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Many inference problems undergo phase transitions as a function of the signal-to-noise ratio, a prominent
example of this phenomenon being found in the stochastic block model (SBM) that generates a random graph
with a hidden community structure. Some of these phase transitions affect the information-theoretic optimal
(but possibly computationally expensive) estimation procedure, others concern the behavior of efficient iterative
algorithms. A computational gap opens when the phase transitions for these two aspects do not coincide, leading
to a hard phase in which optimal inference is computationally challenging. In this paper we refine this description
in two ways. From a qualitative perspective, we emphasize the existence of more generic phase diagrams
with a hybrid-hard phase, in which it is computationally easy to reach a nontrivial inference accuracy but
computationally hard to match the information-theoretic optimal one. We support this discussion by quantitative
expansions of the functional cavity equations that describe inference problems on sparse graphs, around their
trivial solution. These expansions shed light on the existence of hybrid-hard phases, for a large class of planted
constraint satisfaction problems, and on the question of the tightness of the Kesten-Stigum (KS) bound for the
associated tree reconstruction problem. Our results show that the instability of the trivial fixed point is not generic
evidence for the Bayes optimality of the message-passing algorithms. We clarify in particular the status of the
symmetric SBM with four communities and of the tree reconstruction of the associated Potts model: In the
assortative (ferromagnetic) case the KS bound is always tight, whereas in the disassortative (antiferromagnetic)
case we exhibit an explicit criterion involving the degree distribution that separates a large-degree regime where
the KS bound is tight and a low-degree regime where it is not. We also investigate the SBM with two communities
of different sizes, also known as the asymmetric Ising model, and describe quantitatively its computational gap
as a function of its asymmetry, as well as a version of the SBM with two groups of ¢; and ¢, communities. We
complement this study with numerical simulations of the belief propagation iterative algorithm, confirming that
its behavior on large samples is well described by the cavity method.
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I. INTRODUCTION

Problems of statistical inference where a signal is observed
via noisy measurements appear ubiquitously in situations
involving data analysis. It is intuitive that as the signal-to-
noise ratio decreases, the recovery of the signal becomes
harder. Quantifying the optimal performance is one of the
main theoretical tools to provide performance guarantees in
practical situations. Numerous models of statistical inference
bear formal analogies to models of disordered systems and
due to this connection methods from statistical physics were
applied to inference problems (for reviews see, e.g., [1-4]).
Sharp changes in behavior, known as phase transitions, appear
in many situations in physical systems. Due to the above
connection, it does not come as a surprise that various types
of phase transitions were also identified in inference problems.
The statistical and computational implications of the presence
of phase transitions have recently attracted attention in several
fields.
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A number of works, including the present one, focus on
inference models defined on sparse graphs or hypergraphs
where the signal is related to a (hidden) labeling of the
nodes and the graph is generated via a rule that depends
on these labels. A paradigmatic example of this class is
the stochastic block model (SBM), where nodes belong to
communities and the probability of observing an edge be-
tween a pair of nodes depends on the communities of the
two nodes. There is a long history of studies of this model
(see, e.g., [3,5,6] and references therein), particularly because
of its relevance in the context of complex networks [7]. In
terms of phase transitions in the SBM, the work of [8,9]
was particularly influential as it identified three phases, unde-
tectable, hard, and easy, and located quantitatively transitions
between them. In the undetectable phase, inference better
than random guessing is not possible; in the hard phase it is
information-theoretically possible, but known algorithms are
not able to perform better than random guesses (depending on
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parameters of the model, this phase is sometimes missing);
in the easy phase known algorithms match the information-
theoretic optimal performance that is in this case strictly better
than random guesses. Another example of inference problems
on sparse hypergraphs is the planted constraint satisfaction
problems with various types of constraints [10-13]. Planted
constraint satisfaction problems are instrumental in studies
of average algorithmic complexity [14], hardness of finding
a solution [15], and refutation of satisfiability formulas. The
same three phases explained above in the SBM example
have also been found in planted constraint satisfaction prob-
lems, as well as in many other “dense” inference problems
in which the signal is observed through all pairs of vari-
ables, not only the edges of a sparse graph (see [3] for a
review).

This paper provides a more detailed picture of these phase
transitions. We emphasize indeed the existence of hybrid-
hard phases, in which efficient inference better than random
guessing is possible, however, matching the information-
theoretic optimal performance is computationally hard. This
type of phase was identified in dense inference problems
(see, e.g., [16]), but was missed in some previous studies
of sparse problems [11]. We revisit the latter by means of
the cavity method, which relates the analytic description (in
particular the optimal errors, as defined below) of inference
problems on sparse graphs and hypergraphs to reconstruction
problems on trees [17-22] (the local limit of the graphs
in the large-size limit). These tree problems are solved by
fixed-point equations whose unknowns (called order param-
eters) are functions (more precisely probability distributions)
at variance with their dense counterparts where the order
parameters are finite dimensional. We will focus on problems
where the undetectable phase exists at a small signal-to-
noise ratio, which translates into the existence of a so-called
uninformative (or trivial) fixed point of the corresponding
cavity equations (in such cases there exists a close connection
between the inference problems and the associated uniformly
random models [23-25] through the notion of quiet planting).
There are several reasons that motivate this restriction of the
family of inference problems we consider here: In a certain
sense, these are the hardest ones, as no local information
can be exploited for the inference of the hidden signal they
contain. Moreover, they exhibit a richer phenomenology in
terms of phase transitions than the problems where a local
property (the degree of a vertex in the SBM, for instance)
is correlated to the signal. Finally, from a technical point of
view, the existence of a trivial fixed point allows one to set
up a systematic perturbative expansion of the cavity equa-
tions, in the neighborhood of the so-called Kesten-Stigum
transition where the trivial fixed point loses its stability; this
perturbative computation will be our main technical contri-
bution in this paper. Similar expansions can be found in
Refs. [20,22,25], but our results are either valid for more
general models or pushed to a higher order in the perturbation
series. This technical tool allows us to clarify several features
of the phase diagrams of inference and tree reconstruction
problems.

For the symmetric stochastic block model with g groups
(or the tree reconstruction of the g-state Potts model), it
was known that the hard phase does not exist for two and

three groups (in other words, the Kesten-Stigum bound on
reconstruction is tight), whereas it always exists for five and
more groups [22]. In the intermediate case of ¢ = 4, whose
status has remained unclear up to now, we provide an explicit
condition on the degree distribution and the ferromagnetic (or
assortative) character of the model to distinguish these two
qualitatively different behaviors.

We also study the asymmetric SBM with two groups of
different sizes (but equal average degree) and derive condi-
tions on the asymmetry that induces the appearance of the
hard phase. We recover the critical fraction 1/2 — 1/+/12 for
the size of the smaller group below which the hard phase
exists, which appeared in related studies in the dense regime
[16,26] or in the limit of large degrees [27,28]; quite strik-
ingly, this critical asymmetry does not depend on the degree
distribution. This phenomenon was also studied from the tree
reconstruction perspective under the name of the asymmetric
Ising model [17,20].

Based on this expansion, we also conclude that the hybrid-
hard phase always exists in a very generic class of sparse in-
ference models where Boolean variables are observed through
k-uplets, for any k, as long as they preserve a global symmetry
between the two possible values of the variables. This class
encompasses a large part of the Boolean occupation problems
of [11]. More precisely, in that class of models we rule out the
existence of a hard phase that would not be accompanied by
the hybrid-hard phase.

Our analytical findings are confirmed by running the belief
propagation (BP) iterative algorithm on large instances of the
corresponding problems, thus providing strong evidence that
the analytical solution obtained in the thermodynamical limit
is also of practical relevance for problems of large but finite
size.

Two recent papers [29,30] have some overlap with ours.
Liu et al. study indeed the reconstruction problem on regular
d-ary trees and provide expansions around the Kesten-Stigum
transition for the asymmetric Ising model and a g-state Potts
model whose symmetry is partially broken. While the results
of [29,30] are rigorous, our expansions are more generic,
pushed to a higher order, and put to use in connection with
the inference problems on graphs.

The rest of the paper is organized as follows. In Sec. II we
present in generic terms the structure describing the perfor-
mance of optimal and efficient estimators in inference prob-
lems, review the well-known phase diagrams that have been
deduced from it, and explain the more complicated possible
scenarios that can be observed. In Sec. III we define a family
of inference problems on sparse (hyper)graphs, introduce the
cavity equations that describe them, and explain their link to
the tree reconstruction problem; for the convenience of the
reader, we then summarize our main results in Sec. III D.
The results are obtained by systematic moment expansions of
the functional cavity equations, which are presented in Sec. IV
for arbitrary discrete variables with pairwise interactions and
in Sec. V for Boolean variables with (k > 2)-wise interac-
tions; the more technical parts of these computations are de-
ferred to the Appendixes. Section VI is devoted to numerical
experiments with belief propagation on finite-size samples.
In Sec. VII we summarize and offer perspectives for future
work.
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II. TYPOLOGY OF PHASE TRANSITIONS

This section is dedicated to the presentation of our qual-
itative results on the variety of possible phase diagrams in
inference problems. We will first briefly review the Bayesian
perspective on inference and the way statistical mechanics
handles it, staying at an abstract level of description (concrete
examples will be introduced in Sec. III). The typology of
phase transitions will then naturally follow from this discus-
sion, as well as the quantitative computations that can be
performed on concrete examples as first steps towards this
classification (which will form the core of the rest of the

paper).

A. Bayesian inference problems

In a statistical inference problem a ground-truth vector s* €
RY is to be inferred from some observations (or data) denoted
by G that correlate with s*. In the Bayesian setting s* is a
random variable whose distribution is called prior and G is a
random variable with a conditional law P(G|s*) that correlates
it with the ground truth. An observer provided with a sample
of G and with the knowledge of the model that generated it,
i.e., of the prior distribution and of P(G|s*), must base one’s
inference of s* on the posterior distribution that follows from
Bayes’ theorem

P(s|G) 1 P(G] )ﬁP( ) (1)
s = —0 s Si)s
= z@G) L

where we assume for simplicity a prior distribution Py factor-
ized on the components of the vector and Z(G) is a normaliz-
ing constant. The observer uses an estimator $(G) that should
ideally be close to s*. Which estimator is optimal depends on
the definition of closeness between $(G) and the true value
s*. To clarify this point, let us define the marginal probability
distributions of the posterior as

pils) =Y P(s|G). )

{87} i

If the distance between 5(G) and s* is measured in terms of the
mean-square error (MSE) ) ,(8; — sjf)z /N, then the optimal
estimator (that minimizes the MSE) is simply given by the
means of the marginals

Si= ) sipi(s), 3)

and the error achieved by this estimator is called the minimum
mean-square error (MMSE). When the variables s; belong to
a discrete set x (as will be the case in this paper) another
meaningful definition of similarity between $(G) and s* is the
mean overlap ), 8, s /N. The estimator that maximizes the
mean overlap is given by the value of s; for which the marginal
is the largest, namely,

§; = argmaxu;(s;). 4)

We are interested in this paper in phase transitions, i.e.,
qualitative changes of the behavior of such inference prob-
lems and nonanalyticities in their optimal error. These can
only occur in the so-called thermodynamic limit N — o0;
the dimensionality of G must be scaled appropriately for

this limit to be nontrivial, in such a way that the signal-to-
noise ratio (SNR) (whose precise definition depends on the
specific problem considered) that measures the quantity of
information on s* conveyed by G remains finite in the limit.
We will focus on a particularly interesting and challenging
class of problems for which there exists a nontrivial low-SNR
phase in which the inference problem cannot be solved more
precisely than by using only the prior information; we will call
this phase undetectable, as the ground truth s* has asymptot-
ically no effect on the posterior distribution. We will call the
accuracy a > 0 of an estimation procedure a measure of the
additional information it exploits in the posterior distribution
with respect to the prior in such a way that a = 0 in the
undetectable phase. The precise definition of the accuracy
is a model-dependent problem, to which we will return in
Sec. IV K, with rather subtle pitfalls (see, for example, [6]
for a discussion of this point); for instance, when the problem
admits an exact symmetry, the marginals of the posterior can
be strictly equal to the prior distribution for an arbitrary large
SNR. This is, for instance, the case of the symmetric SBM,
which is invariant under the permutation of the labels; in
such a case the definition of the distance between s* and
$(G) must be adapted to break explicitly the symmetry by
considering, for instance, the overlap modulo of an arbitrary
global permutation of the labels of the vertices.

B. Statistical mechanics description

Several Bayesian inference problems have recently been
studied via statistical mechanics methods, and many of the
predictions thus obtained have been confirmed rigorously; our
goal here is not to review these results (see, for instance,
[3-6]) but to emphasize their common formal structure that
is at the origin of the few possible universality classes of
phase diagrams. Consider, from this abstract perspective, an
inference problem parametrized by a signal-to-noise ratio c. In
the statistical mechanics approach the accuracy of the Bayes-
optimal estimator is expressed as a variational problem: One
derives (with the cavity or replica method) a so-called free
energy f, which is a function of ¢ and of an order parameter
a (an object whose nature depends on the problem under
study). This free energy has to be minimized with respect
to the order parameter, and the optimal accuracy is then a
function of the location of this global minimum (the minimal
free energy yields instead the mutual information between
the signal and the observations). In dense models, i.e., those
in which there are much more than N measurements, each
giving weak information on the signal (see, e.g., [16]), the
order parameter is a scalar (or a finite-dimensional vector);
in the sparse models studied later in this paper the order
parameter is functional, yet the qualitative behavior is the
same. To simplify this formal discussion let us stick to a scalar
order parameter and furthermore use the accuracy a > 0 as
the order parameter itself, with the minimal value @ = 0O cor-
responding to the trivial uninformative estimator (exploiting
only the prior and not the observations). We write the free
energy as

(12
fla,c)=®(a,c)— o )
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the motivation for the subtraction of the second term will
be clarified below. The location of the global minimum of
f with respect to a, denoted by a*(c), is thus a prediction
for the accuracy of the optimal estimator, irrespective of its
computational complexity.

The cavity method also enlightens the computational com-
plexity of the inference problems. As a matter of fact, the
derivation of the free energy is tightly linked to the analysis of
an efficient iterative algorithm (called approximate message
passing [31,32] in the dense case or belief propagation in
the sparse regime [33]) and provides a dynamical map that
describes the discrete time evolution of the order parameter
during the execution of the algorithm. In our abstract setting
this yields an accuracy a after n steps of the algorithm,
which evolves according to

a"™ =@, o), (6)

with the initial condition a® = &, where & > 0 is an infinites-
imal positive constant. Initially, the algorithm only knows the
prior on the signal and at each time step uses the observation
to iteratively update and improve the accuracy of its belief on
the true value of the signal. We define ayq(c) = lim,_, o a™
as the accuracy ultimately reached by this algorithm.

The fundamental connection between the information-
theoretic optimal accuracy and the description of the iterative
algorithm is expressed mathematically in our setting by the
relation

p(a,c) = ®'(a, o). (7

Here and in the following the prime denotes a derivative
with respect to the variable a. This equation implies indeed
a tight connection between the static description in terms of
the free energy f(a, ¢) and the dynamical one in terms of the
iteration function ¢(a, c): The stationary points of the former
correspond to the fixed points of the latter. As mentioned
previously, we focus in this paper on problems which admit
an undetectable phase; this translates in the abstract formalism
employed here into the assumption that a = 0 is, for all values
of the SNR ¢, a fixed point of the iteration (6), which we call
the trivial or uninformative fixed point. Equivalently, a = 0 is
a stationary point of the free energy f(a, c).

C. Possible phase diagrams

It should be clear at this point that the description of the
phase transitions and the classification of the possible phase
diagrams is nothing but a bifurcation analysis. As the SNR c is
varied, the functions f(a, ¢) [¢(a, c¢)] evolve in a smooth way;
their stationary (fixed) points also do so, except at bifurcations
where their number and nature can change in a singular way.
The qualitative aspects of such a bifurcation diagram do not
depend on the details of the function f(a, c), but only on its
behavior close to the bifurcations (essentially the order and
sign of the first nonvanishing derivatives), which explains the
high level of universality among inference problems which
can have very different origins.

Let us now describe from this perspective the phase
transitions in inference problems, interpreted as bifurcations
for the stationary points of f(a,c). Among the possibly
many stationary points, two (which can coincide) will play a

particular role: a*(c), the global minimum of f, which gives
the information-theoretic best possible accuracy, and aqug(c),
the fixed point reached by iterations starting infinitesimally
close to the trivial one, as it corresponds to the accuracy
reachable by an efficient algorithm.

As a = 0 is assumed here to be a fixed point for all values
of ¢ and as the algorithm starts infinitesimally close to it, the
local stability of a = 0 under the iterations (6) yields crucial
information on the accuracy a,,(c) reached by the algorithm:
If a = 0 is stable the iterations will drive the algorithm to the
trivial accuracy and then ayg(c) = 0; if not, the dynamical
system flows away from this fixed point and one reaches
aag(c) > 0. This stability can be determined very easily by
expanding (6) at first order in a,

a™ ~ ¢/ 0, c)a" ", (8)

which shows that a = 0 is stable if and only if ¢'(0,¢) < 1
[as a”™ > 0 we can assume ¢'(0, c) > 0]. As ¢ represents
here a signal-to-noise ratio, increasing values of c¢ tend to
destabilize the trivial fixed point. We thus define the so-
called Kesten-Stigum (KS) threshold (from [34] and eluci-
dated below) cks as the largest signal-to-noise ratio ¢ for
which a =0 is a stable fixed point. As mentioned above,
for ¢ < cks one has a,e(c) =0 and the algorithm will not
be able to infer the underlying signal better than a random
guess from the prior. On the other hand, for ¢ > cks the
iterative algorithm reaches a nontrivial accuracy ay,(c) > 0
and provides a strictly positive correlation between the ground
truth signal and its estimator [but not necessarily as good as
the optimal estimator (discussed below)].

A moment of thought reveals that this change of stability
of the trivial fixed point at cks must be accompanied by a
modification in the total number of fixed points, as the free
energy f(a,c) is smooth. Keeping in mind the restriction
a > 0, the two simplest global bifurcation diagrams that can
arise are depicted in Figs. 1(c) and 1(d), where all the fixed
points are represented as a function of the SNR ¢, with solid
(dashed) lines when they are stable (unstable).

The bifurcation diagrams presented in Figs. 1(a) and 1(c)
correspond to a so-called continuous (second-order) phase
transition. For all values of ¢ there is a single stable fixed
point, with a trivial accuracy when ¢ < cks and a nontrivial
one for ¢ > cgs. The optimal accuracy a*(c) and the algorith-
mic one ay,(c), depicted, respectively, by red and blue lines
in Figs. 1(a) and 1(b), coincide for all values of the SNR c.
The transition at cks thus separates an undetectable phase [for
¢ < cgs ho estimator can detect the signal as a*(c) = 0] from
an easy phase [for ¢ > cks the iterative efficient algorithm
matches the optimal performance as au,(c) = a*(c) > 0].

The next possible bifurcation diagrams, in order of in-
creasing complexity, are presented in Figs. 1(b) and 1(d) and
present a discontinuous (first-order) phase transition. What
happens by increasing ¢ around the KS transition is now the
disappearance of an unstable nontrivial fixed point (instead
of the appearance of a stable nontrivial fixed point for a
continuous phase transition). There thus exists an interval of
the SNR ¢ € [cyp, cks] where two stable fixed points coexist
(the trivial one @ = 0 and a nontrivial one). A bifurcation
occurs at the spinodal transition ¢y, where the high-accuracy
branch appears discontinuously. The consequences of this
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FIG. 1. Two “standard” scenarios with either (a) and (c) a second-order (continuous) transition or (b) and (d) a first-order (discontinuous)
transition for (a) and (b) the Bayes-optimal (a*, in blue) and algorithmic (a,, in red) performance and (c) and (d) the fixed points of Eq. (6),
with solid (dashed) lines for stable (unstable) fixed points. In all panels the vertical axis is the accuracy a and the horizontal axis is the
signal-to-noise ratio ¢. The thresholds cgp, cir, cks, and ¢y, as defined in the text, are marked on the horizontal axes.

bifurcation diagram on the optimal and algorithmic accuracies
a*(c) and ayg(c) are presented in Fig. 1(b); the latter is only
affected by the change of stability of the trivial fixed point at
cks» above which it jumps to the only stable fixed point which
must thus coincide with the optimal accuracy a*(c). In the
interval ¢ € [cyp, cks] the two stable fixed points correspond to
two local minima of the free energy f(a, c); their values cross
each other at the information-theoretic phase transition cp €
[csp, cks], the trivial (nontrivial) fixed point being the global
minimum for ¢ € [cgp, cr7] (¢ € [c1T, cks]). One concludes in
this case that the undetectable phase (for ¢ < ¢yr) and the
easy phase (for ¢ > cks) are separated by a hard phase (for
¢ € [crr, cks]) in which a nontrivial accuracy is information-
theoretically possible [a*(c) > 0] yet the iterative algorithm
does not provide any correlation with the signal [aag(c) = 0].

One can easily imagine more and more complicated bi-
furcation diagrams that will be exhibited by free energies
with more and more stationary points; we will content our-
selves with the next possibility, depicted in Fig. 2. As shown
in Figs. 2(c) and 2(d), the branch of the nontrivial stable
fixed point that appears continuously for ¢ > cgs undergoes
a bifurcation at an algorithmic spinodal c,e > cks, while
the high-accuracy branch disappears discontinuously at the
spinodal ¢y, < cqie [the spinodal ¢y, can occur after or before
cks, as shown in Figs. 2(a) and 2(c) and Figs. 2(b) and
2(d), respectively]. The algorithmic accuracy ayg(c) is in
this case vanishing for ¢ < cgs, growing continuously on
the interval [cks, cael, and jumping discontinuously at cqg.
As we assumed here the existence of a single stable fixed

point for ¢ > ¢y, the algorithmic accuracy coincides then
with a*(c) (i.e., the jump reaches the optimal value). To
determine the information-theoretic optimal accuracy in the
presence of two stable fixed points of the recursion, one has
to compare the values of the corresponding local minima
of the free energy f(a, c). Let us call ¢y the information-
theoretic transition at which these two free energies cross each
other, inducing a discontinuity in the accuracy a*(c) of the
global minimum of the free energy. Figures 2(a) and 2(c) and
Figs. 2(b) and 2(d) distinguish further two different scenarios.
In Figs. 2(a) and 2(c) one has ¢t > cks and the four regimes
separated by the transitions cks < crr < cag Will be called,
for increasing values of ¢, undetectable, easy, hybrid-hard,
and easy; in Figs. 2(b) and 2(d) ¢t < cks and the four phases
separated by cir < cks < ¢y are undetectable, hard, hybrid-
hard, and easy. In this terminology we define an undetectable
phase by the condition a*(c) = aug(c) =0, an easy phase
by a*(c) = aqe(c) > 0, a hard phase by a*(c) > a,(c) =0,
and an hybrid-hard phase by a*(c) > aag(c) > 0. The hybrid
character of this phase arises from the simultaneous easiness
to beat the trivial accuracy of the uninformative estimator
[@ag(c) > 0] and hardness of achieving the optimal accuracy
[a*(c) > aalg(c)]-

Let us make a few remarks on the classification of possible
phase diagrams for inference problems we just presented.

(i) The scenarios described in this section and more gen-
erally in this paper are the simplest ones and they do not by
far cover all possibilities. One can always devise more compli-
cated free energies f(a, ¢) with more distinct stationary points
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FIG. 2. Two “new” scenarios of phase transitions for inference problems, one in (a) and (c) and one in (b) and (d) for (as in Fig. 1) (a) and
(b) the Bayes-optimal (a*, in blue) and algorithmic (ay,, in red) performance and (c) and (d) the fixed points of Eq. (6), with solid (dashed)
lines for stable (unstable) fixed points. In all panels the accuracy a is plotted as a function of the signal-to-noise ratio c. The thresholds ¢y, crr,
cks, and ¢y, as defined in the text, are marked on the x axes. The KS threshold cks here is strictly smaller than the algorithmic one c;,. We
note that the thresholds can also be ordered as ¢y, < cks < ¢t < Cqy; in terms of a* and ay, this still corresponds to the behavior shown in (a).

and/or more bifurcations, yielding, for instance, several hard
phases separated by easy regimes; we will not discuss these
more complicated situations as they did not arise in any of the
cases we analyzed (see [35] for such examples in the related
context of error-correcting codes).

(i) We defined the computational easiness or hardness
of inference with respect to one specific efficient algorithm
(approximate message passing or belief propagation), as to
this day there are no algorithms more efficient (i.e., running
in polynomial time) known for the problems that are NP-hard
from the worst-case computational complexity point of view.
It remains of course a very challenging open question to prove
or disprove (under some computational complexity hypothe-
sis) the existence of more accurate, efficient algorithms than
these message-passing ones.

(iii) The two simplest scenarios presented in Fig. 1 are
well known in the context of inference on sparse random
graphs; for instance, the study of the symmetric stochastic
block model in Ref. [9] demonstrated a continuous [Figs. 1(a)
and 1(c)] phase transition for ¢ < 3 communities and a dis-
continuous one [Figs. 1(b) and 1(d)] for g > 5. The more com-
plicated phase diagrams of Fig. 2 have only been discussed
in the context of dense inference problems (in particular for
constrained low-rank matrix estimation; see Figs. 3 and 6 in
Ref. [16]). However, we will see in the rest of the paper that
they also occur naturally in sparse problems.

(iv) It is known that for inference problems for which
a = 0 is a fixed point of (6) there is a close relation between

the inference (planted) model and the model with random
uncorrelated disorder (see, for instance, [24]). In random
optimization and constraint satisfaction problems some of
the equilibrium phase transitions described in the literature
correspond to phase transitions defined above. Notably,
the dynamical phase transition [23], sometimes referred to
as the mode-coupling theory transition [36] in the literature
on the mean-field theory of structural glasses and referred to
as the reconstruction threshold [19] in the theory of recons-
truction on tree, corresponds to ¢g = min(cks, Csp). This is in-
deed the smallest SNR for which a nontrivial fixed point does
exist. The condensation phase transition from random con-
straint satisfaction problems [23], sometimes referred to as the
Kauzmann ideal glass transition in the mean-field theory of
structural glasses [36], corresponds to ccong = min(cks, crr)-
The KS phase transition is referred to as the de Almeida—
Thouless instability in the theory of spin glasses [37] and cor-
responds to the point starting from which iterative message-
passing algorithms such as belief propagation cease to
converge on random instances of the corresponding problems.
This correspondence between planted and random instances
does not hold for all phase transitions. For instance, the
satisfiability [38] of random constraint satisfaction problems
has no counterpart in the planted or inference setting, nor does
the algorithmic spinodal c, > cgs of inference problems
in the random ensembles. This correspondence also breaks
down for models where a = 0 is not a fixed point of (6), most
notably the satisfiability of random Boolean formulas.
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D. Expansions around the trivial fixed point

The classification of the phase diagrams presented above
relies on a global bifurcation analysis, which requires the
identification of all fixed points of Eq. (6) and the study of
their domain of existence as a function of the SNR parameter
c. This is relatively easy to do when the order parameter is a
scalar or a finite-dimensional object and when the recursion
function ¢ can be studied explicitly. This global analysis
becomes much more difficult for sparse inference models, be-
cause the order parameter is infinite dimensional in this case.
The main methodological contribution of the present paper
is a generalization to the sparse case of a local bifurcation
analysis of the trivial fixed point in the neighborhood of the
Kesten-Stigum transition. For pedagogical reasons, let us first
explain here how this analysis is performed in the case of a
scalar order parameter (as done, for instance, in Sec. IV C 3 of
[16]), which will help one understand the strategy followed in
the functional case.

The location of the Kesten-Stigum transition cks, defined
by the condition ¢'(0, cks) = 1, was obtained through the
linearization of (6). In order to study the nontrivial fixed
point in the neighborhood of this transition we will expand
the fixed-point equation a = ¢(a, c) at the next order in a, to
obtain

a=¢'(0,c)a+ 1¢"(0,0)a* + 0(@). )

In the neighborhood of cks, the derivative ¢'(0, ¢) is close to
1; we will hence trade the SNR ¢ for a parameter € defined
by ¢’(0,c¢) =1+ € such that € = 0 corresponds to the KS
transition and € > 0 (e < 0) to the high-SNR (low-SNR)
regime. If the second-order derivative of ¢ does not vanish
exactly at cgs we can rewrite this equation at lowest order as

a=a+ea+va®+ 0, (10)

where we have defined v = ¢”(0, cxs)/2 # 0. The nontriv-
ial solution of this equation is obviously a = —e/v; at this
point it is crucial to remember the positivity condition a > 0
(without it the bifurcation diagrams would be qualitatively
different). Indeed, this requirement implies that if v < O the
nontrivial perturbative fixed point exists for € > 0, in the high-
SNR regime; this case corresponds both to the continuous
transition [Figs. 1(a) and 1(c)] and to the more complicated
phase diagrams of Fig. 2. In contrast, if v > 0 it is in the
low-SNR regime (¢ < 0), as in the first-order transition case
depicted in Figs. 1(b) and 1(d).

Let us emphasize the limitations of such a local study. By
definition, it can only provide perturbative information on the
phase diagram, in the neighborhood of the KS transition and
for the branch of fixed point that coalesces with the trivial
one. If this is enough to distinguish the first-order transition
scenario [Figs. 1(b) and 1(d)] and exclude the three other
ones when v > 0, in the opposite case one cannot decide
between the second-order transition [Figs. 1(a) and 1(c)] and
the scenarios of Fig. 2 solely from the condition v < 0, as
nonperturbative (finite @) features further differentiate these
cases.

We will develop in the sparse case an expansion that goes
one order further, corresponding to an equation of the form

a=a+6a+va2+wa3~|—0(a4). (11

The motivation for continuing the expansion to this order
is twofold. On the one hand, there are important inference
problems for which v = 0 exactly (most notably the sym-
metric stochastic block model for g = 4 groups, both in the
sparse [22] and in the dense regimes [16]; we will return
to the details of this point in Sec. IV H). In that case the
nontrivial solution is a = /—€/w and it is the sign of w (if
w # 0) that allows us to determine whether the perturbative
nontrivial fixed point exists in the low- or high-SNR phase
(the argument of the square root must be positive). On the
other hand, some problems have, in addition to the SNR, an-
other continuously varying parameter; this is in particular the
case of the asymmetric two-group stochastic block model (or
asymmetric Ising model in the tree reconstruction language),
where the asymmetry between the sizes of the two groups
can be tuned independently of the SNR. Depending on this
asymmetry parameter, which we denote by m in the following,
the type of transition changes from second to first order, which
comes from a change of sign of v when i crosses a critical
value .. Having pushed the expansion to the third order will
thus allow us to study the neighborhood of the tricritical point
(e, m) = (0, m.) in parameter space, where the nature of the
Kesten-Stigum transition changes. Taking simultaneously the
limits € — 0 and m — m, with well-chosen scalings, the last
three terms of (11) will indeed be of the same order (this will
be discussed further in Sec. IV ).

II1. CAVITY EQUATIONS AND MAIN RESULTS

In the preceding section we discussed the classification of
phase transitions and phase diagrams of Bayesian inference
problems, relying on the bifurcation analysis for a scalar order
parameter; dense inference problems can indeed be reduced
to such a scalar (or more generically finite-dimensional)
representation in the large-size limit. In the rest of the pa-
per we will turn instead to inference problems defined on
sparse graphs, for which the corresponding order parame-
ter becomes functional. In this section we will introduce
two exemplary cases of these sparse inference problems,
which cover the main applications of this paper, state in a
rather generic way the cavity formalism that can be used
to handle them, briefly explain its interpretation, and finally
present our main results, as obtained in the later sections
via an expansion of the cavity equations around their trivial
solution.

A. Definitions of two exemplary inference
problems on sparse (hyper)graphs

1. Stochastic block model

The stochastic block model is a random graph ensem-
ble which generates networks with a community structure
[39—41]. It is specified by the following parameters: N, the
number of vertices (or nodes) of the graph G = (V, E); ¢, the
number of communities; 7 = (7, ..., ﬁq), a prior probabil-
ity distribution on the communities; and ¢ = {c,.}, a ¢ X g
symmetric matrix (not to be confused with the SNR which
was also denoted by ¢ in Sec. II). A graph of this ensemble
is generated by drawing for each vertex i € V a label o; €
{1, ..., q}, independently at random with probability 7, ; this
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label represents the community of the vertex. Once the labels
o = (oy,...,oy) are chosen, each of the N(N — 1)/2 possi-
ble edges (i, j) between pairs of distinct vertices is included in
the set of edges E of the graph with probability ¢,, 5, /N. The
inference problem we will consider is the determination of the
labels o (up to a potential symmetry between communities)
from the mere observation of the graph G and from the
knowledge of the parameters 77 and c.

We are in particular interested in the large-size limit N —
oo, taken for a fixed value of the affinity matrix c. In this
limit the degree of a vertex labeled o becomes a Poisson ran-
dom variable with average d, = ), ¢50'7,; the finiteness of
these degrees justifies the name “sparse” given to this type of
inference problem. The phase transitions in the Bayes-optimal
inference in the sparse stochastic block model were studied in
detail in Refs. [8,9]. Many of these results were confirmed
rigorously in subsequent works (see, e.g., [6,42—45]).

We will assume in the following that d, = d independently
of o in such a way that the degree of a vertex is uninformative
of its label. This is the condition for the existence of an
undetectable phase at small d, in which case the SBM is
asymptotically contiguous to a purely random Erd&s-Rényi
graph of the same average degree and the optimal estimation
of the labels can rely only on the prior distribution 7.

2. Planted occupation models

We consider now the family of constraint satisfaction prob-
lems (CSPs) in which N Boolean variables, defined by ¢ =
(o1,...,0n5) €{0, 1}V, are required to satisfy simultaneously
M constraints of the following form: The ath constraint bears
on a subset of k variables, defined by da C {1, ..., N}, and
is satisfied by o if and only if ), , 0i € S, where S C
{0, 1,2, ..., k} defines the type of problem. The interpretation
of o;=1 (0; =0) as a site occupied by a particle (that
is empty) justifies the name of “occupation” model, each
constraint restricting the number of particles adjacent to it
(in the bipartite graph on N + M vertices with an edge put
between i and a if and only if i € da) to belong to S. This
family of CSPs contains as special cases the bicoloring of hy-
pergraphs (when S = {1, ...,k — 1}) and XORSAT problems
(also known as parity checks, when S ={0,2,4,...,} or
S=1{1,3,5,...,}). Random ensembles of occupation prob-
lems, in which the neighborhoods da are drawn uniformly at
random among the (’Z ) possible ones, have been studied, e.g.,
in Ref. [46].

An inference problem can be associated with these occu-
pation models if instead of this random ensemble of CSPs
one considers its planted version, in which one first chooses
a configuration o, drawing independently each o; with a
prior probability distribution 7, (with 7, + %, = 1), and then
draws the M neighborhoods da uniformly among those that
are satisfied by o (i.e., such that Y ._, o; € S). The inference

J

i€da

o0
Pr(n+1)(,7) — Zﬁ[/‘dﬁr(n)(vl)
=0

PPwy = > pels..., rk_1|r>/dP§7><n‘) -dPP (s — f(r's .

Tlyeens Th—1

problem is then to reconstruct the planted configuration o
solely from the observation of the bipartite graph linking vari-
ables to constraints and the knowledge of the subset S. Special
cases of planted occupation problems and their corresponding
phase transition have been studied previously in Refs. [11,47].
In this paper we will focus on symmetric planted occupation
models, in the sense that 77, = 77; = 1/2 and the set S of the
number of allowed particles is invariant under the exchange
of occupied and empty sites (i.e., we assume that n € S if and
only if k — n € S); this condition ensures the existence of an
undetectable phase if the density of constraints @ = M/N 1is
small enough.

B. Cavity equations and free-entropy functional

We will now present a formalism, known as the cavity
method [2,48], that allows us to deal with inference prob-
lems on sparse random (hyper)graphs. We will first state the
approach in a formal way, with a level of generality that
encompasses the two examples above, before discussing its
interpretation and justification in the next section.

The cavity equations depend on the following parameters:
X, a discrete alphabet of spins of cardinality g, taken for
concreteness to be x = {1, ..., g}; a probability distribution
7 on x,ie., (7y,...,7,), with 7, >0 and YoM, =1;a
probability law p, on non-negative integers representing the
degree distribution of variables and its size-biased version

. (+Dpes
Pe = —]E[E]

where E[¢] = ), p¢¢ is the average degree; an integer k > 2;
and a joint probability law pj(o1, ..., or) on x* (the subscript
Jj standing for joint) that we assume to be invariant under all
the permutations of its arguments and to have 7 as marginal
laws for a single argument

; (12)

pi(o1, ..., 0k) = pi(Oz(1)s - - - O i) VT € S,

z:[mm“.qq)zﬁm. (13)

We will also need the conditional version of this
probability law, to be defined by p.(oy,...,0—1l0) =
pi(o1, ..., ok, a)%, where the subscript ¢ stands for
conditional. As a consequence of the hypothesis made on pj;,
this conditional law is invariant under the permutations of its
k — 1 first arguments and fulfills the reversibility property:

P01, ..., 041|0), = pe(0, 02, ..., 0k 1loD)T,,.  (14)

We denote by 1 and v probability distributions on x (i.e.,
g-dimensional vectors of positive reals that sum to one). We
call the following recursive relations on the 2¢ distributions
{P™(n), P™(v)},e, the conditional versions of the cavity
equations associated with the parameters (q, 77, pe, k, pj):

S dPD WS — fOV, L vY), (15)

, 7). (16)
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Here and in the following, unspecified summation over spin indices o or t are understood to run over x, and n should be thought
of as a time index along the recursion (the initial condition for n = 0 will be discussed below). The functions f and f appearing

above are called belief propagation recursions and are defined as follows: n = f(v!, ..., v*) means
¢
1 v
T —— = 17
N z(vl,...,vf)n"ll;[m (17)
where z enforces the normalization of 1 and we have denoted by v the uniform distribution on x (i.e., v, = é), and the other
recursion function v = f(n', ..., n*~1) is spelled out as
1 ) e
o o;
Vo = = pj(o, o1, ...,o1) | | = (13)
T, DT, gl,;kq : 1} o

with again Z a normalizing factor. One can check easily that the hypothesis (13) made on the joint probability law p; implies
that f(v,...,V) =7 and f(ﬁ, ..., ) =1, hence that PT(”)(n) =48(n—7) and ﬁr(")(v) = §(v — V) are a stationary solution of
the cavity equations (15) and (16), which will be called a trivial fixed point in the following.

Let us also define what we call the unconditional version of the cavity equations associated with the parameters (g, 7, py, k, pj)
that bear on the two sequences of distributions P () and P (),

P D) = Zﬁz/df’(”)(vly--dﬁ<”><v‘f>8(n — Ol D), (19)
=0
PM () = f dP™ (') dPP D80 = fan' e . (20)

The functions f, z, f, and 2 have been defined in Egs. (17) and (18) and the distributions P® (1) and P® (v) are required to have
means 7 and v, respectively:

/dP(”)(n)n =7, /df’(")(v)v =7. @h

With the choice of normalization made in Egs. (17) and (18) one has z(v, ..., V) = 2(7, ..., ) = 1, hence the normalization of
the distributions P™ and P, as well as the conditions (21) on their averages, are preserved by the recursions of Egs. (19) and
(20). Note that the conditional and unconditional versions of the cavity equations are actually equivalent: One can go from one
form to the other according to the relations

n — n n 771' n
P™() =) 0. PM (), PM(n) = —P"(n) (22)
T T
for all n and similarly for P,
p(n - pn p(n Yt 5@
PP () = Z v PO), P (v) = v—ZP( (). (23)

In particular, the trivial fixed point, in the unconditional version of the cavity equations, corresponds to P (n) = 8(n — 77) and
PM©w) =8 —7).

Let us conclude this formal statement of the cavity formalism by the introduction of a functional, called free entropy, that
associates, in its unconditional form, a real value with a pair (P, P) of distributions that satisfy (21) according to

. . E[¢]
¢ (P, P) = —E[(] / dP(dPv)ze(n, v)Inze(1, v) + == dP(n')---dP(n")z(n', ..., ") Inz(n', ..., 0%
o0
+ Zpe/dﬁ(ul)-.-dﬁ(u‘)zv(vl,...,v‘)lnzv(v‘, BT (24)
=1
where
Vo
e ) == o_ > 25
ze(n,v) 20277 > (25)
k n,’
2’ = ) pJ-(al,...,ok)]"[ﬁ—"", (26)
O yeeny Ok i=1 '0i
b4 vi
ol ooovH =) 7, ]]=. (27)

o i=1
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An equivalent form in the conditional formalism reads

(P, Poocy)=—E[€]1 ) 7, / dP, (n)d Py (v) Inze(n, v)

E[¢]
F= Y por o) [ R, dra 0z o)
Ol,...,0k
o0
F o n Y, [ B0 dB a0 (8)
=1 o

Note that these expressions of ¢ are variational in the
sense that their derivatives with respect to their arguments
vanish when the latter are fixed-point solutions of the cavity
recursions [i.e., (15) and (16) in the conditional version and
(19) and (20) in the unconditional one]. They are however
well defined even if their arguments are not solutions of the
cavity equations [as long as the condition (21) is satisfied].
This property was recently exploited in Refs. [24,25]; we will
return to this point in Sec. IV E. Let us also mention that our
choice of normalization leads to ¢ = 0 on the trivial fixed
point of the cavity equations.

C. Interpretation of the cavity equations

The cavity equations written above arise in the context of
several slightly different and delicately intertwined problems,
in particular in the study of graphical models on random struc-
tures, tree reconstruction problems, and inference on sparse
graphs. We will not attempt here an exhaustive discussion
of these various interpretations and refer the reader to the
literature [3,12,19,23,24] for more details on these various
perspectives and the connections between them, and instead
give a brief description of two interpretations in order to
clarify the meaning of our main results to be discussed below.

1. Reconstruction on trees

The first interpretation of the cavity equations we will
discuss concerns the tree reconstruction problem [17-22].
Consider a rooted bipartite tree, with two types of vertices,
called variable nodes and interaction nodes, the latter all of
degree k and the root and the leaves being variable nodes.
This tree is used as an information channel in the following
way: Each variable node i bears a spin o; € x and information
is sent from the root to the leaves by first drawing the spin
of the root vertex with a prior probability 77 on x and then
recursively assigning the values of the spins at distance n =
1,2, ... from the root. This last step is done independently for
each interaction node a: Denoting by oy, ..., 04— the k — 1
variables adjacent to a that are at a distance n + 1 from the
root and by o the variable at a distance n (which has been
assigned in the previous step of the induction), one draws
the former conditional on the latter, with a law denoted by
pe(o1, ..., 0x—1]0). The tree reconstruction question is now
the following: Given the observation of the spins at distance
n, is it possible to infer the value of the spin at the root
that started this broadcast process? Due to the tree structure
of the channel, it is possible to compute easily the posterior
probability n of the root given this observation. When the

(

distance n becomes very large two possibilities can arise,
depending on the level of noise in the channel: Either n
becomes very close to 77 and then all information on the root
value is lost or n keeps a trace of the correlation with the root
and an inference of its value with a better chance of success
than the one allowed by the prior probability 7 is possible.

It is not too difficult to convince oneself that the distribu-
tion P (n) that solves the cavity equations (15) and (16) is
precisely the one described above in this tree reconstruction
problem (see, e.g., [19] for a detailed derivation with similar
notation), conditional on the root variable being 7 in the
broadcast process and when the tree used as a channel is a
random Galton-Watson tree with offspring degree probabil-
ity pe. In this light the unconditional version of the cavity
equations (19) and (20) is seen to describe the distribution of
the marginal probability law of the root n, conditional on the
observation of the leaves, when the law of the latter is not
conditioned on the value of the root in the broadcast, and the
relations (22) are mere traductions of the Bayes theorem.

Following this interpretation, the initial condition of the
induction on n should be

PU=0() = 8(n — §:..), (29)

with §; . the probability law on x supported solely on t, which
expresses the perfect knowledge of the variables observed at
the leaves of the tree. As mentioned above, the distribution
8(n —7) is a fixed point of the cavity recursions (15) and
(16). The tree reconstruction problem can thus be rephrased,
in this setting, as determining whether the recursion leads, for
n — oo, the distributions PT(") towards this trivial fixed point,
in which case all information on the root is lost, or towards
a nontrivial fixed point that contains more information on the
root than the prior probability 7.

It is actually useful to consider a more generic initial
condition, namely,

PI=00) = £8(n — 8:.) + (1 —€)s(n =7, (30)

with & € [0, 1]. The iterations of (15) nd (16), starting from
this initial condition, describe now the inference problem
of the tree where the spin value of each leaf is observed
with probability ¢ and kept hidden otherwise. The usual tree
reconstruction problem is recovered for ¢ = 1; the variant
known as the robust reconstruction problem [18] corresponds
to the limit ¢ — 0, taken after the n — oo limit, and again
asks whether the iterations of the cavity equation return the
distributions P™ to the trivial fixed point (corresponding to
& = 0) or lead it to a nontrivial one. Robust reconstruction is
thus possible if an infinitesimal amount of information on a
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far away boundary is amplified in the reconstruction process
and yields nonvanishing information on the root. It was shown
in Ref. [18] that the threshold for robust reconstruction corre-
sponds to the Kesten-Stigum condition [34]; in other words,
the robust reconstruction problem is solvable if and only if the
trivial fixed point is locally unstable. This provides a bound
on the original reconstruction problem, which is certainly
solvable whenever the robust variant is. The converse is not
true in general; the tightness of the Kesten-Stigum bound
depending on the channel will be a point that our main results
will explain.

2. Link with inference problems on graphs

Let us now turn to the second interpretation of the cav-
ity formalism, which corresponds to the inference problems
on random graphs described in Sec. III A. For concrete-
ness we concentrate on the stochastic block model example,
parametrized by the probability law 77 and the affinity matrix
¢, which verify the condition d, = ), ¢s5'7, = d indepen-
dently of the label o. Consider a graph G drawn from the
SBM ensemble, along with its labels o, and choose uniformly
at random one of its vertices. One can then show (see, for
instance, Proposition 2 in Ref. [49] for a formal statement)
that its local neighborhood of fixed radius n converges in
the distribution, in the large-size limit, to a Galton-Watson
tree with an offspring distribution p, that is a Poisson law of
average d, decorated by labels o; that have the law described
above from the tree reconstruction perspective: The label of
the root is drawn with probability 7 and broadcasted along the
edges of the tree with the conditional law

’ 1 —
Pc(U |0) = Ecaa’nnw (31)

which verifies the reversibility property (14). This simple
observation unveils a link between the inference problem on
a graph and its tree counterpart; of course from a rigorous
point of view, the interplay between these two problems is
subtler, in particular because there is no explicit observation
of any label in the graph problem, contrary to the tree case.
Another difference is the (weak) interaction between vertices
that are not linked by an edge in the posterior probability law
of the graph SBM problem, which is not explicitly present in
the cavity formalism but can be traced to the condition (21).
The cavity method approach leads to the following
conjectures.

(1) When the robust reconstruction tree problem is solvable,
the labels of the graph inference problem can be inferred with
better accuracy than using only the prior information 7, via a
polynomial time message-passing algorithm known as belief
propagation, whose accuracy is described in the large-size
limit by the fixed point of the cavity equations reached through
the robust reconstruction initial condition, i.e., with ¢ — 0
after n — oo in Eq. (30).

(i) The accuracy of the optimal estimator of the labels
(which may require an exponential time to be computed)
is described by the fixed point of the cavity equations (15)
and (16) that yields the largest possible value of the free
entropy (28), the latter being related to the mutual information
between ¢ and G. In particular, if (15) and (16) only admit the

trivial fixed point, then the hidden labels cannot be inferred
better than with their prior distributions.

(iii) No polynomial time algorithm is able to beat the esti-
mation accuracy of the belief propagation algorithm, hence
the existence of the hard phase, where according to (ii) it
is information-theoretically possible to infer the labels with
a nontrivial accuracy, but this is not possible with belief
propagation. We stress here that in problems where the hybrid-
hard phase (with BP giving a better estimate than random, but
still being largely suboptimal) exists, the nonoptimality of BP
occurs for a SNR above the Kesten-Stigum threshold.

Parts of points (i) and (ii) have been established rigorously,
in particular for the stochastic block model as reviewed in
Ref. [6]. The most detailed results have been obtained for the
symmetric two-group SBM [42,43]. Point (ii) was established
in Refs. [24,25,50] for a large set of models; roughly speaking,
these works show that the existence of probability distribu-
tions (P, ﬁ) with ¢(P, ﬁ) > 0 implies the possibility of non-
trivial inference of the labels in the graph problem (a similar
variational principle for the tree reconstruction problem can
be found in Ref. [19]). The optimality of belief propagation
for a large signal-to-noise ratio (above an unspecified constant
multiplying the KS threshold) was established in Ref. [44],
but remains an open problem in the low signal-to-noise ratio
regime. Point (i) is very much related to Theorem 2.12 in
Ref. [44], where an auxiliary algorithm provides the initial
condition of BP on a finite graph that emulates the observation
of a few labels in the tree robust reconstruction problem.

D. Main results

The main technical results of this paper, to be presented
in the subsequent sections, are expansions of the functional
cavity equations (15) and (16) and free entropy (28) around
their trivial fixed point (that exists because we consider
models having an undetectable phase). These computations
allow us to generalize the local bifurcation analysis sketched
in Sec. IID for a finite-dimensional order parameter, to the
functional infinite-dimensional case. When the parameters
(1, pj, De) of the models are varied in the neighborhood of
the Kesten-Stigum transition, at which the trivial fixed point
changes stability, a nontrivial fixed point bifurcates from
it continuously. The local bifurcation analysis allows us to
determine whether it bifurcates as an unstable fixed point in
the direction of lower SNR, in which case the Kesten-Stigum
threshold and the algorithmic threshold coincide [Fig. 1(b)]
and the hard phase must exist, or the solution bifurcates as a
stable fixed point in the direction of higher SNR [Figs. 1(a)
or 2]. To be able to further distinguish between the three
scenarios in the latter case, we have also solved the fixed-
point cavity equations numerically using the population dy-
namics technique (a presentation of this numerical algorithm
and of the subtleties in its implementation can be found in
Appendix A). For the convenience of the reader we summa-
rize here our main findings for the stochastic block model and
the planted occupation models and defer the detailed technical
explanations to Sec. IV and V, respectively. We also show the
numerical confirmation that BP run on large single instances
of the inference problem indeed follows the behavior derived
from the distributional cavity equations.
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1. Symmetric SBM: Marginal case of four groups

The symmetric SBM is a special case of the model intro-
duced in Sec. I[IT A 1, where every community has the same
size, i.e., 7, = 1/q, and the probability of an edge between
two vertices of labels o and o’ only depends on whether
o =o' ornot: ¢, = a and ¢, = b for 0 # o’. The average
degree is then d = [a + (¢ — 1)b]/q and it is convenient to
parametrize the difference between the intracommunity and
intercommunity connectivity by defining 6 = (a — b)/[a +
(g — 1)b]. This parameter is positive in the assortative case
(a > b) and negative in the disassortative case (a < b). As
explained in Sec. IIIC, the study of this problem by the
cavity method [8,9] is tightly linked to the tree reconstruction
problem for the symmetric Potts model [19,22,51,52], with an
offspring distribution of the Galton-Watson tree p, Poissonian
of average d; in this context 6 > 0 (6 < 0) is called the
ferromagnetic (antiferromagnetic) case. The Kesten-Stigum
transition is easily seen from the tree reconstruction perspec-
tive to occur when d6? = 1, where d is the average of py.
This combination of parameters can thus be regarded as a
relevant signal-to-noise ratio (keeping in mind the sign of 6
that disappears from this definition).

The results of our local bifurcation analysis, performed
for an arbitrary distribution p,, can be summarized as fol-
lows (the details can be found in Sec. IV H): for ¢ < 3, for
both ferromagnetic and antiferromagnetic models, and for
any py, the Kesten-Stigum transition is continuous [second
order, as in Fig. 1(a)]; for ¢ > 5, for both ferromagnetic and
antiferromagnetic models, and for any p,, the transition is
discontinuous [first order; cf. Fig. 1(b)]; and for g = 4, the
order of the phase transition depends explicitly on the degree
distribution and on the ferromagnetic or antiferromagnetic
character of the model, through the sign of the quantity

_ _TERe-he-2) (]E[Z(E - 1)])2
-3 Efep Erer?

5 12
~ — = , (32)
. (JE[E] “1 7 sen@)V/ELel - 1)

where [ denotes the average with respect to the offspring
degree distribution p,. A first-order phase transition is pre-
dicted to arise if w > 0, while the transition is continuous
(second order) for w < 0. In the ferromagnetic or assortative
case [sgn(f) = 1], one can check easily that w < 0 for all
degree distributions, which yields a continuous transition (one
has necessarily d = E[¢] > 1 for the problem to make sense).
In contrast, in the antiferromagnetic or disassortative case,
the sign of w changes according to the degree distribution.
For instance, when p; is a Poisson law with average d, as in
the application to the graph SBM problem, there is a critical
degree d. ~ 22.2694 such that w > 0 for small degrees d <
d., leading to a first-order phase transition, while for large
degrees d > d. the coefficient w becomes negative and hence
the transition is of second-order type.

This problem was extensively studied in the litera-
ture from various perspectives, notably tree reconstruction
[19,22,51,52], the stochastic block model [8,9], and the Potts
model on random graphs [53], and part of this characterization
was already known (in particular, the tightness of the KS

transition for ¢ = 2 was established in Refs. [51,52], and
[22] proved the nontightness of the KS transition for g > 5
for all degrees and its tightness for ¢ = 3 and large enough
degrees). However, the situation of the ¢ = 4 case has re-
mained rather obscure (for instance, Fig. 2 of [53] missed the
crossover towards a continuous transition at large degrees),
even if it could have been anticipated that the ferromagnetic
and antiferromagnetic models must behave in the same way
in the large-degree limit (see, for instance, [22,54] and the
discussion in Sec. IVF). The explicit condition (32) that
characterizes sharply the degree distributions for which the
antiferromagnetic four-group Potts model (or disassortative
symmetric SBM) has a gap between the information-theoretic
performance and the best known algorithmic one is thus one
of our main results.

In order to test this prediction we performed a numerical
resolution of the cavity equations (see Appendix A for more
details) for the g = 4 antiferromagnet on Poissonian Galton-
Watson trees. In Fig. 3(a) one can see clearly that for low aver-
age degrees the spinodal and information-theoretic transitions
are below the Kesten-Stigum bound and that they get closer
to it as d grows. A simple scaling argument, to be explained
in Sec. IVH, predicts that the signal-to-noise ratio df> of
the spinodal and IT transitions reaches the Kesten-Stigum
value 1 with a correction scaling as (d. — d)> as d — d;.In
Fig. 3(b) we thus plotted the same phase diagram with the
change of variable d6> — (1 —d6?)'/? in such a way that
the deviation from the KS bound should vanish linearly when
d — d; in these units. It is fair to say that our numerical data
are compatible with our analytical prediction of d., without
providing an independent confirmation of it. As a matter of
fact, the largest degrees for which we could estimate reliably
the location of the spinodal and IT transitions are still rather
far from our prediction of d.; it is indeed very difficult to
distinguish numerically a continuous transition from a very
weakly discontinuous one, and the relatively large exponent 3
in the behavior of the signal-to-noise ratio is unfavorable for
this numerical study. As a consequence, we cannot perform
a linear fit from the plot of Fig. 3(b); however, the line we
drew as a guide to the eye looks like a possible interpolation
towards our analytically computed value for d..

2. Asymmetric balanced two-group SBM

We have also dedicated specific attention, detailed in
Sec. IV, to the case of the (¢ = 2)-community SBM with
different communities sizes (77, # 77,) yet with an affinity
matrix such that the average degree of the vertices in the
two communities is the same (hence the degree of a vertex
is uninformative of its label and the model exhibits an un-
detectable phase at low degrees). We will parametrize this
model by a magnetization parameter m € [0, 1] such that the
size of the smaller group is 77; = I_Tﬁ, the symmetric case
being recovered for 7 = 0. With the condition of both groups
having average degree d, we are left with one more free
parameter, which we label 6 and define as § = 1 — <2, where
c12 = ¢p1 18 N times the probability that two nodes in different
groups are connected by an edge.

The cavity method relates this model to a tree recon-
struction problem known as the asymmetric Ising model
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FIG. 3. Phase diagram of the four-group disassortative symmetric SBM (equivalently the reconstruction of the antiferromagnetic g = 4
Potts model on Poissonian Galton-Watson trees), as a function of the average degree d. (a) The spinodal and IT transitions (see the text and
Fig. 1 for their definitions) are plotted in terms of the signal-to-noise parameter 62, which equals 1 at the Kesten-Stigum transition (horizontal
dashed line). (b) Same data as in (a) drawn with a change of variable on the vertical axis to better appreciate the crossover from the first- to
the second-order transition as d reaches d.; as explained in the text and with more details in Sec. IV H, we expect the curves in (b) to vanish
linearly when d — d_ . The vertical line marks our analytical prediction for d. ~ 22.2694; the other line is only a guide to the eye.

[17,20,29], for which the KS transition occurs at d6% = 1,
with d = E[¢] the average offspring degree. Our expansions
of the cavity equations around this point reveals a striking
universality phenomenon: For all degree distributions and for
both ferromagnetic and antiferromagnetic models, the qual-
itative nature of the transition changes when the parameter
m that quantifies the asymmetry of the model crosses the
same value 7ii. = 1/+/3. The transition is indeed second order
[Fig. 1(a)] for m < m, and first order [Fig. 1(b)] for m > m..
Until very recently it was only known from [20] that the
Kesten-Stigum bound was tight (i.e., the transition second
order) for small enough asymmetries and that it was not
tight for large enough asymmetries [17], but these papers
did not estimate the critical asymmetry separating these two
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regimes. The value 777, = 1/+/3 was deduced independently in
Ref. [29], which provides a rigorous proof of the nontightness
of the Kesten-Stigum bound for 7 > m. on regular trees,
via moment expansions similar to ours. Our (nonrigorous)
computations presented in Sec. IV I are more generic, as they
encompass arbitrary offspring distributions py, but more im-
portantly have been pushed to a higher order in the expansion.
This allows us to predict not only the critical asymmetry i,
above which the Kesten-Stigum bound is not tight, but also
the leading-order behavior of the spinodal (reconstruction)
and IT transition lines in the regime m — m_ (which is not
universal and depends on the degree distribution and on the
ferromagnetic or antiferromagnetic character of the model).
As an illustration we present in Fig. 4 the phase diagram for
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FIG. 4. Phase diagram of the ferromagnetic (6 > 0) asymmetric Ising model on a regular tree with offspring degree distribution p, = &4,

d = 3. The magnetization parameter m encodes the size of the smaller community, in the SBM interpretation, as (1 — m)/2. (a) The spinodal
and IT transitions are plotted in terms of the signal-to-noise parameter d§2, which equals 1 at the Kesten-Stigum transition (horizontal dashed
line). Within our numerical accuracy we cannot distinguish the spinodal and IT points for 77 smaller than 0.8; we use a single symbol in this
case. The two lines correspond to the large-degree limit, as computed for the dense models in Refs. [16,26,27]. (b) Same data as in (a) drawn in
rescaled units to better appreciate the crossover from the first- to the second-order transition as 77 reaches its critical value 7, = 1/+/3 & 0.577,
marked as a vertical line. The two straight lines are the analytical predictions of Eqs. (130) and (133) for the leading-order behavior of the
spinodal and IT transitions as 7 — ", for the sparse case p; = 8 3.
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FIG. 5. Shape of the connectivity matrix in the g; + g, Potts
model. Matrix elements filled with the same pattern are equal.

the ferromagnetic Ising model on a regular tree, obtained by a
numerical resolution of the cavity equations. One can indeed
see in Fig. 4(a) that the spinodal and information-theoretic
transitions occur before the KS threshold for asymmetries
larger than m. and that this discontinuity of the transition
vanishes when 7 — m.. In Fig. 4(b) we present the same
data in rescaled units, chosen such that the approach to i,
is linear; the two straight lines of the plot are the results of our
analytical predictions to be explained in Sec. IVI and are in
agreement with the numerical results within the accuracy we
could reach.

Note that the independence of 772, on the degree distribution
explains why the same phenomenology, as well as the same
critical asymmetry, was already obtained in the corresponding
dense inference problems [16,26] or in the large-degree limit
[27,28]. The community detection problem in networks with
unequal groups was also recently investigated in Refs. [55,56],
but these works treat the case where the degree of a vertex is
correlated to its label; in contrast, in all the problems we treat
in this paper the degree of a vertex is not informative of its
label.

3. The q1+q> SBM

As we have seen in the two cases above, the qualitative
properties of the phase diagram of the SBM strongly depend
on the structure of the prior distribution 77 and of the affinity
matrix ¢, in particular on their symmetry properties. It is of
course impossible to investigate explicitly all the possible
ways to break the full permutation symmetry between the g
labels, for arbitrary ¢, and to determine the typology of the
phase transitions of the associated models. We have studied
a class of SBMs that generalizes and encompasses both the
symmetric SBM model for g arbitrary and the asymmetric g =
2 case, by dividing the g possible labels in two supergroups
G, and G, of cardinality ¢; and ¢, (with ¢ = g1 + ¢») and
keeping the permutation symmetry inside each of these two
sets. This leads to a prior 7, that is constant inside G and Gy,
and an affinity matrix c,, which depends only on the super-
groups o and 7 belong to and on whether or not o = t (see
Fig. 5 for an illustration). One can view the graph generated
in this way as a superposition of two symmetric SBMs on
the vertices in the groups G; and G, and an asymmetric Ising
model that coarse grains all the labels in a group G; as a single
symbol. Once g; and g, are chosen the model is defined by
five parameters: the average degree of a vertex (assumed to
be independent of its label), the fraction of vertices in the two
supergroups, and the three SNRs quantifying the information
provided by the edges of each SBM in the decomposition

TABLE I. Thresholds for the bicoloring on Poissonian random
hypergraphs; see the text and Fig. 2 for their definitions.

k oKs Osp orT Ayl
3 1.5

4 4.083 4.64 4.673 471
5 11.25 9.46 10.296 12.44
6 32.03 18.08 21.425 34.5

explained above. Depending on the choice of parameters,
the Kesten-Stigum transition can arise from any of these
three subgraphs; in Sec. IVJ we present a classification of
the typology of the corresponding bifurcation. Moreover, we
will argue there that for well-chosen parameters the more
complicated bifurcation depicted in Fig. 2 must occur in this
model. Note that a special case of this problem (with an
additional symmetry between the two subgroups) was recently
studied in Rfes. [30,57].

4. Hybrid-hard phase in planted occupation models

In Sec. V we will study in detail the cavity equations
for Ising spin (¢ = 2) variables, defining the spin alphabet
x = {—1, +1}, with k-wise interactions, for k > 2 arbitrary.
We concentrate on models that have a global spin-flip sym-
metry, i.e., such that 7, =7_ =1/2 and p;(oy,...,04) =
pj(—o1, ..., —oy) in the notation of Sec. III B. Quite strik-
ingly, we will prove that all the problems fulfilling this sym-
metry property have, around their Kesten-Stigum threshold,
a bifurcating nontrivial solution on the large signal-to-noise
ratio side of the KS transition. In other words, none of these
models can exhibit a first-order transition as in Figs. 1(b) and
1(d); depending on the model, the phase diagram either is of
the second-order type [cf. Figs. 1(a) and 1(c)] or exhibits an
hybrid-hard phase as in Fig. 2.

As an illustrative example we present in Fig. 6 the bifurca-
tion diagrams for the planted k-uniform hypergraph bicolor-
ing, as defined in Sec. III A 2, in which each hyperedge forbids
the k variables around it from being all in the same state.
The random version of this constraint satisfaction problem
has been studied in some details (see, for instance, [58] and
references therein), but we are not aware of previous studies
of its planted version for small values of k. The plots of Fig. 6
show that for k = 3 the transition is second order, while k = 4
and k = 5 realize the two scenarios sketched in Figs. 2(a) and
2(c) and Figs. 2(b) and 2(d), respectively, whose interpretation
was discussed in general terms in Sec. IIC. In these latter
two cases the hybrid-hard phase occupies a sizable part of the
phase diagram and can be easily identified numerically; we
expect all k£ > 5 to behave qualitatively in the same way and
checked this for k = 6. We report in Table I the corresponding
values of the thresholds aks for the Kesten-Stigum transition,
ap and oy for the spinodals of the high- and low-accuracy
branches, respectively, and oqr, corresponding to the crossings
of the free entropies of these two fixed points (the correspond-
ing numerical data will be shown in Sec. V).

The hybrid-hard phase in which belief propagation is able
to reach a nontrivial accuracy, yet cannot reach the optimal
one, has not been identified in sparse inference problems that
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FIG. 6. Stable fixed points of the cavity equations in terms of their accuracies for the planted bicoloring of k-uniform hypergraphs for
(a) k =3, (b) k =4, and (c) k = 5. The accuracy is defined here as the difference between the probability that a sample from the posterior
marginal outputs the correct label and the same probability when only the prior is used (see Sec. IV K for more details). The vertical line marks
the KS threshold. These curves have been obtained by a numerical resolution of the cavity equations (15) and (16), @i, corresponds to the
fixed point reached from an informative initialization [corresponding to the reconstruction problem, ¢ = 1 in Eq. (30)], and a,, was obtained
from an uninformative initialization [corresponding to the robust reconstruction problem, ¢ — 0 in Eq. (30)]. The parameter o controls the
offspring degree distribution p,, which is a Poisson law of average ak. The optimal accuracy a* coincides with aj,s above the IT transition,

whose location can be found in Table 1.

have an undetectable phase. This can sound surprising in view
of our statement above: Hybrid-hard phases appear as soon
as the phase diagram is not a purely second-order transition.
The resolution of this apparent paradox is that the hybrid-hard
phase is often very narrow: For instance, the so-called 2-in-4
planted SAT problem was reported, wrongly, to have a first-
order transition in Refs. [11,47]. As we show in Sec. V, the
hybrid-hard phase does exist in this model, but its width is so
tiny that it was easily missed in previous numerical studies.

5. Numerical experiments with belief propagation

Our main technical results are based on numerical res-
olutions and analytic expansion of the distributional cavity
equations (19) and (20). These equations describe directly the
tree reconstruction problem, but their interpretations in terms
of the inference problems on graphs and hypergraphs relies
on conjectured connections summarized in Sec. IIIC2. We
therefore devote Sec. VI to a numerical test of this connection
and show that the behavior of the BP algorithm on large
but finite-size samples is well described by the (infinite-size)
tree reconstruction problems. As a striking example let us
anticipate that the curves of Fig. 6 will be reproduced in
Fig. 10 from the output of single-sample experiments, includ-
ing the coexistence of nontrivial branches in the hybrid-hard
phases.

IV. MOMENT EXPANSIONS FOR PAIRWISE
INTERACTING POTTS VARIABLES

This section is devoted to the first of the two specializations
of the formalism introduced in Sec. III: We will only study
here pairwise interacting models (i.e., k = 2). In other words,
we consider graphs instead of hypergraphs, but keep an arbi-
trary g-state variable alphabet (in Sec. V we will instead turn
to k-wise interactions with arbitrary k but restrict ourselves to
Ising spin variables).

A. Cavity equations and free-entropy functional

Let us start by rewriting the cavity equations and free-
entropy functional introduced in Sec. III in a simplified form,
exploiting the pairwise character of the interactions consid-
ered here. Our problem is now defined in terms of a prob-
ability distribution 7 on x = {1,..., g}, a g X ¢ transition
matrix My, = p.(c’|o), and the degree distributions p, and
pPe related by the size bias (12). The two equations (15) and
(16) can be joined into a single recursion on the conditional
distribution

00
PlfnJrl)(n) — Zﬁz Z ]w”1 .. .M”l /dplfln)(nl) .
=0 T

,,,,, Te

dPP ()8 — f(n',....n"),

where the belief propagation recursion function f is obtained
by concatenating (17) and (18). In an explicit form, n =

(33)

f(', ..., n%) means that for all labels o € {1, ..., g},
) (')
T D
' =) 500, (34)
Y
¢
Zo(nl’ ey r’[) = ﬁa l_[ ZMGJ’TI;/,
i=l o
where we have introduced the notation
N 1
Mao’ = aa’ﬁ_ (35)

An equivalent and more compact form of (33) can be written
as an equality in the distribution of random variables

T,

where all random variables are independent, £ has the dis-
tribution py, 77(””) stands for a random draw from PT(”), and
the 7; on the right-hand side are generated with probability
M-.,. From Eqgs. (19) and (20) one obtains the recursion for

n T d n
T = f T, (36)
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the unconditional distribution

o0
P = 3 [P
=0

dP"(n“)8(n ) O

(37

—f(nl,...

where z is the quantity defined in Eq. (34).

We gave in Sec. III an expression of the free entropy for
generic random factor graph models. Specializing it to the
case of pairwise interactions, one obtains

¢({Pr}) = Zpﬁ Zﬁr Z Mrrl
(=1 T LT 7)

My, | dPy(n")---dP,(n)Inz(n', ... 1%
- —E 1Y 7 Myr, | APy (n))dPy, ()

71,72

1 2
x Inze(n", n°), (38)

where E[{] = Ze pel is the average degree. The variable
contribution z, reads exactly as z in Eq. (34), while the edge
contribution is

(' ) =Y 0} Mog,,. (39)

01,02

An equivalent form in terms of the unconditional distribution
is

o)=Y pi [ aPaly-aPaa ')
=1

< Izt — %E[EJ/dP(nl)dP(nz)
x zo(n', n*) Inze(n', n?). (40)

B. Properties of the Markov matrix M

Let us review the properties of the transition matrix My, =
pc(o’|o) that follows from the hypothesis on p. made in
Sec. III.

(i) The normalization of p., which ensures the conservation
of probabilities in the broadcast process, implies that M is a
stochastic matrix >, M,, = 1 forall o.

(i1) The assumption (14) yields the reversibility of M with
respect to 77 (the detailed balance condition in physics jargon),
ﬁgMaa’ = ﬁa’Ma’a-

(iii) This reversibility is a sufficient condition for 77 to be
stationary for the Markov chain with transition probability
matrix M, i.e., ZU N,Mso =7, for all ¢’. Hence M has an
eigenvalue 6, = 1, with right eigenvector (1, ..., 1) and left
eigenvector 7).

Assuming that M is irreducible and aperiodic, the Perron-
Frobenius theorem ensures that all its other eigenvalues are
strictly smaller in absolute value; we will order them as 1 >
|62] = --- > |0,]. The reversibility assumption simplifies the
study of the eigendecomposition of M: Consider indeed the
matrix W,, = 7/ ZMM m . % 1t can be easily seen that W is
real and symmetrlc hence diagonalizable in an orthonormal

basis, and that M has the same eigenvalues as W. Let us write
the eigendecomposition of W as

Woo = Z@,v“) v, (41)

where the vectors v of the orthonormal basis verify
DB =550 Y w0 =6, (42)
o J

Here and in the following §; x, the Kronecker symbol, is equal
to 1 if the two arguments are equal and O otherwise. The
Perron eigenvector of W reads in this basis

=1, o =n)" (43)

Transforming back from W to M, we introduce the basis of
the left and right eigenvectors of M,

-1/2 N =172,
(J) =7, / ((;]) lé") — 770/ v((}])7 (44)

which obey the following relations:
S =t SR = b0
a J

W=, D=7, =1 @)

o

The matrix M can thus be expressed as

q
MJU’ - Z ejl"(])l(])
j=1

The matrix M introduced in Eq. (35) is symmetric due to the
reversibility condition and it can be expressed in terms of the
eigenvector decomposition as

a q
Moy =) 0rr) =143 0pdr]) @)

7, +Ze DD (46)
j=2

C. Symmetry properties

Let us recall that we stated in Eq. (22) some consequences
of the Bayes theorem that bridge the conditional and uncon-
ditional distributions. These will play an important role in
the following, hence we first spell out some consequences of
these symmetry relations. We will denote by IE?’) and E™
the averages with respect to P\ and P, respectively. One
has E™[5] = 7 for all n. For any function g, the relationship
between the densities of P and P™ given in Eq. (22) yields

1BV [g(m] = E®[.g(n)]. (48)

Applying this identity with g(n) = 1 gives the already men-

tioned property E™[n] = 7. If one uses instead g(n) = 7.,
this yields

1" 051 = E®[nen,]. (49)

Let us define a g-dimensional vector é as the difference § =
n — 7 between a message and the stationary value. One has in
this way E“[§] = 0, and from (49) one obtains

T, EM 8,1 =E™nens] — 7,75, = EM[8:8,].  (50)
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D. Stability analysis of the trivial fixed point
via moment expansions

By construction, the probability distribution 7 is a fixed
point of the BP equation (34), i.e., f(7, ..., ) = 7, reflecting
the stationarity of 77 under the Markov chain generated by
M. This implies that P;(n) = §(n —7) is a fixed point of
the cavity recursion (33) [and similarly P(n) = §(n —7) is
invariant under the recursion (37) for the unconditional distri-
butions]. We will now study the stability of this trivial fixed
point and determine perturbatively the nontrivial fixed points
that arise in the neighborhood of the limit of stability. This
bifurcation analysis will follow the steps explained in Sec. [I D
for scalar recursions. The additional complication due to the
functional character of the recursions (33) and (37) will be
dealt with by concentrating on the low-order moments of
the distributions P;, thereby reducing the infinite-dimensional
bifurcation analysis to a finite-dimensional one.

1. Linear analysis

We define by 6 = n — 7 the (g-dimensional vector) dif-
ference between the BP message and the trivial fixed point.
As both 7 and 77 are normalized one has ) 8, = 0. The BP
equation (34) can be expressed as

o [Tzt (1+57)

8y = — — — o> (51)
Zy 77)/ Hf:l (l + 5;’)
where we defined
Sa = ZMJU/(SU’ (52)

as a linearly transformed version of §. The normalization
condition becomes, under this transformation, Za Ny 3(, =0.
For this reason, the denominator of (51) is equal to 1 up to
quadratic corrections in é and hence the linearization of the
BP equation gives

4
8o X7y Y8 (53)
i=1

Taking averages according to Eq. (33), we thus obtain the
evolution of the first moments of the distributions Pr("), within
this linearized approximation, as

ESO8,1 = ELel, ) MBS, 1, (54)

where E[¢] =Y ¢ Pel is the average offspring degree; note
that in Eq. (54), and in many equations that will follow, we
keep implicit higher-order correction terms on the right-hand
side for the sake of readability. To put this evolution equation
in a more convenient form let us first exploit the moment
identities to write

ZM‘L’T’]ES;I;[)[SU] = ZMTT’ﬁr/E(:’l)[SG]
T/ T’
=Y M B0l (55)
7

where in the first step we used the definition (47) of M and in
the second one we exploited the relation (48) between condi-

tional and unconditional averages. Noting that ), M. 7, =
1 and that E™[8,] = 0, we obtain the identity

S M ED[S,1 = EVLS,8,). (56)
:

Multiplying the linearized evolution equation (54) by 7, and
using (50) to transform the left-hand side and (56) to treat the
right-hand side, we obtain, without making further approxi-
mations,

EC+V[8,8,.1 = E[e]7, 7, E™[3,8. 1. (57)

We define A”) = E™[§,8,]; it can be viewed as a matrix A"
of size g x ¢, which is symmetric positive semidefinite with
vanishing row sums. We also define

o't

AW =EW[8,8.1 =) Moo MewAL) (58)
o', v
which defines a matrix A, symmetric positive semidefinite

with 3 7,A" = 0. With this notation, the linearized recur-
sion (57) becomes

AL = E[elg, 7, AL

otT’

(59)

which, considering now A as a qz-dimensional vector, can be
viewed as a matrix multiplication

ACTD — NA("),
No’t,a’r’ = E[g]ﬁnﬁrMoa’Mrr’
1 _ 1
— N My —. (60)

! T

= E[€17, My,

o ’

In this equation N is a ¢> x ¢> symmetric matrix; its eigen-
values are easily computed, exploiting its tensor product
eigenvalues of M (see Sec. IVB). As A® must obey the
normalization condition > A?) = 0, the relevant eigenval-
ues of N are only those with i, j > 2. The stability of A =
0 under its multiplication by N is equivalent to the largest
absolute value among the (relevant) eigenvalues of N being
smaller than 1: We have thus recovered, as expected, the
well-known Kesten-Stigum [34] condition E[E]Ozz < 1 for the
trivial fixed point P(n) = §(n — 7)) to be stable under small
perturbations.

2. Second-order expansion

Our goal now is to characterize the nontrivial fixed points
of the functional recursions (33) and (37) that bifurcate con-
tinuously from the trivial one at the Kesten-Stigum transition;
we will hence drop the iteration index »n in the following and
denote by E;[e] and E[e] the averages with respect to the P,
and P fixed-point solutions of (33) and (37), respectively. It
is rather intuitive, and can be easily seen in the scalar case
treated in Sec. II D, that this task will rely on an expansion
of (51) beyond the linear order. However, the functional
character of the fixed-point equation complicates the deter-
mination of the relevant nonlinear terms in this expansion. In
other words, one has to specify in which precise sense the
sought fixed point is close to the trivial one. Let us consider
the unconditional distribution P(n) and discuss the relative
scaling of its centered moments. By definition, the first one
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E[§,] must vanish; the second one A,, = E[8,5,] must be that it is small, of the order of some parameter k¥ << 1. We
nonzero for the distribution to be nontrivial, and we assume will make the following ansatz for the higher-order moments:

J
BUT]/ = E[(Sc(gr(gy] = 0(/{2),
C‘”’Vﬂ = E[aaaraysﬁ] = 0(/(2),

(61)

E[S,, - .., 8,1 = O(kP/?]).

This ansatz was inspired by the numerical resolution of the functional equations and we refer the reader to the
Appendix B for a proof of its self-consistency.

We will now proceed with these assumptions and compute the leading behavior of A, by considering the following truncated
expansion of (51):

4
8o =7, > 8 +7, > |88 =D w8080 = > "m, (8, +581)8.8) — > "m,8L8L818] + Y ", mpbl 858080 | (62)
i=1 1<i<j<e 4 Y Y

We have included nonlinear terms that are of order 2, 3, and 4 in terms of 8, but that will all be of order 2 once averaged,
according to the ansatz (61). Taking averages with respect to the fixed-point conditional distributions yields, without further
approximations,

- o 1. A A ~ ~
E.l8o] = ELel, Y MeoEol8o] + SELE = DI, Y MewMerr [Eff[ag]Ew[ag] = " H,Eo[8,1E[5,]
T Y

T
-2 Zﬁy]Er’ [SO’SV]]ET” [Sy] - ZﬁyEr/[SaSy]Er” [S(TSV] + ZﬁyﬁﬁEr’[SySﬂ]Er” [Sygﬁ] . (63)
Y 14 v.B

In order to simplify this equation, we first state an identity similar to (56),

ZM‘[‘L’/E‘E/[SUSV] = ZM‘L"L’/E[SUS}/UT/] = E[gasy] + E[S(rgygt] (64)

Note that, according to our ansatz, the second term is negligible with respect to the first one (it is of order x> < «).
We will now multiply (63) by 7, in such a way that its left-hand side becomes A, ; the right-hand side can be simplified by
using the identities (56) and (64). Keeping only the terms of order « and «? yields

. n 1. ~ o o o
Age = BI0IT,,Age + SEILC — DI, T, | (Age)? — D o0, Aoy + A+ 7,054y p) | (65)
4 vB
AAO’T = ZMUG’MTI’AJ’I’s (66)
o', v

where we recalled the equation linking A and A in Eq. (66).

An equivalent form of these equations, which will turn out to be more convenient in some cases, can be given in the basis
that diagonalizes the matrix M defined in Sec. IV B. Using the eigenvectors defined in Eq. (44), we can trade the matrix A for a
matrix A’, now indexed by these basis vectors, in an invertible way:

i)k i) Gk

Agr = Y IDIOA & A =" rDrbA,,. (67)
jk oT

The normalization condition that implied the vanishing of the row and column sums of A shows up now as A’jk = 0 whenever

Jj = 1 ork = 1. The transformation from A to A, i.e., the matrix multiplication by M for each of the two indices, becomes for A’
a simple multiplication by the eigenvalues 6; of the matrix M. Equation (65) thus becomes, in this basis,

/ in / 1 - / /
Ay = EL10;647 + SB[ — 1] D7 Fiiinfidaka05,03,00060A% Ay — 20,60 > AL ALOE | (68)
Jii2kika l
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where we have defined

Finiis = Y gt S rd). (69)
a

We have achieved here our first technical goal: This quadratic equation (65) on the matrix A [or equivalently (68) on the matrix
A’] constitutes the equivalent of (10) for the scalar bifurcation analysis, but now for a generic model with pairwise interaction
between Potts variables in the sparse regime. In particular, imposing the positive definiteness of A will allow us to discriminate
between different bifurcation scenarios, as explained in Sec. II D in the simpler scalar case. We will see in the following various
applications of this formula for different choices of the matrix M and stationary distribution 7.

3. Third-order expansion

Before turning to these applications let us first state the results of this moment expansion at the next order (which in some
cases will be crucial to discriminate between different bifurcation scenarios). According to our ansatz (61), we now have to
determine the centered moments of P(n) up to the fourth moment. We thus define

Ase = E[856,], BO’I}/ = ]E[(Saaray], Coryﬂ = ]E[aaaraysﬁ} (70)

Generalizing the derivation of (65) above by including higher-order terms, we have obtained the following set of equations for
A, B, and C (see Appendix B for a justification through a formal expansion at all orders):

L 1. R I o . ——
Age = LI, 7 Age + SELEE = DI N, | (Aoo)” — D o0, Ay + A+ 7,4 )
Y vB

+ B = DI | = D Ty Bowy oy +Ac) + Y 0,05 Boys + BeypdAys + )0, 5Coryphyp
14 vB vB

~ __ |1 4 1 A N 1. oA "
+E[£(£ - 1)(£ - 2)]77an [8(A61)3 - 6 Z ny(Aay +A1:y)3 - EAGT Z ny(Aay +Ary)2
14 v

1 o4 1 A . . . . .
= DA+ 5 DTy Tp(Ayp) Aor + Ay + Ay + Aoy + Aip)
vB vB

+ > 0, Ay pAay + Ary)Aop + Acp) = D 0, T A pApaAay |. (71)
vB v Ba

Bary = E[E]ﬁaﬁrﬁyéary + IE[K(K - ])]ﬁaﬁrﬁy AarAry +AayAyr +ATUAUY - Zﬁﬁ(AoﬂAﬁy +A05Aﬁr +ArﬂAﬂy) )

B
(72)
Coryp = ELCTT,7.77,5Coryp + ELLE — DITo .77, T5(AecAy s + AcyAcp + AcpAsy), (73)
Aar = ZMGG’MTT’AG’T’» (74)
o't
Bary = Z MJJ’MH’M;/)/’BJ’I’]/, (75)
a't'y’
C(rryﬁ = Z MJU’MII’Myy’Mﬁﬁ’Ca’t’y’ﬁ’~ (76)

o't'y' B

E. Expansion of the free entropy

Let us now focus on the second fundamental object introduced besides the cavity equation recursions, namely, the free-entropy
functional, in particular, the expressions (38) and (40) for the case of pairwise interacting Potts variables. With the conventions
we used, the value of ¢ for the trivial fixed point Pyiv(n) = 8§(n — 77) is ¢(Pyiv) = 0. We have computed an expansion of ¢(P)
when P is close to Py, i.e., when the centered moments of P are small [imposing the condition f dP(n)n = n]. Again, denoting
by A, B, and C the tensors encoding these centered moments of P of orders 2, 3, and 4 [as defined in Eq. (70)] and by A, B, and
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C their transformed versions according to (74)—(76), we have found (see Appendix C for the details of the derivation)

E[¢]

oty otyp

1 USRS
+ o7 B Y 777, 7y Coryp)® + 5 BLEE = 1)]

otyf

1 1 | N 1 A 1. IR e,
s P=—7 ;AMAerﬁ 2 BoryBoey =50 D CorppConyp + JRIA Y ToTie(Aoe) = TS EIODY 7,7, (Boey )

ot oty

[Z Moo (Agr)® =2 Zmﬁ,ﬁyfim&y&g}

oty

1. 4 A A 1. . PO
= B = D13 7,707, BoeyAoeAy + JELEE = D1 Y 771,71, 5Coryphorhyp

oty

1.
+ EE[Z(E — D - 2)]{

ot oty

oT

2
+ 3(2 ﬁaﬁ,@m)z) 12 7,77, Tpho A

otyp

Of course this expression is a truncation of an infinite series
involving moments of all orders. Let us make a few comments
about this result.

(i) One can rewrite this expansion in the eigenbasis of
M, i.e., in terms of the quantities A/jk instead of A,,, as
defined in Eq. (67). The corresponding expression is given in
Appendix C.

(ii) The expression (40) of the free entropy ¢(P) is varia-
tional, in the sense that its variation with respect to P vanishes
when P is a fixed-point solution of the recursion equation (37).
Accordingly, the derivatives of the truncated expansion (77)
with respect to A, B, and C vanish when the latter are solutions
of the moment equations (71)—(76).

(iii) If the centered moments of P verify the scaling ansatz
(61) that we argued was the correct one for fixed points of
the cavity recursion, then the expansion (77) contains all the
terms of order «2, 3, and «*.

(iv) However, the free-entropy functional ¢(P) of Eq. (40)
is well defined even if P is not a fixed point of the recur-
sion equation (37) [as long as it satisfies f dP(n)n = 7] and
accordingly the expansion (77) can be used even if A, B,
and C do not satisfy (71)—(76). As a matter of fact, such
an expansion was performed in Ref. [25], and we briefly
mention the similarities and differences with respect to ours.
In the context of the models studied in this section, one of the
results of [25] (i.e., Theorem 2.3 therein) can be rephrased as
follows: Above the Kesten-Stigum transition, i.e., whenever
E[Z]GZZ > 1 in such a way that the trivial fixed point is
unstable under the cavity recursions, there exists a distribution
P with ¢(P) > 0 and hence the Kesten-Stigum transition is
an upper bound for the information-theoretic transition (or
condensation transition in the associated nonplanted random
ensemble). We recover this statement from our computations,
defining the probability distributions P, by

P.(n) =38 — @+ MP) + 16t — 51 — MP)), (78)

where 1 is the left eigenvector of M associated with the
eigenvalue 6, and A > 0 should be sufficiently small for 77 &+
AI® to remain inside the polytope of probability distributions.
The average of P, is 7 for all A, and the first centered moments

otyp

ToTe(Ase) =6 1,07, (Ao Aoy V' = 120,07, (A50 ) Asy Ary

oty

A~ ~

A, phs, (77)

(

of P, are easily seen to be

2
Agr = IPIP, Bory =0, Coryp = MIPIPIPID.

(79)

More generically, the odd centered moments vanish and the
2pth one is A% times the 2pth tensor power of /®. Computing
the corresponding value of A,, and inserting in Eq. (77), one
obtains

1

qu(Px) = —07(E[€]6; — 1)A* + O(19),

E[¢] 4 80)

which can indeed be made strictly positive as soon as
IE[Z]QZZ > | by taking a sufficiently small A. Note that the cen-
tered moments of P, do not satisfy our ansatz (61), which is
not contradictory as P, has no reason to be a fixed point of the
cavity recursion [incidentally, there might be no perturbative
nontrivial fixed point in such a situation; see Fig. 1(b)]. Only
two terms of (77) contribute to ¢(P,) at order A* (the first ones
in the first and second lines), hence our expansion is more
detailed than the one in Ref. [25], which in contrast deals
with a much more general and complicated setting (k-wise
interaction of Potts variables with quenched disorder) and is
performed in a mathematically rigorous way.

F. Large-degree limit

We have underlined in the Introduction the existence of
two families of inference problems, the dense ones which
can be described by a finite-dimensional order parameter
and the sparse ones that require the use of a distributional
infinite-dimensional description. The focus of this paper is on
the latter family, but it is important to realize that the two
types of problems are not completely disjoint. As a matter
of fact, the sparse models reduce effectively to the simpler
dense ones if one takes the limit of large degrees, after the
thermodynamic limit. This is a well-known fact that has
been derived rigorously in several papers (see, for instance,
[22,27,28]). For the sake of self-containedness and to be able
to contrast the behavior of the sparse and dense models, we
reproduce here this derivation.
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We will consider the recursion for the unconditional
distribution (37) and simplify it in the large-degree limit
E[£] — co. We will show that in this limit the evolution
of the distribution P® can be tracked exactly by following
a finite-dimensional object, namely, the covariance matrix
AW = E™[§,8,], that obeys a recursion equation of the form
A(rH—l) — F(A(n))

The main idea of the derivation is to exploit a central-limit
theorem. We will thus rewrite (37) in a way that makes appar-
ent a sum of a large number of random variables. To reach this
goal we will define two functions ¥ (L) and Z(L) whose ar-
guments are g-dimensional real vectors L = (Ly, ..., L,) that
are mapped by v and Z to normalized probability distributions
and positive reals, respectively, according to

L, q

— i > — Ly
Ve =50 D) ;e : (81)

One can translate the unconditional recursion relation (37) as
E™*PLe(m)] = E™[g(y (L))Z(L)] (82)

for an arbitrary function g, where on the right-hand side the

vector L has the distribution
d
(L)o=t..q =nze (", ... n)]o=1,..q0 (83)

J

X, =In (Z Mw/ng) =In

q
= — é (J) (j)5 _ 1
\/E Zz: Z 2K

* Ve

with £ drawn from j; and the 5’ drawn from P™. From the
expression of z, given in Eq. (34) one realizes that

4
Ly, =In7, + Zln (Z Maa,n;,) (84)
i=1 o’

We now recall that if ¥ < 3", X' is a sum of independent
and identically distributed random vectors, the number of
summands n being also random, the two first moments of the
sum are given by

EY]De = E[n]E[X,], (85)

(COV[Y])(T‘L' = E[n]]E[X(TX‘[]
+ (Var[n] — E[nDE[X,JE[X.].  (36)

Moreover, the large-degree limit E[¢] — oo yields a nontriv-

ial result only if the nontrivial eigenvalues of M, 65, ..., 6,,

vanish in the limit. More precisely, they have to be of the form
0; = 6; / E[¢], with &; finite. We thus have

Xq: iy 18y (87)
j=2 o’

2

1[G ; 1
— G0N s, |+ ( ) 88
;2 iy ;ra o o] (88)

Combining these various observations and assuming that the offspring degree distribution is sufficiently well behaved for the
second term in Eq. (86) to be negligible (it vanishes exactly for a Poisson distribution), we find that in the large-degree limit the
promised recursion A+t = F(A™) can be decomposed in two steps: (i) From A®™ compute A™ with

A™ = 1im (E[E] ZMM,M”,AQ’,L)
o't’

and then (ii) compute the new covariance matrix A"*+! from

AT = B[(y (L), — ﬁg>(w(L>f—ﬁr>z<L)]=E[[e

with L a Gaussian vector characterized by its first two moments
(E[LDo = In7, — 3A7)

oo’

Z 0. Qk}’(j) (k) Z r(l)r(k)A(n) (89)

k=2

La M = Lr —_— M =
ngz(L~)][e nfz(L)]} (90)
Z(L)
(Cov[L])yr = A™. Q1)

As emphasized before, this finite-dimensional recursion A1 = F(A™) is an exact description of the functional recursion
on P™ in the large-degree limit. The trivial covariance A = 0 is a fixed point of F that reproduces the stationarity of P(n) =
&(n — 1) under the functional recursion. It is instructive to expand the equation A = F'(A) around A = 0 in order to compare this
expansion with the one we performed previously on the full functional equation. Exploiting the properties of Gaussian random

variables, it is relatively easy to obtain, from (90),

- 1_ _ -
AO"L’ = A +§77¢7771— (AO"L’)

3|
GI

1.
— 3A0r ;ﬁy

vB

Zny(Aay + A, + > 1, 0pA,p)
vB

__ |1z Il —_ : ~
+ NoMN+ |:6(A¢TT)3 - 6 Zny(Aay +Ary)3
v

Aoy +Ac))? + ¢ Zﬁyﬁﬁ(fiyﬁf +3 Zﬁyﬁﬁdyﬁ)zdm + Aoy + Acy + Aop + Arp)

vB

+ Z 7, TpAys Aoy + Ary)Aop + Acp) = Y 0, sTuAypApaliay | + OAY). 92)

v Ba
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This is, as expected, consistent with the expansion performed
in the sparse case and presented in Eq. (71). Of course the
equations in the sparse regime are richer, with the effects of
the third- and fourth-order moments B and C being washed
out in the large-degree limit by the Gaussian character of the
distribution.

For completeness, let us also give the large-degree limit for
the free entropy, which becomes a function of a covariance
matrix A,

1 -
$A) = EEL L] = 7 ) Acchgr,  (93)

where A is obtained from A according to (89) and in the
first term L is a Gaussian vector with the two first moments
indicated in Eq. (91).

In the remainder of this section we will investigate the
consequences of our expansions, which were performed for
an arbitrary choice of g, 77, and M, in several specific cases. In
particular, we have to analyze the bifurcation of the quadratic
equation (65) on the covariance matrix A in the neighborhood
of the Kesten-Stigum transition and use it to discriminate
between the possible scenarios depicted in Figs. 1 and 2 by
imposing the positive definiteness of A.

G. Application 1: The nondegenerate case

Let us first consider the case of a simple second eigenvalue
of M at the Kesten-Stigum transition. More explicitly, we
consider that the various parameters of the model (degree dis-
tribution, 77, and M) are functions of a single control parameter
€ defined in such a way that E[Z]Gzz =1+4¢, with e =0 at
the Kesten-Stigum transition, and we assume that ]E[Z]@% are
bounded away from 1 for j = 3, ..., g in the neighborhood of
€e=0.

Consider now the set of quadratic equations (68) on A’, the
covariance matrix expressed in the basis of eigenvectors of M.
With the assumption of simplicity of 6, the only coefficient
of the linear terms on the right-hand side that crosses 1 at
the Kesten-Stigum transition corresponds to j = k = 2; the
bifurcating solution will thus have |A},| > |A;.k| for (j, k) #
(2,2) in the neighborhood of € = 0. We can thus give the
equation for this leading term as

Ay, = B[0103A%, + JE[L(C — 1165 (A5 [(fa2)* — 21,
(94)

where the expression of f; is given in Eq. (69). At the
leading order in € we have

0=e+ 3R - DIG(Hm) - 2145, (99

hence A}, varies linearly with € around € = 0, the other matrix
elements of A’ being at least of order €2. The crucial point
is now to remember that A’, as a covariance matrix, must be
positive definite and as a consequence A’, must be a positive
real. Depending on the sign of (f,)> — 2, this happens for
€ > 0 (e <0), corresponding, for instance, to the scenario
sketched in Fig. 1(a) [Fig. 1(b)]. Spelling out the definition

of f2, in terms of the eigenvectors of M, we have obtained
that the first case occurs when

2
(Z 7, (r;2>)3) <2 (96)

Let us underline the striking similarity between this cri-
terion and the one obtained in Ref. [16] in the context of
matrix factorization. This is a dense inference problem with
continuous variables, for which the condition of existence
of a bifurcating solution above the Kesten-Stigum transi-
tion was found to be (x3)* < 2(x2)?, the average being here
on the prior distribution of a real-valued variable x; [see
Eqg. (205) in Ref. [16]]. Using the properties of the eigenvalue
decomposition of M explained in Sec. IV B, one can rewrite
(96) as

(Z T, (rf))3> <2 (Z o (r},”)z) M)

a formally equivalent expression with 7, replacing the
prior distribution and the eigenvector r{? the continuous
variable xg.

H. Application 2: The symmetric g-state case

We turn now to a case which can be viewed as the opposite
of the previous one, with a maximal degeneracy of the second
eigenvalue of M. Consider indeed the symmetric g-state Potts
model, with a stationary distribution 7, = é for all o and a
matrix M which is invariant under all permutations of its rows
and columns. As M is stochastic it must be of the form

1 1
My, = —+0K,, with K,; =8,,——; (98)
q q

6 is the nontrivial eigenvalue of M, with a degeneracy g —
1. The matrix elements of M must be non-negative and the
authorized range of 6 is thus ] — ﬁ, 1[. The model is said
to be assortative (ferromagnetic) if & > 0 and disassortative
(antiferromagnetic) if & < 0. The matrix elements of M are
My, =1+ goK,..

The recursion equation (37), for this choice of 77 and M,
will respect the permutation symmetry between the g values
of o. If the initial condition is symmetric this will also be
the case for P for all n. In particular, the covariance matrix
A™ will be invariant under all row and column permutations;
as its row sums must also vanish, it is necessarily of the
form A® = ™K, with ™ a real number and K the matrix
defined in Eq. (98). The eigenvalues of K being 0 and 1, the
positivity constraint on A™ thus translates into a®™ > 0. One
finds easily with this form of A and M that A” = (¢6)*a™K.
Plugging these forms of A and A in the linearized evolution
equation (59) yields a"*+" = E[£]9%a"™, hence the Kesten-
Stigum condition £[¢16? = 1 for the limit of stability of the
trivial solution a = 0, as expected.

Looking for a fixed-point solution of the form A,; = aK,,
in the neighborhood of the Kesten-Stigum transition, we
obtain from (65), after a brief computation,

a=E[€]0%a+E[e — D]0*dq(q —Ha>.  (99)
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Defining E[¢]6? = 1+ ¢ and keeping in mind the crucial
positivity condition a > 0, one realizes that for g < 4 the
nontrivial perturbative fixed point exists for € > 0, whereas
if ¢ > 4 it exists for € < 0, which implies that the Kesten-
Stigum bound is not tight for the tree reconstruction problem
in the latter case. This fact was proven rigorously in Ref. [22],
with Eq. (99) corresponding to (1.1) in Ref. [22] (with a linear
change of variable between our ™ and x, of [22]). Let us
emphasize the necessity of imposing the permutation sym-
metry of A in order to reach this conclusion; the bifurcation
equations (65) admit indeed, besides the symmetric solution
studied above, nonsymmetric spurious solutions A even when
7 and M are invariant under permutations.

E[E(Z—l)]l A a

B,,, = N
T R ¢

_Epee-1n11
T T Rt ¢

We have thus justified the statements made in Sec. IIID 1
in the cases ¢ < 3 and ¢ > 5. When g = 4 the coefficient of
a? in the bifurcation equation vanishes exactly and one cannot
conclude from this lowest-order expansion about the type of
transition encountered at the Kesten-Stigum threshold. Due
to the next-order expansion presented in Sec. IV D 3, we will
now be able to elucidate this case and justify the effort put
into this generalization of the expansion. In order to solve
Egs. (71)—(76) on A, B, and C, we first note that B and C vanish
when summed over any of their indices; from the expression
of M in the case under study, we can thus conclude that
]_A?My = (q9)3Bmy and CA'JW,S = (q@)“CUT,,,g. Inserting these
expressions in Eq. (72) and (73) yields an explicit solution for
B and C in terms of A,

PO A 1 A A A A
AstAry + AoyAyr + Arohgy — 5Z(AaﬁAﬁy + Aophpe +Acphpy) | (100)
B
—(AyiAy g +AsyArg + Ay (101)

Furthermore, we argued above by symmetry arguments that A = aK and A = a(¢6)>K; we can thus determine completely B
and C modulo the still unknown real a. Plugging these expressions in Eq. (71) gives, after some combinatorial evaluations, the

equation for a that generalizes (99),

a=E[]0%a + E[e — ]0*1q(q — H)a* + wa’,

where the coefficient w reads

64 (q — 2)E[ee — 1)1?0°

(102)

2 m _ 2910
q-(q + DE[£(L 1)]9. (103)

w = éqz(qz — I8¢ +42)E[6(E — 1)(£ —2)16° —

1 —E[e163 1 —E[e164

In the most interesting case g = 4 where the coefficient of a? vanishes, one finds, for w [substituting 60 = sgn(@)/\/]E[E] at

lowest order around the Kesten-Stigum transition],

TR — 1) -2 Erece — DI\ (5 12
w:16[__ [EC — 1) )]+< [E( )]) ( ~ > )} (o)
3 E[¢]3 E[e]? E£] -1 sgn@)VE[(]—1
[

which justifies the expression (32) given in Sec. IIID 1 [the simplified to
factor 16 between (32) and (104) is irrelevant for the study of
the sign of w]. Depending on the degree distribution p, and — 16 7 n 5 n 12 (106)
on the sign of 6, this coefficient can be positive or negative; w= 3 d-1 Ja+1)

as the equation for a reduces here to 0 = € + wa?, with € =
R[€]6% — 1, the sign of w controls the sign of ¢ for which a
nontrivial solution of the cavity equations exists in a neighbor-
hood of the trivial one, hence the type of bifurcation scenario
as sketched in Fig. 1. As mentioned in Sec. IIID I, one has
w < 0 in the ferromagnetic case for all degree distributions,
which yields a second-order transition; it is indeed easy to
check numerically that

5 12
Vd -1

1
71 <0 (105)

for all average offspring degrees d = E[¢] > 1.

In the antiferromagnetic case the sign of w depends on the
degree distribution. For instance, when py is a Poisson law of
parameter d, the expression of w above [Eq. (104)] can be

A numerical study of this function reveals the existence of a
critical degree d. ~ 22.2694 such that w > 0 for d € (1, d.),
hence a discontinuous bifurcation scenario similar to the case
q > 4, while for d > d. one has w < 0, yielding the scenario
of g < 4. We have also evaluated the sign of w in the regular
case, i.e., for an offspring degree distribution p;, = §; 4. Simi-
larly to the Poisson case, one finds (for the antiferromagnetic
model) that w < O ford < 24 and w > 0 ford > 25.

Note that for large enough degrees ferromagnetic and
antiferromagnetic models behave in the same way; this could
be anticipated from the study of the large-degree limit recalled
in Sec. IVF, as in this limit the degree distribution and
6 only appear in the combination E[£]62, which is clearly
independent of the sign of 6. Actually an expansion to the
same order as in Eq. (102) can be found in Eq. (4.9) of [22],
but in the large-degree limit and not in the sparse regime,
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which did not allow one to deduce the modification of the type
of phase transition according to the degree distribution.

Let us finally justify the scaling exponent we used in the
plot presented in Fig. 3(b). If we had included in the expansion
of the cavity equations around the trivial fixed point one more
term, one would have found, for ¢ = 4, an equation for a of
the form

0=e+w(p)a +xa’, (107)
where a priori x # 0 and we emphasized the dependence of
w on the degree distribution. Let us consider for concreteness
P to be Poissonian with average d in such a way that w(d) is
given explicitly by (106). In the neighborhood of the critical
degree d. where w changes sign we have w(d) ~ w'(d — d.),
with w’ some constant. Inserting this form in Eq. (106) gives

0=c+w'(d—d)a* +xa*s (108)
the scaling of 6g,, which corresponds to the limit of existence
of a solution of this equation, must be such that the three
terms in Eq. (108) are of the same order. This is easily seen to
imply that € is of the order of (d — d.)*, which is the reason
for our choice of exponent in Fig. 3(b): The spinodal and IT
curves should, in this rescaled units, behave linearly in the
neighborhood of d..

I. Application 3: The asymmetric Ising (g = 2) case

We consider now the case of binary variables (¢ = 2),
which for convenience we define as Ising spins or sign vari-
ables o € {—1, 1} = {—, +}. We parametrize the stationary
probability distribution 77 as 7, = 1+20m’ with m € [—1, 1].
This bias parameter can be interpreted as a magnetization
in the perspective of a physical Ising model [20] or in the
context of the SBM as controlling the relative size of the two
communities of vertices which are 7, = ”Tm andn_ = I’Tﬁ
The symmetric case, as studied in Sec. IV H, is recovered for
m = 0. We write the matrix M as

M M., _
M= ++ +
M_, M__
1/14+4m 1—m 1/1-m —1+m
= = J— J— +0_ i — )
2\14+m 1—m 2\—-1—-m 14+m
(109)

ie, My, = 2 + o701 This is indeed the only Markov
matrix reversible with respect to 77 with the second eigenvalue
6. To connect with the definition of the SBM in Sec. IITA 1
the parameter 6 is defined as 6 = 1 — c_ /d, where c_; =
c4— is N times the probability that nodes in different groups
are connected and d is the average degree. Given the group
sizes 7., the condition of equal average degree in the two
groups then implies uniquely the parameters c__ and c, .
In the context of the SBM the degree distributions p, and
Pe are Poissonian with average d; we will, however, consider
generic degree distributions, as they are relevant from the tree
reconstruction perspective.

The range of allowed values of the parameters (m, 6) is a
subset of [—1, 1]*: Imposing the non-negativity of the matrix

elements of M implies indeed that
1 — |m|
i+ ml
which is always fulfilled for 6 > 0 but restricts the range of

allowed biases 7 when 6 < 0. The transformed version M of
M defined in Eq. (47) reads thus

X 1 1l—om
M(rr ZMUT_—ZI—I-GO'TI

N

(110)

(111)

+tm

Due to the binary nature of the variables, the probability
laws n can be parametrized by a single real and the recur-
sion equation (34) can be rewritten in a simpler form with
this parametrization. This expression, along with some more
technical details on the numerical resolution of the cavity
equations, can be found in Appendix A.

1. Critical asymmetry

Let us now apply the generic results of the moment ex-
pansions presented in Sec. IV D to this specific case. Because
of the normalization condition §; 4+ §_ = 0, the deviation
8, =Ny — 7, 1s equal to o multiplied by a scalar random
variable. We can thus write the matrix Af,”r) =E™[S,8,] as
AW = a(”)%or, where a™ is a scalar; the factor 1/2 is chosen
in such a way that %ot coincides with the matrix K, of (98),
in the case ¢ = 2. Once again we have a positivity requirement
on this covariance, a™ > 0. From the expression of M given
in Eq. (111) one sees that

n 1
ZM(mr(T/ =6—o, (112)
p No
hence with the relation (58) one obtains
N 1 1
AW =0%a" — o1 (113)
Mo 2
The linear evolution of (59) thus becomes
a"Vior =E[]0*a" Lo, (114)

ie., ath =E[£]6%a™, which reproduces the expected
Kesten-Stigum threshold at E[£]0% = 1.

We now look for a fixed-point solution in the neighborhood
of the Kesten-Stigum transition, by injecting the above forms
of A and A in Eq. (65). This yields, after a short computation,
23m* - 1) ,

(1—m)?
A simple consistency check is provided by the coincidence of
(99) and (115) when g = 2 and m = 0. Moreover, when g =
2 the nontrivial eigenvalue of M is unique, hence certainly
nondegenerate; one can check that (115) is also a consequence
of Eq. (94) derived in Sec. IV G under this nondegeneracy
assumption for all 7.

The crucial property of (115) we would like to emphasize
is the change of sign of the coefficient of a*> depending on
whether [771| is larger or smaller than 7. = 1/4/3. Because
of the condition a > 0 this implies that the nontrivial pertur-
bative solution exists when E[£]0 > 1 at small asymmetry
(Jm| < m.) and when E[£]62 < 1 at large asymmetry (m >
mc). In the latter case one has, in the tree reconstruction

a=E[€10%a + E[ee — 1)]6* (115)
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FIG. 7. Value of a in the fixed-point solution of the cavity equa-
tions reached from an informative initial condition, as a function of
the signal-to-noise ratio, for the ferromagnetic (¢ > 0) asymmetric
Ising model. We used a regular degree distribution p, = §, 4 with
d = 3, each point corresponding to a different value of 8 > 0. The
two sets of symbols correspond tom = 0.4 < m. andm = 0.7 > m,.
The vertical dashed line indicates the location of the Kesten-Stigum
transition, while the inclined line is our analytical prediction from
(115) form = 0.4.

language, a reconstructible phase below the Kesten-Stigum
threshold, which is not tight in this case. Quite strikingly,
the critical asymmetry m. does not depend on the degree
distribution; this explains why this value of 1/+/3 was also
obtained previously in the large-degree limit [27,28] and in
related dense inference problems [16,26]. Very recently this
critical asymmetry was also discovered for the reconstruction
of the Ising model on regular trees [29]; this paper proved
rigorously the nontightness of the Kesten-Stigum bound for
m > m, and its tightness for m < m, at large enough degrees.
As an illustration of this phenomenon we present in Fig. 7
the results of a numerical resolution of the cavity equations for
two asymmetries below and above 7. One can clearly see that
in the latter case reconstruction is possible below the Kesten-
Stigum threshold and that in the former case our analytical
prediction (115) is in agreement with the numerical results.

2. Further expansions around the critical asymmetry

Let us now further describe the phase diagram of the prob-
lem in the (6, m) plane (for simplicity of the discussion we

J

23m* — 1 )94612

a =E[€10%a + E[e(e — 1)] 72

+E[£E -1 — 2)]3 1 _m)

b=T[10°p — E[ee — 1))

c=E[1o%c + Elee — 1)]294412.

45— 42m* + 45m* ¢ |
7

assume the degree distribution to be held fixed) (see Fig. 4 for
an example). In the low-asymmetry (|m| < m,.) situation there
are only two phases, the tree reconstruction being possible
if and only E[€]6% > 1. This tightness of the Kesten-Stigum
bound at small nonzero asymmetry was proven in Ref. [20],
but that paper did not estimate the value of m.. In terms
of the SBM inference problem, the Kesten-Stigum transition
separates an easy phase from an information-theoretic impos-
sible phase; this was proven in the symmetric (7 = 0) case in
Refs. [42,43].

The large-asymmetry (|m1| > m.) part of the phase diagram
is richer. In terms of the tree reconstruction problem there
will be two lines of transition 6 4+ (777) such that reconstruc-
tion is possible for 6 < O, _(m) < 0 and 0 > O, (M) > 0,
with I'E[E]Qsp,i(n?)z < 1; the subscript £ indicates the fer-
romagnetic (0 > 0) or antiferromagnetic (6 < 0) part of the
phase diagram. Note that the average offspring degree R [¢]
has to be larger than (2 4 V3)/(2 — +/3) ~ 13.928 for the
large asymmetry antiferromagnetic part of the phase dia-
gram to be nonempty, because of the condition (110). This
discontinuous transition of the tree reconstruction problem,
depicted in Fig. 1(d), is not directly relevant for the SBM
graph inference problem. The latter has an easy phase for
E[¢]6% > 1 and a hard phase for 8 < 6ir_(m) <0 and 6 >
Orr.+ () > 0, with E[€]6r (1) € [E[€]6y, +(m)?, 1], while
the inference is information-theoretically impossible for 6 €
[6rr,— (i), 67+ (m)]. This information-theoretic (IT) line is
defined by the vanishing of the free entropy computed in the
nontrivial solution of the cavity equations.

In the remainder of this section we will describe more
precisely the neighborhood of the (ferromagnetic and antifer-
romagnetic when they exist) points (6, m) = (6ks, m.) of the
phase diagram and in particular present an analytic description
of the lines 6, + () and Oyt + () when |m| — m7 . To reach
this goal we will exploit the next order in our generic moment
expansions, as summarized in Egs. (71)—(76). We first note
that for symmetry reasons the tensors B and C depend on
their spin indices as By, = boty and Cyr g = coTy 8, with
b and ¢ two reals. The form of the matrix M given in Eq. (111)
leads to

Bmy =63 oty,

Mo 7Ty
(116)

Plugging these expressions into (71)—(73) leads, after a short
computation, to a set of equations for a, b, and ¢, namely,

+E[ee — 1)](13_2—22)29% +E[ece —1)] 0 _1;2)29%
(117)
. im_ze“az, (118)
(119)
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Alternatively, these equations can be obtained via the computation of the free entropy (77), which is found to be

1 Ere1e> -1, , 16E€10> -1 5, 32E[E0* -1 ,, - 4 3mt -1 ¢,
S = - == & —D]-—
50”0 3 (—my T T Y
3 32m . 16
B — D 7.2 E - D] 8 2
+Efece )](1 —m2)49 a’b+E[(L )](1 _n_12)49 a*c
8 25— 42m* +45m* ¢ ,
E[ece — 1)(e —2)1= ; 12
+ELC - DI - 23 1=y a’ (120)

its derivatives with respect to a, b, and ¢ do indeed vanish when Eqs. (117)—(119) are fulfilled.
Equations (118) and (119) can be immediately solved to obtain b and c as a function of a; reinjecting these results in Eq. (117),

one obtains a quadratic equation for a,

0= u+ va+ wd?, (121)

with

u®) = E[e16* — 1,

w0, 7)) = Ble( — 1)]2

w@,m) =E[e¢ — 1) — 2)]3

+E[ece — D1

We want to study this equation in the neighborhood of the
point (s, 7. ), taking simultaneously the limits & — 6Okg and
m — ., we define as before € = E[¢]02 — 1. The coeffi-
cients u = € and v will thus both be small in this regime,
while @ = w(bks, m.) # 0. In order to have the three terms
in Eq. (121) of the same order, one realizes that the two si-
multaneous limits must be taken with € = ¢(7 — 7. )?, where
t is finite and constitutes the relevant control parameter in
this scaling regime. Then, defining v(6ks, m) = v(m — m,) +
O((m — m.)?), we reduce (121) at lowest order to

0 =t(m — M) + (M — e )a + wa’. (126)

Defining a reduced unknown @ = =“, which will be finite
in the limit, we obtain finally

0=1+ va+ wa*, (127)

hence a = —% + ﬁ\/ v% — 4it. The coefficients ¥ and @
only depend on the degree distribution; to determine them at
dominating order one replaces 6 by its value at the Kesten-

Stigum transition, i.e., sgn(6)/+/ E[¢], and obtains

5 oyg Bt =1 12%)
E[e]?
E = 2
B _27E[€(£ - HE-2) 27<E[g~(g - 1)]>
E[e]? E[e]?
4 1
x - - = . (129)
Q@wwﬁa—l MH—J

It is rather easy to check that @ < 0 in the ferromagnetic
case [sgn(6) > 0] for all degree distributions with E(£) > 1 (a

(122)
3m* — 1
20m — Dy (123)
(1 —m~)?
45— 42m> + 45m*
5 m:: sm’ o (124)
(1 —m)*
126° gin* ! 0
B , 125
_n_12)2< 1 —m>1—E[£]63 + 1—E[E]94> (2

(

necessary condition for the Galton-Watson tree to be infinite
with positive probability and for the Kesten-Stigum transition
to exist). We believe that @ < O also in the antiferromag-

netic case whenever the point (—1/+/ E[e], m.) belongs to the
authorized domain of parameters according to the condition
(110) for all offspring degree distributions, but could only
check it explicitly in the regular and Poisson cases. Note that
in the large-degree limit both coefficients ¥ and @ remains
finite, namely, ? — 94/3 and @ — —27.

As a consequence of @ < 0, the real solutions of (127)
exist for # > t, = ¥%/44. This is precisely the condition that
defines the line 6p; translating back from rescaled units yields

the lowest-order expansion of 6, (77) in the limit 777 — n_1c+,

=2
esp(n_'l) = ks (1 - v_~(n_'l - ”_/lc)z + o((m — mc)z))~
8lw|

(130)

Note that @ depends on sgn(6), giving two distinct expansions
for the ferromagnetic and antiferromagnetic lines 6, . and
Osp, —-

Using the expression (120) of ¢, one can also expand the
IT line 6;7 around (6, m) = (6ks, m.). Indeed, in the scaling
regime described above one finds that

L Y B DY
¢—2E[£](m ;) <2ta +3va +

a)a“). (131)

FN

The IT line corresponds to ¢ = O (this is the value on the
trivial fixed point), hence the IT threshold corresponds to the
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FIG. 8. Study of the scaling regime in the neighborhood of the point (6ks, 7. ) for the ferromagnetic asymmetric Ising model with degree
distribution p, = 8,4, d = 3. The rescaled signal-to-noise ratio parameter is t = (d9> — 1)/(m — im.)*; the Kesten-Stigum transition thus
corresponds to ¢ = 0. (a) Rescaled accuracy @ = a/(m — m.) as a function of 7. The lines are the analytic predictions for the stable (solid) and
unstable (dashed) branches of fixed points obtained in Eq. (127) and the symbols are numerical results that approach the analytic line when
m— mj (b) Rescaled free entropy ¢ = ¢ /(i1 — . )* as a function of ¢. The analytic lines have been obtained by inserting in Eq. (131) the
two branches of & from (127); the threshold #1 corresponds to the crossing with the horizontal line ¢ = 0.

solution of

0=1+va+ wa,

| 3
0:§t+§ﬁa+zwa2:>a=—3~, (132)
292
= —"
9w

The IT threshold 1 = % is thus distinct at this order from

the spinodal one g, = % (even though the difference in
the coefficient is small). Translating back in terms of the
parameters (0, m) gives

ﬁZ
Orr(717) = Os <1 — ——(m — ) + o((m — mc)2)>,
9|w|

(133)

with again two different expressions for the ferromagnetic and
antiferromagnetic transitions.

These two expansions (130) and (133) on the behavior of
the spinodal and IT lines in the neighborhood of the critical
asymmetry where the transition crosses over from second to
first order constitute our main results for the asymmetric Ising
model. We have shown in Fig. 4(b) that they are in agreement
with our numerical data, within the accuracy we could reach.
As a further illustration we show in Fig. 8 the numerical
determination of a and ¢ in the scaling regime and compare it
to our analytical formulas.

J. Application 4: The ¢, + ¢, case

We now turn our attention to the model introduced in
Sec. III D 3, which breaks the symmetry between g labels in
a minimal way, generalizing the two previous cases (i.e., g
symbols with maximal symmetry studied in Sec. IVH and
q = 2 without any symmetry in Sec. IV I).

Let us consider indeed an alphabet of g labels x =
{1,..., g}, divided into two supergroups (or supercommuni-

ties) G; and G, containing, respectively, g; and g, symbols
(in such a way that ¢ = q; + ¢»2), namely, G; = {1, ..., q;}
and G, ={q1+1,...,q}. We break the symmetry among
the g labels in a minimal way, according to this subdivi-
sion in two groups, by taking 7, constant in G; and Gy:
N, =1 if 0 € Gy and 7, =7, if 0 € G, with the nor-
malization condition ¢,7, + g27, = 1. We parametrize the
fraction of vertices in G| and G, by m € [—1, 1], according
to

_ q—l] l-gm ifo € Gy 134
T =1 g e Gy (139
q2

this notation is reminiscent of the asymmetric Ising case,
which would be obtained by coarse graining the labels o € G|
(0 € Gy) as 0 = + (o0 = —). We also perform this minimal
symmetry breaking on the matrix M, assuming that its matrix
elements M, only depend on the group to which o and
T belong and on whether o = 7 or not (the shape of the
associated connectivity matrix in the SBM interpretation is
sketched in Fig. 5).

Imposing in addition the reversibility of the stochastic
matrix M with respect to 77 (this condition corresponds to the
equality of the average degrees in G; and G, in the SBM
interpretation), one realizes that such a matrix M is necessarily
of the form

"
My=—"1c e Gy)
2q,

1—-m 1
+ I(r € G))+ (o, 7 € G| 660 — —
q2 qi

1

+u2l(o, v € G| 8,0 — —

q2

-
zml(a c G2)>

1—m
+M0( 5 Lo €G-

X (l]l(r e G))— l]I(r € Gz)). (135)
q2

q1
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One can check that M admits 1 as an eigenvalue, with eigen-
vectors 77 on the left and constant vector on the right; the
parameters (Lo, L1, and u, introduced in Eq. (135) correspond
to the nontrivial eigenvalues of M. There are ¢; — 1 (g2 — 1)

on G; (G,) and a simple eigenvalue 1y whose eigenvector is
constant inside each of the two groups. For a given choice
of m € [—1, 1] the requirement of positivity of the matrix
elements of M restricts the allowed domain of the parame-

degenerate eigenvalues w; (uy) with eigenvectors supported ters (o, (1, 42) to the subset of [— } +m 1] x [— g 1] x
[~ 1 that fulfills the condition
J
2up —1—m —2(q1 — 1 —1—m 2u,—1+m —2(qg, — 1 —14+m
Lo > max p—l-m (q1 )Ml_ mo2p _—i—m’ (g2 )Mi +my (136)
1—-m 1—m 14+m 14+m

One sees that the relevant eigenvalue for the Kesten-Stigum transition, i.e., the maximal one in absolute value, can be either w1,
2, or o depending on the choice of the parameters. In other words, the signal on the labels transmitted through the edges of
the SBM can be stronger inside G, inside G, or in the difference of behavior between G and G,.

We will now specialize the equations of Sec. IV D to this particular case. We first have to describe the matrices A,; = E[§,8;].
Because of the permutation invariance inside each of the two groups of labels, the matrix element A,, should only depend on
whether o = 7 or not and on the group of the two communities o and t. In addition, the matrix A has to be symmetric and
the sum of every row or column has to vanish. A moment of thought reveals that the vector space of such matrices is three
dimensional and is spanned by the three matrices K, K5, and K, defined as

(Kl )O‘T = ]I(O’, TE G1)<8a,t - i)»

q1

1>
o,t — T |
q2

[921(0 € G1) — qill(0 € G)[q21(t € Gy) — qil(T € Gy)].

(K2)or =10, T € G2)<3 (137)

1
(Ko)or = (138)
q99192
These matrices, which are defined similarly to the matrix K of the symmetric Potts model introduced in Eq. (98), are linearly
independent and obey in addition the simple algebra

Ki =K, K=K, Kj=Ki, KK;=0 ifi#}]

(139)

We can thus parametrize A™ as aﬁ") K + a(z”)Kz + ag” Kp; the nonzero eigenvalues of A" are then found to be a(") a(z”), and a;

These three reals must thus be non-negative for A™ to be semipositive definite.
The matrix M defined in Eq. (47) can then be expressed as

(n)

Mow = 14 1o (K Yoe + 2 (K )oe + 10471 Ty (Ko Jor (140)
M Mg Mo B
and a simple computation based on the algebraic properties stated above reveals that
Mo AL = (13K + 13a8"Kx + g Ko) . (141)
Hence the linearized evolution equation (59) yields
a" = Ble)ula™ for i=0,1,2. (142)

The trivial fixed point a; = a, = ap = 0 becomes unstable as soon as one of the three coefficients a; grows under these iterations,
hence we recover the Kesten-Stigum criterion E[e] max(u%, u%, M(Z)) =1 at the limit of stability of the trivial fixed point, the
parameters u,; being the nontrivial eigenvalues of M.

Following our usual program, we incorporate the next-order correction and look for a perturbative nontrivial fixed point
around the Kesten-Stigum transition. Inserting the form given above for the matrices A and A into the generic equation (65)
yields, after some computations, the following system of quadratic equations for ag, a;, and ay:

20 5 5
E[eluiar + Efece — 1)]—(1 ) <(q1 —muiaj + p — MMy dot (143)
= 2 = 2q> 21 5 5
ay = E[€]uza; + E[L(€ — 1)]m (g2 — 3 +m)usas + . —— UgH5a0az |, (144)
- - 4q1q, 3m*> — 1 qq1(q1 — 1) (1 —m)? qq2(q2 — 1) (1 4+ m)?
= Ere1pl Ereee — 1 w2 4 a2). (145
ao [€lupao + ELL( )]( a _n—12)2M0a0+ 2w +_)2M1a + 2 (I —mpta® (145)
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From this system of equations one can recover, as a con-
sistency check, the equations (99) of the symmetric g-state
model and (115) of the asymmetric Ising case. The latter
is indeed obtained with ¢; = ¢» = 1, in which case K; =
K; =0 and the only parameter is ay, which obeys indeed
(115) with the identification po = 6. To recover the former
case one takes pu; =y = o =6, a; = a, = ap, and m =
(q1 — q2)/2; then the three equations (143)—(145) reduce to
(99). Note also that these equations coincide, in the special
case q; = q2, U1 = U2, and m = 0, for which a; = a,, with
the moment recursions derived in Ref. [30].

Let us now return to an arbitrary choice of parameters
in Eq. (143)—(145) and discuss the bifurcation of the non-
trivial solution of this system of equations at the Kesten-
Stigum transition. This discussion must be divided according
to which eigenvalue pu; causes the transition by fulfill-
ing the condition fE[K],uiz =1 (we will assume for sim-
plicity that only one among p;, wy, and po becomes
critical).

1. Bifurcation driven by o

Let us first consider the case where the bifurcation is
driven by s, i.e., where E[€]u2 = 1 + € with € small, while
E[e] ,u% < 1 and E[{] /L% < 1. Since the dominant direction of
the bifurcation is @ one can simplify the system (143)—(145)
at lowest order into a single equation for ay:

4q1q2 3m* — 1

(1 —m*)
Recalling the positivity condition ay > 0, one realizes that the
bifurcating solution exists above the Kesten-Stigum transition
(i.e., for € > 0) if and only if the asymmetry between the
two groups of labels is small enough, namely, if m < m, =
1/+/3, as in the asymmetric Ising case. As on the right-hand
sides of (143) and (144) there are no terms proportional to a
power of ay (without further multiplication by a; or a,), the
nonbifurcating unknowns a; and a, remain strictly equal to 0
in this solution.

0=e+E[£E—1)] Lodo- (146)

2. Bifurcation driven by p,

Suppose now that w; is the critical eigenvalue (the case
where @, becomes critical can be deduced from this one
by exchanging the two groups), i.e., that ]E[E]u% =1+
€ with e small, while E[¢]u3 <1 and E[¢]u2 < 1. The
lowest-order equation for the bifurcating direction a; thus
becomes

0=c+E[e - 1)]L(Q1 —3—mula

(1+m)> o
with the subdominant coefficient ay being O(a%) = 0(e?),
while a, remains strictly zero [within the system (143)—
(145)]. The sign of € for which the nontrivial solution satisfies
the constraint a; > 0 is thus the one of —(q; — 3 — m). To
analyze the sign of this quantity we can exclude the cases

J

(147)

where m = +£1, as these reduce to purely symmetric models
with either g; or g, labels. The type of bifurcation thus
depends on the (integer) value of g; as follows.

(1) If g; > 4, for any value of m, the bifurcating solution
exists for € < 0, leading to the nontightness of the Kesten-
Stigum bound for the reconstruction. This is the conclusion
reached in Ref. [30], in the special case q; = g, and m = 0.

(i) If g, € {1, 2}, for any value of m, the continuous
solution is present above the Kesten-Stigum transition (for
€ > 0).

(iii) If g; =3 the scenario depends on the asymmetry
parameter m: For m < O the bifurcating solution exists for
€ < 0, yielding a first-order transition with the nontightness
of the Kesten-Stigum bound. On the other hand, if m > 0
the nontrivial solution appears continuously in the large-SNR
regime, above the Kesten-Stigum transition.

Note that this classification is independent of the number
q» of labels in the group, which does not become critical at
the Kesten-Stigum transition.

3. Higher-order terms and the existence
of algorithmic spinodals

We have computed the next order in the expansion of
(143)—(145), computing the coefficients of the terms that are
cubic in the a;, by specializing the generic equations (71)—(73)
to the symmetry pattern of the q; + g, model. This requires
in particular the determination of the most generic symmetric
tensors with three and four indices, B,;, and Cy, g, that are
invariant under permutations of the labels inside G; and G».
The resulting equations are rather long and hence we will
not write them completely but concentrate on the additional
predictions they led us to.

As long as the coefficient of the quadratic term in the
equation for the bifurcating a; is nonzero on the right-hand
side of (143)—(145), these higher-order terms can only affect
the solution quantitatively, but not qualitatively. Suppose first
that the bifurcation is driven by (g, and thatm = m, = 1/ V3,
in such a way that the first nonlinear term in ay vanishes.
In this case ag is the solution of a quadratic equation of
the form 0 = € + wa(z); our computation yields explicitly the
value of this coefficient w, which turns out to be proportional
(with a positive constant depending only on g; and ¢) to the
corresponding expression found in the asymmetric Ising case
and written in Eq. (129), with u; playing the role of 8. We
argued this coefficient to be always negative for all degree
distributions and sign of w; this case thus offers no novelty
with respect to the situations investigated previously.

Suppose now that the bifurcation is driven by 1, and that
g1 =3 and m = 0, in such a way that the coefficient of a%
in Eq. (143) vanishes. In this much more interesting case
the leading-order bifurcation equation becomes 0 = € + wa?,
with the following expression for the coefficient w (with
E[€]u? = 1 at lowest order):

12 210 ELelug

~ ~ 2
y 236|:_3E[£(£—~ D —2)] N (E[{(z— 1)]) ( 4
E[ep? E[e1? E[¢

1= 1 sgn(uovEI -1 1= o

+ = . (148
1 —]E[Z]uéﬂ .
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The crucial point we want to emphasize is that w can be
made positive for well-chosen values of the parameters of
the model, in particular when |ug| is close to || (but still
strictly smaller for the bifurcation to be driven by wp). In
such a case the nontrivial solution a; of the equation exists
for € < 0, hence the Kesten-Stigum bound is not tight. Let
us now argue that the situation depicted in Fig. 2 must occur
in some part of the phase diagram of the g; 4+ g, model;
for simplicity, let us consider that the degree distribution
is Poissonian with average ¢, which we take as the SNR.
Suppose that g; = 3 and fix the values of the u; in such a
way that w > 0 in the expression of (148). For m = 0 the
analysis above shows the existence of reconstruction down to
csp(im = 0) < cks, While cyg(m = 0) = cks as the bifurcating
solution exists only for € < 0. Suppose now that i is slightly
increased to a small positive value; from (147) we conclude
that a nontrivial perturbative solution exists for some range
of ¢ > cks, but by continuity with the situation for m = 0
must undergo a bifurcation at some c,4(7) > cks. Also, by
continuity the spinodal of the high-accuracy branch cq,(im)
must persist for small enough m > 0, hence the existence of a
bifurcation diagram as in Fig. 2. When m is further increased
the two spinodals ¢, () and cqe(77) collide and for even
larger values of m the bifurcation diagram becomes the one in
Fig. 1(a). Indeed, when m — 1 the model reduces to a sym-
metric SBM with ¢; = 3 communities. Preliminary numerical
results obtained by a resolution of the cavity equations via the
population dynamics algorithm suggest a rather narrow do-
main of parameters for which this phenomenon of coexistence
of two nontrivial stable solutions is observable; for this reason
we do not present numerical data to illustrate this model.

K. Definition of accuracy and the maximal overlap estimator

The covariance matrix A,,; = E[8,5.] appeared naturally
in our expansions as a measure of the deviation between the
fixed-point distribution P(n) solution of the cavity equations
and the trivial fixed point 6(n — 77). Let us now briefly com-
ment on its interpretation as the accuracy of an estimation pro-
cedure and its connection with the maximal overlap estimator.

Consider the tree reconstruction problem explained in
Sec. IIIC1 and assume that the root had value t in the
broadcast process; an observer, who has no direct knowledge
of 7, computes its posterior probability distribution 1 given
the values of spins on far away vertices of the tree. If the
observer proposes as an estimator of T a random spin value
chosen with probability 7, the probability of success of the
reconstruction is, on average with respect to the broadcast,
the estimation and the tree, IE. [, ]. The probability of success
if one had discarded all the observations, i.e., if one draws
the estimator with the prior probability 7, is 77, ; the accuracy,
defined as the difference of these two probabilities, is thus
E.[6.]. Averaging finally over the value 7 of the unknown
spin, we obtain the accuracy

a= Zﬁz]Er[Br] = ZATT = TrA,

where we used the identity (50) between conditional and
unconditional distributions. For binary spins o = =1 there is
an affine mapping between the MMSE and the accuracy.

(149)

Consider now the maximal overlap estimator defined in
Sec. IT A, for which the observer estimates the value of the
root as argmax,1,. The probability of correct estimation can
be expressed in different forms involving the conditional or
unconditional distributions of n, namely,

Pcorr = ZﬁrEf |:H (argmaxng = t>i|
T o
= ]E|:Z nrﬂ(argmaxr;a = r)] = E[max ,70]’
T o [ed

(150)

the first step resulting from the general change of density
between condition and unconditional distributions expressed
in Eq. (48). This quantity can easily be evaluated numerically
from the resolution of the cavity equations by the population
dynamics algorithm; it is however much more difficult to
characterize it analytically than the accuracy (149). If we
could indeed determine systematically A,, as a perturbative
expansion in the small parameter « in the neighborhood of the
Kesten-Stigum transition, a similar determination is not possi-
ble for P.o. The scaling ansatz (61) means that around the KS
transition, the dominant behavior of § under P is described by

8/K 4x (where X has a symmetric distribution). We can
thus conclude that Py, should behave as max, 7, + C+/k, but
with a prefactor C that involves the whole distribution of the
rescaled random vector X, and thus cannot be computed from
a finite number of moments. An explicit determination of Py
can be achieved in the large-degree limit, due to the Gaussian
simplifications explained in Sec. IV F. One finds indeed in this

limit
Pow =E |: exp (maXLa) ] ,

where the expectation is over a Gaussian vector L defined
by its moments in Eq. (91). For instance, in the symmetric
Ising case (g =2 and m = 0), defining A = lim(E[€]6?) as
the SNR, a short computation yields

(151)

1 V2ia dt 2/n
Peorr = z + Ee_l / , (152)
0
where a = a(}) is the solution of
N ezmz
a=e —e«/mz.keﬂ/%l _5, (153)

with Z a standard Gaussian random variable (of zero mean
and unit variance). Expanding now these expressions around
the Kesten-Stigum transition, i.e., setting A = 1 4+ € withe —
0", one obtains the leading behavior a ~ €/2, while P.oy ~

% + J€/2m.

V. MOMENT EXPANSIONS FOR k-WISE INTERACTING
ISING VARIABLES

We turn now to the second specialization of the formalism
of Sec. III: We will consider generic k-wise interactions,
but we restrict the discussion now to binary variables (¢ =
2), which for convenience we will represent as Ising spins
x = {—1, 1}. As most of the reasonings are similar to the
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ones presented in Sec. IV, we will give fewer details of the
computations and underline the main differences with the case
of pairwise interacting Potts variables.

A. Fourier transforms of Boolean functions

The main ingredient defining the models under study here
is a joint probability pj(o7, ..., o) over {—1, —}—1}", invariant
under all permutations of its arguments. This symmetry im-
plies that p; is a function of (o1 + - - - + o3) only and can thus
be specified by k real numbers (taking into account the nor-
malization condition). The occupation models of [46], whose
definition was recalled in Sec. III, correspond to the special
case of a p; vanishing for some values of (o7 + - - - + o3) and
constant otherwise. A convenient way to specify a generic
permutation invariant pj is via the representation

pj(o1s ..., 0%)

1

k
Z? 1+V]ZO’,‘+)/220}UJ'+--- + yo1---0x% |,
i=1

i<j

(154)

where the y, are the Fourier coefficients of p;. They can be
expressed as
(155)

Vo = Elt1, ..., Tl

where the average is over a configuration (i, ..., 7x) drawn
with probability p;(zy, ..., 7). Let us describe in these terms
the conditional distribution p.(ty, ..., Tx—1|T) obtained from
pj- Because of its invariance under the permutations of its
k — 1 first arguments, it is fully described by the averages of
products of n spins. These values are easily expressed in terms

J

of the Fourier coefficients of p; as

.,Tn|f]:M for

Elz, ..
[ 1+ 1y

(156)

In what follows we will assume that the stationary prob-
ability distribution 7 is unbiased, i.e., 7, =7_ = % For the
reversibility assumption of Sec. III to hold in this case one
needs the marginal probability of a single variable drawn from
pj to also be unbiased. In terms of the Fourier coefficient
representation this is equivalent to y; = 0 [see Eq. (155)]. We
will actually make a stronger hypothesis on pj, namely, that
it is invariant under a global spin reversal: pj(oy, ..., 0x) =
pj(—o1, ..., —ox). This implies that not only y; but all the
Fourier coefficients y,, with p odd vanish. With this assump-
tion, (156) can be simplified into

E[Tl,.. E[T1,~-~,T2p|f]=1/2p-

(157)

o 7:2p71|7:] = TV2p>

B. Cavity equations and free-entropy functional

We have given in Sec. III recursive equations obeyed by the
distributions P (1) and P (v) and their unconditional ver-
sions P™(n) and P (v) [see (15)-(20)]. As we are dealing
now with Ising variables, we can use more succinct nota-
tion, a probability distribution over a Boolean variable being
parametrized by a single real. We will use the notation

14+ mo 1+ uo
= s Vo = )
2 2
with m and u in [—1, 1], and hence denote by P (m), P™ (m),
P™(u), and P™(u) the above distributions expressed with

this parametrization. The belief propagation equation (17) can
then be reformulated as

No (158)

m:f(ul,...,ue)z

with the normalization factor

14 4
1 . 1 .
1 A i i
Zu, ... u )—Ell:1|(1~l—u)—l-§!:l|(1—u)-

The other BP equation (18) reads, in this notation,

k

]/l+)/22i=—11mi+)/3 i<jmimj+,..+ykml...m

14 iy _ T71¢ i €
HZZI(I + u') 1_[2=1(1 M‘) — tanh Zarctanh(ui) ’ (159)
[T+ u) + s —u)

i=1

(160)

k—1

u:f(ml,...,mkfl)— -

Y YoMty dicjmimi 4yt k! .

(161)

With the assumption of invariance of p; under global spin reversal, the odd Fourier coefficients vanish and one can simplify this

equation into

k—1
~ 1 . L
_ 1 k—1y\ __ i i i i
u=fm,...,m )_—Z(ml,...,mk_l)<yzzm +V4'Z'mlm2m3_’_ >’
i=1 i1 <ir<li3
smt, ..., M =1+ yZZmimj + a4 Z mmmPm 4 ... (162)
i<j i1 <lh<iz<ig
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Let us now discuss the symmetry properties of the distributions P (m) and P (m) and the relationships between them. The
consequences of the Bayes theorem stated in Eq. (22) become, for an unbiased stationary distribution 7,

1 1
P™(m) = EM’)(m) + EPi’”(m), P (m) = (1 +tm)P™ (m), / dP™ (mym = 0. (163)

Actually the assumption of invariance under global spin reversal has further consequences: Not only does P have zero average,
but it is also symmetric. Hence one has

P (m) = P"(—m), P (m)=P"(~m). (164)

Combining these two set of properties yields particularly simple identities between moments of these distributions. The change
of densities between PT(”) and P™ means indeed that IE(J:’)[ f(m) =E™[(1 + m)f(m)] for any function f(m). Applying this
identity with f(m) = m?” and f(m) = m*’~! yields

]ES:')[m2p] — E(n)[mZp] + ]E(n)[m2p+l] — E(n)[MZP], EE:!)[mZp—l] — ]E(n)[mZp—l] + ]E(n)[m2p] — E(n)[mZp]’ (165)

where we exploited the symmetry of P that makes its odd moments vanish. These identities are well known in the context
of low-density parity check codes (see, for instance, Lemma 3 in Ref. [59]). Spelling out these identities for the lowest-order
moments, we obtain

EP[m] = EP[m?] = EPm?], EPn’] = EV[m*) = E™[m*]. (166)

The distributions P and P™ have exactly the same symmetry properties as P"” and P, hence the random variables u enjoy
the same identities as the m.
The identity P-(r”)(m) = P"(—m) that follows from the invariance under global spin flip allows one to close the equations

(15) and (16) on the two distributions Pj_")(m) and Isj_”)(u), which are found to evolve with n according to

o0
P (my =) pe f AP ") dP s m — ', u)), (167)
=0
PP =Y pe(ns . molH) f AP (m") - dPY (s — fam', .. namt ), (168)
Tlyeees Th—1

where the function f and f are given in Eq. (159) and (162), respectively. This form is very convenient for a numerical resolution
by the population dynamics algorithm (see Appendix A for more details on this point). Equivalently, the unconditional versions
of the cavity equations read

P (m) = Zm/dﬁ“”(ul).-.dﬁ<">(uf)a(m — fGt, . u)zGt L ub), (169)
£=0
P () = /dP<">(m1)---dP<">(mk—‘)5(u—f(m‘,...,mk—‘))z(ml,...,mk—l). (170)

The free-entropy functional can be expressed in these two versions of the cavity formalism from (24) and (28) as
(P, P) = —E[{] f dP(m)dP(u)z.(m, u)Inz.(m, u)

+]E][Cﬂfdp(ml)'“dp(mk)zc(ml,...,mk)lnzc(ml,...,mk)
+ pr/dp(”])"'dp(ué)zv(ul,...,ue)lnzv(ul,...,uz), 171)
=1
¢(P+,P+) = —E[E]fdP+(m)dﬁ+(u) Inze(m, u)

E[¢
—|—j Z pj(ol,...,crk)/dP+(m1)~~'dP+(mk)lnzc(01ml,...,akmk)

k
Olyenes Ok
e}
+ Zpg/dﬁ+(ul)---dISJr(uK)lnzV(ul,...,MK), (172)

where
Ze(m, u) = 14 mu, (173)
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ze(m', ..., mk) =1+ yZZmimj + V4 Z mi'mPmBPm* 4 - (174)
<j 11<Dh<I3<Iy
1 1 ‘
@', .. ub) = 5]‘[(1 +u’)+§l_[(1 —u). (175)
i=1 i=1

C. Stability analysis of the trivial fixed point
via moment expansions

The functions f({«'}) and f({m'}) defined in Eqs. (159)
and (162) vanish when all their arguments are equal to O,
which traduces the stationarity of the unbiased distribution
7. As a consequence, the distributions P (m) = §(m) and
P™(u) = 8(u) form a fixed point of the cavity equations.
Following the same strategy as in Sec. IV D, we will now
investigate its stability, by first locating the Kesten-Stigum
transition where the trivial fixed point goes from stable to
unstable and then looking for a bifurcating nontrivial fixed
point in the neighborhood of the transition.

1. Linear analysis

Linearizing for small arguments the functions f({x'}) and
f ({m'}) defined in Eq. (159) and (162) and inserting this
expansion in the conditional distribution recursions (167) and
(168) yields very easily

E" ™V [m] = E[JE[u],

EP[u] = (k — 1)y Elt, | +]E [m], (176)

with E[7;|4+] = y» as proven before in Eq. (157). Putting
these two equations together and expressing the conditional
first moments in terms of the unconditional second moments
according to (166) gives

ECVm’) = Eleltk = Dy E@?]. (177

J

a = E[e1(k — Dyfa — 2E[e1(k — 1)(k — 2)ya® — 2E[e(€ — DI[(k — )yia]” + 0Gcd).

(

This implies that the Kesten-Stigum transition occurs when
Eleltk — Dyi =1, (178)

in the following we will assume that the second Fourier
coefficient does not vanish, y, # 0, for this bifurcation to
occur at a finite value of E[¢] (this excludes notably the case
of a XORSAT constraint for p; whenever k > 3).

2. Second-order expansion: Continuity
of the Kesten-Stigum transition

We look now for a fixed-point distribution P(m) in the
neighborhood of the Kesten-Stigum transition. We need
to make an ansatz for the behavior of its moments in
order to reduce the functional bifurcation problem to a
finite-dimensional one, as already explained for the case
of Potts variables in Sec. IVD. Due to the spin-reversal
symmetry, we known that for all odd moments E[m?*’*!] =
E[u?*!] = 0; we assume the existence of a small parame-
ter « such that the even moments scale as E[m*’] = O(x?)
and E[u?’] = O(k?). Pushing the expansion of f({u'}) and
f ({m'}) to the order needed to obtain the first correction to
the variances of u and m yields, after a short computation,

E[m?] = E[¢]E[u?] — E[£(¢ — DI(E[«*])* + O(>), (179)

E[?] = (k — 1)y2E[m?]
— (k — 1)k = 2)y5 (E[m*])* + O(c?). (180)

Eliminating the variance of u gives us a single equation for
E[m?]; we will define @ = E[m?]/2 in such a way that this
quantity corresponds to the one of Sec. IV D, which obeys

(181)

Defining E[¢](k — 1))/22 = 1 4 €, with € parametrizing the distance to the Kesten-Stigum transition, dividing the equation by a,

and taking € = 0 in the correction term gives

0=e—2[(k—2)72+ »

W—_l)]]a. (182)

E[¢]?

We will show now that the expression in the large square brackets is non-negative for all the models encompassed by the study of
this section and hence that the bifurcating solution (which must certainly obey the positivity condition a = E[m?] > 0) always
exists for € > 0, i.e., in the regime of parameters where the trivial fixed point is unstable. To prove our claim we first notice that
the Fourier coefficient y; lies necessarily in the interval [—ﬁ, 1]. Indeed, from the interpretation of these coefficients as spin
averages given in Eq. (155) we obtain
1

k—1’
where we have merely exploited the permutation invariance and the fact that Ising spins square to 1. Moreover, the upper bound
y» = E[r;72] < 1 is obvious. Then we rewrite the term in large square brackets in Eq. (182) as

E[e] — Efe)? L _ Epe1 - Eper?

E[e)? E[e) - Epep

E[(ti+ -+ w1 = E[kt} + k(k — Drina] = k[1+ (k— Dyl > 0= 9, > — (183)

+ k=2 +[1 = (k= Dy; + (k= 2)p], (184)
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where we used the Kesten-Stigum condition E[e1(k — 1))/22 = 1. The first term in Eq. (184) is proportional to the variance of
the offspring distribution and hence is non-negative; as 1 — (k — 1)x? 4+ (k — 2)x > 0 for x € [—1/(k — 1), 1], the authorized
interval of variation of y», the second term in Eq. (184), is also non-negative.

3. Third-order expansion

We have also pushed the expansion in moments to the next order; compared to the Potts case, the computations are much
easier, due, on the one hand, to the binary nature of the variable (hence the moments to be determined are scalar quantities that
do not bear any spin index) and, on the other hand, to the spin-flip symmetry (which cancels the moments of odd order). Let us
introduce for convenience some more compact notation that is reminiscent of that used in Sec. IV:

a= %E[mz],

These quantities obey the set of equations

b= E[m"],

a=E[0a—2E[e — D)@+ Elew — Dab + 23—01F:[z(e — 1) —-2)a°,

b=E[]b+ 12E[¢(¢ — 1))a?,

a

b= (k— 1)y b+ 12(k — 1)(k — 2)y,'d*,

2 4
(k — Vyyla —2(k — D)k — 2)y5a® + (k — 1)(k — 2)ysab + 4(k — 1)(k — 2)(k — 3)(— Vvt Sﬁ>a3,

where in a and @ (b and 13) we have neglected terms of order k* (k).
The expansion of the free entropy to the corresponding order yields

N 4 1
Mmh&bﬁﬂk—Uﬁf—gw—n®—2Wﬁ”+ﬁ@—1WﬂLHk—U%—Dﬁfb

1.
+ —

a=1E[W*), b=E['. (185)
V4

6 2

(186)
2 4
+2(k = Dk = 2)(k — 3)(%“ — ysva+ 5%)a“ + E[e1a® — %‘E[w - 1)@
N o 10 v R

E[e1p* + Elece — D1a*h+ SRl — D = 2)1a" — 2aa — - bb; (187)

24

one can check that the derivatives of this expression vanish
when the cavity equations (186) are fulfilled, a property
which arises from the variational character of the free entropy.
Another short computation also reveals that the free entropy,
computed on the nontrivial perturbative fixed point which
here always exists for € > 0, behaves as €’ (with a positive
prefactor) when € — 0.

D. Numerical results for two examples

In order to confirm our analytical expansions and to com-
plement them with a global bifurcation analysis, we have
solved numerically the cavity equations for two cases of
occupation models, as we will now detail.

1. Bicoloring

We consider first the bicoloring problem, for which the
joint probability pj(oq,...,0x) is 0 if 0y = --- = o3 = %1
and 1/ (2F — 2) otherwise. This constraint forbids monochro-
matic hyperedges and gives an equal weight to all configu-
rations with at least one positive and at least one negative
variable around it. One easily finds the corresponding value
of the Fourier coefficients,

1
%11

for all even n between 2 and & (the odd coefficients vanish due
to the up-down symmetry). We use for the degree distributions

Yn = — (188)

(

pe = p¢ Poisson laws of average ok, which corresponds to a
random hypergraph with M = N constraints. The criterion
(178) shows then that the Kesten-Stigum transition happens at

_ (2k—l _ 1)2

ags = K= 1) (189)

Figure 6, discussed in Sec. I[II D 4, presents the variance a =
E[m?]/2 of the fixed-point solutions of the cavity equations
reached from the reconstruction (informative) and robust re-
construction (uninformative) initial conditions. As discussed
there, our analytical prediction on the existence of a bifurcat-
ing solution above the Kesten-Stigum transition is confirmed
by these numerical results, and for k = 3, 4, 5 we find explicit
realizations of the bifurcation diagrams presented in Figs. 1(a)
and 2. In Fig. 9 we plot the complexity (i.e., minus the free
entropy) of these fixed points; the location of the discontinuity
in the derivative of the solution that minimizes the complexity
defines the threshold oqr reported in Table I. We chose here
to plot the opposite of the free entropy as it is a more
familiar quantity in the context of random, instead of planted,
constraint satisfaction problems. The interpretation of this
coexistence of solutions in this context has been discussed,
also in the example of the bicoloring, in Ref. [58].

2. The 2-in-4 satisfiability model

We have also considered the so-called 2-in-4 satisfi-
ability model in the nomenclature of [46], defined by
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FIG. 9. Complexity £ = —¢ for the fixed-point solutions of the cavity equations for the hypergraph bicoloring problem for (a) k = 3,
(b) k =4, and (c) kK = 5. The symbols are the same as in Fig. 6; pluses correspond to an informative initial condition and circles to an

uninformative one.

k=4 and pj(oy,02,03,04) = (0] + 02 + 03 + 04 = 0)/6:
The constraint imposes that among the four variables exactly
two are positive and two negative. The corresponding Fourier
coefficients are

, ya=1 (190)

W=

n=y3=0, y»=-

Note that this case saturates the lower bound on y5.
In our numerical investigation we have used truncated
Poisson distributions for p, and p,, namely,

-1 Cl]l(z>z) 5y = Ce]l(£>1)
P i "7 T e
(191)
The averages of these distribution are
E[¢] L—e” Ele] (192)
= C—, =
l—(c+1)ec 1 —e<

In terms of this parameter c, the Kesten-Stigum transition is
thus found to happen at cxs &~ 2.821 44.

Note that this is a locked model in the sense of [46], as the
minimal degree of a variable is 2 and no pair of configurations
allowed by p; differs from one single spin flip: The typical
solutions of such a constraint satisfaction problem on a locally
treelike factor graph are separated by a Hamming distance
that diverges with the graph size. Nevertheless, this property
does not have any effect on the existence of a continuously
bifurcating solution above the Kesten-Stigum transition. In
some sense the locked property is a high-frequency condition
on p;, whereas we have shown that the criterion (184) only
depends on the low-frequency Fourier coefficient y;.

Indeed, our numerical resolution of the cavity equations
showed that a continuously growing solution exists right
above the Kesten-Stigum transition and disappears at cyg ~
2.84. Note that the interval [cks, cag] is very small, which
explains why it remained unnoticed in Ref. [11]. This model
thus falls in the scenario sketched in Figs. 2(b) and 2(d), with
the other thresholds ¢y, ~ 1.256 and ¢t ~ 1.853 correctly
determined in Ref. [11]. Actually, for locked models the high-
accuracy fixed point is perfectly informative, as it corresponds
to P,(m) = 6(m — 1); the transition at ¢y, corresponds to a
change of stability of this perfectly informative fixed point,
which can be tested by taking ¢ — 1 after n — oo in Eq. (30),
a procedure termed small noise reconstruction in Ref. [46].

VI. NUMERICAL EXPERIMENTS ON SINGLE SAMPLES

This section is devoted to a study of the behavior of the
belief propagation algorithm run on given instances of two
inference problems defined and studied analytically in the
previous sections, namely, the planted hypergraph bicoloring
and the asymmetric SBM with two groups. As a matter
of fact, most of the analytical results presented in the rest
of the paper directly apply to (infinite) tree reconstruction
problems and their interpretation in terms of inference on
(large but) finite-size graphs relying on delicate conjectures
of the cavity method, as briefly discussed in Sec. IIIC2.
The experiments reported in this section will allow us to test
this connection and to confront quantitatively the predictions
of the tree reconstruction problem, studied numerically via
the population dynamics algorithm, and the results of BP on
single large instances. Because of the local convergence of
the graph problems towards trees, it is quite simple to see
that a finite number of iterations of BP can be described
analytically, in the thermodynamic limit, by a finite number
of the tree distributional iterations (15) and (16). There are
however two aspects that make the graph-tree connection
much less trivial and justify these numerical tests: (i) On finite
graphs BP can be run until convergence to a fixed point, i.e.,
for a number of iterations much larger than the girth of the
graph, this regime cannot a priori be described in terms of
treelike local properties and could be sensitive to the long
cycles of the graph, and (ii) in the graph problems there
is initially no observation of the labels on the vertices and
the infinitesimal information of the tree robust reconstruction
problem must thus arise from the amplification of noise in the
initial condition of BP.

A. Generation of planted problems,
BP equations, and observables

The models that we study numerically, namely, random
hypergraph bicoloring and asymmetric SBM with two groups,
have already been defined in detail in Sec. I A. Here we
just give additional information about the generation of the
instances with a planted solution and about the BP equations
and the way we solve them, for the convenience of the reader
who would like to repeat our numerical tests. Both models
have Ising (i.e., binary) variables o; € {—1, 1} and thus the
marginals can be written in terms of a single scalar variable.
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1. Random hypergraph bicoloring

The random ensemble of hypergraph bicoloring problems
has three parameters: the number of variables N, the number
of constraints M = aN, and the degree of the factor nodes k
(i.e., the number of variables per constraint). The N variables
are divided into two groups of equal size and the planted
configuration is defined as o* =1 in the first group and
o/ = —1 in the second one. For each of the M constraints
we extract k variables uniformly at random, conditional on
the k variables not all belonging to the same group (we im-
plemented this condition by a rejection method). The random
graph thus obtained can be described by the set E of edges
(ia) connecting variable nodes and factor nodes (1 <i < N,
1<a<<M,and|E| =KM).

One can write the posterior distribution of o given the
observation of the graph and treat this probability measure
with the BP algorithm, which can be put, after some simplifi-
cation, in the form of messages 7,_,, and #j,_,; passed between
variables and interactions obeying the equations

n(z) _ l_[hedz\a Al(at—nl)
o Hbeé)i\a ﬁ}(zr—nl + Hbei)i\a (1 - ﬁi(;:zl))

ki = vilgs) + 1= p)

1 - Hjeaa\z Wﬁia
2- Hjeaa\i n;'tl)a - njeaa\i (1 nﬁia)

where di = {a : (ia) € E} and da = {i : (ia) € E} are the lo-
cal neighborhoods of variable and factor nodes, respectively,
and y is a damping factor set to 0.5 in most of our numerical
simulations. The BP messages 71;_., and #),_,; represent the
probability that variable i belongs to a given group (say, the
first group) in a modified graph where some of the edges have
been removed: in particular 7;_,, considers the graph where
constraint a has been removed, while #),_,; considers the graph
where constraints in di \ a have been removed.

Belief propagation messages are initialized in the follow-
ing way: With probability go we set fh(lol, nga =I[o} =1]
and with probability 1 — gy we set naﬁl =0.5 and nga
[0.45, 0.55] uniformly at random. The parameter g, (the g
and ¢ of this section should not be confused with the number
of states of the Potts model in the rest of the paper) thus
controls the amount of direct information on the planted
configuration we use in this initial condition. Of course only
qo = 0 should be considered if we want to study BP as an
inference algorithm that does not use any information on the
hidden labels. It is however useful to allow arbitrary values
of go as a tool to investigate the connections between the tree
and graph problems. The choice of distributing the messages
in the interval [0.45,0.55] for the uninformed vertices is made
to avoid the trivial fixed point with all messages n = ) = 0.5.

Belief propagation messages are not updated all in parallel,
as the time indices in Egs. (193) and (194) may suggest. In
each step of BP we visit all the variables once in a random or-
der: For each variable i we compute all the outgoing messages
1i—q according to Eq. (193) and immediately we update all the
BP messages leaving neighboring factor nodes according to
Eq. (194). By these tricks (and the use of damping) we avoid
any undesirable oscillation and improve convergence to fixed

(193)

(194)

points. Convergence is declared achieved if, in a given step
of BP, all messa%es change by less than a pre-fixed threshold,
., |771(t—J>r;) l—>a| < 10 8
At a fixed point {n}_, ,, nu_ﬁ} of the BP equations, the local
magnetizations are given by
m: — l_[aeai 7:7(;—” — l_[aeal(l _ ﬁZ—n‘)' (195)
Haeai T];*)l + Haeal(l a~>l)
Because of the global spin-flip symmetry of the model, the
mean magnetization m = ), m} /N is zero, while detection
of the planted solution is signaled by the following order
parameters: the staggered magnetization my (i.e., the absolute
value of the mean overlap with the planted configuration);
the magnetization variance m;, (recall that 7 = 0 here), which
equals the mean overlap between two real replicas; and the
maximum overlap g with the planted configuration, defined
as

(196)

=< S,
= Ii\/ ngn(m;)s;‘ .

The Bethe (replica symmetric) entropy is given by the expres-
sion

Zln []‘[ el [ (S W }

aeoi aedi

+= Zln|:1—l—[n,_>a [Ta- n,ﬁa}

icda icda

—— Z I 17+ (1 =
(ta)

which reduces to Spyra = [In(2) + ¢ In(1 — 2'=%)] on the para-
magnetic (trivial) BP fixed point, where all messages are
uninformative 7;_,; = nr, , = 1/2.

2. Asymmetric two-group SBM

An instance of the asymmetric SBM with two groups is
generated using the following four parameters: the number of
variables N, the mean degree d, the asymmetry m, and the pa-
rameter 6 related to the SNR. The N variables are divided into
two groups of sizes N; = HTWN and N, = 1_TWN such that the
planted configuration is o;* = 1 in the first group and 6 = —1
in the second group. Then the edge set E of the interaction
graph between the variable nodes is generated by selecting

2 . .
uniformly at random M, = % =+ edges among the variables

2 ” . .
in the first group, M, = ZL‘*—* edges among the variables in

the second group, and M12 = N1N2 ~ edges joining variables
in different groups, where c,; = d(l —1—0%). It is
easy to check that %—‘1' + ]2”7‘? = %222 + 12”—1\‘,; = %, i.e., the mean
degree in each group is the same. It is worth noting that these
rules define a microcanonical ensemble of random graphs
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having a fixed number of edges. In the canonical ensemble of
random graphs, each possible edge is chosen independently
with a given probability and thus the number of edges is a
random variable. The difference between the two ensemble
vanishes in the large-N limit and produces fluctuations of
O(1/+/N) in intensive observables measured in finite graphs.
The BP equations for the posterior measure of the SBM were
written in the general case in Refs. [8,9]; we reproduce here
this derivation for the asymmetric two-group model.

We rewrite the posterior probability as the Gibbs measure
of an Ising model

Plo] ocexp | Y Hioi + Y _ J;joio; (198)

i i<j

Here and in the following o denotes proportionality up to a
constant independent of the spin variables. Indeed, the prior is
given by

1 + mo; :
I1 +mo o exp (HZG,-) with tanh(H) = m, (199)

2

while the likelihood is proportional to

1 1
IT oo 1 (1= eee)

(ij)eE ())¢E

= 1_[ Ca,cr, CXP __E Co’,a, )

(zj)eE i<j

(200)

where ¢ is the affinity matrix with which the edges have
been generated. We have approximated the product over the
nonedges (i.e., pairs of vertices not connected by an edge)
with a sum over all pairs of variables, the difference being
a correction of O(1/N) in the large-N limit. The algebraic
relation that holds for o, T € {—1, 1},

(0 —m)(r —m)

Cor = d(l +0 —— ) o ¢/oTKe+D 1 001)

with
1[40 —m*(1 —6)
J_Zln[ (=621 — ) ] .
2 —\2
K:lln[l ZJFG(HT) ] (203)
47 1 -+ 601 —mp

allows us to rewrite the first term of the likelihood in exponen-
tial form

exp ]ZO’,G] KZdO’,

(ij)eE

(204)

The second term of the likelihood (the one given by all the
edges, including those absent from the graph) provides a term
proportional to

2
do
7 - — Nm
exp 07N (Z lof m)

(205)

So the posterior distribution that we have to study is given by

the expression
dom )
—3 |9
1—-m

Plo] o exp |:Z (H diK +

i

(206)

—Z)N Z oi9j |

(ij)eE i<j

which corresponds to an Ising model with local fields and
couplings given by

dom
Hi=H—dK + -~ (207)
1—m
J—-——~] if(ij)eE
Jij = ;19 mz)N o . (208)
— if (i) ¢ E.
The corresponding BP equations are very well known,
u;_, j = arctanh | tanh(J;;) tanh | H; + Z Ui (209)
i ket

Unfortunately, these BP equations involve N(N — 1) mes-
sages u;_,; with i # j (we assume u;_,; = 0) and we need to
simplify them if we want BP to run in a time linear in the
system size. The main observation to achieve such a simplifi-
cation is that BP messages running along the nonedges, i.e.,
sent between vertices not connected in E, are O(1/N) and
thus very small. The following equations hold up to terms of
O(/N)if (ij) ¢ E:

Ui j ZJiJ' tanh H,-+Zuk_>,- :J,’jmi. (210)

ktj

Here the first equality comes from J;; being O(1/N), while

the second one comes from ignoring u;_,; ~ O(1/N) in the
definition of local magnetization

m; = tanh (H,' + Z uk%,-).
k

Eliminating BP messages on nonedges via the substitution
Ui =—dom;/(1 — m*)N, we end up working only with the
O(N) BP messages running on the edges in E. These are
updated according to the iterative equation

(t+1) (1)

@211)

ui ;" =yu_;+ (1 —y)arctanh
x | tanh(J) tanh | A + Z u ] @12
kedi\j
where di = {j : (ij) € E} and we have redefined the local

fields including also the effect of the nonedges

do
m§’>>. (213)

7)) _ . 77—
A" =H —dK + — (m NZ
The local magnetizations are defined via

" = tanh (I-Ti(') + Z u,(fll)

kedi

(214)
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FIG. 10. Order parameter m; detecting the planted configuration for (a) k = 3, (b) k = 4, and (c) kK = 5, obtained by running BP on three
samples of size N = 10° for each value of «. The lines are the predictions obtained by solving the cavity equations for the reconstruction
problem on a tree (plotted also in Fig. 6), with the correspondence m, = 2a explained in the text.

We solve Eq. (212) starting from a set of BP messages
strongly biased towards a configuration t°, that is, ul@ =
Lrl-o, where L is a large number (we set L = 100 in our
simulations, but the results are independent of L). Again we
call gy the similarity between the starting configuration and
the planted one, that is, the components of 7° are independent

random variables distributed according to

1+ ms
]P[-[io = S] = qolss,a,.* +1 - qO) 2 .

(215)

Belief propagation messages are updated in a random order
and convergence is determined by the condition

Im{ Y —m®] < 1078 vi. (216)

J

—d;

InZ) =N —d)In@) — Y |

i

+ Z anexp

(ij)€E  0i.0; kedi\j

B. Results for random hypergraph bicoloring

We present results for k = 3, 4, 5 and system size N = 10°
(some samples of size N = 103 are shown just for the scaling
of the convergence time). Every time we present three plots in
a row, the left one refers to k = 3, the middle one to k = 4,
and the right one to k = 5.

In Fig. 10 we show the order parameter m, that detects
the planted configuration. Red closed circles correspond to
the BP fixed point reached starting with the go = O initial
condition (i.e., with no direct information on the planted con-
figuration), while blue open circles correspond to the BP fixed
point reached from the gy = 1 initial condition (complete
information on the planted configuration). For comparison
we also draw with lines the results obtained by solving, via
population dynamics, the cavity equations: The red (blue)
line corresponds to results obtained with an initial condition
(30) having ¢ = 1073 (¢ = 1), while the green line is the
result that is obtained with both initial conditions (i.e., it is
independent of the initial conditions). These cavity equation
results have already been plotted in Fig. 6 in slightly different

H; + Z wp i |oi + I:I;"i_ Z Uisj |5 +J 010

At the BP fixed point, the local magnetizations are given by

mf =tanh | B + ) u}_, (217)

jedi

The parameters my, my, and g defined in Eq. (196) signal
again the detection of the planted configuration (for i # O the
absolute value in the definition of m; is not strictly required,
but keeping it is not an error). It is worth noting that in this
case the uninformative fixed point is characterized by the
BP messages u},; = K and by the order parameters m; =
my = m* and m, = m, due to the asymmetry in the model.
With a little bit of algebra, the Bethe RS free entropy can be
simplified to the form

2
_ *\2 de *
In[1 — (m;)"] + —2(1 — mz)N< Ei ml->

(218)
kedj\i

(

units, namely, a = m;/2. Let us explain the reasoning behind
this conversion. A technical statement of the tree-graph con-
nection hypothesis of the cavity method is that the empirical
distribution of the magnetizations m; computed at a BP fixed
point of a large finite graph, conditional on ¢;* = 7, should be
well approximated by the distribution P;(m) (on the infinite
tree), in the formula

> i 8(mi)ss: ¢
Zi 8(7,.*,1:

for any function g. Applying this identity with g(m) =m
and recalling that for models with a global spin-flip symme-
try B, [m] = —E_[m] = E[m?] = 2a yields the identification
my = 2a.

For each « value we run BP on three different samples and
we report in the plots only the data corresponding to cases
where the convergence criterion was met within 10* BP steps
(Fig. 11 shows that this happens most of the time). Zooming
in on the plots, one should be able to see three data points very
close; if one fails to see three different points it is because the

~ E-[g(m)], (219)
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FIG. 11. Times to meet the BP convergence criterion (i.e., any marginal must change by less than 10~®) for (a) k = 3 and (b) k = 5, two
system sizes (N = 10°, 10°), and two different initial conditions (gy = 0, 1). A data point with a time 10* means BP did not reach convergence.

data from different samples perfectly coincide or because the
BP on some samples did not reach convergence (the latter case
happens especially at ags and very close to it).

We note that for all the cases where BP reaches a fixed
point, the latter is very well described by the cavity equations
derived in the thermodynamic limit for the tree reconstruc-
tion problem. When different initial conditions of BP lead
to different fixed points one observes, as expected, that the
one reached with gy = 0 is associated with the robust recon-
struction version of the tree problem (¢ — 0), while gg = 1
reproduces the reconstruction one (¢ = 1). Sample-to-sample
fluctuations can be appreciated only slightly on the right of
aks and close to the spinodal points at o, and oye.

We observe that for o > ags BP with gp =0, i.e., the
version of the algorithm that does not use any direct infor-
mation on the planted configuration, can actually detect it in
all the samples we have studied, although for o < oy, the
detection is suboptimal (hybrid-hard phase). For o < oty BP
can achieve the optimal detection only if initialized with a
qo value large enough (we will discuss this point later, when
searching for the unstable fixed point, separating the two
stable fixed points already found).

In Fig. 11 we show the convergence times of BP for
k = 3 [Fig. 11(a)] and k = 5 [Fig. 11(b)]. For each system
size (N = 10°, 10°) and initial condition (go = 0, 1) we study
three samples.

For k =3 we observe that convergence times strongly
increase around the KS threshold, where also strong sample-

to-sample fluctuations arise and the size dependence can be
appreciated (consider that at wgs BP did not reach a fixed point
for any of the N = 10° samples). Away from axs convergence
times are size independent and only weakly dependent on the
initial condition for o < aks.

For k = 5 convergence times increase not only at kg, but
also at the spinodal points oy, and ct,. The behavior of BP
strongly depends on the initial condition [recall that in the
region o, < o < oty BP reaches two different fixed points
depending on the value of go; see Fig. 10(b)]. The dependence
on the system size between N = 10° and N = 10° is not
evident and sample-to-sample fluctuations for N = 10° are
definitely larger.

In Fig. 12 we show several order parameters that can detect
the planted configuration: my, m,, and ¢. In order to make
the plot cleaner we have averaged over the samples where BP
reached a fixed point.

We note that the Nishimori equality m, = m, is very well
satisfied in all the BP fixed points we reached. This is expected
from the fact that the planted configuration is a typical config-
uration of the posterior distribution; the mean overlap with the
planted configuration m; should be equal to the mean overlap
between two replicas m,. One can also derive this property
from the correspondence (219) to the tree computation and the
consequence of the Bayes theorem stated as a moment identity
in Sec. V.

As expected, the maximum overlap ¢ is the largest order
parameter (larger than my). According to Sec. IV K, ¢g should
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FIG. 12. Comparison between different order parameters detecting the planted configuration for (a) k = 3, (b) k = 4, and (c¢) k = 5. Data
have been averaged over the samples where BP reached a fixed point. As in Fig. 10, closed (open) points correspond to go = 0 (go = 1).
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FIG. 13. Bethe RS entropy computed at the BP fixed points for (a) k = 3, (b) k = 4, and (c) kK = 5. (d)—(f) The difference with respect to
the paramagnetic entropy is shown in order to show better the difference which is tiny in some cases. For k£ = 5 the difference is too small to
be estimated reliably via population dynamics and so we report only data obtained via BP.

have a square root singularity at aks; this is not visible from
the data because of strong fluctuations in the neighborhood of
OKsS.

We investigated further the properties of the BP fixed
points by computing their Bethe entropy given in Eq. (197),
the results being displayed in Fig. 13. In Figs. 13(a)-13(c)
we also show the paramagnetic entropy (the one of the trivial
fixed point) with a green straight line. A comparison with the
results of the cavity equations is made with the correspon-
dence § = Spara + ¢, with ¢ the free entropy of Eq. (172),
to compensate for a different choice of normalization. The
dominating fixed point, that is, the fixed point providing the
right entropy of the posterior probability distribution, is the
one with the largest entropy at each value of @. The case k = 5
clearly shows that, while on some branches the entropy can be
negative, the dominating one is always positive (as it should
be by definition of the entropy of a probability measure over a
discrete set).

Figures 13(d)-13(f) serve to highlight the way the entropy
departs from the paramagnetic curve at ags. In particular,
for k =4 it is possible to appreciate the crossing of the
entropies obtained with the two different initial conditions
(go =0 and g9 = 1) taking place at «qr, which is hardly
visible in the corresponding Figs. 13(a)-13(c). Note that for
k =5 the difference S — Spara is extremely small, hence we
did not manage to estimate it from the population dynamics
algorithm. Nonetheless, the entropy computed on the BP
fixed point clearly shows a stable increase with respect to
the paramagnetic value, with quite strong sample-to-sample
fluctuations (given by the spread of the three points in the
figure).

We have shown evidence that for k > 4, in the range
agp < o < oy there exist at least two different fixed points

of BP (along with their symmetric partners under the global
spin-flip symmetry). At oy the entropies of these two BP fixed
point cross and this corresponds, in the thermodynamic limit,
to a first-order transition between two different thermody-
namic states. Running BP without information on the planted
configuration (go = 0), the drastic change in the posterior
distribution taking place at ayt is not visible: The algorithm
remains confined to the low-informative branch until as. By
analogy with the bifurcation theory of fixed-point systems
of equations (even if o here is not a parameter modifying
smoothly a set of equations of constant dimension), we expect
a branch of unstable fixed points of BP to exist in the range of
parameters asp <a< Ualg and to connect these two branches
as in the scalar toy model sketched in Fig. 2. However, getting
evidence of the existence of this unstable fixed point is very
difficult, because it is repulsive by its very nature.

We report in Fig. 14 the evidence we have gathered in favor
of this hypothesis. In Fig. 14(a) we show the evolution of the
order parameter m; as a function of the number of iterations of
the BP updates, for different values of the initialization param-
eter go. During the evolution all variables are updated; in order
words, g is not the fraction of variables pinned to the value of
the planted configuration. So any fixed point we find is a fixed
point of the standard BP algorithm. The initial condition is just
used to aim the algorithm at different fixed points, but then the
BP algorithm is unconstrained. The evolution of BP at o =
4.68 with different values of gy reported in Fig. 14(a) clearly
shows that for g, large enough BP converges to the same high-
information fixed point reached for gy = 1, while for g small
enough only the low-information fixed point can be reached.
Note that it is very hard to precisely define a separatrix value
q; that separates the two regimes, because BP is a stochastic
algorithm, so its behavior is not deterministically fixed by the
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FIG. 14. Search for the unstable fixed point of BP in the range [c,, ¢ ]. In (a) the lowermost (uppermost) curves have been obtained with
qo = 0 (go = 1); the rest of the curves for « = 4.68 have been obtained varying gy by Ago = 0.01 in the range [0.2,0.29] and by Ag, = 0.002
in the range [0.26,0.27]. (b) The value of m; at the various fixed points as a function of «.

initial condition, but by the random numbers used during the
evolution to choose the order of update of the BP messages.
This means that, for the same gg ~ g, it may happen that two
evolutions converge to different fixed points. Nevertheless,
Fig. 14(a) show evidence that some evolutions of BP (those
with gy = 0.266 and go = 0.268 in the present figure) remain
for a long time on a stationary regime which is neither of the
two stable fixed points already found: We define this regime
as the unstable fixed point of BP. Although the precise value
of go is not significant for the argument we just made, the
value of m; on the unstable fixed point can be measured with
a reasonable uncertainty. We repeated the above procedure
for several a values in the range [ap, orae] and we report in
Fig. 14(b) the summary of the results for k = 4, with blue
open symbols showing the unstable branch in addition to the
results already presented in Fig. 10.

C. Results for the asymmetric stochastic block
model with two groups

As discussed in Sec. IV, the asymmetric SBM with two
groups undergoes different kinds of phase transitions depend-
ing on the level of the asymmetry: For |7i| < i, = 1/+/3 the
transition is continuous, while for |ni| > m, the transition is

0.21
ms v
02t m,
pop dyn
0.19
0.18
017

0.16 + = - - -

015 | ]
(a)
0.14 : :
0.49 0.495 05 0.505 0.51
0

discontinuous. We focused our analysis on two values of 1,
namely, m = 0.4 belonging to the former case and m = 0.8
belonging to the latter case. We will present results for a rather
small average degree d = 4, for which the Kesten-Stigum
transition occurs at fgs = 0.5, but we have checked that the
same conclusions apply to the case d = 8. We run BP only on
problems of a very large size (N = 107) in order to reduce as
much as possible the finite-size effects.

We show in Fig. 15 a comparison of the properties of
the fixed point reached by BP on single samples with the
results of the population dynamics study of the tree problem,
concentrating on values of 6 close to the Kesten-Stigum
transition, where fluctuations become more significant. In
Fig. 15(a) we show data for m = 0.4 where the transition
is continuous: We report the values of both m, and m, at
the fixed point in order to show how well the Nishimori
condition is satisfied on a given sample. For each sample
(we run BP on three different samples for each 6 value)
both runs with go = 0 and g9 = 1 converge to exactly the
same fixed point or did not converge within the maximum
number of iterations fn,, = 10* (the latter happened for all
three samples at & = 0.5 and for one sample at 6 = 0.502).
We conclude that the main effects of being close to the

0.71 T T
go=0 sample 1«
0.7 + qo=1sample 1
qo=1 sample 2
0.69 go=1 samplde 3
0.68 | pop dyn
0.67 |
0.66 ‘
0.65 | B
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0.48 0.485 0.49 0.495 0.5 0.505 0.51

FIG. 15. Comparison between BP and population dynamics in detecting the planted configuration in the asymmetric SBM with d = 4. For
each @ value we have simulated three samples of size N = 10”. The asymmetry is (a) i = 0.4 < 71, and (b) m = 0.8 > .. In both cases the
planted configuration can be detected purely from the graph (g = 0) for 6 > 6ks. Despite visible sample-to-sample fluctuations, the prediction

by population dynamics is always very faithful.
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FIG. 16. Different fixed points reached by BP run with an uninformative initial condition on samples of the asymmetric SBM (d = 4,
m = 0.4, and N = 107). Red closed circles represent the dominating fixed point having the largest In(Z), while blue open circles represent the
subdominating fixed point. (a)—(f) Several observables, indicated on the axis, are displayed for the two fixed points as a function of 6.

critical point are the lack of convergence and some visible
sample-to-sample fluctuations (recall that we run BP on
samples of size N = 107). Nevertheless, the prediction from
population dynamics is accurate even in the vicinity of fks.

In Fig. 15(b) we show data for the overlap with the planted
configuration m; measured in three samples of size N = 10’
and asymmetry m = 0.8 > m,. Starting from an uninforma-
tive initial condition (g9 = 0), the planted configuration can
be detected only for & > 6kg, while with an informative initial
condition (go = 1) the planted configuration can be detected
for @ > 6. The Nishimori condition my = mi; is verified with
such good accuracy that we do not plot the data for m,, the
points being almost perfectly superimposed. The prediction
of the population dynamics is faithful, although sample-to-
sample fluctuations are still clearly visible, even for such large
sizes. The quantity that changes the most from sample to
sample is the location of the spinodal point 6, where the
informative fixed point first appears: Given 6, the rest of the
curve is pretty well conserved and sample independent.

One may wonder how we can follow a sample varying 6
[see Fig. 15(b)] given that at different 6 values the graph has
a different number of links within and between the commu-
nities. The construction of the graph for each value of 6 is a
random process and we identify the sample with the random
seed used by the algorithm. The stochastic algorithm that
builds the graph is such that when it is run with the same seed
(and so with the same sequence of pseudorandom numbers)
and two not too different 6 values, most of the links are in
common between the two graphs. This is the reason why we
can follow a sample in 6.

The very good agreement between the BP results and
the population dynamics shown in Fig. 15 actually hides a

subtle point that we will now explain in the case m = 0.4,
for which the transition at ks is continuous. We have indeed
observed that, with the uninformative initial condition (g =
0), different runs of BP on the same sample converge to
two different fixed points when 6 > kg, with comparable
probability (as soon as go > O this issue disappears, but as
an inference algorithm BP should not use any information on
the planted configuration). The properties of these two fixed
points are displayed in Fig. 16 (for 8 < 6ks the trivial fixed
point is unique and has m, = m, = m* and m = q = m). We
report with red closed circles the data corresponding to the
dominating fixed point, i.e., the one having the largest value of
In(Z), and with blue open circles the data corresponding to the
subdominant fixed point. Comparing Figs. 16(a) and 16(b),
we see that the dominating fixed point satisfies the Nishimori
condition mg; = my, while the subdominant one does not.
Also, the condition m = m is satisfied by the dominant fixed
point (within finite-size fluctuations), while the subdominant
fixed point typically violates such a condition. For all these
reasons we consider the dominant fixed point as the correct
one, which is why we reported in Fig. 15 only the data
corresponding to this one.

The existence of two fixed points beyond the KS threshold
can be justified by the following reasoning. Consider first
the symmetric case m = 0, which enjoys an exact global
spin-flip symmetry (corresponding to the exchange of the two
communities in the SBM interpretation). As a consequence
of this symmetry there must be (at least) two nontrivial fixed
points that arise at the Kesten-Stigum transition from the
bifurcation of the trivial one, these two fixed points having
opposite values of the local magnetizations. Consider now
a slight increase of m; by continuity one expects the two
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FIG. 17. (a) Illustration of the way we estimate the value of m; for the unstable fixed point of BP (here 6 = 0.492), which plays the role of
separatrix for the BP dynamics. (b) This value of m, obtained in the coexistence region 6, < 6 < fks (here m = 0.8).

fixed points to persist, even if they are no longer symmetric
to each other, and in particular they do not have the same
value for their free entropy In(Z). Somewhat unexpected is
the observation that BP reaches both fixed points with similar
probabilities. The only difference is in the time BP takes to
reach these two fixed points; this is shown in Fig. 16(f), where
it is evident that reaching the dominating fixed point requires
a smaller number of iterations (the interpolating power-law
fit has an exponent approximately equal to —2/3). It seems
that the small difference in In(Z) between the two fixed
points does not influence enough the BP evolution at the very
beginning, when the choice of the basin of attraction is made;
the only effect is to speed up the evolution in case the basin of
attraction of the dominating fixed point is eventually chosen.

From the data shown in Fig. 16 it is clear the dominating
fixed point is the one we would like BP to reach, since it
is the one better correlated with the planted configuration
satisfying the right conditions. However, when running BP
from an uninformative initial condition we may likely end up
at the subdominating fixed point. The simplest solution is to
run BP several times, until both fixed points are found and the
one with largest Z is then chosen. Actually this procedure may
be slow, and so we have found a more efficient way to reach
both fixed points in just one run of BP.

At 6gs the bifurcation of the trivial fixed point produces
two fixed points which are on opposite sides, that is, the
unstable fixed point stays more or less at the midpoint of the
line joining the two stable fixed points. This property remains
approximately true also for 6 > 6kg and we can exploit it in
order to jump from one fixed point to the other. Once BP
reaches a fixed point with messages {u}_, ;} we can produce an
initial condition for a second BP run with the transformation

ul®  =2K —u*

i—j i—j

(220)

(recall that the uninformative fixed point has all messages
equal to K). We have checked that this initial condition always
leads BP to the other fixed point. Thus we can find both fixed
points with just two runs (the second being very fast, due to
the initial condition which is pretty close to the fixed point).
The BP initial condition for the first run, u{”) ; = Lt with

L =100 and rio distributed according to Eq. (215), is quite

drastic (i.e., has very strong messages) in order to be far from
the uninformative fixed point. For 6 > kg this is actually not
necessary, given that the uninformative fixed point is locally
unstable. So, in order to check that all what we have described
above does not depend on such a drastic first initial condition
we have repeated the numerical experiments in the regime 6 >
Oks by using a different initial condition, which is much closer
to the uninformative fixed point

ul = K(1+et),

i) (221)
with & = 1073 and 7 again distributed according to Eq. (215).
The results are identical to those with the drastic first initial
condition.

For the sake of completeness, let us also mention that for
0 > 6ks and m large enough (e.g., at & = 0.6 in the range m 2>
0.46) we observed a divergence of the BP convergence time to
the subdominant fixed point. Increasing m further, some runs
of BP converge to the dominant fixed point and others keep
wandering in a region of the message space that is far from
the dominant fixed point but no longer contains a strict fixed
point. This phenomenon could be interpreted as a spontaneous
replica symmetry breaking of the subdominant fixed point.
To fix the algorithm in such a way that it always converges
to the dominant fixed point, we adopted the following rule:
Stop BP after #,,,« iterations and apply the transformation in
Eq. (220) to the current BP messages. Even if the BP messages
do not correspond to a true fixed point, their transformation
is actually close enough to the other fixed point to make the
second BP run converge to the dominant fixed point with high
probability (this trick worked for all the hundreds of samples
we tried).

Finally, we present in Fig. 17 a study of the unstable branch
of fixed points of BP for the discontinuous case m > m, in
the range 6, < 6 < Ogs. Similarly to what we did for the
hypergraph bicoloring (cf. Fig. 14), well chosen parameters
qo for the initial condition allow us to identify the value of m
that plays the role of separatrix for the BP evolution (this value
with its uncertainty is marked by a cyan strip in the inset). In
Fig. 17(b) we report the data of the first sample already shown
in Fig. 15(b) together with the values of m; measured at the
unstable fixed point in the coexistence region 65, < 6 < bks.
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VII. CONCLUSION

We have discussed in this paper the typology of phase tran-
sitions in inference problems, emphasizing in particular the
possible existence of hybrid-hard phases. Our main technical
contribution is a rather generic expansion of the functional
cavity equations for sparse models around their trivial fixed
point. Let us briefly sketch some possible directions for future
work.

Some of our results could probably be proven rigorously.
In particular, the techniques of [22] combined with the higher-
order expansions we obtained should yield the nontightness of
the Kesten-Stigum bound for the reconstruction of the g = 4
antiferromagnetic Potts model on a tree with low enough de-
gree (more directly than using the bound on the information-
theoretic threshold of [45]).

We performed our expansions assuming either pairwise
interactions between arbitrary discrete spins or k-wise in-
teractions between binary-value variables. One could relax
this assumption and consider k-wise interactions between g-
value variables, as was done in Ref. [25] (but truncating the
expansion to a low order).

We believe the g; + go SBM we introduced warrants fur-
ther investigation. We argued that its phase diagram must
contain some hybrid-hard phases, but probably in a narrow
range of parameters. As a first step the large-degree limit
of this model could be studied. The corresponding dense
model also exhibits this hybrid-hard phenomenon while being
much easier to study, with evolution equations bearing on
covariance matrices of Gaussian random variables instead of
probability distributions.
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APPENDIX A: NUMERICAL RESOLUTION
OF THE CAVITY EQUATIONS

1. Population dynamics algorithm

We give in this Appendix some details on the numerical
procedure we used to solve the cavity equations and produce
the curves presented in the main text. It has become customary
to solve recursive distributional equations like (33) by a popu-
lation dynamics method [48,60]. The main idea of this method
is to approximate a probability distribution, for instance, P,
by the empirical distribution of a large number N > 1 of
representatives of P, namely,

1 N
— ) d(n—n
¥ 2

(n,r,i))

PM () = (A1)

where the 7™ are independent and identically distributed
samples from P(. The iterative equation (33) is then trans-
lated into a rule to generate the representative elements
(i.e., the population) at iteration n+ 1 from the one at it-
eration n, as follows. For each of the r and independently
fori=1,...,N, (i) draw £ from p,, (ii) draw 7, ..., 7,
with probability My, ..., M, (iii) draw i, ..., i inde-
pendently, uniformly in {1, ..., N}, and (iv) set np"*+1.%) =
f(n(”aflwil)’ e n(n,rz,if))_

Average values over the conditional distributions P or
over the unconditional distribution P™ are then evaluated
as empirical averages over the population: For an arbitrary
function f one computes

EW[fm)] =

1 N

— f"m,
oy

N .
> Fo).
i=1

This approach is very natural, simple to implement, and
becomes exact in the limit A" — oo. Unfortunately, it suffers
in many cases from an instability problem at finite A/ that
requires additional care. In order to explain the origin of
this difficulty we recall that the unconditional distribution
must obey, for all iterations n, the condition E(”)[n] =7n.A
consequence of this identity and of the Bayes theorem as
stated in Eq. (22) is that, for all 7, the conditional distributions

should obey
E(”)[E} =1
e

The elements of the population at iteration n + 1 should thus
be such that

1
EVLF N =) T (A2)

(A3)

Z (n+1 T l)

,177r

(A4)

If the condition E™[n] =7 is verified exactly then it will
also be the case at iteration n + 1; however, when N is finite
there are necessarily some small fluctuations around this value
that turn out to be amplified under the iteration whenever
E[€]16,] > 1 (as in the expression of the KS transition, but
without the square on the eigenvalue). In that case the im-
plementation presented above is bound to fail because of this
instability.

Depending on the model, there are different ways to treat
this problem. If the problem has an explicit symmetry, like
the permutation invariance for the symmetric g-state Potts
model or the up-down symmetry for the Ising models studied
in Sec. V, this can be exploited to tame the instability (see
below for more details on the practical implementation).

The most difficult cases arise when there is no explicit
symmetry to use, for instance, for the asymmetric Ising model
studied in Sec. IV I with m # 0. In such a case one needs to
compute, at each iteration, the left-hand side of (A4) from the
newly generated elements and if this average is not equal to
1 apply some transformation rules on the population samples
in order to bring it closer to this target value. There are still
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many ways to implement this idea; we will be more explicit
below for the asymmetric Ising case.

2. Symmetric problems

As mentioned above, the population dynamics algorithm
can be simplified and stabilized when the problem to solve ex-
hibits some additional symmetries. Consider, for instance, the
symmetric Potts model with g states, as defined in Sec. IV H.
The invariance under any permutation 7 of the g states im-
plies that P™(n) = P™ (5 o 7r), where (7 0 77 )y = N (o) is the
probability measure on x obtained from 7 by the reshuffling
7 of the g states. This observation allows us to express all
conditional distributions P; in terms of a single one, for
instance, T = 1, and close the iteration equation for P; as

Zﬁe Z p@ry) .-
=0 T

p@n{/dP#an-~dPﬁk#>

P](n+l)(7’]) —

n‘om)),  (AS)

where the 7 are permutations on g colors and p is a probability
distribution on them such that with probability é +0(1 — é)
the permutation  is uniform under the condition 7 (1) = 1;
otherwise it is uniform under the condition 7 (1) £ 1. This
equation is much simpler than the generic one, as it involves
only one population instead of g, and also much more stable
numerically.

Even simpler is the treatment of Ising spin models (¢ =
2) which are symmetric under the spin-reversal operation, for
instance, those studied in Sec. V. In that case the probability
laws on x are encoded by a single real m, the magnetization,
and the conditional and unconditional distributions verify the
identities P™(m) = P™(—m) and P (m) = P" (—m). This
allows us to close the cavity equation for a single population
P (m) [see, in particular, Eqs. (167) and (168)].

x8(n—f(n'om,...,

3. Asymmetric Ising model

Let us finally turn to the case of the asymmetric Ising
model, defined in Sec. IVI. The general BP equation (34)
for n, can be written as a scalar recursion by parametrizing
Ng = H% The BP equation reads, in this parametrization,

m:f(ml, mb), with
_ Z+(m11 "me)_z—(m19 "’me)
o zm!, ..., mb) ’
zZm', .o omY =zom' o m) +_(m' L mY), (A6)
¢
14+m m —m
1 ¢
) = — =~ 1 9 )
Z+(m m) = i=1<+ 1+m>
| s l—mf m' — 7
zZ(m,....m)= —— 1-06 — ). (A7)
2 i 1—m
One can see immediately that z,(m, ..., m) = 1+2" ™ hence
z(m,...,m)=1and m = f(m,...,m) is a fixed point, as
expected.

The naive implementation of the population dynamics
algorithm explained above corresponds to a representation
of P(")(m) [P(")(m)] by N reals m"+9 (m—9), In order
to cure the instability and to enforce the condition (A4) at
each iteration, we have proceeded as follows: Once the 2N
magnetizations m(®? have been generated according to the
standard procedure (we remove the iteration index to simplify
the notation) we compute

. |+
1

2 1%: 1+
—m\N & T mtD 2 )

_ 1—m
p _1+m<./\/zl—m(‘) 2) (A8)

and replace the elements of the population by

(i BT mED) — (1 —m+D)
BT+ mED) 4 (1 — mED)’
e (LEm ™) = g7 (1 —m ™)
T A+ mE) (L= my’

(A9)

One can check that this procedure strictly enforces the identity
(A4), the coefficients B measuring the deviation of the naively
generated population elements from the symmetry respecting
probability distributions.

APPENDIX B: MOMENT EXPANSION FOR PAIRWISE
INTERACTION POTTS VARIABLES

The goal of this Appendix is to justify some of the state-
ments made in Sec. IV D, in particular the ansatz (61) for the
scaling of the centered moments of the perturbative nontrivial
fixed point and the third-order expansion given in Egs. (71)—
(73).

Let us consider a fixed-point solution P(n) of the recursion
equation (37) and look for a hierarchy of equations between
its centered moments. As in the main text we define 6, =
N — 7N, as the centered random variable with distribution P
and §, = > M08, as a linearly transformed version of §.
Denoting by [E[e] the average with respect to P, we have by
definition E[§,] = 0 and we assume E[§,8, ] to be nonzero
but small, of an order denoted by k. From the self-consistent
equation (37) on P and the expression (51) of the function
f we can write the pth centered moment of P (p > 2 is
understood below) as

E[Ss,, -+ 85,] =]E[(% —ﬁm) (% —ﬁa,,)z],

(BI)

where on the right-hand side z, =7, ]_[le(l +3f,), 7=
Zyzy, ¢ is drawn from p,, and for i=1,...,¢ the
5 are linearly transformed [according to (52)] versions
of n' independent and identically distributed samples
drawn from P(n). To simplify this expression we intro-
duce the notation &, = ]_[le(l +80)—1 in such a way
that z, =7,(1 +¢&,) and z =1+ ZV 7,€y. Equation (B1)
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thus becomes

ez

m

8‘717 - z :anSVﬁ

Vo

I—=p
(1 + Zﬁyey)
Y

1—p _ N\ _
- no-l o ngﬂ Z ( ) Z (561‘)/1 - nyl) T (SO'I,J/F - nyp)nyp-H T nyli+rtlE[8y| rrrt Eyﬁ+m]’ (Bz)

m=0 Viseews Vp+m

where the binomial coefficient with negative argument takes its conventional value ( .

) = (=1y*("~>*"). In order to close

these equations we should now express the average of products of the ¢ in terms of centered moments of P. As an intermediate
step let us further define u, = ¢, + 1 = ]_[f:l(l + 3;). Exploiting the independence of the random variables 5 for distinct i,

one can easily compute the average of products of the wu,

o]

E[Mm .
=0

where S is summed over subsets of {1, ...
power, we rewrite this as

E[MO‘]!"‘?/’LG,, =

Mo, =Y e 1+ZJE [1% |]-

, p} of cardinality |S| >

=20)],

€

(B3)
jes

2 (because of the property E[5,] = 0). Expanding the last

...FE Hgaj .

..... S, JESI JES:

(B4)

where the subsets S satisfy the same properties as above and the average denoted by [ is over £ drawn with probability 7, the
requirement £ > r being kept understood. We can now return to the computation of the average of products of the ¢, noting that

Eleo,, - s 60,] = E[(1te, — 1) -

where T runs over all subsets of {1, ...,

(1o, = 1)] =

D =1y ME T ko, |,

T jer

(BS)

p}. Before proceeding let us recall the following version of the inclusion-exclusion

principle: If E is an arbitrary finite set, 7' runs over all the subsets of E, and F' is a subset of E, then

S DT Ty = (1 -

TCE

DEEFI = I(F = E), (B6)

which can be easily proven by enumerating the number of subsets 7" that contain F' and that are contained in E. Consider now
an arbitrary function g(§) of the subsets of E, and an integer r; as a consequence of the above identity we have

DEDFETE N eS) - gS) = Y
TCE S cT,....5,cT S1CE,....S,CE
= 2

where we have treated the term r = 1 separately as it is
simpler than the general terms for r > 2. In the latter the
summation is over Sy, ..., S, subsets of {1, ..., p} of cardi-
nality |S;| > 2 whose union must cover {1, ..., p} (but they
do not need to be disjoint). Each term in this sum can be
associated with a diagram, i.e., an hypergraph on p vertices
with r hyperedges that connect at least two vertices in such a
way that no vertex remains isolated. Furthermore, in Eq. (B2)
some of the &, appear multiplied by 77, and summed over o; in

&S g8 Y (=DFEHTIS € Ty (S, € T)
TCE
g8 gSHIS U -+ US, = E). (B7)
E|[]5, I1%, | (B8)

..... S, JESI JES:

that case the only diagrams that contribute are those in which
the corresponding vertex has degree of at least 2, because of
the property > 7,6, = 0.

The two expressions (B2) and (B8) form an infinite hier-
archy of equations that formally determine all the centered
moments of the possible distribution P(#n) fixed-point solu-
tions of (37); as 5 is bounded, these moments are enough
to characterize P itself. The results presented in Sec. IVD
have been obtained by truncating this hierarchy under the
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hypothesis that

E[86,. ..., 85,] = O], o),

(B9)

where « is a small parameter controlling the distance between
the studied fixed point P(n) and the trivial one §(n — 77). The
self-consistency of this ansatz can be checked in Eq. (B2)
and (B8). Using the hypothesis on E[e,,, ..., €,] on the
right-hand side of (B2) leads to a compatible scaling for
E[S5,, - .., d5,], the dominant contribution coming from the
term m = 0 if p is even and from m =0 and m =1 if p is
odd. Similarly, one can insert the hypothesis in E[S5,, . . . , &5,]
on the right-hand side of (B8); the first term corresponding to
r = 1 is obviously compatible with the ansatz. The order in
of the generic term with r > 2 is
3]
5 |

il ST 2 TISi 4+ + 15,
e e e e
(B10)

=

as the sets Sy, ..., S, have to cover {1, ..., p} and hence these
terms are not strictly dominant with respect to the case r = 1,
which concludes our verification of the consistency of the
ansatz. From (B2) and (B8) it is relatively easy to obtain the
third-order expansion given in Egs. (71)—(73), exploiting the
ansatz to truncate the hierarchy of equations at the desired
order in « and the diagrammatic representation of the terms
in Eq. (B8) to organize their bookkeeping.

E[éos ..., 0,] =

APPENDIX C: EXPANSION OF THE FREE ENTROPY FOR
PAIRWISE INTERACTING POTTS VARIABLES

We provide in this Appendix some details on the derivation
of the expansion (77) for the free entropy of pairwise interact-
ing models. Let us start from the expression (40), which we

rewrite in more compact notation
¢(P) = ElzyInz,] — JE[€]E[ze In z], (CH

J

where the expressions of z, and z. are given in Eq. (34) and
(39), respectively.

To deal with the second term of ¢ we write zo = 1 +
>, 8182, where 51 =n) -7, and 82 =3 Moo (n? —
7,.), with n' and n* two independent samples from P(n).
Using the power-series expansion of (1 + x)In(1 4 x) around
x =0 gives

ElzeInz.] = Z — 1) Z E[(Sal, .y 80,,]]E
2 ,,,,,
X [8oys - 86, ]- (C2)

Neglecting the terms with p >
Eq. (77).

In the first term we write z, = 1 + ZU 7, &0, Where the no-
tation &, = []'_, (1 + 8! ) — 1 is the same as in Appendix B,
the only difference being that £ is now drawn from the
distribution p, instead of p,. This yields

5 yields the first line in

[ee]

3

(=P

E [Zv In Zv] (p

R O .

(C3)

where the expression of E[e,, ..., €s,] can be read off from
(B8) with the modification p; — p,. Enumerating the various
terms that contribute up to order «* using the diagrammatic
representation explained in Appendix B yields the remaining
terms of (77). We factored out in these terms a common factor
E[£], using the identity
Ee@€—1)---(L —r+1)]
= E[CIE[¢( — 1)--- (€ —r+2)], (C4)

which follows from the size bias between p; and p, expressed
in Eq. (12).

Finally, let us write down an expression that is equivalent to the expansion (77) but where the centered moments are expressed

in the basis of eigenvectors of M,

—¢< ) = Z<A 20,0(EL10;0, — 1) —

jkl

+ 5 LS (Cln 0164010, (B110,640,0,, —

Jjklm

1.
+EE[€(K - D]

J1i273
kykpk3

1)

2
Z AJlkl Joka Jsksefl9]‘10129k?9]39k3f11]2]3fk1k2k3 2 ZA/uz J?]SAJSJIQ

Z(B ) 0,00 (E[£10,0,0, — 1)

212
9]2 0]@
J1J2J3

_—IEJ[(Z(Z— D] > BiAL L AL00,0,000] fr) ), + IEZ[E(Z— DY ClunAy A, 02020702

ki
i

1 -

4

12734
kykykzky

A/

E[ece — 1€ —2)] Z A lklA/zkz Jaks ]4k40/10k1 9.720/(20]'30/(30_/401(4]1]](1&2%2

Jjklm

(C5)
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with the definitions of the tensors that encode the structure of the eigenvectors of M,

— 7 01 5.02).(3)
f.iljzjz = Znarojl rgjz rah ’
o

— 75 01 5(2).373) 5.0js)
8jijrjzja = Z)’]Gr{yj' re s,
o

J1J2J3Ja

(Co)

hk1k2k3k4 = 8j1jrjzjs8kikaksks — 6gj1j2j3j45k1k28k3k4 - 12fjlj2j3fk1k2j48k3k4 + 35j1j28k1k28j3j48k3k4 + 128k4j1 Sk, jo 0k Ok - (C7
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