (- SI,O' (- SI,O' ” , >= 1 .
> IS;S”(HMG,U,,UJ( 1S7) = 16, 18T © 1o, C1ST)| i) = o(1)

.1

Proposition 3.11 extends (4.1) from pairwise independence to independence of bounded
numbers of randomly chosen variable nodes. Thus, the pinning operation eliminates
long-range correlations.

But why should short-range correlations be described by Belief Propagation? Recall-
ing the standard messages from (2.4)—(2.5), Belief Propagation (2.3) asserts that with
high probability,

1ewoa@ | ST o TT DY M =0} vu@ [ [ e.yn(ry | S19) +o(1).

bedv\a r Qb yed
(4.2)

This last formula expresses the notion that once we remove x and its adjacent constraints
dx, the spins assigned to the variables y at distance two from x in G are (essentially)
stochastically independent. This is very much in line with the absence of long-range
correlations: in G — (x U dx), the variables y likely are far apart from one another as G
contains only few short cycles. (For a more detailed discussion of the intuition behind
Belief Propagation we refer to [46, Chapter 14].)

Yet (4.2) does not follow from (4.1) directly. Indeed, (4.1) merely states that the joint
two randomly chosen variables of G are likely approximately independent. But being
second neighbors of x, the y variables in (4.2) are anything but a uniformly random family
of variable nodes. For random factor graph models of Erd6s-Rényi type, this difficulty
is easily overcome [23] because the random factor graph obtained by removing x U dx
has essentially the same distribution as the original model (of order n — 1). In effect, the
original factor graph is distributed nearly the same as the factor graph of order n — 1
plus a new variable plus adjacent constraints connected to a uniformly random family of
variable nodes, and (4.1) applies to these random attachments. Of course, this trick does
not work on the Bethe lattice, where the variables y stand out as they have degree less than
d. To cope with this difficulty, we will consider an auxiliary model in which a random
number of variable nodes along with their neighborhoods are removed. Moreover, we
will apply Lemma 3.15 not merely to the entire original factor graph G but also to the
variable nodes that have degree d — 1 after the removal operation, which will enable us
to establish the Belief Propagation equations on the reduced factor graph. Finally, we
will use the decorrelation property (4.1) together with the tools from Sect. 3.3 to stitch
the factor graph back up, i.e., to get back to the original model with no variables and
constraints removed. Let us now carry out this strategy in detail.
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4.1. The construction. We aim to show that the Boltzmann distribution pug is well
approximated by a collection of no more than L Belief Propagation fixed points for
an arbitrarily slowly growing L = L(n). As (4.2) shows, for a given variable node
v the corresponding fixed point equations involve the messages sent by the constraint
a € dv, which in turn are determined by the messages sent out by the variables w
at distance precisely two from v. Thus, to express a single application of the Belief
Propagation operator we require information about the variable nodes at distance two
from v. Therefore, in addition to the Boltzmann distribution ug we will consider an
enhanced measure [ig that captures the joint distribution of the second neighborhoods.
To be precise, let G = (V, F, 3a)aer, (Va)acr, p®") be a factor graph. Then its
Boltzmann distribution ;1 ‘lives’ on the space Qg = QY. In addition, recalling that
Vév consists of all variable nodes at distance at most two from v, consider the space

~ 2
veV
of second neighborhood assignments, whose elements we denote as t = (7(v,

W) yey.w V2ot The factor graph G induces an embedding
Qc— Qg, o> 6=(60, W)yey wevies  Where 6(x, y) = o (y).

Thus, pg induces a probability distribution (g on . For a variable v we denote by

AGy € P (Qvé”) the marginal distribution of [t on the v-factor of Q.

The enhanced measure jig will play a vital role in the construction of the Bethe
state decomposition. Indeed, by comparison to the Erds-Rényi case, the rigid geometry
of the random regular graph causes significant difficulties. More precisely, while the
Belief Propagation messages are defined in terms of removing one or a few constraints,
such operations clearly destroy regularity. Hence, we need to create a bit of wiggling
room. To this end, we remove some variable nodes along with their adjacent constraint
nodes, thereby leaving a few variable nodes with degree d — 1 rather than d. We refer to
these variables as ‘cavities’. Clearly, this operation loses some information and would
therefore by itself not suffice to prove Theorem 2.5. However, what saves the day is that
the enhanced measure (i contains the extra information needed to stitch the graph back
up without losing track of the Bethe decomposition.

Unsurprisingly, the construction is subtle and involves several steps. It requires a
number of carefully chosen parameters. Specifically, given a slowly diverging mono-
tonically increasing positive integer sequence L = L(n) — oo as in Theorem 2.5, we
choose a sequence 0 < & = £(L) = o(1) that tends to zero monotonically sufficiently
slowly, a further sequence @ = w(&) — oo that tends to infinity monotonically suffi-
ciently slowly, as well as sequences 0 < ¥ = ¥(w) = 0(1),0 < ¢ = ¢(¥) = o(1),
0 < B =80 =01),0<a=uapB) =o01),0<n=n = o) and
0 < ¢ = e(n) = o(1) that tend monotonically to zero slowly enough. In summary, the
pecking order reads

I« l/ekl/nLl/ak]/BK1/t K1/ KoK/ KL Kloglogn,
(4.3)

and we always assume tacitly that n > ny is sufficiently large.
We are ready to begin the construction. Let G, be the random factor graph obtained
from G as follows. Let 8 be a copy of the random variable ¢ promised by Lemma 3.15;
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0. is independent of G. Further, let U, be a random set of 8, variable nodes of G and
draw o, from pg independently of 6, and U,. Now, obtain G, from G by changing
the prior distribution to

pe.0)=[] MWou=ou} [] plow). (4.4)

uel ,Ud2U, veU ,Ud2U

Additionally, let @ be a random variable with distribution Po(w) A 2w, independent of
everything else, and let W = {v,_g+1, . . ., v, }. Finally, obtain G; from G, by removing
the variable nodes in W along with their adjacent constraint nodes.

Thus, in G, we pin the spins of the variable nodes in U, and their neighbors to the
values observed under ¢, which is drawn from . Additionally, we create cavities by
removing the last @ variable nodes along with their adjacent constraints. The following
lemma shows that the removal of the variable nodes in W does not shift the marginals
of the enhanced Boltzmann distribution much.

Lemma 4.1. With probability at least 1 — o0

following statements are true.
1/4

over the choice of 0, 0, and G the

(i) both ng, and g, are &'/*-extremall.
(ii) we have 3, ey, \(wuprw) |G, — g, ollTV < On.

Proof. By construction, fig, is identical to the measure obtained through the pinning
procedure of Lemma 3.15 applied to the U,-components of the space Qg. Hence,
Lemma 3.15 and Proposition 3.11 imply that i, is & 1/4_extremal with probability at
least 1 — £1/4. Since UG, is a projection of fig,, we obtain (i).

Further, let ¥ = V,\(W U 3°W). If QAg, is £1/4_extremal, then by the definition
of the cut metric the distribution (i, » induced on the neighborhoods of ¥ is 2& 1/4.
extremal, because || > n/2. Additionally, there is C = C(w) such that fig, v is

C-contiguous with respect to ﬁ,G; _y Wwith probability at least 1 — w1, This follows

from (2.1), because G, is obtained from G, by removing no more than dw constraint
nodes. Therefore, (ii) follows from (i) and Lemma 3.17, provided that &, w, ¥ are chosen
appropriately in accordance with (4.3). O

The following proposition, which establishes the Belief Propagation equations on
G/, constitutes the main technical step of the proof.

Proposition 4.2. With probability at least 1 — o, G/, enjoys the following properties.

(i) the standard messages (LG y—qs LG a—sv)veV (G.),acv JOrm an «%_Belief Prop-
agation fixed point.
(ii) we have

2. 2 |Ma@)

veV(G)) geQV>v
p(ov) Haeav wﬂ (0) l_[weaa MG;,w—m (UUJ) 9d
ZXEQ 1409) naeav Zreﬂ*’a:rv:x Ya(T) l_Iweaa MG, w—a (Tw)

Before we prove Proposition 4.2 in Sect. 4.2, let us indicate how the theorem follows.
As a final preparation we need the following basic fact.
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Lemma 4.3. For any factor graph G, for any variable node v, any S C dv and any
o € Q we have

(I{UU =o}/ HaeS Val(0), MG,UUE)ZU)
(1/ HaeS Val(0), MG,vUZﬂv) .

MG—s(0) =

Proof. The partition function works out to be

2G6-9= Y. [] a6 [] revlow
oceQV(G) acF(G)\S veV(G)
a Ya(09a) v ‘U(Uv)
- 3 Thero o theve ree) Z(G)<1/ [T v MG>.
oeQV(G) naes Va(09a) ues
Hence, for any 7 € QV(@),
1
Ho-s() = z=—g [T v [] prewlown
acF(G)\S veV(G)
_ Z(G) 1 HaeF(G) VYa(Taa) HveV(G) PG,u(oy)
Z(G = 8) Z(G) [Taes Va(tsa)
mG(t)

<1/ HaeS Va, /“LG) l_[aes Ya(Tha) '

and the average in the denominator involves variables in v U 8%v only. 0O

Proof of Theorem 2.5. For any assignment x € 2~ = ]_[UGU* QV?? of the variables in
U, and their neighborhoods let

S(x)={o € fZG :VYve U, we Viv: o, w) = x{,w)}.

Then (S(x)),eg is a decomposition of sz into no more than q(“d(k_l))a* sub-cubes,
corresponding to the neighborhood assignments of the @, variable nodes in U,. As
Lemma 3.15 shows, by choosing the functions from (4.3) appropriately we can guarantee
that q(1+d (k=1))6 < L. We are going to show that the decomposition (S(x)), meets the
requirements of the theorem w.h.p.

For x € 2 let G.[x] be the random factor graph G, given that o, (w) = x (v, w)
forallv € U, and all w € V2v. Also let G/, [ x] be the factor graph obtained from G ,[x]
by removing the variables in W along with their adjacent constraint nodes. Further, let
&y be the event that the following four conditions are satisfied.

1/8

El: Both jig,[y) and [iG,[y] are £ /°-extremal.

E2: We have

< 9n. (4.5)
TV

Z H/lG»«[va — 60
veV,\(WUL, W)
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E3: On G[x] the standard messages form an o%?-BP fixed point and
vEWUIZW 5 cqV2y
p(oy) nae@v Va(o) l_[weaa MG [xl.w—a (ow)
ZSGQ p(s) Haeav ZreQa":n,:S Va(7) Hweaa MG [xl.w—a (Tw)
<a¥n. (4.0)

16 0) =

E4: There are no more than o 04

al/4, nor are there more than &
e.

Then (2.1), Lemma 4.1 and Proposition 4.2 yield E [ZX nwe(x)(1—18y) | E4] < a8,
Thus, Markov’s inequality shows

n constraint nodes a in G such that min, .o« ¥, (0) <
205 constraint nodes a such that min, cqr ¥4 () <

P [Z ne (O =16, = o/‘] <&t “.7)
X

Hence, we are left to argue that S(x) is an e-Bethe state of G if the event & occurs.
As a first step, we are going to show that the standard messages of G/,[x], G.[x] are
close: given &), we claim

Y Y Hetnea©@ = 160 ©@)

0eQugWUd W acdv

+ 16,0100 @) = g g100(@)]
< a8y, 4.8)

To see this, recall that pg,[,],v—q 1S the marginal of v in the factor graph G[x] — a
and that (G, [y],v—q 18 the marginal of v in the factor graph obtained from G.[x] by
removing all b € dv\a and disregarding the prior. Hence, Lemma 4.3 shows that
(1{6U = G}/wa(a)s MG*[X],V2U>
(1/¥a(0). 16, 11.v20)

(100 = 01/ (@) TTperua V(@) 61152
(/@) Thcama V60, 61192

and analogously for G/,[ x]. Providing ¥ < a?, we obtain (4.8) from (4.5), (4.9), (4.10)
and E2, E4. Further, the estimate (4.8) and the fact that the standard messages of G/, [ x|
are an «”?-BP fixed point imply that the standard messages of G[x] are an n-BP fixed
point. Thus, we have established BS1.

In order to prove BS2, we estimate the derivatives of a term like in (4.6) as follows:

, (4.9)

MG*[x],v%a(O') =

MG*[X],a—MJ(O’) = s (410)

0 p(oy) naei)v Ya(o) l_[weaa vy (o (w))
vy (o) ZXEQ () naeav ZreQ«"ﬂ Ya(T) Hweaa vy (T(w))
1

< .
m]naeav’regaa I/fg (I)Zd
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Hence, (4.5), (4.6), (4.8) and E4 and the bound |W U 82W| = O(logn) yield

2 2

veV, U€Qv2v

< a%n. 4.11)

P00 [ucay Va (@) [eoa HGaix]wsa (0 (w)) ‘

MG*[X](U) - erQ p(X) Haeav Zreﬂi’“ Wa (f) Hweaa HG.[xl.w—a (T(w))

Additionally, we claim that

2. 2

beFm OEQM’

Yu(0) [Tywesp LG.lx1w—b(0 (W) 9
— . 4.12
160 = S IO Ty 1wy | = ¢

To see this, suppose that b satisfies min, cqr Y5 (0) > ¢, that b € dv for a variable node
v such that

p(oy) l_lagav Va(o) nweaa\v K6, [x]w—a(Ow)
ceq PO [acay 2reqia Ya (Ot =} nweaa\v KG.lx)w—a(Tw)

2

2y
oeQVv

<ot (4.13)

KG.x1(0) — 5

and that

p(o) naeau\b HG.lxl.a—>v(0)

1/4
<n'", 4.14)
ceq P(K) l_[aeav\b KG.lxla—v(K)

2

MG, [x)v—b(0) —
>

oeQ
Z Z K6 () ZIEQ?’“ Hry = o}y (1) Hweaa\v MG*[XJ,U)—)LI(TUJ) - 771/4
«lxl,a—v - .
acdv oeQ ’ 2 reqia Va(T) Hweaa\v HG.Ix]w—a(Tw)
4.15)

All but £'%7 constraint nodes b enjoy these properties, due to E4, (4.11) and because the
standard messages of G[x] form an n-BP fixed point. For any such b and any o € Q%
we obtain

WG, [x1.ab(0) = Z Hrgp = ”}MG*[X],VZU(T)
reQviy
“.13) 1{zop = 0} p(0v) [Lacow ¥a (O [Twesary 6. 001 w—a(Tw) p
z e ~+ 0@
ZKEQ naeav Zz’eﬂ"” Va Tz, =K} l_[wei)a\v WG lxlw—a(Ty,)

reQv?
(4.15) p(oy)¥p(o) l_[wgg)[,\l, ILG*[K],wab(Uw) H(,ggv\h HKG.lx],a—v (ov) ngg‘zﬂﬂ Ya(T) Hwei)a\v HG[xlw—a (tw)
e PV [Tueap v B6.txw—bCw) [Taconp He.lx1a—vE) Yreqia Va (O [Tyeparn K6.lx)w—a(Tw)
+ 0%

p(oy)¥p(o) Hweab\v MG*[X].wﬁb(Uu*) Hueau\h HGlxl.a>v (ov) +0( d)
= «
ngmb pky)¥p (k) ]_[wgah\y MG [x],w—b (kw) l_[agav\b MG*[x],aav(K)

@19)  ¥p0) [Tyeop K6, 1x1,w—b(0w)

L +0(@"),
ZI(EQ")” Y (k) Hme&)h G, [x).w—sb (Kw)

whence (4.12) follows by averaging on b.
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Finally, BS2 follows from (4.11), (4.12), the &!/8-extremality of /i, [,- Indeed, let
I, J be random sets of at most 1/¢ variable/constraint nodes. For each b € J pick a
variable node v, € db. Because fig, [y is £!/8_extremal, Proposition 3.11 yields

E|fG, i tomeeny — Q) fAGua| <ot (4.16)

velU{vy:be J} v

Furthermore, (4.11) and (4.12) imply that with probability at least 1 — &> over the choice
of I, J we have

Yp(o) l_[weab H«G*[X],w—ﬂ?(a(w)) 3
Vb e J: - )
© G;;b MG*[X](G) ZreQ?’b Y (T) l_[weab HG*[x],wﬁb(T(w))
p(Uu) naeé)v Yq(0) nweaa MGy x],w—a (o(w))
v I: —
Ve g%zv #G.10(®) erQ p(x) l_[aeav ZreQi’a Ya(T) Hwef)a G, [x)w—a(T(W))
< 83.

. . 52 .
If these estimates hold, then for any configuration o € Q1Y9JY9°1 e obtain

® ﬂG*[X],v(G)

velU{vy:beJ}

p(UU) Haeav V(o) Hweaa\v HG.ixl,w—a (ow)
erQ P(X) naeav ZreQa“ Va(T) l_[weaa\v MG*[X],U)%“(TW)

Va(@) [wesa LGulxtw—alow) | & 4.17)

ac] Zrle’“ Va(7) nwe‘()a MG*[X],wea(Tw) 2

vel

Thus, BS2 follows from (4.16) and (4.17).

Finally, to obtain the Bethe state decomposition of the simple factor graph G, we
merely recall that P[G € .¥’] = Q(1) by Fact 2.2. Hence, the claim about G follows
immediately form the statement for G and Bayes’ rule. O

4.2. Proof of Proposition 4.2. By construction, the random factor graph G/, comprises
a pairing of variable clones (v;, h) € V; x [d] and constraint clones (a;, h) € Fy, x [d].
But since we obtained G/, from G, by removing some variable nodes W along with
their adjacent constraint nodes, not all of the variable clones (v;, h) withi < n — w are
paired. We call variables with at least one unpaired clone cavities. Let € be the set of
all cavities.

The basic idea behind the proof is as follows. We will add a new variable node v*
along with new adjacent constraint nodes by, ..., by to G;. Apart from v*, these new
constraint nodes are adjacent to some of the cavities. The fresh randomness afforded by
this construction will facilitate the study of the standard messages from v* to the b; as
well as the reverse messages. Then we will argue that v* is essentially indistinguishable
from a randomly chosen variable node of G/, thereby extending the analysis to almost
all the messages of G,.
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Formally, since w is a Poisson variable with mean w truncated at 2w, w.h.p. we have
w/2 < |€| < 2d(k — 1)w. Given that |¢'| > d(k — 1), obtain G, from G’, by re-
inserting one variable node vy = v,_¢+1 along with d new constraint nodes by, ..., b,.
For each of these constraint nodes a random clone (b;, h;), h; € [k], is paired with a
random clone v.. In addition, the b; are paired randomly to k — 1 cavities. The weight
functions ¥, are chosen independently from P. The following lemma shows that the
distributions of G/, and G are reasonably close.

Lemma 4.4. For any event & we have P[G/, € §] < a7 'P[G} € &]+ 0('™).

Proof. We need to get a grip on the conditional distribution of the second neighborhood
of vy in G given G',. This is non-trivial because of the revised prior of G introduced by
the pinning operation (4.4); for the assignment o is correlated with the neighborhood
of vy in G. To begin, let o7 be the event that no constraint node of G is connected by two
edges with the variable nodes v,,_u+1, - - . , U, and that all cavities have degree precisely
d — 1. Then (4.3) guarantees that

PG e o]=1—0?/n)=1—0n""?). (4.18)
Further, given <7 the total number of cavities of G; is equal to d (k — 1)w, and thus
PE]| > w/2| H]1=1— 0@ ). (4.19)

Let .7/ be the event that &7 occurs, that |4’| > w/2 and that the weight functions of all
constraints adjacent to v, take a minimum value of at least «~/2¢%)_We condition on
the event .7/, which occurs with probability 1+ O («'%%) due to (2.1), (4.18) and (4.19).

Let A1, 4 be two possible outcomes of the depth-two neighborhoods of v, in G
given G/,. Thus, A1, 45 specify the weight functions of the d constraints adjacent to
Vs, the pairing of the clones of v, to those of these constraint nodes, and the pairing
of these d constraint nodes and the cavities . In addition, let G’ be the random factor
graph obtained from G/, by restoring the prior to p®". Then we can set up a coupling
(T'y,T) of G given G’, A1, &/’ and of G given G’, 45, </’ such that under I the two
random factor graphs differ in no more than 2dk edges: the coupling simply switches the
pairings occurring in .41 but not in .45, and vice versa. In effect, on &/’ the Boltzmann
distributions ur,, ur, are mutually o~ !-contiguous. Consequently, since the priors
are amended according to samples from these respective Boltzmann distribution, we
conclude that for any two outcomes .41, .45 of the second neighborhood of v* and for
any possible outcome g of G,

P[G, =g | M,G, o' <a'P[G, =g | M,G,]. (4.20)

Combining (4.18)—(4.20), we conclude that for any possible g and for any 2w/3 < wg <
3w/2,

P[G,=glw=awy] <o 'P[G, =g|lw=wy+1]+0@'?). (4.21)

Finally, the assertion follows from (4.21) because drv (@, 0+1) = O (w~!/ 2y = 0 («?)

andP[20/3 <w <3w/2] =1 —exp(—Qw)) =1 - 0@*?). O

Lemma 4.4 shows that studying the messages received by and emanating from vy is
about as good as studying the messages of a random variable node of G',. The randomness
involved in the attachment process will help, but is not yet quite sufficient to actually
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verify the Belief Propagation equations. Namely, we also need to make sure that the
Boltzmann distribution of the cavities is extremal in order to argue that typically the
joint distribution of the variables where the new constraints by, ..., by are anchored
factorizes. Unfortunately, we do not know a priori that extremality holds. Indeed, while
going from G to G/, renders the Boltzmann distribution g1/4_extremal (by Lemma 4.1),
the cavities are too few in number to conclude that their joint distribution is extremal.

Hence, we will apply a second round of pinning. But this time we will pin the cavities
directly. To be precise, recalling the random variable 6, = 6, from Lemma 3.15, let
%+ C € be arandom subset of size 0. A |%|. Further, draw a sample o . from na. - The
choice of €, o+ is independent of the choice of the constraints b1, ..., by, and o is
independent of €. Now, obtain G/, from G/, by changing the prior to

Par©@) o p, (@) [] 1o = 0. 0)). 422)
yECH

Thus, we pin the cavities y € %, to the spins observed under o ., which are independent
Ofbl, . ,bd.

Lemma 4.5. The joint distribution KG" 5 of the cavities is ¢ -symmetric with probability
at least 1 — ¢.

Proof. Since |€| > w/2 with probability 1 — exp(—2(w)), the assertion follows im-
mediately from Lemma 3.15 and the construction of G,. O

Additionally, obtain G} from G by changing the prior as per (4.22) as well, i.e.,

pe+(0) x pg-(@) [] Ho =4(). (4.23)
yEC:

We are ready to verify the Belief Propagation equations for vy on G.

Lemma 4.6. With probability 1 — O («”°) the random factor graph G has the following
properties:

> reqiri Uro, = 030, (O [Tueop v, K6t w—b; (Ty)
e Vi (O [uweapo, K63 w—sb; (Tw)
<a™  vVield,oeQ, (4.24)
tt s (@) — P [T 2o p cqovy Urw, = 030, (0) [wean o, HGEw—b; (Tw)
e 2 yea POO Tz 2o eqivs Vo, OUtu, = x3 Twean v, 46t w—b; (Tw)
<o’  Vieldl,oe®Q, (4.25)

KGH b0, (0) —

o) PO T V6 (@) Tlacon o, 4G* s Ow)
G} -
erg p(x) H?:] Zregﬁbf e, = X3, () Hwei)b;\u+ KRGt w—b; (tw)
<™ Yo e @V (4.26)

Proof. Lemma 4.5 shows that RG! ¢ is ¢-symmetric with probability at least 1 — ¢.
Suppose it is. Then Proposition 3.11 shows that KRG % is (B, d(k — 1))-symmetric.
We may also assume that |%’| > w/2, an event that occurs with probability at least
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1 — exp(—2(w)) by the construction of G,. Additionally, due to (2.1) we may assume
that

mink Yy, (0) > o foralli € [d]. 4.27)
Q

[eXS
According to (3.2), the standard message LG+ 5, ,, is defined as the marginal of v,
in the factor graph obtained from G by removing by, ..., by and replacing the prior of
v, by the uniform distribution. By construction, this factor graph is obtained from G/

by adding the variable node v, and constraint node b; and replacing the prior of v, by
the uniform distribution. Therefore,

MG;,b1—>v+(U)
Y reqins o, = o}y, () <1{Vw € 0b1\vs : 0y = Ty}, /LG:,%)
= (o € Q).
D ceqivr ¥ (T) <1{Vw € 0b1\v;s : 0y = Ty}, [,LG;/’%)

(4.28)

Further, the neighbors db1\v" are chosen uniformly from % (without replacement).
Because |%| > w/2 and nG! s is (B, d(k — 1))-symmetric, we conclude that

PG a0\t — ® KRGl w| = B =1-p'" (4.29)
wedby\v*t TV

Combining (4.27), (4.28) and (4.29), we obtain the estimate

Z‘L’EQM’I Iz = O-}wbl () l_[weab]\x+ MG:,w(TW) 1/4
E H’G:,bl—w*(a) - < ,3 .
ZIEQW’I whl (1) Hweabl\v" MG:,w(rW)
(4.30)
Moreover, the factor graph G} — by is obtained from G’/ by adding vs and by, . .., by.

Hence, (4.27) implies that KGt—b,, @ is (2/a)%-contiguous with respect to 1! - Since
KG! ¢ is ¢ -symmetric, Proposition 3.11 and Lemma 3.17 yield A (Gt —p, 0> LG %) <
B. Because the neighborhood db; is random, Lemma 3.12 therefore yields

v < 0(B). (4.31)

E Z HMG;/,w - MGI,w%In ’T

wedb\vy

Combining (4.27), (4.30) and (4.31), we obtain (4.24).
The proofs of (4.25) and (4.26) are similar. Indeed, KG* v, by

in G} — by, which is obtained from G/, by adding by, . .., by. Hence,

is the marginal of v,

MGI,U.,.*)[?] (U)
Y. g POt = 0}<1{Vu) € 0%vy 1 0y = Tu), uG%) T, ¥, (7)

. et P(T,) <1{Vu) €020y 1 0y = Tu), MG:@ T, v, (1)
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Invoking the (B8, d(k — 1))-symmetry of e and (4.27), we obtain

Y. cqunize POz, = o} T ¥, (0 Tweore, 4670 (Tw)

E
d
ZfeQ(UHUBZ'# p(t,) l_[i=2 Y, (T) nw682v+ MG;’,w(TlU)

IU/G:,IA*)ZJ] (U) -

< g4,
Moreover, reordering the sums and products, we simplify the last expression and find

p(o) H?:Q Zregi’bi Yoy, = o}y, (7) Hwe?)h,-\m MG;:_w(fw)
Y yea POO T X ream Htu, = X3, (O Twcanvn, 4670 (Tw)
< B4, (4.32)

N ) e

Further, (4.27) ensures that for each i € [d] the distribution KRGt —b, % is (2/0{)‘”‘—

contiguous with respect to G/.. Consequently, since the neighbors of b; are chosen
randomly from the set % of cavities, Proposition 3.11 and Lemma 3.17 yield

d

SE| Y ters - taumn ], | = 0@ 433)
=2 weab;\vs

Combining (4.32) and (4.33), we obtain (4.25).

Moving on to (4.26), we consider o € Q" 1V9°" Since G is obtained from G’/ by
adding v, along with b1, ..., by, we have the exact formula

ke (o)

2 . _ d
_ P(U)(l{vw €3V oy = 0w, HGQ)H,‘:] Vi, (0) € szm).

erQ PO <1_[;1:1 Zrega’?i e = x 1y, (7) Hweﬂhi\v" How =0}, #G;’>

Since 92v* is a random set of cavities, the (8, d (k — 1))-symmetry of ne! and (4.27)
ensure that

P@) TTweszor 167 w00 TTi=) ¥, (0)
ZXEQ P(X) H?:] > ceqin Hrwr = X3, (7) nweahi\v‘f ILG/*/,w(Tw)
< gl (4.34)

Elug:(0) —

Finally, to complete the proof we combine (4.33) and (4.34). O

We set up the random factor graph G} so as to facilitate the verification of the BP
equations. But in a sense the model is a bit ‘out of whack’ because the prior is pinned
according to a configuration o 4 drawn from j; rather than u - ; see (4.23). Thus, with

* *

0, =0, and €, C ¢ as before, draw o, from ;- and let G be the random factor
graph obtained from G by changing the prior to

pG+(0) % pg (@) ] Lo = o).

webCy

Hence, o ., takes vy, by, ..., bg into account.
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Corollary 4.7. With probability 1 — 0 (289 the bounds (4.24)—(4.26) hold with G}
replaced by G

Proof. The only difference between G;* and G lies in the choice of the configuration
to which the variable nodes in ¢} get pinned. But since G is obtained from G’/ by the
mere addition of d constraint nodes by, ..., by, (2.1) shows that o, is a_l-contiguous
with respect to the distribution of o, with probability 1 — O («?). Thus, the assertion
follows from Lemma 4.6. O

We are finally ready to go back to the random factor graph G.. Indeed, basically the
only difference between G+ and G, is that the former has one more variable node, along
with d adjacent constraint nodes. But since the number of variable nodes of G;/ israndom,
this difference should hardly be noticeable. Also G/ is invariant under permutations of
its variable nodes. Thus, whatever we can prove for the last variable node v, of GI+
carries over to arandom variable node of G’,. The following corollary makes this precise.

Corollary 4.8. With probability 1 — O (a’°) we have

22>

veV, bedvoe
Zreﬂab oy = oy (7) stab\u MG;’,W%[)(TIU)

60d 4.35
Zzeﬂab Vp(7) Hweab\u MG;:,wab(fw) e ( )

/’LG;’,b—n;(o') -

222

veV, bedvoe

P(U) naeav\b Zzeﬂad I{TU = 0}%(7) stiﬂa\v /’LG;’.]U*)[I(TW)
vea POO Taconp 2oreqia Ut = X310 (D) [Tyeparn 67 w—sa(Tw)
< na® (4.36)

VeV 5 crui?x

/‘LG;’,U—H;(O') - Z

p(o) naeau Ya(0) l_lweBa\v MGQ,w—)a(Uuz)
XEQ r(x) l_[aef)v Zreﬂz’" Yy = x1a () Hweﬂa\v MG;’,WHG(IW)

< na®

rer (o) — >
(4.37)

Proof. Consider the event & thatin G;’ , for the variable node v,,_, with the largest index
the estimate

2. 2

bedv,—p 0EQ

<o (4.38)

KRG b—v,_ (o) —
* e ZTGQDb V(1) Hweab\vn,m MGZ,w—)b(Tw)

Y rean Ut Wnw) = 0 395(0) [Tyeama,_, 167 wb(TW)) ‘

holds. Since G}* is obtained from G by the same process that produces G/, from G/,
Lemma 4.4 and Corollary 4.7 show that P[G/ € &] = 1 — O(a""). But since the
distribution of G, is invariant under permutations of the n — O(w) variable nodes of
degree d, we can replace v, in (4.38) by a random variable node of degree d. Thus,
we obtain (4.35). The two bounds (4.36) and (4.37) follow analogously. O

To complete the proof of Proposition 4.2, we finally need to get from G/, back to
G/,. Thus, we need to undo the additional pinning of the cavities that was required to
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verify the BP equations (4.35)—(4.37). The elegant insight that makes this possible is
that (4.35)—(4.37) really just describe a property of the joint distribution of the second
neighborhoods of the variable nodes v;, i # n — w. Indeed, by Lemma 4.3 the standard
messages, defined via the removal of a few constraints adjacent to a single variable node
v, can be expressed easily in terms of the joint distribution of the second neighborhood
of v. Furthermore, Lemma 4.1 implies that the enhanced measure :‘lG; describing the

second neighborhood distributions is £ !/4-extremal, with £ is near the top of the pecking
order (4.3). In effect, ,&G; is impervious to the additional pinning required to go from

G/, to G/,. Let us formalize this argument to finish the proof of Proposition 4.2.

Proof of Proposition 4.2. By Lemma 4.1 the measure [+ is &'/ 4_extremal with prob-

ability 1 — @~!. Consequently, since G/, is obtained by deleting O(w) constraints,
Lemma 3.17 and (2.1) ensure that :‘lG; is -extremal with probability 1 — «!°. Further-
more, llG;’ is nothing but the conditional distribution llG; given the event S, that the

spins of the @, cavities ¢ coincide with the ones of the reference configuration o .
Since o is drawn from [i 5’ , with probability at least 1 — ¢ we have

g (S) = ¢q7%.

Ifso,andif i g is ¥-extremal, then (4.3) and Corollary 3.18 imply that Ay (&g, fig)) =
B. In summary,

P[AnGig) fig) < B] = 1-2¢.
In addition (2.1) ensures that with probability at least 1 — o!°

< ne 0004, (4.39)

{a € F(G)) : min y,(0) < oz}
oeQk

Further, by Corollary 4.8 the bounds (4.35)—(4.37) hold with probability 1 — O (a70).
Thus, we are left to prove statements (i) and (ii) under the assumption that A (/TLG;/,

:&G; ) < B and that (4.35)—(4.37) and (4.39) hold. Applying Lemma 3.12, we obtain

—_ ’
v /"(’G*,U

v < 0(B). (4.40)

veV

Further, Lemma 4.3 shows that the messages L G” 4> LG a—sv A UG y s HGasv
can be expressed in terms of the marginal distributions Agryand g, of the depth -two
neighborhood. Indeed, according to (3.1)—(3.2), for any a € dv and o € €,

(low = o)/ va(), g,
<1/1/fa(0),ﬂc;',u>
(ttos = o1/ (@) Tyeanra 6@ i)
(/@) Thesna V6@, figr.0)

MG;’,v—m(U) =

s

MG;:,a—w(G) =

’
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and analogously for G',. Hence, the total variation bound (4.40) and (4.39) imply that

Z Z H'[’LGZ,U—W — MG, v—>a

veV aedv

= 0 (na®).
TV

v + H/”JGl,a—w - MG;,a—w
(4.41)

Combining (4.37) and (4.39)—(4.41), we obtain assertion (ii). Further, (4.35), (4.39) and
(4.41) readily yield

Z Z Z () Y ceqn Hr(v) = o}y (1) ngab\v “G;,w—m(f(w))
/ v O’ —_
veV bedv oeQ 'uG*,b ZTGQab 1ﬂb("-’) nwgab\v ,U«(;;’w_)h(r (w))
= 0™, (4.42)

Moreover, combining (4.36), (4.39), (4.40) and (4.42), we obtain

2.2 )

veV bedvoef

p(o) Haei)v\b 'U“G/*,a—w(a)
XEQ 409 naeav\b /“LG;,a—w(X)

< 0(na"?).

MG;,v%b(U) - 3
4.43)

Finally, (4.42) and (4.43) show that the standard messages are a O (*4)-BP fixed point.
O

5. The Free Energy: Upper Bound
5.1. Outline. In this section we derive the following upper bound on the free energy.

Proposition 5.1. Assume that POS is satisfied. Then

1 1
lim sup —E [log Z(G)] < inf HA(w), limsup-E [log Z(G)] < inf A(r).
n—oo N TeED* n—oo N TeED*

The proof of Proposition 5.1 consists of two parts. First, we will prove that any

n € K yields an upper bound on E [log z (G)]. Specifically, recalling the notation
from Sect. 3.1, let

%’(u)=Elog<@¢i,M>, %’”(M)=]Elog< EB vﬁ],,-,/x>.
i=1

1<i<(k—1)dn/k

Then we have the following generic upper bound, which may be of interest in its own
right.

Proposition 5.2. Assume that POS is satisfied. Then E [log Z (G)] <om)+%(n) —
B’ () for any u € .

The proof of Proposition 5.2, based on the interpolation method [38], is relatively stan-
dard, although the fact that we deal with regular graphs requires a bit of care. The details
are carried out in Sect. 5.2. This is the only place where condition POS is required.

The second step toward the proof of Proposition 5.1 is to show that for ;« drawn from
7 € ©* the upper bound from Proposition 5.2 boils down to the expression A ().
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Proposition 5.3. For any 7 € ©* we have #(w) = E[%#' (n™) — B"(n™)].
We prove Proposition 5.3 in Sect. 5.3.

Proof of Proposition 5.1. The first assertion is immediate from Propositions 5.2 and 5.3.
To obtain the second assertion, we apply Azuma’s inequality and (2.1) to see that
n— 031 |log Z(G) — Elog Z(G)| converges to zero in probability. Hence, Fact 2.2 and
Bayes’ rule show that Elog Z(G) = Elog Z(G) + o(n), and thus the second assertion
follows from the first. 0O

5.2. Proof of Proposition 5.2. We construct a family of random factor graph models
parametrized by ¢ € [0, 1]. The free energy of the model at t+ = 1 will be easy to
compute, and we will see that it is (nearly) equal to #' (1) — %" (). The model with
t = 0 essentially coincides with G. Furthermore, we will show that the derivative of
the free energy is non-negative for all ¢, thus obtaining the desired upper bound on
Elog Z(G).

To construct this interpolating family, fix 4 € %" and a small ¢ > 0. For ¢ € [0, 1]
let

m; = Po((1 —t)exp(—e)dn/k),
m, = Po(t exp(—¢)dn),
m; =Po((1 —1)(k — 1) exp(—¢)dn/k),

all three mutually independent and independent of everything else. Given km+m, < dn,
we define the random factor graph G; as follows.

INT1: the set of variable nodes is 7" = {s} U V,,, and the set of spinsis 2~ = QUIO0, 1].
INT2: the set of constraint nodes is
F = {a],...,am,,ai,...,a;n;,ai’,...,a;;;/}.

INT3: each constraint node a; independently chooses a weight function v, from P,
and the a; are joined to the variable nodes vy, ..., v, by a random pairing of
Vo x [d]and {ay, ..., am,} x [k].

INT4: each of the constraint nodes alf, i e [m;], is adjacent to the variable node s and
one further variable node from vy, ..., v,; the links between the alf and the v;
are constructed by choosing a random pairing between the k;-clone of each a;
and the clones in V;, x [d] that are not paired to a constraint node a;,. The weight
function associated with alf reads

Vo (s.0) = Y Uy = oi@ [ wo, ()

TeQK h#h;

INTS5: the constraint nodes alf/ , i € [m]], are unary, adjacent to s only. Their weight
functions read

k
V() = ) ¥ @ [ ] oy, ().
h=1

TeQk
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INT6: the prior p is a product measure

dp(o) =lo, €[0,1], VI <i<n:o, € Q}l_[p (0,) doy;

i=1

thus, for each v; € V,, a spin from € is chosen independently from p, and oy is
uniform on [0, 1].

Thus, the total weight, partition function and Boltzmann distribution of G, read

Ve, (o) = Hw“i (@) HWa;(G)H‘/fa;’(U), (o5 €10, 1], oy, € Q),
i=1 i=1 i=1
‘ - ¥6,(0)
Z@Gn= VG, (0)dos [ [ (o). dug,(0) = ). (5.1)
Oxp e Oy, €Q 0 i=1 ( l)

The following lemma establishes the monotonicity of the free energy in #; its proof is
the only place where we use condition POS.

Lemma 5.4. Suppose that POS is satisfied. Then uniformly for all t € (0, 1) we have
! 8IE[] Z(G )]> (1)
——E]|lo o(1).
n ot & ol=

Proof. We recall the derivative of the Poisson density: for any A > 0, £ > 1,

3 ppo() = ¢ _ax (=) = il
ol POt =t = ooy exp(=4) =
14
— %exp(—k) =P[Po(x) =¢—1]—P[Po(L) =¢£]. (5.2)

exp(—2)

The variable ¢ affects the distribution of G, by way of the variables m,, m;, m; . Specif-
ically, let

A= (1 —1t)exp(—e)dn/k, A, =texp(—e)dn, A = (1—1)(k—1)exp(—e)dn/k.

Recall that m,, m, are conditional Poisson variables Po(};) and Po(A}), respectively,
given that km; + m, < dn. Since ¢ > 0 is independent of n, (5.2) shows that for any
two integers m;, m; > 1,

19 19
E&P [m; =m;, m; =m] =exp(—Q(n)) + ;5]? [Po(x;) = m;]P[Po(r;) = m;]

19
=exp(—Q(n)) + ;EP [Po(i;) = m]P[Po(A)) = m}]

= exp(—Q(n))
+ (P [Po(k) = m;] — P[Po(r;) = m; — 1]) P[Po(A}) = m}]
exp(—e)d/k
+ (P[Po(r;) = m; — 1] — P[Po(A)) = m}]) -
P[Po(As) = m;]exp(—e)d. (5.3)
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Further, given the event km; + m; < dn — k let G| be the random factor graph obtained
from G, by adding one more constraint node d,,+1 as per INT3. Similarly, given km; +
m] < dn—1obtain G} from G, by adding )+ according to INT4. Additionally, obtain

G/ from G, by adding a unary a,,,; as described in INTS. Since m;’ is independent
of m}, m}, (5.2) and (5.3) yield

10
——E[log Z(G;)] = exp (—2(n))
n ot

m; my 19 m; my
> Elogz@Gy| [m | =(m || -p|[m|=]m
" ” n ot " ”
mg,my,my>1 m; m; m, m;
km+m} <dn—k
= exp (—£2(n))
d (G ) Z(GU Z(G;//)
— —&)—|El kE I + (k — )Elog . 5.4
exp ( S)k[ 027Gy~ MElog Zgy + (k= DElog o GD

Hence, it suffices to prove that for all 0 <t < 1,
Z(G’)] [ Z(G”):| Z(G")
E|lo 1 —kE|lo 1+k—=DE]|lo ! <0. (5.5)
[ £7G) £2@Gn £2G)
By the definition of the Boltzmann distribution (5.1),
Z(G}) Z(G/)) z2(G/)
Z(Gt) (wamlﬂ’ MG[)’ Z(Gt) Wa , 17 /’LG, ) Z(Gt) - wa;r/;;’ﬂ’ /“LGt .

Hence,

Z(Gy
Z(Gy)

1
log =108 (Va1 HG,) = — D 7 1=V ne,) - (5.6)

>1

Further, in terms of the kernel representation ftg, of the Boltzmann distribution we
obtain

J4

E[(1 Y16 ] =E| [1- 3 ¥ f Hua,,z,xxa,-)dz G
=1

oeQk

Combining (5.6) and (5.7) yields

)4

Z(G,) .
E[log Z(GZJ Z— 1= %@ f Huc,,z,x,(oi)dz . (58)

=1 TeQk

Due to (2.1) and Fubini’s theorem, we can exchange the sum and the expectation in
(5.8); indeed, (2.1) yields

14

Y E||1- er(o)f Hﬂc,,z,x,.<o,~>dz <ZE[max|1—¢(o>|@}

>1 ek =1 >1
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Thus, (5.8) becomes

k

1
Z '/,(U)./O H/lG;,z,x,-(O'i)dZ . (59

oeQk i=l1

Z(G! 1
E [log Z(G’)} = —ZZE 1 -
Gl &
Following similar steps, we obtain expansions for the other two terms from (5.5) as well:

Z G//
B [log ZEGZ; ]

4
k 1
= YR (I—Zwm [ ﬂa,,z,th)Huz,xm)dz) RNERD)

oeQk i#h

4
Z(G/") 1 /1k
5[ RRPSYElE e 0)dz | 5.11

Finally, the assertion follows from POS and (5.5), (5.9), (5.10) and (5.11). O

Proof of Proposition 5.2. Integrating t from 0 to 1 and applying Lemma 5.4, we obtain
for any ¢ > 0,
Ellog Z(Go)] < E[log Z(G1)] + o(n). (5.12)

Letting

"
m,

| k
Y =1og/0 l_[ Z ¥ (o) l_[,uz,xl/f_h (on)dz,
h=1

i=1 geQk
we claim that for a certain number ¢ = ¢(P) > 0,
Elog Z(G) + E[Y] < Elog Z(Gy) + &cn. (5.13)

Indeed, at # = 0 the variable node s is adjacent to the constraint nodes @', i € [m]'], only.
Hence, Gy decomposes into connected components, one of which comprises s and the
a!. Let G, be this component, and let G(, be the remainder of Gg. Then by construction
we have Elog Z(G() = E[Y]. Thus, (5.12) yields

El[log Z(GE))] +E[Y] = E[log Z(Gy)] < E[log Z(G1)] + o(n). (5.14)
Furthermore, 6 consists of the variable nodes vy, ..., v, and the constraint nodes
ai,...,am,, where m is a Poisson variable Po(exp(—¢)dn/k) conditioned on taking

a value of at most dn/k. Thus, we can construct a random factor graph with the same
distribution as G from G, by simply adding dn/k — m further random k-ary constraint
nodes as per INT3. Since all weight functions ¥ € W take values in (0, 2), we obtain
¢ = c¢(P) > 0 such that

Elog Z(G) < Elog Z(Gy) + ecn. (5.15)

Combining (5.14) and (5.15), we obtain (5.13).
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We further claim that there is a constant ¢/ = ¢/(P) > 0 such that
1 / /!
—E[Y] <ec’+0(1) + B (). (5.16)
n

Indeed, " (1) = E[Y | m{ = (k — 1)dn/k]. In other words, we can think of %" (1)
as the free energy of G(; given that m(j = (k — 1)dn/k. Thus, obtain G, from G by
adding (k—1)dn / k—m more constraint nodes according to INTS, or by removing some
random constraint nodes if m{ > (k — 1)dn/k. Then 2" (1) = Elog Z(Gy). Since m(;
is a Poisson variable with mean exp(—e¢) (k — 1)dn/ k, with probability 1 —exp(—£2(n))
we do not need to add or remove more than 2¢(k — 1)dn constraint nodes. The tail
bound (2.1) therefore implies together with the Chernoff bound that (5.16) is satisfied
for a certain ¢’ = ¢/(P).
By similar arguments, for a certain ¢’ = ¢”(P) we have

l]E[log Z(G1)] < B (1) + e’ +o(1). (5.17)
n

Indeed, %’ (1) is nothing but the conditional expectation of log Z(G) given that m/| =
dn. Hence, if we pad G by adding the missing dn —m/| constraint nodes a; according to
INT4, then the total number of constraints added does not exceed 2edn with probability
1 —exp(—S2(n)). Hence, (5.17) follows from (2.1) and the Chernoff bound.

Finally, combining (5.12)—(5.17), we conclude that
1
~Elog Z(G) < B'(u) — B’ (n) +ec” +o(1)
n

for a certain ¢’ = ¢’”(P) > 0. Since this is true for any fixed ¢ > 0, the assertion
follows. 0O

5.3. Proof of Proposition 5.3. Following Panchenko [52], who worked with factor
graphs of Erdés-Rényi type, we are going to use the invariance property of 7 € ©*
under the (N, M)-operation to simplify %', " separately.

Lemma 5.5. Suppose that 7 € ©*. Then

d(k—1n

E[#" ()] = k

E [log(¢. 7)]. (5.18)

Proof. Let¢p =E [log <1/f s n)] for brevity. We claim that for any integer m > 0,

<EB?1=+11 i 7T>

. log (@?’;l '/,i’ 7T>

(5.19)

Then (5.18) follows by summing (5.19) on 0 <m < d(k — 1)n/k.
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Thus, we are left to prove (5.19). Since & € ©*, Corollaries 3.4 and 3.9 imply that
for any integer £ > 1,

E M Z —-F KM oy n>£
(Dt ¥ m) <@T=1 '/fj,7T> m+l

- i )
=E <~/fm+1,e]9¢,-*n> =E[(Wye1.7)']

i=1

=E[(v.7)].
Consequently, for all £ > 1 we have
<@m+l wl’ ) ,
Efll-"——— =E|(1—{yy, . 5.20
(®i:1 'lﬁi’ﬂ'> [( <W1 T[)) :I ( )

Further, because the continuous function z € [—1, 1] + |z| is a uniform limit of
polynomials, (5.20) yields

(®m+1 Vi >

@ ) | “EO ]

Therefore, invoking (2.1), we obtain

1 ®m+1]/,“ X
2 w =gl - o)

<ZE[max|1—wl(a)|4]

=1

Hence, by (5.20) and Fubini’s theorem,

<@m+l . > B | <@m+l . >
<®i:1"’iv”) __gzle]E 1_<®i:1¢i’”)

== gE[0- ()] =0

>1

E | log

whichis (5.19). O
Lemma 5.6. Suppose that & € ©*. Then E[%'(n™)] = Elog (@, 7).
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Proof. We use a similar argument as in the proof of Lemma 5.5. This time we set
¢ =Elog ((pl, 7r>. It suffices to show that for every n > 0,

gl <€an:1¢177> B 591
@ e | 2D

As in the proof of Lemma 5.5, we use that 7 € ©* and apply Corollaries 3.4 and 3.9 to
obtain for any £ > 1,

+1 ¢ B ¢
<69?:l ¢ n> _E < D o S0 n>
= n+l>
(i1 9i7) <@7:1 (pj,n>

- . '
=FE <q)n+1,@(pi *n> =E[(¢1,n)€]. (5.22)
i=1

Hence, for any £ > 1,

4
(@11 91 7)

T@enm) | 7" [(1={or.7)"]. (5.23)

Further, approximating the absolute value by polynomials, we obtain from (5.22) that

¢
<@:§ Di, 7T>

“ e | |TEl0-lea).

Thus, (5.21) follows from (5.23) and Fubini’s theorem. O

Finally, Proposition 5.3 is immediate from Lemmas 5.5 and 5.6.

6. The Free Energy: Lower Bound

6.1. Outline. In this section we prove the following lower bound on the free energy that
matches the upper bound from Proposition 5.1. The lower bound does not require the
assumption POS.

Proposition 6.1. We have
1 1
liminf —E [log Z(G)] > inf AB(xw), liminf-E [log Z(G)] > inf AB(n).
n—>o00 n TeD* n—oo n TED*

Theorem 2.7 follows immediately from Propositions 5.1 and 6.1.

The proof of Proposition 6.1 is based on a kind of coupling argument that is colloqui-
ally referred to as the ‘Aizenman—Sims—Starr’ scheme. This technique has been applied
with great success to random factor graphs of Erd6s-Rényi type, where the degree distri-
bution is approximately Poisson [15,22,52]. The basic idea is to couple a random factor
graph with n variable nodes with a random factor graph with n + 1 variable nodes and
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to calculate the difference of their free energies very precisely. This coupling is very
easy to set up in the Erd6s-Rényi case due to the Stein-Chen property of the Poisson
distribution.

However, in the case of random regular graphs matters are more intricate. Due to the
rigid local structure there is no obvious way of coupling random regular factor graphs
with n and n + 1 variable nodes. As in Sect. 4, we therefore resort to the idea of creating
a bit of wiggling room by carving out a few cavities, in such a way that the free energy
does not change significantly. But the details of the construction are delicate.

Let n, w be integers and let X, Y be two independent Poisson variables with mean
o. The protagonist of the proof is the random factor graph G, ,, defined as follows. Let

Npw=kv(n—X) andlet A,, iBe(dN,,,w/k — dNp.w/k])
be independent of Y. Further, set
My =dV (ldNpw/k] A (ldNpw/k] + Ay —dX —Y)).

Then G, has N, , variable nodes v;, i € [N, ], and M, , constraint nodes a;,
i € [M, ,]. The weight functions v, are chosen independently from P. Furthermore,
the variable and constraint nodes are linked through a random (one-to-one) pairing

Fum,., X< k] = Vy,, x [d].

Since kM, ,, < dN, , by construction, such a pairing exists, but some variable clones
may go unpaired. We are going to harness these unpaired ‘cavities’ to set up a coupling
of G, and G411 .

To this end, consider a further random factor graph f}nw with N, ,, variable nodes and
A;I,Lw = M1, — d constraint nodes. The weight functions are chosen independently
from P, and the connections between the constraint and variable nodes are induced by
a random pairing

F~

M, % k] = Vn,, x [d].

Rather than coupling G, and G4, directly, we will couple G, ., and (A}n,w as well
as Gy11,0 and G, .
This construction leads to an approximate formula for the free energy of G, ,, that

comes in terms of the kernel representation of the Boltzmann distribution of Gn,w. To
be precise, let ¢ be the set of variables v; € Vy, , with at least one unpaired clone in

~

G, . Consider the random kernel
Ian’w = ﬂé)l.w,(é € R

representing the joint distribution of the cavities %. Further, let The € O be the
distribution of p, . To deal with the conditioning on the event ., we also intro-

A

duce versions G, ,, G, , of the above random factor graphs conditional on .7. Let
Pnow = /:L@ 4 € R be the kernel representation of the corresponding Boltzmann dis-

tribution, and let 7, , € ® be the law of p, (. In Sect. 6.2 we will derive the following
formula.
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Proposition 6.2. For any ¢ > O there exists w > 0 such that

log (‘Pl, ﬁn,w) - 108< @ Vi Ian,w> > =&,

Mn,w <i§M/1,m

liminf E |:log

n—0o0

Z(Gn+1 ,a)) _E
Z(Gn,w)

o Z(Gpr1,0) - ~
hnnigéfE[logZ(G%:S]—E log((ol,pn,w)—log< @ '/’1,1"Pn.w> z —&.

My, <i<Mp e

There are still two gaps to fill toward the proof of Proposition 6.1. First, the estimate of
the free energy provided by Proposition 6.2 does not quite match the functional %(7,, ).
Second, the distribution 7, , € © does not generally belong to the subspace ©*. The
following proposition deals with the second issue, which holds the key to resolving the
first. Recall that the topology of ®© is induced by the Wasserstein metric Z(-, -). We
introduce a relaxed version of ©* by letting

;,N’M: {n ISON @D(n,n*(”’w)) <eforallu < Nandw < M}.

Since (2.1) and Lemma 3.6 show that the map 7 > 7*®™) is continuous, DYy yisa
closed subspace of the compact Polish space ©.

Proposition 6.3. For any ¢, L > 0 there is wy > 0 such that for every w > wy for large
enough n we have

A ~ *
TTn,ws Tn,w € z)g,L,p

The proof of Proposition 6.3 can be found in Sect. 6.3. Finally, in Sect. 6.4 we derive
Proposition 6.1 from Propositions 6.2 and 6.3.

6.2. Proof of Proposition 6.2. We assume throughout that @ > @ for a big enough
wo = wo(d, P) and that n sufficiently large.

Obtain the random factor graph G;l’w from Gn’w by adding M,, — A;[n’w new random
constraint nodes a;, an < i < M,, whose weight functions are drawn from P
independently and that are linked with the variable nodes via a random pairing with the
cavities € of an

Further, if k]\;ln,w < dN,, — d(k — 1), then obtain Ggw from (A;,,,w by adding

one new variable node ¥ = vy, ,+1 along with d random constraint nodes d, .. ., dg
adjacent to v whose weight functions are drawn independently from P. To be precise,
the clones of v are paired each with a uniformly random clone h; of g; fori =1, ...,d,

and the remaining d (k — 1) clones of the g; are paired with randomly chosen cavities of
G- 1 kM, o, > ANy, — d(k — 1), then obtain G|, , from G, , by just adding a new
isolated variable node 0. .

Obtain Gy, ,, G}, ,, analogously from G, ,, while conditioning on the event that the
outcome is simple. If it is impossible to add the required number of constraint nodes in
such a way that the resulting factor graph is simple, then do not add any.
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Lemma 6.4. For w > 0 we have

|Elog Z(Gn.») — Elog Z(G, ,)| = o(1),  |Elog Z(Gps1.0) —Elog Z(G)) )| = 0,(1),

|Elog Z(Gp.w) — Elog Z(G), )| = 0(1), |Elog Z(Gpi1.0) — Elog Z(G, )| = 00 (1).
6.1)

Proof. Sinced > 3 and k > 2,

]l;ln,w — dNyw/k] <dNyw/k+1+d/k—d— |dNyow/k] <2—-d(1—1/k) <1/2.

Because the left-hand side is an integer, we conclude that M,,,w < |dNy,0/k]. Similarly,
My — (ldNnw/k] + Ay —dX —Y) <2 —d(1—1/k) < 1/2.

Thus, M, ., > A;In,w. Hence, G, and G’ are identically distributed.
Moving on to the second claim, we consider the event <7 that the last variable node
is adjacent to precisely d distinct constraint nodes. Then

P[Gpi10 € ] =1—O(w/n), (6.2)

while G;l”w € o/ with certainty. Given <7 and given that X +Y < ./n, say, the subgraph

G 41, obtained from G, , by deleting v along with its adjacent constraint nodes is

distributed precisely as G,,,w, and therefore G;Lw and G+ , can be coupled identically.
Hence,

E[logZ(G, ) | X+Y < /n] =E[log Z(Gps10) | &, X +Y </n]. (6.3)

If, on the other hand, X + Y < /n but &/ does not occur, then we can couple Gilw

and G,’Lw such that both disagree on at most 2d constraint nodes. Indeed, suppose

that vy,,, , has d < d adjacent constraints in G,+1,,. Then the subgraph obtained
by removing vy,

+l,w?

its d neighbors and another d — d random constraint nodes is

distributed precisely as G, .. Hence, we can obtain both G4, and G;{’ » from 6,1#)
by adding d (possibly distinct) constraint nodes. Thus, (2.1) ensures that

E[log Z(G!,) | X+ ¥ < /n] =E [1og Z(Gnir0) | o, X+Y < ﬁ] +0(1).

(6.4)
Furthermore, (2.1) ensures that
E[log Z(G, ) | X, Y], E[log Z(Gps1.0) | X. Y] = O(n). (6.5)

Since P [X +Y > ﬁ] =o(n~2), (6.2)-(6.5) yield the second assertion.

Matters get slightly more complicated once we condition on .%. Since X +Y <
log n with probability 1 — O (n~¥), due to (2.1) the event X + Y > logn contributes
no more than an additive o(1) to the difference of the free energies. Hence, we may
condition on X + Y < logn. Let d’ be the vector comprising the variable degrees
in ((A}n,w. Let 2 be the set of all such sequences with entries either d or d — 1. A

standard moment calculation shows that given any possible d’, the event Gmw € .% has
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probability (1 + o(1))exp[—(d — 1)(k — 1)/2 — 1{k = 2}(d — 1)*/4] (cf. Fact 2.2).
Therefore, with O( ) hiding poly-logarithmic terms,

P[d' € 7| X+Y <logn]=1-0(1/n). (6.6)

Similarly, let d comprise the variable degrees of the factor graph G, , obtained from
Gy, by deleting the last d constraint nodes. Then

Plde2|X+Y <logn]=1-0(1/n). (6.7)

Additionally, let & be the set of all factor graphs that have a constraint node that is
adjacent to variable nodes of degree less than d only. Then

P[@n,d CEIX+Y < logn] PGy, €& X+Y <logn] = 0m'™). (68)

n,w

Further, on the event 2\ & we can couple G, , and G, identically, because there is no
way of adding the missing constraint nodes to ([A}n,w without obtaining a simple factor
graph. Hence,
E[logZ(Gno) |d € 2, G, , ¢ E X+Y <logn|
—E [1og 2@ )1 de D, Guyd &, X+Y < logn] . (6.9)

But (6.9) does not yet suffice to prove (6.1) because outside the event Z\& the free
energies of the two factor graphs may differ by €2 (n). Hence, we also need to consider
the event 2’ that d has a single d — 2 entry; this suffices because

P[dggu@’|X+Y§10gn],1@[&¢@u@’|X+Y§10gn]=1—6(n—2)
(6.10)

and thus the contribution of the complement of 2 U 2’ to the free energy difference
is 0(1) due to (2.1). Considering the event &’ is indeed necessary because IP’[& € 9|
X+Y <logn] >Plde 2| X+Y <logn]. Indeed, while Gn,w is just a uniformly
random simple factor graph with N, ., variable and Mn,w constraint nodes, G,; » has
a tilted distribution, with each possible simple graph being weighed according to the
number of extensions into a simple graph with M, ., constraints. In effect, since variable
nodes of degree less than d — 1 leave us with fewer extensions, the event &’ is less

A

likely in G,;w. Yet because M, , — M, ., is bounded, on the event %’ we can couple
Gn,» and G, , such that both differ only in a bounded number of constraint nodes. As
a consequence,

E[log Z(Gno) |d € P, G, ¢ & | X+Y <logn]
) [logZ(Gﬁlyw) lde P, Growd & | X+Y < logn] Lo,  (6.11)

Additionally, we claim that also G, ., given d € 2 and G, , given d € 7' can be

coupled such that with probability 1 — O (1/n) both differ only in O (1) constraint nodes
and that, in effect,

E[log Z(Gno) |d € 2, G, , ¢ &, | X+Y <logn]
—E [log Z@GL ) 1deP, Gy g & | X+Y < logn] +01). (6.12)
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To see this, letuy, .. ., uy be the variables nodes of degree less than d in G,z > Suppose,
indeed, that all of them have degree d — 1. Similarly, let ”/1 s u,’é_1 be the cavities of
@n, - all of degree d — 1 except for uj,_,, which has degree d — 2. Pick a further variable
node u, of degree d randomly. Then with probability 1 — O(n~") the second neighbor-
hoods 9%{u1, ..., ug}, 3*{u}, ..., u}} both have size £(k — 1)(d — 1). Consequently, the
subgraphs of G,Zw and @n’w obtained by removing u1, . . ., ug and ”/1 o "‘2 along with
their neighbors, respectively, can be coupled such that both coincide with probability
1 — 0(1/ n). Thus, G, , and G;yw can be coupled such that the expected number of

constraint nodes on which the two factor graphs differ is 6(1), whence we obtain (6.12).
To deal with the event &, we may assume that k = 2 due to (6.6). Furthermore,
because of (6.8) and as

Pld ¢ 2| Groe& | X+Y <logn] = 0(/n),
Pld ¢ 7|G,,e& | X+Y <logn] = O(1/n), (6.13)

we may assume thatd, d’ € 2. Since

P[@n,we£|d’e@,X+Y§10gn]zP[G;we£|de@,X+Y§10gn]
(6.14)

because the event & precludes certain extensions into a simple factor graph with M), ,,
constraints, we just need to consider the case that G, , € & and G,: » & & given that
d,d e 9. Letuy,...,upand ul, ..., u, be the cavities of G,.,, and (@,,,w, respectively.
Pick one further constraint node b of G, .. Then with probability 1 — O(1/n) the set
3%{u1, ..., u¢} hassize £(d — 1), and all variable nodes in this set have pairwise distance

atleast four. The same is true of the set 3*{u, . . ., u},} Udb with probability 1 — o(1/n).
If these two events occur, then G,, o, and G,, .y can be coupled such that they only differ

on the 5(1) constraint nodes that are adjacenttouy, . .., uy and u’l e u% and b. Hence,

we obtain a coupling such that G, , and G,, ., only differ on O(1/n) variable nodes in
expectation, and thus

E [1og 2@ )1 d €D, Gpypeb, X+Y < logn]
—E[logZ(Gpo) | d €D, Gy, & & X+Y <logn]+0(1). (6.15)

Moreover, because given & there is precisely one constraint involving variables of degree
d — 1 only with probability 1 — O(1/n), we obtain
E[logZ(G),) |d € 7, Gy € 6. X +Y < logn]
=E[logZ(Gno) |d € 2, G, , €& X+Y <logn|+0(1). (6.16)
Combining (6.15)—(6.16), we obtain the left bound stated in (6.1).

We proceed similarly to derive the right bound in (6.1). Indeed, in this case we do
not need to consider the event & separately, because all additional constraint nodes are
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connected with a variable node that does not belong to @n,w or G, ,, respectively. Hence,
on the event & we can couple GZ, ,, and G, ,, identically, and thus

E[log Z(Gui1,0) |d € 2, X +Y <logn| =E[log Z(G}, ) |d' € 2, X +Y <logn].
(6.17)

In effect, due to (6.10) we just need to construct a coupling in the event that @n,w e
and @; » € 2.Tothisend, we proceed as above by coupling @n,w, G, , given the second
neighborhoods of the cavities such that both only differ in an expected O (1/n) constraint
nodes. Since P[d" € 2" | X +Y <logn|,P[d € Z' | X +Y <logn| = O(1/n) and
Plde 2| X+Y <logn| > P[d' € 2’| X +Y <logn], the second part of (6.1)
follows from (6.17). O

We are ready to compare the free energies of Z(G”), Z(G) and Z(G'), Z(G) and of
the corresponding simple graphs. We will carry the proofs out for the case of the simple
random factor graph G; the other case is simply obtained by skipping any deliberations
pertinent to the event ..

Lemma 6.5. We have

Z(G/

Z(Gy ) s
E |:log m} = E [log (1. fn.0)] + 0u(l).

Proof. Let <7 be the event that Gn,w has at least w/2 cavities, that all variable nodes
have degree either d or d — 1 and that no two variable nodes of degree d — 1 are adjacent
to the same constraint node. Then P[«/] = 1 — exp(—,(w)). Hence, (2.1) ensures
that

Ellog(Z(Gy, )/ Z(Gn.o)] = Ellog(Z(G}, )/ Z(G. )|/ 1 + 00 (1). (6.18)

n,w

Moreover, on ./ the random factor graph G;; , is obtained from G, ., by adding one
variable node v along with d constraint nodes aj, ..., az, whose weight functions are
drawn from P independently. Further, on the event o/ all neighbors of the d; except 0

belong to the set % of cavities. Therefore, we have the exact formula

Z@G,,) <

d
6=\ roll 2 wa,-<r>1{ne=x,Vye’o‘&i\f:vy=ryw@n.w,%>'

XEQ i=1 ;cQda;
(6.19)
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To proceed, let (v; ;);, ; be a sequence of uniformly and independently chosen cavities
v; j € €. We claim that on the event <7,

Z(GZ o) | A
E|log—— Ghn.0
Z(Gp,o)

= 0p(1)

d
+E {log<2 pOOTT D i@ Wan, = x, Yh € \ki < 0, = ), ug,>

XEQ i=17eQk

(6.20)

Indeed, the only difference between (6.19) and (6.20) is that in the former the neighbours

da;\? are chosen from % without replacement, whereas the v; ; are chosen indepen-
dently, i.e., with replacement. But since we choose a mere dk cavities (v;,j)ie[d], je[k]
out of a total of at least w/2, the probability of hitting the same cavity twice is 0, (1),
and thus (6.20) follows from (2.1). Further, unravelling the definitions of p, , and ¢4,
we see that

d
E {log<2 pGOTT X w1, = x, Vh € k1\k; < 04, = ), MG,> ‘@n,w}

xe i=1reQk

—E [log (@1, o) | Gw] : (6.21)

Finally, the assertion follows from (6.18)—(6.21) by taking the expectation on @n,w. O

Lemma 6.6. We have

Z(G'
E |:10g M} =]E<log @ 'ﬁ],iv ﬁn,w>+0w(1)y

Z(Gnw) P
Z(G,

E logA—”"") =E{log @ Vi fro)+oul).
ZGn.w) My w<i<M

Proof. The proof is similar in spirit to the previous one. Once more we consider the

event o7 that ([A},,,w has at least w/2 cavities, that all variable nodes have degree either
d or d — 1 and that no two variable nodes of degree d — 1 are adjacent to a common
constraint node. Then P [&7] = 1 — exp(—,(w)) and

E[log(Z(G), ,)/Z(Gp.u))] = Ellog(Z(G), )/ Z(Gnu) |1 +0u(1).  (6.22)

n,w

Moreover, we have the pointwise exact formula

Z2@G,,) <

G [T X wa[(r)l{oaa,.=r},u@m(g>. (6.23)

Mn,(u <i<My, o TGQaai
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With (v; ;);,; a sequence of independently chosen cavities v; ; € %A, we claim that on

>

IE|:10g (G o)
z

ﬂﬂ))

Gn,w:| =0,(1)

My o~ My o
+E[log< 1'[ Zw/r(r)]‘[l{ovl, f/}MG/>‘Gw}
TeQk
(6.24)

Indeed, the only difference is that in (6.24) the v; ; are chosen independently, whereas in

(6.23) the neighbors of the a; are chosen without replacement. But since M,, o, — A;In’w
is bounded while there are at least w/2 cavities, the two terms coincide up to o, (1).
Finally, the construction of p, ., ensures that

My,o—My
E log< I1 Zwmﬂl{av,, r,»},u@w,f>'©n,w

i=l TeQk

A

no | (6.25)

na)_an
=E 10g< @ ¢111pnw>

and thus the assertion follows from (6.22)—(6.25) by taking the expectation. O

Finally, Proposition 6.2 is an immediate consequence of Lemmas 6.4, 6.5 and 6.6.

6.3. Proof of Proposition 6.3. Once more we will carry the proof out for the simple
random factor graph, which is the (slightly) more intricate case; the unconditional case
follows by skipping any considerations pertaining to the conditioning. The basic idea
behind the proof of Proposition 6.3 is quite s1mple With probability 1 — o0,(1) the

random graph (Gn » consists of N, , variable and M,, «» constraint nodes and we have
Ny, =n— X and

Mn,w = Mp+l,0 — d= LdNn,a)/kJ A (l_dNn,w/kJ + An,a) —dX — Y) —d

with independent Po(w) variables X, Y. Fix two integers £, £’ > 0. Given that X > ¢
and kM, ., < dNpo — k€' —d(k — 1)¢, let G, [, €'] be the random factor graph
obtained from @n’w by adding

e ( more variable nodes ¥y = vn, ,+1,-..,0¢ = VN, +¢ along with d¢ new con-
straint nodes a; ;, i € [£], j € [d], each with a weight function chosen from P

independently; connect a random clone h i,j of each a;. ;j with a random clone of v;
and pair the other k — 1 clones of @; ; with random cavities of G, left pending by

the previous additions.
e (¢ more constraint nodes dy, . . ., d, each endowed with a weight function chosen

from P independently and each connected with k random cavities of Gn,w left vacant
by the previous operations.
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The resulting random factor graph @n,w [Z, 4 ] is not necessarily simple. Yet the key
insight behind Proposition 6.3 is that for any ¢, ¢’ the distribution of G, [¢, €] is
close to that of the original graph (@n,w, provided that @ is big enough. Moreover,
the perturbation of the Boltzmann distribution that ensues upon going from @n,w to
((A},,,w [Z, A ] is close to the perturbation induced by the *(¢, £)-operation. We introduce
similar notation Gn,w[é, {'] for the random graph without the conditioning on .¥.

To formalize this idea, we first compare the distributions of G,,., and G, , [¢.¢].

For integers x, y we denote by @n,w,x,y the conditional @n,w given that X = x and
Y=y

Lemma 6.7. For any £, ¢ > 0 we have dty <@n,w» (@n,w [E, E/]) = 04, (1) and analo-
gously drvy (an Gro (€. Z’]) = 04,(1).

Proof. The event of = {w/2 < X < 2w, w/2 <Y < 2w} has probability 1 — 0, (1).
Further, because X, Y are independent Poisson variables with a large mean w while £, £/
are fixed, the total variation distance of the pairs (X, Y) and (X — £, Y — £) is of order

O, (w~Y?%). Hence, given .7 the total variation distance of @mw and an X—y—¢1s
04,(1); in symbols,

ary (G | 7. G x—ev—v | ) = 0 (D). (6.26)

Further, let .’ be the event that (@n,w enjoys the following additional properties.

(i") The last £ variable nodes of G, ,, satisfy ‘Bz{an.m_“], L an.m}\%f‘ — td(k —
1). Hence, there are £d (k — 1) distinct second neighbors, none of which is a cavity.

(ii”) The last £’ constraint nodes of G, ,, satisfy )a{aﬂn_{ri/ﬂ’ ce, aMn‘w}\(f‘ =kt
Hence, there are k¢’ distinct second neighbors, none of them a cavity.
(iii’) We have d{vy, ,—e+15---» UN, ,} N {a/ljln,w%/ﬂ’ caay } =
(iv’) Let
51192
U =%U0d {vn, p—ts1s - UN,W} U 3{611‘2’”{“)7@,_’_1, Ceey aMn,w}'
Then for any constraintnode a & d{vn, ,—¢+1, - -+ UN, Yy prygs--es Ut

we have [0aN?%/| < 1.Thus, only the constraint nodes adjacent to the last £ variable

nodes or the a; with i > A;In,w — ¢/ may be adjacent to more than one variable
node in % .
(v’) All variable nodes u € % have degree d ord — 1.

Additionally, let &7 be the event that ((A}n‘w, X—¢.y—¢ has the following properties.

(1’) all variable nodes have degree either d or d — 1.
(ii’) no two variable nodes of degree d — 1 are adjacent to the same constraint node.

Then

P [Gn,w e | 42%] =1-0,(1), P [Gn,w,x_g,y_y e | d] =1 —0u(1).
6.27)
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Furthermore, given /" N &/, the random factor graph @n,w, X—¢,y—¢[€, £'] obtained
by attaching £ new variable nodes and ¢ new constraint nodes is distributed pre-

cisely as Gn,w given &/’ N <. Indeed, the construction of the enhanced factor graph
Gn.w.x—0.y—o[€, £'] expressly ensures that (i”)—(iii’) are satisfied, and (iv’)—(v’) follow
from (i”)—(ii”’). Hence, (6.27) yields
ity (G | 7, G x e -01€ 41 ) = 0,(1). (6.28)

Finally, since P [«7] = 1 — 04 (1), the assertion follows from (6.26) and (6.28). O

Let €€, £'] be the set of cavities of G, o, [¢. €] and let p, (£, £'] € & be the kernel
representing g (o] Eieer Let 71,0 [€, €'] € D be the distribution of fy, o[€, €'].
Define ?[ﬂ, ', pn.oll, £'] analogously for (Gn,w.
Lemma 6.8. For any £, {' > 0 we have

0 (2 a1, 61) =D, 50 (52 1) = .

Proof. Theevent o] = {w/2 < X, Y < 2w} occurs with probability 1 — o, (1). So does
the event @ that all variable nodes of G, ., have degree either d or d — 1, and thus the

same is true of &/ = &7 N . Moreover, the construction of @n,w[é, £'] s such that on
the event ./ we have the exact formula

Z(Gpolt. ) a
By —— vi(0) | | Y4 (), g where
Z(Gno) <1_! U G ‘ff>

d
ei@)=>_pCO[] D va,®Ur, = x. Yw € 0a; j\i : o0 = 7).

XER J=1 L eqddij
Consequently, the joint distribution of the cavities Cf[ﬁ, £ of @n,w[ﬁ, £'] reads
KE, oie.01.€1e.010)
(v e €10, 01: 00 = 0l [Ty i) TT1Z v, 0. 115, (@)

= : (o e Q1L
<Hf=1 @i (o) nf=1 W&,» (o), M@'l,m»(f);>

(6.29)

Thus, with probability 1 — 0,(1), namely on the event <, p, [, £'] is just the
kernel representing the right hand side of (6.29) We claim that in this case 5, ,[¢, £']
and ﬁ:ff;’e ) can be coupled to coincide with probability 1 — o, (1). Indeed, the weight
functions associated with the 4; and the g; ; are chosen from P independently, and

they are connected to the cavities of @n’w by a random pairing. By comparison, we
4
construct ﬁ;’(f;l ) by adjoining @1, ..., @, and ¥, ..., ¥, that evaluate the kernel p,

at independent uniformly random points of the unit interval. Combinatorially, this is
equivalent to attaching the new variable and constraint nodes to random cavities chosen
with replacement, rather than without replacement as in the construction of @n,w[ﬂ, 2.
But since the number of cavities of G is Q, (w), the two constructions have total variation
distance 0, (1). O

Proof of Proposition 6.3. The proposition is immediate from Lemmas 6.7 and 6.8. 0O
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6.4. Proof of Proposition 6.1. We begin with the following lemma, whose proof is

similar to the proof of Lemma 5.5.

Lemma 6.9. We have

E 10g<‘/’lvﬁn,w)_log< @ '/’151" ﬁn,w> :%(ﬁn,w)"'ow(l),
| Mn,(u<i§Mn.w _

E 10g<‘/’lvﬁn,w)_10g< @ '/’1,1" ﬁn,w> :%(ﬁn,w)"'ow(l)-
| Mn,w<i§Mn,w _

Proof. Letmw = 7, 4 Or T = 7y 4. Since E[ M), ,, — M,,,w] =dk —1)/k+0,(1), due

to (2.1) it suffices to show that

E 10g< P 1#1’1»,71> = 0(1) + E[My, s — My ] - E[log (¥ 1, 7)].
i

n,o<l an,w

(6.30)

Thus, we need to cope with the correlations between M, ,, — M, , and G, o, or G, 4,

respectively. In other words, we need to assess the correlations between M, ,, — M, o
and N, M,, o, With probability 1 — exp(—£2,(w)) we have
Myow—M,o =W, where W = |dN, ,/k]|
- Ld(l + Nn,w)/kJ + An,w - An+l,w + d7 (631)

with independent Bernoulli variables A, ,,, Ay41,6. Thus, W < d +1 and (2.1) ensures

that
w
P v n> =E [Iog<EB Vi ”ﬂ +0,(1)
i=1

E 10g<
My <i <My o
w
M,Lw — E[Mn,w]‘ < \/a)logw] log<@ Vi n>i| +04,(1).

=

Furthermore, since X, Y are independent Poisson variables with mean @ while W is

bounded, for any 7, m such that |n — E[I\AJn,w]L |m — E[M,,,w]l < J/wlogw we obtain
from (6.31) that

Nn,w - ]E[Nn,w]

’

(6.32)

P[Mn,w — it | N =ﬁ] = (140, (1)P [an =it | Ny = 11, W =h]
forany0 <h <d+1.
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Hence, introducing an independent copy W’ of W, we obtain from (2.1) and (6.32) that

W/
E log< @ wl,i,n> =E 10g<®1ﬁ1,,~,n> + 04, (1). (6.33)
i=1

Mn,a)<i§Mn.(u

Additionally, we claim that forany 0 < w <d + 1,

w+1

E|l (@ ¥1..7) E[log (¥ 1. 7)] + 0w (1) (6.34)

g | = og(¥,m)|+o . .

(@?:1'/’1,:'777) N
Indeed, as in the proof of Lemma 5.5 we obtain
14

E —< A E|(y é ¥ @ (6.35)

= 1s 2k TT . .

(DiLi ¥i.m) o i=1 l

Further, (2.1), Corollary 3.4 and Proposition 6.3 yield

» ¢
E <1/’w+]’®1/,i *7[> ZE[<1/’w+1’7T>ei| +0y(1). (6.36)

i=1

As the logarithm can be approximated arbitrarily well by polynomials due to (2.1), (6.34)
follows from (6.35)—(6.36). Finally, (6.30) follows from (6.33) and (6.34). O

Proof of Proposition 6.1. Proposition 6.3 and Lemma 6.9 show that for any £ > 1 there
exists wg > wy—1 such that for all sufficiently large n we have 7, o, € D7 /6,0, and

lElog Z(G) = B(Finwy) — 1/L. (6.37)
n

Since D is compact, the sequence (T,,4,), has a convergent subsequence, whose limit
7#® lies in the closed set D7 /6.0, Furthermore, because Lemma 3.3 shows that Z( -)
is continuous, (6.37) yields

1
liminf —Elog Z(G) > ##Y) —1/¢. (6.38)
n—-oo n

Additionally, (7#®), has a subsequence that converges to 7 € D* = N D} Jeee
Thus, the first assertion follows from (6.38) and the continuity of Z( - ) established by
Corollary 3.5.

The second assertion concerning the simple random factor graph G is immediate
from the first. Indeed, due to (2.1) a standard application of Azuma’s inequality shows
that n=0-1] log Z(G) — Elog Z(G)| — 0 in probability. Hence, Fact 2.2 and Bayes’
rule imply that Elog Z(G) — Elog Z(G) = o(n). O
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6.5. Proof of Theorem 2.6. We begin by showing that the free energy of G can be
expressed in terms of the functional % applied to 7, Or 7, 4, respectively. Once
more we will carry the details out for G; the unconditioned random factor graph G is
easier to deal with, and the proofs are just obtained from the G case by dropping any
considerations regarding multiple edges.

Lemma 6.10. [f POS is satisfied, then
.1 o .
lim —Elog Z(G) = liminf liminf A (7, ),
n—oon w—>00 Nn—00

1
lim —Elog Z(G) = liminf liminf Z(7,, o).

n—oo n w—>00 n—>00

Proof. Proposition 6.2 and Lemma 6.9 show that for any ¢ > 0 there exists wg such
that for all @ > wy there exists ng such that for all n > ng we have n™'E log Z(G) >
PB(7tn.w) — €. Hence, for any ¢ > 0 there is wp > 0 such that for all v > wp we have

1
liminf —Elog Z(G) > liminf #A(7, ) — €. (6.39)
n—-oo n n—oo
Indeed, since Propositions 5.1 and 6.1 show that (%E log Z(G)), converges, (6.39) yields
1 a1 P ~
lim —Elog Z(G) = liminf —Elog Z(G) > liminf lim inf Z(7, o). (6.40)
n—-oon n—»oo n w—>00 n—>00
We are left to prove the converse inequality. The space © is compact and separable.
Therefore, for any w the sequence (7,.,,), has a subsequence that converges to 7 () € ©

such that liminf, oo Z(7Tn.») = BT (@) Further, (7®),, has a subsequence that
converges to 77* such that

liminf Z(7 ) = B(7*). (6.41)
w—> 00
Proposition 6.3 shows that 7* € ©*. Hence, Proposition 5.1 implies that
1
lim —Elog Z(G) < Z(7*) = liminf Z(7“)) = liminf lim inf BTnw). (642)
n—-oon w—> 00 w—> 00 n— oo

Thus, the assertion follows from (6.40)—(6.42). O

To proceed we need a small twist on Lemma 6.10. Namely, instead of using ([A},,,a, as
our reference point, we are going to work with G,, ... Thus, let € be the set of cavities of
Gn,o and let p, ., .~ € R be the kernel representing ug, , «. Further, let 7, ,, & € D
be the distribution of p, ., . Define py o, 7y, 0 analogously with respect to G, .

Corollary 6.11. If POS is satisfied, then
1 e
lim —Elog Z(G) = liminf liminf A (7, ),
n—oon w—>00 Nn—00

1
lim —Elog Z(G) = liminf liminf B(7, ., ).
w—>00 n—>00

n—oo n
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Proof. Since X, Y are Poisson variables with a large mean w, A;In,w and M, . can be
coupled so that both coincide with probability 1 —o,,(1). This coupling naturally extends
to a coupling of @n,w and G, , under which G, , = @n,w with probability 1 — o,(1).
Consequently, recalling that (-, -) stands for the Wasserstein metric on 3, we have
DOy .7, TTn,w) = 04 (1). Thus, the assertion follows from the Corollary 3.5. O

We recall the construction of the kernel /ig x y € R from(2.14). Let 7, ,, € D bethe
distribution of i x v, and define fig x,y € R, 7,47 € D analogously with respect
to G. Due to the inevitable divisibility condition required to construct a regular factor
graph, these kernels are defined whenever k|dn. The following proposition summarizes
the main step toward the proof of Theorem 2.6.

Proposition 6.12. For any o > 0 there is wg > 0 such that for every w > wy there
exists ng > 0 such that for all n > ng with k|dn we have

20 Tn.0, Tn.w) < A, 20Tty .7 Tn.ow,.7) < .

To prove Proposition 6.12 we let ¥ = {v; : i > Ny} and & = {a; : i >
M, ,} U UveV/ dv be the sets of variable and constraint nodes, respectively, that are
present in G but not in G, . Similarly as in Sect. 6.3, conditioning on the event that
kM, . <dNy.,—d(k—1)X — kY, we define an enhanced random factor graph G* by

e adding the variable nodes 7" to G, , along with with d X new constraint nodes af i
v eV, jeld]. Each aﬁ j is adjacent to v and k — 1 random cavities of G, ,,,

e adding Y more constraint nodes a?, R a#;, each connected with k random cavities
of G, .

Of course, the cavities in the above construction are drawn without replacement and all
weight functions are chosen from P independently. We do not require that the outcome
G* be simple. Let

g ={a} jiveV, jeldl}uldal i <Y)
comprise the new constraint nodes.
Lemma 6.13. We have dtv (G, G*) = 0,,(1).

Proof. Similarly as in the proof of Lemma 6.7, we consider the event & = {w/2 < X <
2w, w/2 <Y < 2w}, which has probability 1 — o,,(1). Further, let & be the event that
G enjoys the following additional properties.

(i’) We have |82 | = |#|d(k — 1).

(i’) [d{am, y+1, -+ » Gm}l = k(m — My o) and 07 N {ap, ,» ..., G} = 9.
(iii’) If a ¢ <7, then a is connected to the set 9.7 by at most one edge.

Additionally, let &” be the event that G,, ,, has the following properties.

(i) all variable nodes have degree either d or d — 1.
(ii”) no two cavities are adjacent to the same constraint node.

We have
P&l =1-0,(1), P[Ge&]|=1-0(), P[Guyeé&"]=1-0(l). (643)

Moreover, G given &” is distributed precisely as G* given &”. Thus, the assertion follows
from (6.43). 0O
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Due to Lemma 6.13 we can apply Theorem 2.5 to G¥. Let Sf, ceey Sf denote the

resulting Bethe state decomposition of G¥. Let Ti# = Sf N QY"\” fori e [£]. Further,
we introduce

Igthi = <1{0 € Sl#}/ Z l_[ P(ty) l_[ Valoy,\7, 1), Mg#>,

eQ” ve¥V aca/*
pgt(0)l{o € T}

(o e @™\,
LG i ZIGQV/ HUE“V p(TU) naeﬁﬂ Wa(O', 7)

UGH i (o) =
(6.44)

Thus, g ; € 2(QV\).

Lemma 6.14. With probability 1 — o,,(1) the sets T, . . ., T[# are pairswise disjoint and
we have

l
gt i (v) = pg,, (| forallr e TFand  pg, ,(Tf) =260/ Yzt ;-
j=1
(6.45)

Proof. We recall from Sect. 4.1 that the decomposition Sf, e, Sf is constructed by
pinning the values of a random set U, of variables to specific spins. Since the size of
this set is bounded, with high probability we have (4" U ¥) N U, = @. We will prove
that in this case, jug# ;(0) = ug,,, (o|T) forall i, o.

If(¢Uu?)NU, = @, then Tl#, R Tz# are pairwise disjoint. Thus, fix i € [¢] and
o€ Tl.#. Then by the construction of G*,

Z(G% . mg# (o)
Z(Gp,e) ZreQ"’/ l_[ve“// p(w) Hae,@/# Va(o, 7) ’

Z(Gnw) ¢
TG;#) = 1/ Z l_[ p(w) 1_[ VYa(0,7), UG ) = ZZG#J' (6.47)
=1

1eQ” ve¥ aco/*

(6.46)

UG, ,(0) =

Combining (6.46) and (6.47), we obtain the second identity in (6.45). Further, combining
the second part of (6.45) with (6.46) and (6.47), we find

BGyo(0) Zﬁ':lz((}#,j. Z(G*) '
G0 (T zeri Z(Gow)

LG, (0 | T = 2gti - Mg (0) = pgr i (0),

thereby establishing the first part of (6.45). O

W.h.p. each cavity v € ¥ of G, has degree d — 1. In this case, we denote by b,
the unique neighbour of v in G* that is not present in G, ,,. Further, for i € [{] let

VG, € P(Q7) be the product measure

#
VG#,i = ® KG# psb, (- 157)-
ve?



Spin Systems on Bethe Lattices 503

In close analogy to the weights introduced in (2.13), we also define

1

F=uerSH T Do [T D Ur=xa@® ] et woaTwlSH

veY \xef acdv reQoa weda\v
-1
Y
#
TTL 2 ve® T rerwma@lIsH| (6.48)
i=1 TGQFM? weaaf¢

Lemma 6.15. With probability 1 — 0, (1) we have ¥4 _, ‘ZG#, P i ( = o(1) and

l
> 16,0 T 16,06 CITI = var | = 0D,
h=1

Proof. Fix h € [£] and suppose that Sﬁ is an o(1)-Bethe state, which occurs with
probability 1 — 0,(1) due to Theorem 2.5 and Lemma 6.13. Then by BS2 w.h.p. we
have for any o € Q7Y

#
MG#(Ulsﬁ) ~ l_[ p(oy;) Haeav Ya(o) Hweaa MG#,W—)Q(UU}|S}1) ;
ve ZXeQ Haeav,- > reata Ut = x3a (D) [Tyesa He# wsa (TwlS])

ﬁ Iﬁai‘t"(g) r[weaaft MG#,wﬁaf(wa}?)
i=1 2 qlaf waf () Hweaaf HG# w—sat (fw|SZ)

TE

(6.49)

Further, w.h.p. each cavity of G, ,, has degree d — 1; in this case, denote by ¢, the unique
neighbor of v in G* that is absent in G,, ,,. Then by (6.49) w.h.p. we have

z@»,h=um<5§><l/ ST e T1 ¢u<avw,r>,um<~\s};‘>>

e ve¥ acl
~ pgH (Sh)
P00 [acan ¥a (@) Tluesars H6# wsa©@nlSh
ags;u%’ ey PO [acan ¥a(©@) - 32, ca POO Tacow 2oreqra Hx = wla (O [Twcaare MG (Tl S])
Y Yt @) Twesat 1t wat OwlS])

’ #
i=1 l/fal“ (o) ZIEQM? ]ljaf' (r) nweaal# /'LG#,HJ*)Q? (TW|SII)

a2 (S#) 1_[ ZUEQBZI‘ Haei)u l_[u)eaa\u HGH w—a (UlUlSZ)
= Mgt 9oy
ey 2gea POO Taeay Yoreqie it = 1l (@ [uesarn A6t wsa (Tl S

. oeQ i
I

i=1 Va! () - ZIEQM? ]lfaf' (v) I_Iweaal# H‘G*’,w—m? (TW|S;;)
3 (6.50)

#
Y Z daft nwei)a,# I’LG#,IUﬁdf (O'w|Sh)

Summing on /& completes the proof of the first assertion.
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With respect to the second assertion, for o € Q% we have w.h.p.
KUGy 0. @ ((rlTh#) = ugt (o) [by Lemma 6.14]

ngr (]S
26t p Yoreq? ey PT) [ucw # Ya(0.T)

-1
~ e (Z [1 ro [ vato. r))

#
2GH 1eQ” ve¥V aedd *

= pgr(SH - [by (6.44)]

af (o) nweda# Kt w )—alf (ow lS;:
au“ 1/fa #(7) Hwedu” HeH, w—al (Tw |Sh)

P@0) [ucow ¥a(©) [ucoa H6# w—a@wlSH

b

. [by (6.49)]
Ll;[/ erQ naeﬂv; Zreﬂa” Kz, = x}a(0) Hweau “G”.w—»cz(’:w'S;:)
_ e (Sz) Y l_[we?ia,# MG#.U’%G? (ow ‘Sz)
e ZTEQM’# Var O Mweaat et woa? (tulS})
. 1_[ naeav Hu:e}ia HGH w—a (GW|SI?)
vet erﬂ naeav; Zreﬂi’” Kz, = x}a(0) Hureaa “G”.w—»cz(’:w'S;:)
=vg# 4 (9), [by (6.50)]

as claimed. 0O

Proof of Proposition 6.12. Let vge = Y 1_, Z?VG#,i/Zle Zg#,; and let nfw & be
the distribution of the kernel representation vg# € K. Then up to a renumbering of
the variable and constraint nodes, fig# x y € £ is distributed as the representation
of vg#. Specifically, in (2.14) we renumbered the nodes such that ¥ comprises the
first X variable nodes and such that the al , 1 € [Y], are the first Y constraint nodes.
Due to Lemma 6.13 and because G and G are invariant under node permutations, we
conclude that 7 (n}f’w’ 7 Tnw,#) = 0(1). Furthermore, combining Lemmas 3.14,
6.14 and 6.15, we see that E[Ag(ug, , %, Vgt)] = 0w(1). Hence, invoking (3.4),
we conclude that E[Z0(0,.0..7, Vg#)] = 0,(1). Thus, the triangle inequality yields
Py .7 Tn.w..7) = 00(1). The same argument applies to 7, , and 7, . O

As a final preparation toward the proof of Theorem 2.6, we need the following simple
lemma.

Lemma 6.16. For any fixed integer £ we have

@D (ﬂn,a)v 7Tn+€,cu) = 0y(1), -@D(ﬂn,a),fv 7Tn+€,w,f) = 0,(1).

Proof. The random factor graph G, ,, or G, ., respectively, has n — X variable nodes
with probability 1 — 0,/(1). Similarly, the number of variable nodes of G4+¢,4 0r G4t
is n + £ — X with probability 1 — o,,(1). Since X is a Poisson variable with mean w, we
have dry(n + € — X, n — X) = 0,(1). Hence, we can couple G,+¢ , and G, ,, as well
as G40, and G, , in such a way that both coincide w.h.p. This coupling extends to the
distributions p, o, .7, Pp+t,0,.7 A Pp.ws Pr+t.w- O

Proof. Corollary 6.11 yields the free energy formula in terms of the distributions 7, ,,

and m, , o, respectively. Furthermore, Proposition 6.12 implies together with Corol-
lary 3.5 that

liminf liminf AB(w,.) = hrn inf liminf AT, .4), (6.51)
w—>00 n—o00,kldn —>00 n—00,k|dn
liminf liminf A(w,, ) =liminf liminf A7, ), (6.52)

w—>00 n—00,kldn w—>00 n—00,kldn
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with the limit on n confined to integers such that k|dn each time. But Lemma 6.16
implies with Corollary 3.5 that this divisibility condition does not alter the limits on the
left hand side of these equations, i.e.,

liminf liminf A(7,.,) = l1m inf hm 1nf B(Tn.w), (6.53)
w—>00 n—00,k|dn —00
liminf lim 1nf %’(nn 0. ) = hm 1nf hm 1nf B(Ty.0.7)- (6.54)

w—> 00 n—)oo

Thus, combining (6.51)—(6.54) and invoking Corollary 6.11, we obtain
1
lim —Elog Z(G) = liminf lim inf A(7, ),
n—oon w—00 n—>00
1
lim —Elog Z(G) = liminf liminf %A(%, ,. 7).
n—-oon w—00 n—00

where, of course, the limit is confined to n such that k|dn because G, G and 77, ¢, 7Ty, .7
are defined only for such n; this is the assertion. O

7. Applications

In Sect. 7.1 we prove that the spin glass model from Sect. 1.2 satisfies the condition
POS; the results stated in Sect. 1.2 are then immediate from those in Sect. 2. Further, in
Sections 7.2 and 7.3 we apply the results from Sect. 2 to two further models, the Potts
antiferromagnet and the random regular k-SAT model. Finally, in Sect. 7.4 we show
how the theorems from Sect. 2 can be brought to bear on the hard-core model, thereby
proving the results stated in Sect. 1.3.

7.1. The spin glass. To derive the results on the spin glass model stated in Sect. 1 from
the general theorems in Sect. 2, we just need to verify the condition POS for the spin
glass model. In Example 2.3 we introduced the relevant weight function even in the
more general case of the k-spin model; the case k = 2 corresponds to the spin glass on
the Bethe lattice.

Lemma 7.1. The k-spin model satisfies POS for alld > 3, B > 0 and all even k > 2.

Proof. The lemma is already implicit in [35,55]; but let us carry the simple proof out
for completeness. Let J be a standard Gaussian. Upon substituting the weight functions
from Example 2.3 into POS and multiplying by 2¢, POS reads

1 k
E <1—tanh(,3]) f ﬂ(zus,x[-l)ds)
0

J4

1k ¢

+ (k- DE (l—tanh(,BJ)/ H(zus,xi—l)ds>
U

l

—kE ( tanh(,BJ)f (2M”1—1)H(2Mw l)dv) >0. (1.1

i=2
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for all measurable s, 1’ : [0, 11> — [0, 1]. Expanding the first expectation yields

4

1 k

E <1—tanh(ﬁ])/ 1_[(2,us,x,.—1)ds)
U

14 ) _ _ 1k J

=Z<_>(—1)1E tanh(8J)’ (f l_[(2,ux,x,.—1)ds)
j=0 M 0 iz

Since J is independent of the x;, the last expectation vanishes if j is odd, while
tanh(B8J)/ > 0if j is even. Thus, in order to establish (7.1) it suffices to show that
for any even j > 2,

1k J 1k J
E (/ H(zus,xi—l)ds> +k—1) (/ H(zﬂs,xi—l)ds)
U 0 i1
j

1 k
—k (/ Quts.x, — 1)]‘[(2/1;,&_ - 1)ds> > 0. (7.2)
0

=2

Letsq,...,s; € [0, 1] be uniformly distribution and mutually independent as well as
independent of the x;. Then Fubini’s theorem yields

. r - . —k
1 k J J
]E|:</0 H(Z'U’vai_l)ds> :|’:1E E l_[(zl’LS]l,x]_l) s17-'-7sj N
i=1 h=1
) (7.3)
|k I [T 7+
E (/0 H(Z,u;yxi—l)ds) =E|E l_[(2u;h,xl—1)s1,...,sj ,
i=1 h=1
) (7.4)
1 k 7 M
E (fo (205,x, —1))]‘[(2M;’x2—1)ds) =FE ]_[(msh,x1 —Dls1,...,se
i=2 h=1

k—1
Sl,...,S(j| . (75)

Since for even k we have X* + (k — )Y* —kXY*1 > 0forall X, Y € R, (7.3)~(7.5)
yield (7.2). O

J
£ |:l_[(2“';hw\'l -D
h=1

Due to Lemma 7.1, Theorem 1.1 follows from Theorem 2.5, Theorem 1.2 follows from
Theorem 2.6 and Theorem 1.3 follows from Theorem 2.7.

Remark 7.2. Indeed, together with Lemma 7.1 the results from Sect. 2 yield the Bethe
state decomposition and the corresponding formulas for the free energy for the k-spin
model for any even k > 2.
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7.2. The Potts model. Foranintegerq > 2letQ2 = {1, ..., g}beasetof g distinct colors
Also let B > 0 be a real parameter, the inverse temperature. The Potts antiferromagnet
on G is the distribution on " defined by

exp | —B Z H{v; € dvj, o(vi) =0 ()} |, (o€ QV"),

I<i<j<n

uG,p(o) = Z3©)

where the partition function Zg(G) provides normalization; we omit the reference to
where possible. Thus, for a given o € Q" each monochromatic edge of G incurs an
exp(—p) penalty factor.

The Potts antiferromagnet and the associated optimization problems, the MAX ¢-
CUT problem, are of fundamental importance in combinatorics. Krzakala and Zdeborova
[42] brought the cavity method to bear on this model. In the following we show how the
main results of the present paper apply to this model to underpin the predictions from
[42] rigorously. In particular, we specialize the Belief Propagation equations to the Potts
model, work out the variational formula for the free energy and apply this formula to
the MAX ¢- CUT problem on the random regular graph.

The Potts model on G(n, d) can be cast as a random factor graph model with a single
weight function

vg Q2 — (0, 1), (0, 7) > exp(—pl{o = 1}).

Thus, k =2, ¥ = {¢g} and P(g) = 1 and the prior distribution p is uniform on §2.
Since the constraints are binary, the random regular factor graph G can be identified
with the usual random d-regular graph G, with the edges representing the factor nodes.

Lemma 7.3. The Potts model satisfies condition POS for all B > 0.

Proof. We plug the definition of ¥4 into POS and notice that the 1 — e~ # factors cancel.
Hence, the desired inequality reads

a1 ¢ a1 ¢
E (Z /O us,m(a)us,xz(o)) +<Z /0 u;,x,(o)ug,xz(w)
o=1 o=1

q 1 ¢
-2 (Z/o s ,x (G)M;,x2(0)> >0  (u,u €R). (7.6)
o=1

Applying Fubini’s theorem to take the expectation on x1, x; inside, we find

q ¢ q ¢
E (Z /O Ms, x| (U)Ms,xg (0)) = Z E |:1_[ Msp,x (Uh),ush,xz (Oh)i|
o=1 h=1

Sl,...,Sgi|

q

4
= Z E |:E |:l_[ Msh,xl(ah)
=1 h=1
4
E []_[ Isy.x2 (@R [S1, - -,s/zﬂ

h=1
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q ¢ 2
- Y oE E[mm]
O ,eees op=1 h=1
1.7)
Similar manipulations yield
a1 ] q e 2
E (Z/ Mé,xl(a)ué,x2(0)> = Z E E[]_[M;h,xl(ah)ﬁ,..-,w] ,
o=1"0 | eteeom=t | La=t
(7.8)

Sl,...,Sg:|
h=1

Y4
E []‘[ 1, x (On)[s1. . ..,Sg:|:| . (7.9)
h=1

Combining (7.7)—(7.9), we conclude that the Lh.s. of (7.6) is the expectation of a sum
of squares, and thus non-negative. O

a1 ] q e
E (Z/(; Mx,xl(l)M;,x2(1)> = Z E E|:1_[ Msh,xl(ah)
o=1 = L

The message space .(G) of the Potts model boils down to the set of all families
(Hv—w)veV,, weaw, With tty_,, € P (2). With this simplification the Belief Propagation
operator BP : .7 (G) — .Z(G), v > b of the Potts model reads

Hwei)v\u 1—- eiﬂ)ﬂvw—w(a)
Z‘[EQ Hweav\u 1= (1 —eP)pyy(r)

With respect to Bethe states, we expect that the phase space 2" decomposes into
S1, ..., 8¢ such that the conditional distribution ug[ - |S;] are free of long-range cor-
relations, that their standard messages form an approximate fixed point of BP and that
the conditional marginals derive from the messages. In formulas, with high probability
over the choice of the graph and with (iig,v—ul - [ShDucav = BP(UG.u—ul - ISt Ducou:
we aim to show that

1
= 2 el IS0 = n.wl 150 © s, 1S4y = oD,

1<i<j<n

(0 € Q). (7.10)

1A’v—)u(oﬁ) =

(7.11)

1 & R
=3 D sl 184] = g al - 1S3y = 0(D.
i=1 uedv;

(7.12)

I+ Hweav- 1—1- e_ﬂ)MG,vi%w(U)
- Vi S - : = 1 .
n Z Z MG, 1[G| h] ZTeQ Hweé)vl- 1— (1 _ e_'B)MG,U,'%w(‘L’) 0( )

i=1loeQ

(7.13)

The following theorem establishes these facts.
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Theorem 7.4. For any sequence L = L(n) — oo and alld > 3, B > 0 the following
is true. With high probability G admits a decomposition So, S1, ..., S¢, £ < L, of the
phase space Q" such that ug(So) = o(1) and such that (7.11)—(7.13) are satisfied for
h=1,...,¢L

Proof. This is immediate from Theorem 2.5 applied to the factor graph representation
of the Potts model. O

With respect to the free energy, let X, Y be two independent Poisson variables with
mean w. Letuy,...,uy andvjwy, ..., vywy be uniformly random vertices and edges
of G, chosen independently. With Sy, ..., S¢ the decomposition from Theorem 7.4, we
introduce the weights

-1

X
zen=nc@) D2 [] 1- 0 -ePucosu (@IS

i=1 \oeQvedu;

Y —1
I1 (1 — (=) Y uew O 1S)IE w0, (a|sh>)

i=1 oeQ

and zg = Zi:l zg.»- Further, let €' (G) be the set of all vertices of degree less than
d in the graph obtained from G by removing vy, ..., vx and v{wy, ..., vywy. Then
with high probability each ¢ € ¢ (G) has degree precisely d — 1, and we write ¢’
for the missing d’th neighbor of c. Then with ¢1, ¢, ... a sequence of uniformly and
independently chosen elements of €' (G), we let

A(G) =E [ Z G”Z]‘[l—(l—e%mﬁc/(o)

oeQi=lI

4
d ZG, _
-5 logz Tqu - (1 —¢ ﬁ) Z MG,cl—>c/1 (O'):u'([},cz—>c/2 (0)

2 h=1 oe

G]

Theorem 7.5. For all d > 3, 8 > 0 we have lim,_, o %E[log Z(G)] = liminf,_
liminf,_ ~ E[Z(G)].

Proof. This is an immediate consequence of Theorem 2.6 and Lemma 7.3. O

Additionally, Theorem 2.7 yields a variational formula for the free energy. Writing
out the specifics of the Potts case, we see that ©* consists of all 7 € D that satisfy the
following property. For a measurable y : [0, 11> — () with Q = [¢] and integers
N, M > 0let

N q q
M =T] ( [Tt-a-ePn, x,,(a)) I (1 — (U =e) Y pyin, (a)us,m2<o>> :
o=1

i=1 j=1 i=1 o=1

1
and sett = t(s) = 1nf!ue[0 1]: /zuu ds>s/ Z,! Mdu}
0

*(N, M)

Then we let p; x = ¢ x. Now 33/*3 isthe setofall 7 € ® such that for arandom u™ €

R drawn from 7, the perturbed u™ #NM) c g again has distribution 7. Furthermore, in
the Potts model the functional Z( -) reads
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PBp(m) =E | log Z/ ]_[1— (1 —e P s x,, (0)ds

d o [
—Elog (1—(1—6 ﬁ);/ﬂ Ms,xl,l(a)us,xl,z(cr)dSH.

Theorem 7.6. For alld > 3, B > 0 we have

1
lim —E[log Z(G)] = @4 with ®yp = inf HBp(m).
n—00 n rre@;;

As a further application we obtain a variational formula for the MAX ¢g- CUT of the
random regular graph, which is defined as

d 1
MCq(G): " 2a[n]—>[q] Z H{w € dv, o(v) = o (w)}. (7.14)

Thus, MC, (G) equals the total number of edges of G minus the ground state energy of the
Potts model. In other words, MC, (G) is the maximum, over the choice of o : [n] — [q],
of the number of edges that link vertices of different colors The MAX ¢- CUT problem
is well-studied in combinatorics and computer science. In particular, the problem is well
known to be NP-hard on worst-case instances.

o0 d .
Corollary 7.7. For all d > 3 we have MC,(G)/n "= 7+ ﬁhm Dy ps1 — Pap in
—00
probability.
Proof. Since Azuma’s inequality shows that MC, (G) is concentrated within O (\/n log n)
about its mean, it suffices to prove that

1 d .
Jim ~E[MC,(G)] =7 + ﬁl;n;o Dy pi1 — Pap. (7.15)

Further, introducing G (o) = %Zﬁ’wzl 1{w € 9v, o(v) = o(w)} and recalling
(7.14), we can rewrite (7.15) as

1
lim —]E|: min %@(U)} = ﬂlim Dyp— Py prl- (7.16)
—00

n—oon o:[n]—[q]

To prove (7.16) we write g g € Z([q]" @) for the Potts distribution induced by
a d-regular graph G = (V(G), E(G)). Moreover, let us denote the Potts Hamiltonian
by J and the partition function by Zg(G). It is well known that for any & > 0 there
exists Bo(e) > 0 such that for all 8 > By (¢) and all d-regular graphs G we have

(6, ncp)—elV(G) < min  Hg(o) < (A, ne.p). (7.17)
o V(G)—[q]

Consequently, for all 8 > Bo(e) we have

B+l p+1
f (#G. nGp)db—e|V(G) < min Az (o) < / (6, 1nG.p)db.
B o:V(G)—lq] B
(7.18)
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Since (A5, je.p) = —% log Z(G), (7.18) yields

log Zg(G) —log Zg,1(G) — €| V(G)|
< min (o) <logZg(G) — log Zg41(G). (7.19)

o:V(G)—lq]

Applying (7.19) to the random regular graph G and taking expectations, we obtain

1 1 1
—E[log Zg(G)] — —E[log Zg+1(G)] — ¢ < —E [ min %’?@,(0)]
n n n |o:nl—lql

1 1
< ~Ellog Z3(G)] — - Ellog Zss1 (©)] (7.20)

Hence, taking n — oo, we obtain for all 8 > By(e),

o1 .
Dy p— Py pr1 — e <liminf —E '[mln J%@(U)

n—0o n |o:nl—Ilq
1
< lim sup —E|: min %@(G)] < Qup— Py g1 (7.21)
n—oo N o:[n]—[q]

Finally, there exists a subsequence (n;) along which E [mind;[n =g Z4Gm.d) (o)] /n;
converges toanumber & > (. Taking the limit of (7.20) along this subsequence, we obtain
§ < Pyp— Py g1 <&+eforall B > By(e). Consequently, the limit limg_. oo Py g —
@y p+1 exists. Therefore, taking 8 — oo in (7.21), we conclude that

lim n_l]E|: min %G(a)}
o:[n]—[q]

n—oo

exists as well and that (7.16) is satisfied. O

7.3. The regular k-SAT model. The k-SAT problem plays a major role in computer sci-
ence, particularly in computational complexity theory. In its optimization version, known
as the MAX k- SAT problem asks for the largest number of clauses of a propositional
formula in conjunctive normal form with clauses of length & that can be satisfied simul-
taneously. Random instances of k-SAT and MAX k- SAT have been studied extensively
as instructive benchmarks [5].

We can express the MAX k- SAT problem as a factor graph model with spins Q2 =
{—1, 1} corresponding to the Boolean values ‘true’ and ‘false’ as follows. With k > 2
an integer and B > 0 be a real parameter, we introduce the weight functions

1 — tanh (,3 e, Xia,-)
Vg DR = (0,1), o 5 (x € {£1}5).

Let p be the uniform distribution on €2 and let P be uniform on Wg = {5, : x € QFy.
In terms of propositional formulas, the semantics is that ¥ , encodes a k-clause whose
ith literal is negated if x; = 1 and positive if xy; = —1. Thus, ]_[f.‘:1 xio; = 1 if the
truth assignment o fails to satisfy the clause, and ]_[f:1 sio; = —1 otherwise. In effect,

Ygs(0) = (1 —tanh B)/2 — 0 as B — oo if o fails to satisfy the clause, whereas
Ygs(0) = (1 +tanh B)/2 — 1if o is satisfying. Hence, the random factor graph G
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models a random k-SAT formula in which every variable appears precisely d times, the
regular k-SAT model. We are going to derive variational formulas for its free energy and
its ground state energy.

Lemma 7.8. The regular k-SAT model satisfies POS for all d, k > 3 and all > 0.

Proof. Once more this is already implicit in [35,55], but we carry out the argument here
for completeness. Let us write x for a uniformly random element of {#1}¥. Substituting
Y,y into POS and cancelling positive constants, we are left to verify the inequality

1k ¢ 1k ¢
(/ H:U«s,xi(xl')d5> +</ Hué,xi(xi)ds>
0 =1 0 =1

14

1 k
—(k—1) </O us,xl(xl)]_[ui,xz(xi)ds> >0 (npu €R). (7.22)
i=2
Fubini’s theorem yields
[/ 1k ] [ ¢ 17T
E (/ Hus,x,(xi)ds) =E|E|[]msx x0|st.....se| |
| 0 i i | La=1 4]
(7.23)
[/ ok ] [ ¢ 17T
E (/O Hu;,xxxi)ds) =E|E|[]ub.x0ls1.--.se| |
i=1 Lh=1 .
- - (7.24)
| k e more
E ([) /’Ls,xl(XZ)HM;’xz(Xi)ds> =E E[Hﬂsh,xl()(l) sls~-~aS€i|
=2 L h=1
) k—1
E |:1_[ gy x, (X2 [S15 - Sz:|
h=1
(7.25)
Since X¥ + (k — )Y* —kXY*~1 > 0for X, Y > 0, (7.23)=(7.25) yield (7.22). O

Due to Lemma 7.8 we can bring the results from Sect. 2 to bear on the random regular
k-SAT model. Specifically, for a measurable u : [0, 11> — 2 () with Q = {£1} and
integers N, M > 0O let (x; ;)i j>1 be independent uniformly random elements of €2 and
let

N

=11 ZHI—tanh(ﬂ) 3 x,kal_[x,,r,usx,,u,)

i=1 \oeQ j=I TeQk-1

M
1_[ 1 — tanh (B) Z H XieN,jTj s, xisn j (tj)

i=l TeQk j=1
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Further, let
“ N,M ! N,M
t =t(s) =inf {u e[0,1]: /0 Zyo ds = S/o Tyl du} .

and ;LQ’,}M = lt.x- Then 53/*3 consists of all w € ® such that ™M has distribution 7.
Furthermore, the functional Z( -) reads

Bp(m) = E{log (Z/ an—tanh(ﬂ) > x,kol'[x,,r,usx,,u,)dsﬂ
oe

oeQ j=1 reQk-1
dk—l
+ ( ) |:(Z 1_tanh,3/ HX]]f]l’vsxl,(Tj)ds):| —dklog?2.
TeQk

Let

by p = inf HBg(m).
TED}

Theorem 7.9. For alld, k > 3, B > 0 we have lim,,_, 5, %E[log Z(G)] = Py .
Proof. This follows immediately from Theorem 2.7 and Lemma 7.8. 0O

As a further application we also obtain a variational formula for the MAX k- SAT
problem. Specifically, with the interpretation of o € Q" as a truth assignment, define
¢ (o) as the number of propositional clauses of G that o fails to satisfy. Further, let
OPT(G) = dn/k — ming ok 54 (o) be the maximum number of clauses that can be
satisfied simultaneously. Following the steps of the proof of Corollary 7.7 precisely, we
obtain the following result.

Corollary 7.10. For all d, k > 3 we have

n— oo

1 d
—OPT(G) — z + hm DPy.pr1 — Pap in probability.

7.4. The hard-core model. The proofs of Theorem 1.4 and Corollary 1.5 are not entirely
straightforward because the hard-core model cannot be cast directly as a factor graph
model as in Sect. 2. This is because of the ‘hard’ constraint that o,0,, = 0 for any
adjacent v, w. We therefore prove Theorem 1.4 and Corollary 1.5 by way of a relaxed
‘soft-core model’ and taking two limits, first in the ‘softness’ and then in the fugacity.
Specifically, we obtain a random factor graph model with 2 = {0, 1} and the prior
p0) =1/(1+x)and p(1) = A/(1+X). In addition, to mimic the hard-core constraints
we would like to introduce a binary weight function that forbids its two adjacent variable
nodes from both taking the spin 1. But since it would take values {0, 1}, we instead
introduce

v Q2 — (0, 1), (o1,00) = 1 — (1 —e P)oj0m.

Thus, 8 > Oisa ‘softness parameter’, and upon taking 8 — oo we recover the hard-core
constraint: Yoo (01, 02) = 1 —0o107. Forany B, A and d > 3 we obtain the random factor
factor graph model G g with the single binary weight function 4.
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Lemma 7.11. The model G, g satisfies POS foralld > 3,1 > 0, B € (0, oo].

Proof. Substituting /g into POS and noticing that 1 — e # > 0, we see that it suffices

to verify the inequality
1
¥ ( / ué,xl(l)ué,xz(l)dS>
0

1
E [( /0 o, (lms,xz(l)ds)

1 14
-2 </0 Ms,xl(l),u;,xz(l)ds> } >0 (u,u €R). (7.26)

l t

By Fubini’s theorem,

| ¢ roe
E{( /0 us,xl(lms,xza)) } =E ]'[us,,,xl(lmsh,xz(l)}

Lh=1
B 14
E E[l‘[ Hoper (1) Sl,.-.,szi|E|:l_[ sy (1)
L h h=1
2
S1y.ee, s{| } R (7.27)

2
STy .nn, szi| :| s (7.28)
14
sl,...,sz}E[nM;M(l) H
h=1

(7.29)

STyevns

2}
~

|

| IS

4
=1
4
[T s (D

=E IE[
h=1

and analogously

1 l 4
E |:</O M;,xl (I)M;.xz(l)) i| E |:E |:1_[ M;h-xl(l)
h=1
1 14 l
E |:</(; s x; (1),“2,,52(1)) i| =K |:E |:l_[ My ,xy (1)
h=1

Combining (7.27)—(7.29), we conclude that the Lh.s. of (7.26) is the expectation of a
square. O

Sy een,

2]
~

We proceed to prove Theorem 1.4. In light of Lemma 7.11, Theorem 2.7 readily
yields a variational formula for G, g. The main issue that we have to confront is that
the resulting variational problem for given A, B ranges over a spaces that depends on
these parameters. In effect, it is not a priori clear that these variational problems bear
any relationship to the one stated in Theorem 2.7. To deal with this issue, let ©; be the
set of all # € ® that are supported on i € £ such that u, (1) < A/(1 + A) for all
s, x € [0, 1]. Further, for 7 € ©; we let 7 WN.M) pe the distribution obtained by the
adjoining operation with respect to the weight function ¥. Finally, let

Dip= [ €D, :forall N, M > 0 we have 7*#N-M) = 7}

Lemma 7.12. For any N, M > 0 the map & € ©;, > w*>WN-M s continuous.

Like in the case of Lemma 3.7, the proof is based on arguments involving the cut
metric. The details can be found in Appendix A.

Lemma 7.13. Let N, M > 0 be integers. Uniformly forallw € ©; we have w*t ™M)
mreWNM) s B — oo,
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Proof. Lete > 0 Forany u € J let ZN M(s) be the weight from (2.16) with respect

to the weight function v/g. Then we see that uniformly for all u and s,
z ) > Z) M) as B oo (7.30)

Furthermore, if 15y < A/(1+ 1) for all s, x, then for all 8 € (0, co] we have

Vo 1 \V 5\2 M

Combining (7.30) and (7.31) and recalling the construction of p*# (N.M) e can construct
ameasurable map & : [0, 1] — [0, 1] that preserves the Lebesgue measure such that for
large enough B for all S, X C [0, 1],

*ﬁ(N M) *w(N M) dx ds

Fe(s),x <¢&

Thus, Z(u*#N-M), /L*Oo(N’M)) < ¢ for large §. Since D, is endowed with the Wi-
metric, the assertion follows. O

Lemma 7.14. The set R, is closed.

Proof. We can view K, as a scaled version of the space of weak kernels. Therefore,
since R is complete, so is K is complete. Hence, any Cauchy sequence in £ has a limit
within this set, and thus R, is a closed subspace of K. O

Corollary 7.15. The set D, _is closed.

Proof. By Lemma 7.14 there exists an increasing sequence of continuous functions u,, :
£ — [0, 1] thatconverges pointwise to 1 —1R;. Thus, D = (),>; {n I f u,,dn:O}
is closed in the weak topology. O B

Corollary 7.16. We have liminf,_. 1 E [log Z(G;.p)] = infcor B(n).

Proof. Since ®* is compact, Proposition 6.1 shows that there exists 7 € ©* such that
1
liminf —E [log Z(G;\,ﬂ)] > B(w). (7.32)
n—o0 n

The construction of the 7 for which the lower bound is attained is based on Proposi-
tion 6.2, whose proof shows that the measure ), g for which the lower bound is attained
in the limit of a sequence of distributions (7, g,,)s>1 that come from random factor
graphs with the weight function 4. Specifically, we considered a random factor graph
G;. g.n,» With a random number of ‘cavities’ for a slowly growing v = w, — oo.
With u, € 9(9(5) the joint Boltzmann distribution of the spins of the cavities &, the
measure ;g , is defined as the distribution of the representation of jt,, as an element
of . . Thus, we just need to show that these representations converge to points in £;.

The proof of this fact is based on Corollary 3.16. Specifically, let ¢ > 0. We obtain
a decomposition Sy, ..., Sy of Q7 into classes by pinning a random set ®, of cavities.
The size |®,| of this set depends on ¢ only and

A (in, fin) < €. where un—Zu<S)®uv( IS (7.33)
ve?
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Now, consider a cavity v € €\O,, let 1 < i < £ and consider a configuration o € S;
with o, = 1. Obtain o’ by setting o, = 0 and o], = o, for all w # v. Then o’ € §;
and the construction of the Boltzmann distribution ensures that 11, (o |S;) < A, (0/|S)).
Hence, 1y, (1|S;) < A/(1 +1). Since |®,| is bounded in terms of & only, whereas |%’| >
wy /2 — oo with high probability, we deduce from (7.33) that the representation ji,, € &
satisfies Z(fty, K1) < € with high probability. Since, furthermore, the Wasserstein
metric induces the weak topology on ©, we conclude that ;g , converges to a point
7 on in the closure of ©;; but since D, is closed, we conclude that 7 € ©,. Finally,
Corollary 7.15 implies that 7 € D, ND* = D5. Thus, the assertion follows from (7.32).

O

We are ready to establish the lower bound on the free energy.
Proposition 7.17. Foralld > 3, . > Owe haveliminf,_, %E[log Z(Gj.00)] = Dy

Proof. For any 8, 1 > 0 Corollary 7.16 supplies 7; g € D3 such that

1
liminf —E [log Z(G;.p)] = Ba,.p(m.p). (7.34)

n—oo n

Now consider the sequence (3, g)g=1,2,.... Since D is compact, a subsequence (mh,,gj )j
converges to T, € 9,, i.e.,

lim @D(m’ﬂi, ;) = 0. (7.35)
j—o0 ’
(N, M)
Further, since n;f}é/ = T).B; forall j and N, M > 0, Lemma 7.13 implies that for
all pairs N, M > 0,
: *0o(N,M)y __
jll)rr;o 90 (7.8; > T B, )=0. (7.36)

Combining (7.35) and (7.36) with Lemma 7.12, we conclude that 7 € ©7. Finally,
since for every B > 0 we have %y 5 g(-) > Baj,00(-) on Dy, the assertion follows
from (7.34) and the continuity of the functional %4 ) o(-). O

A separate argument is needed to derive the upper bound on the free energy. Basically,
we will prove the following proposition by checking that the interpolation argument from
Sect. 5 goes through for the hard-core model.
iEllog Z(Gr00)] <

n

Proposition 7.18. For all d > 3,A > 0 we have limsup,_, .,
Dy

With ¢; and ¥ ; defined with respect to the hard-core weight function v, let
n
%’(M)=E10g<@¢i,,u>, %”(M)=E10g< @ 1//1,1',,U,>.
i=1 1<i<dn/2

Lemma 7.19. For any . > 0 and any u € R) we have & [log Z(Gx,oo)] < % (u) —
HB" (1) +o(n).
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Proof. This follows along the lines of the proof of Proposition 5.2. In that proof we
required the assumption that all weight functions are strictly positive, but only in one
place. Namely, we required positivity in order expand the logarithm into a power series
in equations (5.9)—(5.11). Yet this approximation is still valid in the hardcore model.
Indeed, the term (‘/fam,+1 G, ), whose logarithm we calculate in (5.9), is lower-bounded
by 1 — A/(1 + 1), because in the hard-core model the marginal probability that a single
variable node has spin one is upper-bounded by A /(1 + A). Similarly, the arguments of
the logarithms in (5.10) and (5.11) are lower-bounded by 1 — A /(1 + ) because u € K.

O

Proof of Proposition 7.18. Based on Lemma7.19, we follow the proof of Proposition 5.3
to complete the proof of Proposition 7.18. Specifically, we claim that for any 7 € D3,

d
E[Z"(n™)] = ;E [log Voo, n)], and E[Z' ()] = Elog(qol, rr). (7.37)

This follows along the lines of Lemmas 5.5 and 5.6. In both cases we assumed that
the weight functions are strictly positive in order to ensure that the arguments of the
logarithms on the 1.h.s. are bounded away from zero so that the logarithmic series applies.
But the condition w € D} guarantees that

<€B<m,u>z(1/(1+x)>" and < D wl,,»,u> > (1/(1+ )2,
i=1

1<i<dn/2
Thus, the same manipulations as before yield (7.37). Finally, the assertion follows from
(7.37) and Lemma 7.19. O

Proof of Theorem 1.4. The theorem is an immediate consequence of Propositions 7.17
and 7.18. O

Proof of Corollary 1.5. For a graph G = (V(G), E(G)) let ug, € 2({0,1}V(©)
denote the hard-core model on G with fugacity A, and let Z, (G) be the corresponding
partition function. Further, let ¢ (G) = Y ey (q) (0v. G.2) be the average size of
an independent set drawn from pg ;. Additionally, we write a(G) for the maximum
independent set size. It is well known that

@ (G) = ,\% log Z,(G) (7.38)
and that
Ol)L(G) A—>00 (X(G)
—
IV(G)| [V (G)]

As an immediate consequence of (7.38) we obtain

@) {s @41(G)/A,

uniformly for all G. (7.39)

log Z3+1(G) — log Zx(G) = f

s t z a4, (G)/ (A +1).

Hence, (7.39) shows that for any ¢ > 0 there exists A9 > 0 such that for all A > Ao and
all d-regular graphs G we have

(I —-8)a(G) = o, (G) = A(log Z)11(G) —1og Zy(G)) = a,(G) = a(G).

(7.40)

1+ A
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Applying (7.40) to the random graph G and taking expectations, we obtain

a(G)i|

(1— )]E|: G )} < E[r(og Zy11(G) —log Z,(G))] < E[ (7.41)

Theorem 1.4 guarantees that the sequence (I [A(log Z3+1(G) — log Z,(G))]), con-
verges, and thus (7.41) yields

(I —¢&)lim supE|: o )] <MDy 41 — Py ) < liminf E |: (nG):| . (7.42)

n— 00 n—00

Further, there exists a subsequence (n;);>1 along which E[«(G)/n] converges to o, €
[0, 1], whence (7.41) yields

(I = 8)ax < M@y p+1 — Pan) < s (7.43)

Since (7.43) holds forevery ¢ > 0O forlarge enough A, we conclude thatlimj _, oo A(®Py 2+1—
®,4.5) exists. Hence, taking the limit ¢ — 0, and thus A — oo, in (7.42) completes the
proof. O
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Appendix A. Proof of Lemmas 3.6 and 7.12

The proof of Lemma 3.6 requires the regularity lemma for measures from [24]. Let A
denote the Lebesgue measure. For i € J#" and measurable S, X C [0, 1] we write

1
us,x = m[q/xm,xdxds € P2(Q),

with the convention that g x is uniform if A(S)A(X) = 0. Further, let X = (X1, ...,
Xk), S = (S51,...,SL) be a partitions of [0, 1) into pairwise disjoint measurable sets.
We write #X, #8 for the number K, L of classes, respectively. Then w is e-regular with
respect to (X, §) if there exists R C [#X] x [#S] such that the following conditions
hold.

REG1: A(X;) > Oand A(S;) > Oforall (i, j) € R.

REG2: Z(i’j)eR MXDA(S) > 1 —e.

REG3: forall (i, j) € R and almostall s, s’ € S; we have ||in Usx — M;/dexHTV <
S)\(X,').

REG4: if (i, j) € R, then for every U C X; with A(U) > eA(X;) andevery T C §;
with A(T) > eA(S;) we have

||MS,X,‘ - /’LT,U”TV <¢€

A refinement of a partition (X, S) is a partition (X', S") such that for every pair
@i, j') € [#X'] x [S'] there is a pair (i, j) € [#X] x [S] such that (X S},) C (Xi, ).

3 The arguments in the appendix are special cases of more general results on the cut metric from [18].
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Theorem A.1 ([24]). For any ¢ > 0 there exists N = N (g, Q) such that for every
w € X the following is true. Every partition (X, So) with #Xo + #So < 1/¢ has a
refinement (X, S) such that #X + #S < N with respect to which ( is e-regular.

Additionally, we need the strong cut metric, defined by

Dg(p, v) = sup
S, X,w

// Ms,x (@) — vy x (w)dxds (n,veX),
SJX

where §, X range over measurable subsets of the unit interval and w € . It is well
known that D(-, -) induces a metric on 7.

For pu, v € # wedefine u @ v : [0, 117 — Z(Q?) by u @ Vs.xpx0 = Ms,x; @ M xo-
Since [0, 1]* with the Lebesgue measure is isomorphic as a measure space to [0, 1]
with the Lebesgue measure, we can view u @ v as a strong 22 (Q?)-valued kernel. In
particular, it makes sense to apply the strong cut metric to these kernels.

Proposition A.2. The map (i, v) — u @ v is continuous with respect to the strong cut
metric.

Proof. Given ¢ > 0 pick a small enough § > 0 and assume that D(u, 1) < 8. Due
to the triangle inequality it suffices to prove that D(u @ v, u’ @ v) < ¢ for every v.
Thus, we need to show that for any X C [0, 1]2, SC[0,1]and o, T € 2,

/X/S (M52 (0) = 1, (0)) vs,x, (T)dsdxdxz| < &. (A.1)

To this end, we may assume that A(S) > €2 and that fS Vs, x, (T)ds > e forall (x1, x2) €

X. Further, with z = fol Vs, x, (T)ds consider the variable transformation

Vs, x, (T)ds

df = (A2)

Z

Let T be the inverse image of S under the transformation (A.2). Then we obtain for any
X1 C [0, 1],

/ / (/’LS,Xl (J) - I‘L;,xl (O-)) Vs, x2 (T)deX1 = Z/ / Mi,x) (U) - M;,xl (U)dthI.
X1 JS X JT
(A.3)

But the assumption D(u, 1') < & implies that the double integral on the r.h.s. of (A.3)
is bounded by £* in absolute value (providing & is small enough). Thus, (A.1) follows.
O

Proof of Lemma 3.6. We may assume without loss that f(r) = 1{r = o} for some
o€ QF Lete > 0, pick @ = a(e), £ = £(a) > 0 small enough and assume that
u,v € % are such that Do(u, v) < § for a small enough § = §(§) > 0. Applying
Theorem A.1 twice, we obtain (X, §) with respect to which both w, v are &-regular, and
L = #X + #S is bounded in terms of & only. Let R’ be the set of all pairs for which
REG1-REGH4 are satisfied for both ., v and that satisfy A(X;, §;) > & 8/L. Assuming
that § is sufficiently small, we obtain

lus.x;, —vs,.x;| <& forall (i, j) € R'. (A4)
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Furthermore, consider the random variables

k
zi =[] wspen(on), 2= >z

h=1 i<#S
k
/ / /
= H Vs;,x;, (On), = Z <
h=1 i<#S

and define u', v € # as follows. To construct u/, partition the interval [0, 1] into
pairwise disjoint sets 7;, i € [#S], of measure z;/z and fill the strip 7; x [0, 1] with a
suitably scaled copy of (is,x)ses; xefo,1]- Construct v" analogously from the z;. Then
o0, f* ) = 200, f xv) = 0. Furthermore, Proposition A.2 shows that with
probability at least 1 — o we have

#S
D M)z — 2l <o,

i=1

provided that &, § are chosen small enough. Since also z > « because the function f is
strictly positive, we conclude that with probability at least 1 —a we have 7o (i, V') < .
We thus obtain a coupling of the random variables f 1, f *v under which the expected
cut distance is bounded by ¢, as desired. O

Proof of Lemma 7.12. 'We proceed precisely as in the proof of Lemma 3.6, up until the
point where the positivity of f is used. In the setup of Lemma 7.12, the function f may
take the value O on kernels that take the value 1 with positive probability; however, since
we are assuming that the values of the kernels are bounded by A /(1 + ). Therefore, the
function f always attains values that are bounded away from 0. O

Appendix B. Proof of Lemma 3.3

The proof of Lemma 3.3 requires the following operation. For functions f : QM*N —
R, g : QLN - R we define

fRg:QMIN LR o f ((oi,)ietm), jein) - & ((Oisn, j+NielL], jelN]) -

Thus, the first M rows of o go into f, the last L rows go into g and we multiply the
results.

We define a corresponding operation on kernels. Namely, for u, v € % we define
u®v: [0, 113 = P2(Q2) by u®vs.1x = s @y . Since ([0, 1]%, A®A) is isomorphic
([0, 11, 1), we can view © @ v as a &~ ($2%)-valued kernel, and the cut metric extends to
these kernels. Since the cut metric is invariant under swapping the axes, Proposition A.2
readily yields the following.

Proposition B.1. The map (i1, v) — i ® v is continuous with respect to the cut metric.
As a final preparation toward the proof of Lemma 3.3 we need the following fact.

Lemma B.2. Forany f : Q2 — R the map u € R — E (f, u) is continuous.
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Proof. We may assume without loss that f(7) = 1{oc = 1} for some o € Q2. Then

1 1
E(f,u) = / / 1. (0)dxds,
0 0

and it is immediate from the definition of the cut metric that the integral on the right
hand side is a continuous function of . O

Proof of Lemma 3.3. Let f : Q™" — Randletu € & Definev = (u®")®". Thenvis
a kernel with values in Q" and the definition of (-, - ) ensures thatE ( f, u) = E (f, v).
This already shows that the map u +— E (f, i) is continuous, because the map u — v
is continuous by Proposition A.2 and B.1 and the map v +— E (f, v) is continuous by
Lemma B.2. Now fix an integer £ > 2 and let n = v®%. Then

E[(f. 0] =EL(f )]

and thus the continuity of the map y +— E [(f, 11)¢] follows from Proposition B.1 and
Lemma B.2. O
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