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Abstract

We consider the problem of recovering the community structure in the stochastic block
model with two communities. We aim to describe the mutual information between the ob-
served network and the actual community structure in the sparse regime, where the total num-
ber of nodes diverges while the average degree of a given node remains bounded. Our main
contributions are a conjecture for the limit of this quantity, which we express in terms of a
Hamilton-Jacobi equation posed over a space of probability measures, and a proof that this
conjectured limit provides a lower bound for the asymptotic mutual information. The well-
posedness of the Hamilton-Jacobi equation is obtained in our companion paper. In the case
when links across communities are more likely than links within communities, the asymp-
totic mutual information is known to be given by a variational formula. We also show that our
conjectured limit coincides with this formula in this case.

1 Introduction and main results

The stochastic block model is the simplest generative model for networks with a community struc-
ture. It was first introduced in the machine learning and statistics literature [34, 37, 70, 71] but soon
emerged independently in a variety of other scientific disciplines. In the theoretical computer sci-
ence community it is often termed the planted partition model [16, 18, 32] while the mathematics
literature often refers to it as the inhomogeneous random graph model [15]. Since its introduction,
the stochastic block model has become a test bed for clustering and community detection algo-
rithms used in social networks [59], protein-to-protein interaction networks [27], recommendation
systems [44], medical prognosis [69], DNA folding [19], image segmentation [68] and natural lan-
guage processing [8] among others. In this paper we focus on the sparse stochastic block model
with two communities which we now describe.

Consider N individuals belonging to exactly one of two communities; it will be convenient to
describe the communities using vectors of +1 with the agreement that people with the same label
belong to the same group. In this way, a vector

o* = (of,....0n) €Zy = {—1,+1}" (1.1)

can be used to encode the two communities. The labels o;" ~ P* are taken to be i.i.d. Bernoulli
random variables with probability of success p € (0, 1) and expectation 7,

p=P(1)=P{ci=1} and m=Eoc;=2p—1. (1.2)
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The case p = 1/2 is termed the symmetric stochastic block model, and for reasons that will become
apparent below has received the greatest attention. The assignment vector ¢* follows a product
distribution,

c* ~ Py = (P*)*N, (1.3)

so the expected sizes of the communities are Np and N(1 — p). Using the assignment vector 6*, a
random undirected graph Gy = (G;;);, j<y With vertex set {1,...,N} is constructed by stipulating
that an edge between node i and node j is present with conditional probability

if 6 = oF
P{Gy=1lc"} = 1%~ (1.4)

for some ay,by € (0,1) independently of all other edges. In other words, the probability that an
edge is present between node i and node j depends only on whether or not the individuals i and j
belong to the same community. To express (1.4) more succinctly, it is convenient to introduce the
average and the gap of ay and by,

b b
_NEON g AN=“N2 N e (—ensen), (1.5)

CN

in such a way that
P{Gl’j: 1|G*}:CN+GI~*G;AN. (1.6)

The data Gy = (Gj;) is said to be sampled from the stochastic block model, and the inference task
is to recover the assignment vector 6* as accurately as possible given the graph Gy. In the case
when Ay <0, it is more likely for an edge to be present between nodes in different communities and
the model is called disassortative. When Ay > 0 connections are more likely between individuals
in the same community and the model is termed assortative.

Recently, the stochastic block model has attracted much renewed attention. On a practical
level, we mention for instance extensions allowing for overlapping communities [7] that have
proved to be a good fit for real data sets in massive networks [35]. On a theoretical level, the
predictions put forth in [29] using deep but non-rigorous statistical physics arguments have been
particularly stimulating. The theoretical study of the stochastic block model has seen significant
progress in two main directions: exact recovery and detection. The exact recovery task aims to
determine the regimes of ay and by for which there exists an algorithm that completely recovers
the two communities with high probability. Of course, a necessary condition for exact recovery is
connectivity of the random graph Gy; this makes exact recovery impossible in the sparse regime.
The sharp threshold for exact recovery was obtained in [2, 52], where it was shown that in the sym-
metric dense regime, p = 1/2, ay = alog(N)/N and by = blog(N)/N, exact recovery is possible,
and efficiently so, if and only if \/a — Vb > 2. On the other hand, the detection task is to construct
a partition of the graph Gy that is positively correlated with the assignment vector 6* with high
probability. The sharp threshold for detection in the sparse regime was obtained in [47, 50, 53],
where it was shown that in the symmetric sparse regime, p = 1/2, ay = a/N and by = b/N, de-
tection is solvable, and efficiently so, if and only if (a —b)?> > 2(a + b). Notice that detection is
much easier in the asymmetric case [20]. Indeed, the expected degree of node i conditional on its
community membership is given by

E[deg(i)|0}] = (N — 1)(cy +TiANG?), (1.7)
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so meaningful information about the community structure is revealed from the degrees of nodes.

Despite this clear picture regarding the thresholds for exact recovery and detection in the set-
ting of two communities, several questions remain open. In this paper, we focus on the problem of
quantifying exactly how much information about the communities can be recovered by observing
the graph Gy . The mutual information between the assignment vector ¢* and the random graph Gy
is defined by

P(Gr.0") _p ) P(Grlo)
P(Gy)P(c*) P(Gw)

The asymptotic value of this mutual information has been computed in the dense regime [9, 30, 42]
and the sparse disassortative regime [4, 28]. Its determination in the assortative sparse regime has
proved more challenging. After we posted a first version of this paper to the arXiv, this problem
was resolved in [72] in the case p = 1/2, building upon the earlier works [3, 39, 51, 54]. The
approach developed there does not generalize well to more complex models such as when more
than two communities are present [36]. In contrast, our aim here is to propose a new approach
to the analysis of the community detection problem that would be robust to model modifications.
We will discuss in much greater detail the relationship between these very recent works and our
contribution near the end of the introduction; see also [1, 5, 6] for more on problems with more
than two communities.

I[(Gy;0") =Elog (1.8)

Henceforth, we focus exclusively on the sparse stochastic block model with

c A
CN = N and AN = N (19)

for some ¢ > 0 and some non-zero A € (—c,c). The case A = 0 is trivial since it corresponds to the
case where the graph Gy and the assignment vector 6* are independent. The probability (1.6) that
an edge is present between node i and node j becomes

c+Ao;o;

P{GUZHG*}: N

(1.10)

for the family of conditionally independent Bernoulli random variables Gy = (G;;). The expected
degree of any node i remains bounded with N,

Edeg(i) = (c+am?), (1.11)

so we are indeed in the sparse regime. The likelihood of the model is given by

B .1 c+Ac;0,\Gij c+A0;0;\1-Gij  exp (HX,(G))
P{Gy = (Gij)|o _G}_iIJj<T> (1_T> = T NELGr (1.12)
while Bayes’ formula implies that the posterior of the model is the Gibbs measure
. exp (Hy(o))Py(o
P{c* =0|Gy = (Gij)} (H(0)) Pi(0) (1.13)

s, exp (Hy (1)) dBy (1)



associated with the Hamiltonian

Hy(0) = log [(C+Aca~cj)0“ (1-

i<j

C+A0i0j> IG“} (1.14)

N

Moreover, up to an error vanishing with N and a simple additive constant, the normalized mutual
information (1.8) coincides with the free energy

—5 1
F3 = —Elog / expH(0) dP(6). (1.15)
N Y
Indeed, (1.12) and Bayes’ formula imply that

C+A61*62*> 1-Gpz NE
Rl e’ —NFy.

N (1.16)

N
I[(Gy;07) = (2> Elog(c +Acjoy)0n (1
Averaging with respect to the randomness of G, and Taylor expanding the logarithm reveals that

1 1 =2
NI(GN; o*) = SE (c+Acio3)log (c+Acioy) — N R0 (N7, (1.17)
To study the mutual information (1.8), we take the perspective of statistical physics and instead
focus on the free energy (1.15). Notice that the mutual information between two independent ran-
dom variables is zero, so for A = 0, the free energy is found by setting the right-hand side of (1.17)
equal to zero.

For technical reasons, it will be convenient to modify the free energy (1.15) without chang-
ing its limiting value. Conditionally on ¢, the modified Hamiltonian will be a sum of independent
random variables, and the sum will be over a Poisson-distributed number of terms. The main advan-
tage of this construction is that we can then conveniently vary the continuous parameter encoding
the Poisson random variable, and in particular study derivatives with respect to this parameter. To
be more precise, we introduce a random variable I1; ~ Poi (g] ) as well as an independent family
of i.i.d. random matrices (G*)icy each having conditionally independent entries (Gf j) i j<N taking

values in {0, 1} with conditional distribution

c+Ac/c’

P{G};=1lc"} = # (1.18)
Given a collection of random indices (i, ji)xen sampled uniformly at random from {1,...,N}?,

independently of the other random variables, we define the Hamiltonian Hy on Xy by

ko +A0;, 0,0\ -G}, ;
Hy(o)= Y log {(c+Ao,-kojk)sz,fk (1 - C—“k) k"k], (1.19)
k<IT N
=111
and write 1
Fy = —Elog/ expHy(o)dPy (o) (1.20)
N Ty

for its associated free energy. We show in Appendix A that the difference between the free energies
in (1.15) and (1.20) tends to 0 as N tends to infinity. Together with (1.17), this implies that

1 1
NI(GN;G*) = EE (c+Acio3)log (c+Acfos) — % ——— —Fn+on(1). (1.21)
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The problem of finding the asymptotic value of the mutual information (1.8) has therefore been
reduced to the task of determining the limit of the free energy (1.20). The main contributions of
this work are the conjecture that

Alli_IEOFN:f(l,O), (1.22)

where f (¢, i) is the solution to an infinite-dimensional Hamilton-Jacobi equation defined in (1.41),
and a proof that f(1,0) provides an upper bound for the limit of the free energy; the matching lower
bound will remain open.

To motivate and define the infinite-dimensional Hamilton-Jacobi equation (1.41), we will in-
troduce an “enriched” free energy functional by transforming the free energy (1.20) into a function
of a “time” variable ¢ > 0 and a non-negative measure . The “time” variable will be used to vary
the intensity of the Poisson point process I1; appearing in the Hamiltonian (1.19). We introduced
the Hamiltonian Hy to replace Hy, in order to allow for convenient integration-by-parts-like cal-
culations as we study derivatives with respect to this parameter . The non-negative measure U
will be decomposed as i = st for s > 0 and a probability measure fi. It will be used to consider
a situation in which we also observe the graph of connections of a simpler setting in which each
individual i can form connections with its own set of neighbour candidates. To be more specific,
each individual i will have an independent number Poi(sN) of neighbour candidates indexed by
the pairs (i,k) for k < Poi(sN). Each candidate neighbour (i,k) will be independently assigned a
random “type” x; , sampled from the distribution ff, and an edge will be present between individual
i and its candidate neighbour (i, k) with probability N~!(c +Ac}x; ). In the inference problem, the
“types” x; x are revealed to the statistician. The lack of interactions between individuals makes this
piece of information much simpler to understand than the original community detection problem
we aim to make progress upon. In total, this allows us to define an “enriched” free energy, function
of t and U, and the quantity in (1.20) can then be recovered by evaluating this enriched free energy
att =1 and u = 0. We next aim to study whether variations in the ¢ variable can be suitably com-
pensated by variations in the u variable, leaving the free energy roughly constant. More precisely,
we hope to discover that the derivative in ¢ of this functional can be expressed, up to a small error,
as a function of its derivative in t. On a heuristic level, one can see that this indeed seems to be
possible, as will be clarified below. Combining ideas from the theory of viscosity solutions with the
multi-overlap concentration result in [ 14], we will be able to prove one inequality between the limit
free energy and the solution to the partial differential equation that arises. Although we expect the
converse bound to also be valid, significant technical challenges prevent us from proving it at the
moment. The difficulty is that the control we have on the “small error” appearing in the equation
at finite N is relatively weak. In particular, we cannot show, and do not expect, that it becomes
small as N tends to infinity for each individual choice of ¢# and . On the other hand, controlling
the error after we perform a small averaging over ¢ and u is possible, but does not suffice for the
identification of the limit.

Let us now define the enriched free energy precisely. Denote by Pr[—1, 1] the set of probabil-
ity measures on [—1,1], and given u € Pr[—1,1], consider a sequence x = (x; ) of i.i.d. random
variables with law u. For each s > 0 and i > 1, let I; ; ~ Poi(sN) be independent over i > 1, and



introduce the Hamiltonian on Xy,

—~ Gr AGx; 1\ 1-G!
Hif(o)=3 Y log [(C+Aoix,-7k)Gf’k(1—%) } (1.23)
i<N k<IT;

where the random variables (éf ) are independent with conditional distribution

~ +Ac’x;
P{G}; = 1]o",x} :% (1.24)
As alluded to above, this is the Hamiltonian associated with the task of inferring the signal o* from

the data _ B
" = (i, (xip)k<m,,» (Gi k)k<H,»,S),-§N7 (1.25)
in the sense that the Gibbs measure associated with H is the conditional law of o* given the

data .@ M (as in the identity (1.13) for the Hamlltonlan Hy and the data Gy). For each ¢ > 0, let
I1; ~ P01t( ) and consider a time-dependent version of the Hamiltonian (1.19) defined on Xy by

Hy(o Z log C+AG,kG]k)G'k Ji (1 —
k<II,

(1.26)

c+ AGik Oj ) 1_G{Fk-jk
N .

Notice that this is the Hamiltonian associated with the task of inferring the signal o* from the data
P = (s, (i jidrsr, (GYj w<m,)- (1.27)
We now introduce an enriched Hamiltonian on Xy,
H (o) = Hy(0) + Hy* (), (1.28)
and denote by

_ 1 _
Fy(t,s,10) = NJE,Iog/Z expHy"H (0) dP (o) (1.29)
‘N

its associated free energy. Observe that fN(l, O,u)= Fy and that (1.28) is the Hamiltonian asso-
ciated with inferring the signal ¢* from the data

D = (D, T, (1.30)

where the randomness in these two data sets is taken to be independent conditionally on ¢*. To ob-
tain a Hamilton-Jacobi equation, it will be convenient to reinterpret the enriched free energy (1.29)
as a function of the time-parameter ¢ > 0 and a finite measure ; the parameter s will become the
total mass of this finite measure. We denote by . the space of signed measures on [—1, 1],

My = { | 1 is a signed measure on [—1,1]}, (1.31)
and by . the cone of non-negative measures on this interval,

My = {u € M | 1 is a non-negative measure}. (1.32)
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We follow the convention that a signed measure can only take finite values, and in particular, every
U € .- must have finite total mass. This implies that every non-zero measure ([ € .#. induces a
probability measure,

- H

=T € Pr[-1,1]. (1.33)

Given a measure [ € .#, we define the Hamiltonian H]tv’“ on Xy by

Hy' (o) = By (6), (1.34)

where ﬁl(\),’o = ( for the zero measure by continuity. The free energy associated with this Hamilto-
nian is given by B

FN(I,.U):FN(EI»L[_I,ILE)’ (1.35)
and once again Fy = F(1,0), where 0 denotes the zero measure. The free energy in (1.35) will

be termed the enriched free energy, and in Section 2 we will show that, up to a “small error”, it
satisfies an infinite-dimensional Hamilton-Jacobi equation which we now describe.

Introduce the function g : [—1,1] — R defined by
A/c
g(z) = (c+Az)(log(c+Az) — 1) = (c+ Az) log(c) + ¢ Z —c (1.36)

n>2 n(n—1)

as well as the cone of functions
1
Coo = {Gu =1L =R | Gulx) = / g(xy)du(y) for some u € %+} (1.37)
-1

and the non-linearity Co, : 6. — R given by

Cu(Gy) = %/11 G (x)du(x). (1.38)

This non-linearity is well-defined by the Fubini-Tonelli theorem (see equations (1.6)-(1.7) in [31]).
Given a function f : [0,00) x .#, — R and measures |,V € .#, we denote by D, f(,1; V) the
Gateaux derivative of the function f(¢,-) at the measure y in the direction v,

flt,ptev)—fl.p)

- (1.39)

D,va(tvu;v) :;IL%

We will say that the Gateaux derivative of f admits a density at the measure u € . if there exists
a bounded measurable function x — Dy, f(z, i1, x) defined on the interval [—1, 1] with

1
Duf(t:v) = [ Dufle, ) dv() (1.40)

for every measure v € .#,. We will often abuse notation and identify the density D, f(¢,u,-)
with the Gateaux derivative Dy, f(t,it). In Section 2 we will show that, up to an error vanishing
with N, the Gateaux derivative of the enriched free energy is indeed of the form G+ for some
w* € A . In fact, the measure pu* is the law of the Gibbs average of a uniformly sampled spin
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coordinate for the Gibbs measure associated with the Hamiltonian (1.28). We will also argue that,
if this Gibbs measure satisfies suitable overlap concentration properties, then the time derivative
of the free energy is essentially given by [ 1 &(xy)du*(x)dp*(y). In short, assuming the validity
of these overlap concentration properties, we are led to believe that the large-N limit of the free
energy (1.35) should satisfy the infinite-dimensional Hamilton-Jacobi equation

{arf(t,u) = Ca(Duf(t, 1)) onRog x Ay, (1.41)

FO,u) =w(u) on A,

where the initial condition y : .Z; — R is the limit of Fy(0,-) and can be readily computed, see
Lemma 3.1. The well-posedness of this equation is established in [31], and leads to the conjecture
that the enriched free energy converges to the solution to this equation. Remembering (1.21), this
translates into a conjecture for the asymptotic mutual information.

Conjecture 1. If f denotes the unique viscosity solution to the infinite-dimensional Hamilton-
Jacobi equation (1.41), then the limit of the free energy (1.20) is given by

lim Fiy = £(1,0). (1.42)

In particular, the asymptotic value of the mutual information (1.8) is

. 1 * 1 * * * * c
I\IIgr:ONI(GN;G ) = E]E(chAcsl o5 ) log (c+Ac{ 03) 5% — f(1,0). (1.43)

The main result of this paper is a proof of the upper bound in Conjecture 1.

Theorem 1.1. Denote by f the unique viscosity solution to the infinite-dimensional Hamilton-
Jacobi equation (1.41). For everyt > 0 and U € # -, the limit of the enriched free energy (1.35)
satisfies the upper bound limsupy_,.. Fn(t,1t) < f(¢, ). In particular, the free energy (1.20) sat-
isfies the upper bound

limsup Fy < £(1,0). (1.44)

N—roo

Although the matching lower bound still remains open, we give some support in favor of
Conjecture 1 by proving that, in the disassortative regime, it matches the variational formula for
the asymptotic free energy obtained in [28]. (The condition p = 1/2 was also assumed in [28].)
We state this formula using the notation in [13], where a more direct proof is obtained using an
interpolation argument and a cavity computation. Denote by

1
,//lp:{uePr[—l,l]]/_lxdu:n_a} (1.45)

the set of probability measures with mean m = 2p — 1, and introduce the functional & : %, — R
defined by
c Am* 1
2u) = l//([,t)—i—i—i—T—E]E(c—i—Axlxz)log(c—l—Axlxz), (1.46)

where x| and x, are independent samples from the probability measure (.
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Theorem 1.2. In the disassortative sparse stochastic block model with A < 0, the limit of the free
energy (1.20) is given by

lim Fy = sup Z(u)=f(1,0). (1.47)
N—oo pe,

Our results generalize immediately to the case in which the measure P* is arbitrary with
compact support, with the understanding that the link probabilities are given by (1.10). We also
believe that they generalize without much change to settings with more than two communities,
although we have not checked every technical detail.

Before closing this introduction, we discuss alternatives to the conjecture and the approach
proposed in this paper. It will facilitate this discussion to point out that the proof of Theorem 1.2
also yields that when A < 0, we can identify the limit of F (¢, ) for every ¢ > 0 and u € .4, as

1
im Pt = 0= s (wiwrn) =4 [ Goavm). s
N—oo vePr[—1,1] 2J)1

where we recall that Gy is defined in (1.36)-(1.37). The identity (1.48) also remains valid if we
take the supremum over all v € .Z, and it is at times convenient to operate over variables that can
vary freely inside a cone.

Concerning the limit of the free energy, one may hope that the formulas given in (1.47)
and (1.48) in the case A < 0 remain valid in general. It seems difficult to identify the exact range
of validity of these formulas. We would be surprised if they hold for arbitrary measures P*, but we
could not quickly find a counter-example. We are however confident that these formulas will not
generalize to settings with more than two communities.

To see this, we rely on the fact that the problem of identifying the limit of the free energy
becomes simpler in the dense regime. Indeed, if the average degree of a node diverges as N tends
to infinity, then central-limit-theorem effects take place, and one can equivalently study a fully-
connected model with Gaussian noise [30, 42]. Such models have been studied extensively [10, 11,
12,21, 22,23, 24, 38,42, 43, 45, 46, 48, 49, 55, 56, 66, 67]. In this setting, a formula analogous to
(1.47)-(1.48) is known to be valid as long as the relevant non-linearity is convex; but in general, one
needs to modify this formula into a “sup-inf” formulation. Possibly the simplest setting in which
this happens is for the problem in which we observe a rank-one matrix of the form XY T plus noise,
where X and Y are two vectors with i.i.d. coordinates. In this setting, the non-linearity replacing Ce,
in (1.41) is the mapping (x,y) — xy, which is non-convex. The functional to be optimized over as
in (1.48) would look like y(xg + x,yo +ty) — %xy. Finding counter-examples to the formula is
made relatively easy by considering candidates with, say, x = 0; in this case, the counter-term xy
vanishes, so we can freely choose y as large as desired to maximize the y functional and obtain a
contradiction. A similar phenomenon also occurs in the context of spin glasses, and a more precise
discussion of this point can be found in Subsection 6.2 of [57].

Coming back to the sparse setting investigated in this paper, we can leverage this observation
to demonstrate that the formulas (1.47) or (1.48) will also be invalid in general. To give a concrete
example, consider the following scenario, which can be thought of as a problem with four com-
munities, or as a bipartite version of the two-community problem. We first color the N nodes in
red or blue, say with groups of sizes about N /2. We think of this coloring as fixed, e.g. the red



nodes are the first [N/2] indices in {1,...,N}, and it is perfectly known to the statistician. Next,
we attribute 4-1 labels to each node independently, possibly with different biases according to the
color of the node. Finally, we draw links between nodes i and j according to the formula in (1.10),
with the additional constraint that only links between nodes of different colors are allowed. The
task is to study the asymptotic behavior of the mutual information between the £1 labels and the
observed graph. This problem is constructed in such a way that, in the limit of diverging average
degree, it reduces to the problem of observing a noisy version of XY T, as discussed in the previous
paragraph — the vectors X and Y contain the +1 labels of the red and blue nodes respectively.
Using the results of [30, 42] to justify the large-degree approximation, or possibly even directly,
we are confident that we can then produce counter-examples to the formulas (1.47) and (1.48).

For fully-connected models with possibly non-convex non-linearities such as the XY T exam-
ple, the limit of the free energy was identified in the form of a “sup-inf” formula; see [21] for the
most general results. Translating this result into our present context would suggest that the limit
free energy might be given by

1 1
up i, (vr+ [ G-+ [ G0epe)).  149)

The key ingredient for showing the validity of the corresponding formula in the dense regime is
that the enriched free energy is a convex function of its parameters in this case. In our setting, the
question would translate into whether the mapping (¢, 1) — Fy(t,t) is convex. However, it was
shown in [41] that this mapping is in fact not convex in the sparse regime, even in the limit of
large N. This non-convexity property not only breaks down the proof strategy of [21]; in fact, we
can leverage it to assert that the quantity (1.49) can therefore not be the limit of the free energy
in this case. Indeed, the expression in (1.49) is a supremum over p of affine functions of (z,u); it
therefore follows that the whole expression is convex in (¢, it). By [41], it is therefore not possible
that the expression in (1.49) be the limit of the free energy.

To sum up, if we aim for a formula that is robust to model changes, then both (1.48) and (1.49)
can be ruled out. We do not know of alternative candidate variational formulas for the limit of the
free energy. This situation seems analogous to that encountered in the context of spin glasses with
possibly non-convex interactions, as discussed in Section 6 of [57].

We now turn to a discussion of the recent works [3, 36, 39, 51, 54, 72]. Noticing that the graph
Gy locally looks like a tree, these works aim to leverage a connection between community detec-
tion and a process of broadcasting on trees. We briefly describe the latter problem on a regular tree
for convenience. We first attribute a random 41 random variable o* to the root node. Then, recur-
sively and independently along each edge, we “broadcast” it to each child node, by flipping the sign
of the spin with some fixed probability d € (0, 1). One basic question is to determine the mutual
information between the spin o™ attributed to the root node and the spins on all the nodes at a given
depth, in the limit of large depth. A fruitful variant of this question consists in adding a “survey”
of all nodes, by randomly revealing the spins attached to each node independently with some fixed
probability €. If, in the limit of large depth, the knowledge of the spins on all the leaf vertices does
not bring meaningful additional information on ¢* on top of surveying compared with surveying
alone, then one can directly relate the mutual information between ¢* and the survey to the mu-
tual information in the community detection problem; in this case, one may speak of “boundary
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irrelevance”. To decide whether boundary irrelevance holds, one can study the evolution of the log-
likelihood ratio between the two hypotheses ¢* = +1 upon revealing the boundary information at
a given depth. One can indeed calculate the law of this quantity recursively as the depth varies, by
iterating a fixed map called the “BP operator”. In order to establish the property of boundary irrel-
evance, it then essentially suffices to show that this BP operator admits a unique non-trivial fixed
point. Building upon earlier works, it was recently established in [72] that this uniqueness property
holds for the setting corresponding to the detection of two balanced communities, p = 1/2. As a
byproduct, this yields a full identification of the limit of the mutual information (1.8) in this case.
The uniqueness of a non-trivial fixed point to the BP operator has subsequently been shown to be
false in general for models with more than two communities [36].

We now point out some connections between the present paper and this series of works, and
discuss how our approach might ultimately be able to circumvent the difficulties associated with
the possible existence of multiple fixed points to the BP operator. To start with, recall that the func-
tion y is the limit of F (0, -), which itself corresponds to a simple inference problem in which there
is no interaction between the nodes {1,...,N}. We can therefore identify this object explicitly, see
Lemma 3.1. From Remark 3.2, we can also identify a mapping I": .#; — Pr[—1, 1] such that for
every i € ./, we have Dy y(lL, ) = Gr(y). This mapping is closely related to the BP operator
discussed above, and is described as follows. Let * be sampled according to P*, and conditionally
on ¢, let IT(i) denote a Poisson point process with intensity measure (¢ +Ac*x)du(x). Then the
probability measure I'(u) is defined to be the law of the random variable

le oexp(—Ac f_llxd,u)ern(u)(c—l—AGx) dP*(o)
Jz, exp(—Ao Lll?“lli) [Lieni(u)(c +Aox) dP*(o)

Notice next that the condition for the measure v to be a critical point in the variational problem on
the right side of (1.48) can be written as

(1.50)

Gy =Dyy(u+1tv,-). (1.51)

Atleast when A < 0, the mapping v — Gy is also injective, so the relation (1.51) can be equivalently
written as
v=T(u+1tv). (1.52)

Restricting to the case of (¢, 1) = (1,0), this boils down to finding fixed points of the mapping I.
That there is a connection between the variational formula in Theorem 1.2 and some BP fixed
point equation has already been observed in [28, 29] and elsewhere. The less classical question is
to relate this to the Hamilton-Jacobi equation (1.41) for arbitrary A. In finite dimensions, Hamilton-
Jacobi equations can be solved for short times using the method of characteristics. Moreover, the
slope of the characteristic line is computed by evaluating the gradient of the non-linearity at the
gradient of the initial condition. In our context, the characteristic line emanating from a measure
vV € - is the trajectory

t'w (¢,v—1T(v)), (1.53)

for ¢/ varying in R>(. As long as characteristic lines emanating from different choices of v do
not intersect each other, we can then calculate the value of the solution along each characteristic
line using the equation and the fact that the gradient of the solution remains constant along each
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line [33]. The condition (1.52) turns out to be equivalent to asking that the characteristic line em-
anating from u +tv passes through the point (z, 1), since the latter condition can be written as
p=pu—+rv—tI'(u+rv). In other words, for each fixed (¢, ), there is a simple one-to-one corre-
spondence between the fixed points to (1.52) and the characteristic lines that pass through (z, ).
The formula for prescribing the value of the solution along a characteristic line starting from p +¢v
is then as in the supremum in (1.48). As long as ¢ is sufficiently small that the equation (1.52) has
a unique solution for each u, this gives us a clear procedure for computing the solution to (1.40).
Once characteristic lines start to intersect each other, the viscosity solution to (1.41) aggregates
these conflicting trajectories in a physically reasonable way, and our conjecture is that the free
energy Fy is tracking this in the limit of large N.

Another alternative to the conjecture proposed here would be that the limit of the free en-
ergy is the maximal value one gets by plugging every possible solution of the fixed-point equa-
tion (1.52) into the functional inside the supremum in (1.48). But in view of the discussion in
the previous paragraph, counter-examples to the variational formula in (1.48) seem to produce
counter-examples to this possibility as well.

To conclude this introduction, we give a brief outline of the paper. In Section 2 we show that,
up to an error vanishing with N, the enriched free energy (1.35) satisfies the infinite-dimensional
Hamilton-Jacobi equation (1.41), provided that all multi-overlaps concentrate. The derivative com-
putations that lead to the Hamilton-Jacobi equation are similar in spirit to those in Lemma 6 of [61],
with some new ideas required to compute the Gateaux derivative. Section 3 is devoted to estab-
lishing the well-posedness of the infinite-dimensional Hamilton-Jacobi equation (1.41) using the
results in [31], which in turn follows ideas from [25, 26, 58, 57]. In Section 4, a finitary version of
the multi-overlap concentration result in [14] is combined with the strategy introduced in [58, 57]
to prove Theorem 1.1. The final section is devoted to the proof of Theorem 1.2. Using the Hopf-Lax
formula established in [31], the variational expression in (1.47) is shown to coincide with the right
side of (1.47), and we can thus appeal to Theorem 1.1 to obtain an upper bound for the limit free
energy. The matching lower bound is obtained through an interpolation argument taken from [13].
So as to not disrupt the flow of the paper, a number of technical arguments have been postponed to
the appendices. In Appendix A, it is shown that the free energy functionals (1.15) and (1.20) are
asymptotically equivalent. The proof relies on the binomial-Poisson approximation. Appendix B
is devoted to proving that a perturbed version of the enriched free energy (1.35) is self-averaging,
in the sense that the unaveraged free energy concentrates around its average value. This concen-
tration result plays an important part in the proof of Theorem 1.1 and relies upon the generalized
Efron-Stein inequality [17]. In Appendix C, a finitary version of the multi-overlap concentration
result in [14] is established. In addition to being finitary, the most notable difference between our
multi-overlap result and that in [14] is that we show multi-overlap concentration for any pertur-
bation parameter satisfying a condition that may be verified in practice, as opposed to obtaining
multi-overlap concentration on average over the set of perturbation parameters. This additional
control on the choice of parameters is essential in the proof of Theorem 1.1.

Acknowledgements. We would like to warmly thank Dmitry Panchenko and Jean Barbier for
sharing their notes [13] on the free energy in the disassortative sparse stochastic block model with
us, which provided us with a very useful starting point and helped us with many of the computations
in Section 2.
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2 The Hamilton-Jacobi equation

In this section, we compute the derivative of the enriched free energy (1.35) with respect to # > 0
and u € . This will allow us to see that, up to an error vanishing with N, the enriched free
energy heuristically satisfies (1.41). It will be convenient to write (-) for the average with respect
to the Gibbs measure associated with the Hamiltonian (1.34). This means that for any bounded and
measurable function f = f(c!,...,o") of finitely many replicas,

gy f(0 0" TlispexpHy (0°) dPy(0")
(JeyexpHyH (0)dPy(0))"

In this notation, the replicas ¢!,..., 6" represent i.i.d. samples under the random measure (-). By
construction, we have that

(f(',....a") =(f) 2.1)

(f(a")) =E[f(c")| 2], (22)
where .@]’\}“ = .@][\,’l =LK s the data defined in (1.30).

Our computations will be considerably simplified by the Nishimori identity. This identity will
allow us to freely interchange one replica 6* by the signal 6* when taking an average with respect
to all sources of randomness, thus avoiding a cascade of new replicas as we differentiate the free en-
ergy. This identity states that, for every bounded and measurable function f = f(o L ..., o .@It\}“ )
of finitely many replicas and the data,

E{f(c'.0%....0", 2"")) =E(f(c%,6%,....,6". 2")). (2.3)

This can be first verified for functions of product form using (2.2), and then extended to all bounded
and measurable functions by a monotone class argument.

We now turn our attention to the computation of the time derivative of the enriched free
energy (1.35). We fix a finite measure yu € .#, and proceed as in Lemma 6 of [61]. For each
parameter A > 0 and every integer m > 0, we denote by

m

n(A,m)= %exp(—/l) (2.4)

the mass attributed to the atom m by a Poi(A) distribution. It will be convenient to set the conven-
tion that T(A,—1) = 0. We write

C—l—AGiijk) 1—G{'(k,jk:| 2.5)

Hrn0) = Z foe {<C+A6ikcjk)G?kﬁjk (1 B N

k<m

for the Hamiltonian (1.19) conditional on there being m terms in the sum, and introduce the parti-
tion function

~ul-1,1),0 *
Zym = /Z exp (Hyn(0) +Hy ¥ (0)) dpi(o). (2.6)
N
In this notation, the enriched free energy (1.35) may be expressed as
— 1 N
Fn(tu) =~ Y n(z( >m> Elog Zy . 2.7
N =0 2
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To take the time derivative of this expression, we will rely upon the simple fact that
hr(A,m)=nA,m—1)—m(A,m). (2.8)

Lemma 2.1. Foranyt >0and u € -,
- 1 Am?
o'?,FN(t,u) = EE (C+A<Gi0j>) log (C—|—A<G,'Gj>) — % — % + ﬁ(N_l), (2.9)

where the indices i,j € {1,...,N} are uniformly sampled independently of all other sources of
randomness.

Proof. To simplify notation, let A(¢) = t(g’) Leveraging (2.8) to differentiate the right-hand side
of (2.7) yields

AFw(t.pt) = %(2’) Y (2(A(1),m— 1) — 2(A(t),m)) Elog Zy

m>0
Z
( ) Y m(A(t),m)Elog =271 (2.10)
m>0 ZN m
Denote by i, j € {1,...,N} uniformly sampled indices, and write G; ; for a random variable with

conditional distribution (1.18). These random variables are taken to be independent of all other
sources of randomness and of each other. Since

. c+Ac;o;\ 1-Gij
ZNmHi/Z (c—}—AGiGj)G”<1—+> ’exp(HN,m( )+ HECHH (6 ))dPN( ),

‘N

it follows by (2.10) and the definition of the Gibbs average in (2.1) that

— 1 N .. A i0j 1_Gi,'
8;FN(t,;,L):N(2>Elog<(c+AGiGj)G”<l—H%) ]>.

Remembering the explicit form of the conditional distribution (1.18), and averaging with respect
to the randomness of G; ; reveals that

— 1
O FN(t,s, 1) = 3 E (c+ Ao} 67) log(c + Ac;o;)

N c+ Ao/ o7} c+A0;0;
—E(1-—2L)1 <1——’> ON~!

Taylor expanding the logarithm and keeping only first order terms reduces this to

— 1 A c
8,FN(t,u) = EE (C—i—AGi*G;) 10g<C—|—AGiGj> — §E<Gi(7j> — E —+ ﬁ(N_l)
1 A
= 3 E (c+A0; 0}) log(c+A0i0) — S E o/ 0] - g +ONTY
1 % _% An_12 C -1
- §E(C+A0i o} )log(c+A(oi0))) — - > +O(N7Y),

where the second equality uses the Nishimori identity (2.3) and the third equality uses the fact
that i and j are distinct with overwhelming probability. Noticing that the Gibbs average (0;0;) is a
measurable function of the data by (2.2), and applying the Nishimori identity (2.3) completes the
proof. [
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To compare (2.9) with the Gateaux derivative of the enriched free energy which we will com-
pute below, it will be convenient to Taylor expand the logarithm. This will make the dependence
of the time-derivative of the enriched free energy on the multi-overlaps

Riyty=~ Y o' ol @.11)

associated with the enriched Hamiltonian (1.34) explicit. Here (o) denotes a sequence of i.i.d.
replicas sampled from the Gibbs measure (2.1). To simplify notation, we will write R[n] =Ry . n

Corollary 2.2. Foranyt > 0and u € -,

— 1 —A
8,FN(t,u):§(c+Am log(c)+ = Z /C

n>2

E (R ]> . (2.12)
Proof. A Taylor expansion of the logarithm shows that
A
log (c+A(0;0;)) = log(c) + log (1 + Z<G,'Gj>) =log(c) —

Together with the Nishimori identity (2.3) this implies that

E (c+A(0i0/)) log (c + A{0;0,)) = (c + Am*) log(c )

—A/c)
— Z / E (c+A(0;0)))(0:0/)". (2.13)
n>1
Averaging with respect to the randomness of the uniformly sampled indices i, j € {1,...,N} reveals

that
E(C+A<Gi6j>)<6i6j>n = <R2 >+AE<R[H+1]>

Remembering that |A| < ¢ and noticing that E(R?) = m?* + ¢(N~!) by the Nishimori identity, it
follows that

y A/ g (c+A(ci0)))(0i0))"

n>1 n
—A/e)t (—A/c)"
=—AE(R})+c Y, <( [of _ (ZA/) )E<R[n]>+ﬁ(N—1)
n>2 n n—1
—A
= —Am* —c Z (ZAfe) > +O(N7h.
n>2 l’l B 1
Substituting this into (2.13) and invoking Lemma 2.1 completes the proof. |

The computation of the Gateaux derivative of the enriched free energy (1.35) at a measure
W € A in the direction of a probability measure v € Pr[—1, 1],

DyFy(t,u;v) = lim Fult,u+ev) —Fy(p)

2.14
e—0 E ( )
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is slightly more involved. It will be useful to compute the derivative of the free energy (1.29) with
respect to the parameter s > O first. Fix a probability measure y € Pr[—1,1] and a time ¢ > 0. For
each i < N write

! G c+AGx; \1-G
H]i”lm(G) = Z Z log [(C+Ao-jxj,k) Gl (1 _ —JJ7k> j‘k‘|
’ kST, N

AGix; i\ -G
c+ ) -k] 2.15)

+ Z log |:(C—|—AGixi’k)G;C‘k <1 — N

k<m

for the Hamiltonian (1.23) conditional on the i’th Poisson sum containing m terms, and denote by
_/ exp (Hy (o) + Y. (3)) dBy (o) 2.16)
its associated partition function. In this notation, the free energy (1.29) may be expressed as

Fy(t,s,11) = Z (sN,m)ElogZy' . (2.17)

m>0
Lemma 2.3. Foranyt >0, s > 0and u € Pr[—1,1],
OsFn(t,s,1) = E (c+A{oy)x;) log (c + Aoy)x;) —c — AEx; + O(N '), (2.18)

where the index i € {1,...,N} is uniformly sampled and the random variables (x;) are sampled
from the measure | independently of all other sources of randomness.

Proof. Conditioning on the number of terms in each of the Poisson sums that appear in the defini-
tion of the free energy (1.29) and leveraging the product rule as well as equations (2.17) and (2.8),
we see that

Zs,i
OsFn (1,5, 10) Z Y. om(sN m)]ElongV’m Y. ) m(sN,m)Elog ;s—"fr] (2.19)

1<N m>0 i<Nm>0 'N,m

For each i < N, denote by x; a sample from the measure (t, and write 6f for a random variable with
conditional distribution (1.24). These random variables are taken to be independent for different
values of i < N, and independent of all other sources of randomness. Since

G ¢+ Ao\ -G ~s.i .
Zy i1 _/ (c+Aoix;) ’(1—T”> exp (Hy(0) +Hy',,(0))dPy(0),  (220)

it follows by (2.19) and the definition of the Gibbs average in (2.1) that

G* Acix;\ |-G
8FN (t,s,1) = ZElog< c+AG,-xl~)G’ (1-%) > 2.21)
i<N
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Remembering the explicit form of the conditional distribution (1.18) reveals that
~ 1
QSFNO‘,S, [.L) = N Z E (C —l—AGl-*x,-) log(c-l— AG,'X,')

i<N
. Z o <1 B c+AGl-*x,->log<1 _ c—l—AG,-xi>'
i<N N N

Taylor expanding the logarithm and keeping only first order terms reduces this to

~ 1 A
aSFN(l‘,S,‘LL) = ]T/ Z E (C—f—AGi*xl') log(c—f—AGixi) —CcC— — Z ExiE<G,~> + ﬁ)(N_l)
i<N i<N

= % Z E (C—i—AGi*xi) log (c+A<Gi>xi) —c—AmEx; + 0N,
i<N

where the second equality uses the Nishimori identity (2.3). Noticing that the Gibbs average (o;)
is a measurable function of the data by (2.2) and applying the Nishimori identity (2.3) completes
the proof. [

Before leveraging this result to compute the Gateaux derivative (2.14), we begin with some
distributional identities which will simplify the calculation. Fix a finite measure u € . and a
probability measure v € Pr[—1,1]. Let s = u[—1,1] and fix € > 0. Introduce the measure A =

W+ €v and observe that
= A £
A= S T ) (2.22)
s+€&€ s+€& s+¢€
Denote by (x; ) i.i.d. random variables sampled from the measure i1, and write (y; x) for i.i.d. ran-
dom variables sampled from the measure v. Given i.i.d. random variables (w; x) with distribution

Ber (%), notice that by (2.22) the random variables

wik 1—wig

Tk =X Vig (2.23)

are i.i.d. with distribution A. In particular, if (Gf ;) are independent random variables with condi-
tional distribution (1.24), the Hamiltonian (1.23) may be expressed as

T G + A0z \ -G
H]f,+£’)“ (o) 4 Z Z log {(c + A0z k) Gk (1 - ﬂ) ’k] . (2.24)
SN k<T g N

This identity will allow us to linearize the enriched free energy (1.35) upon realizing that
Fy(t,u+ev)=Fy(t,s+€,2). (2.25)

To make the computation as clear as possible, it will be convenient to introduce additional notation.
In the same spirit as (2.15), for each i < N, write

c +AGiYi) 1—5?’]

N (2.26)

. —~ ~y
H]i;,l;;j(c) = H]i;,lm + log |:(C—|- Aciyi)Gi (1
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for the Hamiltonian (1.23) conditional on the i’th Poisson sum containing m+ 1 terms one of which
is sampled from the measure v. Denote by

2t = [ exp (Hi(0)+ Ayt (o)) ari @27)
‘N

its associated partition function. It will be useful to record the following consequence of Taylor’s
theorem,

S\ Li<nmi €
(s-i—g) =1- _Zmi+0<8)7 (2.28)

as well as the elementary identity,
ma(A,m)=An(A,m—1). (2.29)
Lemma 2.4. Foranyt >0, 4 € A4+ and v € Pr[—1,1],
DyFn(t,1t;v) =E (c+ A(0y)yi) log (c +A{0;)yi)

+NE(1- %) tog (1~ W) (2.30)

where the index i € {1,...,N} is uniformly sampled and the random variables (y;) are sampled
from the measure Vv independently of all other sources of randomness.

Proof. Leveraging (2.24), conditioning on the number of random variables (w; ;) that are equal to
one and using (2.28), we see that

~ 1 ;
FN(t,s+8,7L) FN(t s+eH)— —— Z Z mn((s+&)N,m)— ElogZ;;?,f”
z<Nm>O
€ 1 '
+ Z Z (m+1)((s+€)N,m+1)—ElogZy " +o(e).
S+ &€ ZNm>0 N ’

Keeping in mind (2.29), this simplifies to

Fy(t,s+€A) =Fy(t,s+€R)
Z;+g7l,+ S+E,1
+eY Y n((s+€)N,m) (Elog Zs+€z —Elog%) +o(g). (2.31)

i<Nm>0

For each i < N, denote by x; a sample from the measure & and by y; a sample from the measure v.

Write Gx and Gy for random variables with conditional distribution (1.24). These random variables
are taken to be 1ndependent for different values of i < N, and independent of all other sources of
randomness. Combining (2.31) with (2.20) and the distributional identity

Zs+s,z,+ d

Y c+ Ao,
Vi [ (e doy) O (1 Aoy

O exp (Hf (o) + HY 2 (@) di (o)
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yields

N L G Aciyi\1-Gi
Fu(t,s+€,A) = Fy(t,s+€, 1) + € Z ElOg<(C+AGi)’i)G’y (1 _ C+NG)’ > >
i<N

G Acx;\ 1-Gf
_£ZE10g<(c+AG,~x,~)Gl (1—M> >—|—0(8). (2.32)
<N N
i<
Together with (2.21), this implies that

F'(Ls—ke,z)——ﬁk(ns—ke,ﬁ)

DyFy(t,1;v) = lim + s Fn(t,s, 1)

e—0 €
G c+ Aoy, 1-G)
~ Y EI AGiy: ,<1__> .
ié%f (¥g<(c#_ (EyJ N

Notice that the Gibbs averages in (2.32) depend on &g, so in taking this limit we have implicitly
used the fact that this dependence is continuous. Proceeding exactly as in the proof of Lemma 2.3
(after display (2.21)) completes the proof. |

To compare (2.30) with the time-derivative of the enriched free energy in Corollary 2.2 it will
be convenient to once again Taylor expand the logarithm. We will write

DyFy(t,1t,x) = E (c+ A{o;)x) log (c + A{o;)x)

+NE (1 - w> log (1 - %) (2.33)

for the density of the Gateaux derivative D”fN (t,u). Taylor expanding the logarithm shows that
DuFy(t,1t,x) = E (c+ A{0;)x) log (¢ + A(0;)x) — c — Amx + O(N7Y). (2.34)

Corollary 2.5. For everyt >0and u € -,

— —A

DyFy(t,1,x) = (c+ Amx) log(c -l—cz /C

n>2

Ry)xX"—c+O(N7"). (2.35)
Proof. Fix v € Pr[—1,1]. A Taylor expansion of the logarithm shows that

E (¢4 A{o;)yi)log (c+ A(oy)yi) = (c+AmEy; ) log(c )

L

n>1

A/ VE (4 Alay)yi(a)", (2.36)

where we have used that y; is sampled from v € Pr[—1, 1] and is independent of all other sources
of randomness. Since |A| < ¢ and E(o;) = m by the Nishimori identity,

Y —(_An/ Vg (et Moy)lio) = ¥ %(CIEy?]E<Gi>"+AE)’?+1E<GI‘>"H)

n>1 n>1

— —AEy;E(o; +CZ< —Afe)" (= A/C)ﬂ)Ey?E<Gi>n

n>2 n—1
Alc
=—AmEy; —c Z —/EE(R[n])Ey?.
n>2 (n'_ )
Substituting this into (2.36) and recalling (2.34) completes the proof. [
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This result implies that the Gateaux derivative density (2.33) is close to an element in the cone
of functions (1.37). Indeed, if u* = £ ((0;)) denotes the law of the Gibbs average of a uniformly
sampled spin coordinate, then (2.34) may be formally rewritten as

o 1
DuFn(r, ) = [ g(x0)d" () = G (), 237

using the Nishimori identity (2.3) to assert that E(c;) = m. It follows by another application of the
Nishimori identity that

—A
/C ERy)) —=. (239

(c+Am log(c)+ = Z >

N =

Coo (DMFN(I,‘U)) ~

Comparing this with the expression in Corollary 2.2, and assuming the approximate concentration
of all the multi-overlaps,

2
E(Rf) = (E(Rp))”s (2.39)
reveals that, up to a small error, the enriched free energy (1.35) formally satisfies the infinite-
dimensional Hamilton-Jacobi equation (1.41),

atf(tnu) = C‘X’(D,Uf(ta.u')) on R~ X e%Jr- (2.40)

As already mentioned in the introduction, the difficulty in making this informal derivation
rigorous is that we do not expect the concentration of the multi-overlaps (2.39) to be valid for each
choice of the parameters ¢ and y. On the positive side, the arguments in [14] reveal that the con-
centration of the multi-overlaps can be enforced through a small perturbation of the Hamiltonian
which does not affect the limit of the free energy, for most values of the perturbation parameters.
Yet, the solution theory to Hamilton-Jacobi equations is rather sensitive to details, and in particu-
lar, this control “for most values” or after a suitable local averaging is not sufficient to allow us to
conclude. The next section will clarify the nature of this solution theory.

3 Well-posedness of the Hamilton-Jacobi equation

In this section, we leverage the main result in [31] to establish the well-posedness of the infinite-
dimensional Hamilton-Jacobi equation (1.41). The first order of business will be to identify the
initial condition in (1.41). For each integer N > 1, let

I[IN(‘U):FN(O,‘U):ﬁN(O,H[—l,l],E), (3.1

and notice that the initial condition y : .Z; — R in (1.41) should be the limit of the initial con-
ditions (yy). Following [13], we will first compute this limit for discrete measures y € .#, and
later show that the convergence may be extended to all measures in . through a density argu-
ment. Given a measure i € .#, it will be convenient to write IT. (i) for the generalized Poisson
point process with mean measure (¢ +Ax)du(x) on [—1,1]. By generalized Poisson process we
mean that an atom a € [—1,1] with u({a}) > 0 is counted with independent Poisson multiplicity
having mean (¢ +Aa)u({a}). It turns out that the limit of the initial conditions (3.1) is given by
an appropriate average with respect to the randomness of the generalized Poisson point processes
I14 (1), which we denote by EE as usual.
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Lemma 3.1. For any discrete measure L € #., the sequence (Yn(WL)) converges to

l//(,u):—,I.L[—l,l]c—}—pIEllog/Z exp(—u[—1,1JAcEx;) H (c+Aox)dP*(o)
! x€ll; (1)

+(1—p)]Elog/ exp(—u[—1,1]AcEx;) [] (c+Aox)dP(c), (3.2)
= xell ()

where x1 has law [I.

Remark 3.2. From this lemma and its extension to any u € .~ proved in Proposition 3.6 below,
one can also show that for every u € .#,, the density of the Gateaux derivative Dy, y/(u) is

Dyy(u,x) = pE(c+Aox)log(c+Aox)
+(1—p)E(c+Aox)_log(c+Acx)_ —c—Amx, (3.3)

where (-)+ denote the Gibbs averages given by

<f(G)> — fZl f(Cf) CXP(_,U[—l, ”AGEXI)HXEILE(/J) (C+AGX) dP*(G)
+ le exp(—u[—1, I]AGEXI)erHi(,u)(C-l-AGx) dP*(o)

Proof of Lemma 3.1. Since U € . is a discrete measure, it may be expressed as

H = Z pgaag

(<K

(3.4)

for some integer K > 1, some atoms a, € [—1, 1] and some weights p, > 0. Let s = u[—1,1], and
introduce independent Poisson random variables IT; ; ~ Poi(sN) in such a way that

c+ AGxijk) -G,

— l . é'ix.k — ’ *
yn(u) = N Z IEllog/Zl exp Z log {(c%—Acxl,k) : (1 N ]dP (o),

i<N k<TI;

where (x; ) are i.i.d. random variables with law fi. Since each of the expectations in this average
is the same,

c+Aox;

1-G{l .
5 ) }dP (6), (3.5

wv(p) :Elog/ exp Z log {(c—kAaxk)éi(l _
L kSHLs

where (x;) are i.i.d. random variables with law {t and 6% has conditional distribution (1.24) for
i =1 and xy 4 is replaced by x;. To simplify this further, introduce the random index sets

foz{kgnm\é;g:o} and f1={k§H1,s|éz:1}'

Decomposing the sum in (3.5) according to the partition {k <II; } = % U .#; and applying
Taylor’s theorem to the logarithm reveals that

Ao

yn () = Hf‘llog/Z [T (c+Aox)exp ( N

ke ) xk) dP*(o) - (%Jrﬁ(N_z))]ELfoL

ke S
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Conditionally on ¢*, IT; 5 and (xi), the random variable |.%| is a sum of Bernoulli random vari-

ables with probability of success 1 — H%Vﬂ It therefore has mean

Aoy AmE
]E|,,¢O|:EHISE(1_M> :sN(l—M> (3.6)
' N N
and variance bounded by
Aoy Aoy
Var| %| = EIT, s]E(l _or 1’”) <C+ 1’”) < s(c+|A]). 3.7)
’ N N
Using (3.6) and introducing the random index sets .#{ = {k € .# | x; = a,} reveals that
= Elog H H c+Acay) exp(—— Z xk> dP* (o —cs—l—ﬁ’(Nfl).
X (<K ke s! ke,

Observe that for any o € X4,

E‘—— Z xk+AGsIEx1‘ < |A]sIE’— Z xk—Exl‘
ke A ke A

A
< |A|sIE’— y xk—Exl‘ + 2 (Var| A| + [E|S| — Ns|)
k<Ns N

where we have used the fact that |x;| < 1 and Jensen’s inequality in the second inequality. Recalling
(3.7) and invoking the strong law of large numbers shows that

wv(u) =Elog | exp(—AcsExi) [ [] (c+Acar)dP*(0) —cs+on(1). (3.8)
Z (<K ke

The Poisson coloring theorem (see Chapter 5 in [40]) implies that |ﬂf | is a Poisson random vari-
able with mean

ct+Aotay _ *
Tlg .‘u(az) = (C‘I—AGl ag),ll(ag),

so averaging (3.8) over the randomness of ¢* yields

wn (1) = —es+ pElog / exp(—AcsEx) [] (c+Aox)dP*(o)
Z xell (u)

EI - P{G} = 1,x; =a;} =sN-

+(1—p)Elog/ exp(—AasExy) ] (c+Acx)dP*(c)+on(1).
Zi xell(u)

This completes the proof. [

To extend this convergence to all measures in .#,, we will rely upon the continuity of the
functional (3.2) with respect to the Wasserstein distance on the space of probability measures,

(P@—sup{\/h ) dP(x /h )dQ(x ]|||h||up<1} (3.9)

= inf{ /
[~1,1]2

k]

lx—y|dv(x,y) | v €Pr([-1, 1]2) has marginals P and Q}. (3.10)
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Here ||-||Lip denotes the Lipschitz semi-norm

h(x) —h(x
b= sup  HIZHE)

x#x'e[—1,1] ‘x_x/’

(3.11)

defined on the space of functions 4 : [—1, 1] — R. This continuity will be obtained as a consequence
of the following uniform bound on the spatial derivatives of the Gateaux derivative density (2.33).

Lemma 3.3. For every N large enough (relative to ¢), p € M+, t > 0and x € [—1,1],
|DuFn(t, p,x)| < 2¢(2+ [log(2¢)| + [log(c —[A])]), (3.12)
| 0D Fn (1, 1,%)| < e(1+ [log(2¢)| + [log(c — [A])]). (3.13)
Proof. Recall from (2.33) that

DuFy(t,1t,x) = E (c + A(0;)x) log (c + A(0;)x)

—l—NIE(l—#C)log(l—W).

It follows by a direct computation that

c—l—A(Gi)x>.

hDuFN(t, p,x) = AE(0;)log (c+ A{o;)x) — AE(0;) log (1 -

Since all spin configuration coordinates are bounded by one and |A| < ¢, Taylor’s theorem implies
that for N large enough,

|DHFN(t,u,x)‘ < 2c(2+ [log(2¢)| + |log(c — |A|)|),
0D F (e 11,3)] < (1 + [log(2¢)| + [log(c — [A])]).
Notice that the choice of N only depends on ¢ as x € [—1,1] and |A| < ¢. This completes the
proof. [ |

Lemma 3.4. The initial condition Wy satisfies the Lipschitz bound

[y (P) — yiv(Q)| < (1 + [log(2¢)| + [log(c — |A])]) )W (P, Q) (3.14)
for all probability measures P,Q € Pr[—1,1].

Proof. The fundamental theorem of calculus and the definition of the Gateaux derivative in (1.39)
imply that

14 1
WN(P)_WN(Q):/O allfl\,((@_|_t(]13>—(@))dz‘:/O DuI//N(Q—Ft(P—Q);P—Q)dt.

Since the Gateaux derivative of the initial condition admits a continuously differentiable density,
1, rl 1
w® -w@I< [ | [ £xaew- [ fi0daw|a
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for the continuously differentiable function f;(x) = Dy yn(Q+1(P— Q),x). The mean value the-
orem and (3.13) reveal that || f;||Lip < c(1+ [log(2¢)| + [log(c — |A])]). It follows by definition of
the Wasserstein distance (3.9) that

v (1) — wiv (V)] < e(1+ [log(2¢)| +[log(c — [A) )W (P, Q).
This completes the proof. [

Lemma 3.5. The functional v : #+ — R defined by (3.2) is continuous with respect to the weak
convergence of measures. This means that for any sequence of measures (l,) C M+ converging
weakly to a measure L € M, we have

im y () = y(p). (3.15)

Proof. To alleviate the exposition, we will instead prove the continuity of the functional

Iyl(u):Elog/ exp(—u[—1,1]JAcEx;) H (c+Aox)dP*(o)
o xell, (1)

with respect to the weak convergence of measures. Up to an additive constant, the asymptotic
initial condition (i) is the weighted average of w!(u) and another functional of the same form
whose continuity can be established using an identical argument, so this suffices. For each measure
U € A introduce the Hamiltonian

H(o,u) = —AO'/ xdp(x Z (c+Aox)

XEH+

in such a way that the asymptotic initial condition is its associated free energy,
y' (1) =Elog | expH(0.1)dP'(0).
1

Consider a sequence of measures (i,) C .#4 converging weakly to a measure u € ., and let I,
and IT be independent Poisson random variables with means p,[—1, 1] and pu[—1, 1], respectively.
Introduce a collection (X', Xy )xen of i.i.d. random vectors with joint law v € Pr ([—17 1]2) having
marginals [, and f. In this way, the coordinates (X]')ren are i.i.d. with law I, the coordinates
(Xk)ken are i.i.d. with law 1, and we have the equalities in distribution

Y (c+Aox) L Y (c+AocXy) and Y] (c+Ax) L Y (c+AoXy).
x€lly (uy) k<II, xelli(u) k<II

It follows that for any o € ¥,

Y i - Y X,

1
(0, t) — H(o, )| < ] [ xamn() — [ eau()| +elrm, 11|+ ]a
—1 - k<II, k<II

and therefore,

1 1
v ()= v ()] < 18] [ ¥ = [ x| +cE ML, 11] + A B

Y Xi - Zxk‘.

k<II, k<II
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To simplify this further, define the random variable IT,, = min(IT,, IT), introduce a Poisson random
variable IT independent of all other sources of randomness with mean |u,[—1,1] — u[—1,1]|, and
define the collection of random variables (Z}!) by

Xyt I, =11
ko X, otherwise

n

The basic properties of Poisson random variables and the fact that |Z}| < 1 imply that

1
[y () — v ()] SC\A!‘/ xd(n— 1) ()| +cET + AIE Y |70+ IAIE Y [x0— X,
-1 k<IT! k<IT,

1
<o(| [ ot -] 428+ [ a-slavieol).

Taking the infimum over all couplings v € Pr([—1,1]?) with marginals [, and fI reveals that for
n large enough,

! () — v ()] < c(\ /_llxd(un—u)(@\ +2| [ 1,1] = u[—1,1]] +3u[—1,1]W(ﬁn,ﬁ)),

where we have used that EIT, < EIT+ EII, < 3u[—1,1] for n large enough as u, converges
weakly to u. Letting n tend to infinity and recalling that the Wasserstein distance (3.10) metrizes
the weak convergence of probability measures completes the proof. |

Proposition 3.6. For any measure i € A, the sequence (Yy (L)) converges to (3.2).

Proof. Consider a sequence (U,),> of discrete measures such that u,[—1,1] = u[—1,1] for all
n > 1 and 1, — W with respect to the Wasserstein distance (3.9). By the triangle inequality and
Lemma 3.4,

(1) = W) |+ | w(pn) — wiv (i) |+ [ v () — wiv ()|
(1) = W) | + | w(tn) — W ()|
+c(1 4+ [log(2¢)| +[log(c — [AD[)W (1. B)

lw(u)—yw(u)|

where we have used the fact that u,[—1,1] = u[—1, 1]. Combining Lemma 3.5 with Lemma 3.1 to
let N — oo and then n — oo completes the proof. [ |

This result identifies the initial condition for the infinite-dimensional Hamilton-Jacobi equa-
tion (1.41). We may now leverage the main result in [31] to establish the well-posedness of this
infinite-dimensional Hamilton-Jacobi equation. Before we do this, let us introduce the notation
used in [31]; for more details and motivation regarding this notation, we encourage the reader to
consult [31]. Given an integer K > 1, we write

i .
@K:{kzz—K|—2K§z<2K} (3.16)

25



for the set of dyadic rationals on [—1,1] at scale K. We index vectors using the set of dyadic
rationals, writing x = (X¢)xe 7, R>’(§ for a non-negative sequence with values in R>( indexed by
the dyadic rationals Z. More generally, given two sets A and %, we write A” for the set of
functions from % to A. We denote the set of discrete measures supported on the dyadic rationals
at scale K in the interval [—1, 1] by

1

%LK):{HE%HN el
ke

Z X0 for some x = (X¢)re g, € R } (3.17)

and we project a general measure [l € .Z, onto ,///J(FK) via the mapping

() = (12l [l e +275)) o, € RZE, (3.18)

whose inverse assigns to each x € ng the measure

u = @K' kGZQka(Sk e, (3.19)
We identify any real-valued function f : R>o x ///LK) — R with the function
FE 0 = £ (1, ™) (320)
defined on R X Rgg , and we identify the projection of the initial condition with the function
v (x) = y(w) (3.21)

defined on ]R>O The Gateaux derivative of a real- Valued function f:Rx>q X .4 ) R at the
measure [ € A, %) becomes the gradient | Zx |V K (t,xK) (1)) by duality. Indeed

Dy f(t;pu;v) = f(K)(t,x(K)(u)Jr«?x(K)(V)) = VOO w) A Bv) 3622

dele

(K )

for any direction v € .. We fix b > 0 large enough so the modified kernel

gp(z) =g(2) +b (3.23)

is strictly positive, and we introduce the symmetric matrices

1 ~ 1
K) _ / (K) _ ~ (171
" = Tk (8(KK) peg, and Gy = e (8 (KK')) e 7 (3.24)
in RZ«*7k ' We also define the projected cone
Gox = {5,g'<>x eR7 |x e ng}, (3.25)
the projected non-linearity Eb, K: CJZI; x — R given by
~ ~ 1 ~(K) 1 - ,
Cpx GO =GBy = & (kK" ) xpxy, (3.26)
( b ) b 2| Tk |2 k,kg’@K
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and the closed convex set

Hor={GHx e R7 | x € RZg and ||al], = a}. (3.27)

We will measure quantities in the normalized ¢! and ¢!* norms,

1

=— and = max|% , 3.28
[1x[]] ] keZ@K!xkl Iyl ke%l K|l (3.28)

and it will be convenient to write
Bir={y eR7|[|yll,, <R} (3.29)

for the ball of radius R > 0 centered at the origin with respect to the normalized-¢'* norm in R7%.
Recall that a function / : R? — R is said to be non-decreasing if 4(y) < h(y') for all y,y" € R with
y—ye R>0 Proposition 2.3 in [31] will give the existence of a uniformly Lipschitz continuous
and non-decreasing non-linearity Hj, x g which agrees with Cb & on the ball 6}, x N Bk g, and we
will define the solution to the infinite-dimensional Hamilton-Jacobi equation (1.41) by

o) = Jim, (580 ex®a0) Bl )l - 5 ). 330

where fb(ll? 1 [0,00) X ng — R is the unique solution to the Hamilton-Jacobi equation

Hf ) (t,x) = Fpx p (VK (1,x) on Rugx RZ (3.31)

subject to the projection of the initial condition y, : .#, — R defined by

v, (1) +b/ du. (3.32)

The fact that the function f defined by (3.30) does not depend on the choice of the constants b € R
and R > O sufficiently large is established in Proposition 3.14, while the existence and uniqueness
of the appropriate notion of solution to the Hamilton-Jacobi equation (3.31) is established in Propo-
sition 3.12. In order to prove these propositions, we will rely on some results from [31]. To appeal
to these results, we must start by verifying that the initial condition y satisfies a certain number of
hypotheses introduced there. To state these hypotheses, given a closed convex set # C RZK, write

H = 4%/+BK’2—K/2 (3.33)

K/2 around # in the normalized-¢"* norm, and denote by

for the neighbourhood of radius 2™
TV(u,v) =sup{|u(A) — v(A)| | A is a measurable subset of [—1,1] } (3.34)

the total variation distance on .#. . A non-differential criterion for the gradient of a Lipschitz
continuous function to lie in a closed convex set is given in Proposition B.2 of [31].
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H1 The initial condition y : .Z — R is Lipschitz continuous with respect to the total variation
distance (3.34),

W) —y(V)| < [WliLiprvTV (1, V) (3.35)

for all measures v,u € .4 .

H2 The initial condition y : .#Z, — R has the property that each of the projected initial condi-
tions has its gradient in the set .#” 1K

vyE) e L7 (RE s 72, ). (3.36)

H3 The initial condition y : Pr[—1,1] — R is Lipschitz continuous with respect to the Wasser-
stein distance (3.9),

(w(P) - y(Q) < [[¥lLipwW (P,Q) (3.37)
for all probability measures P,Q € Pr[—1, 1].

Lemma 3.7. The initial condition v in (3.2) satisfies (H1)-(H3).

Proof. Recall that Lemma 3.3 implies the existence of a constant C > 0 which depends only on ¢
and A such that for every integer N > 1, u € .#, and t > 0,

|DuFn(t,1t,x)| <C and  |0:DuFn(t,p,x)| <C. (3.38)

To establish (H1) notice that for every integer N > 1 and u,v € .,

() i) = [ Duv(v it -vya= [ [ e -v)wa

for the continuously differentiable function f;(x) = Dy (Vv +t(i — v),x). To bound this integral
by the total variation distance, let n = 4 — v € .#, and use the Hahn-Jordan decomposition to
write 1 =N+ —1n~ for measures N7, N~ € .4 with the property that for some measurable set
D C [—1,1] and all measurable sets E C [—1, 1],

nT(E)=n(END)>0 and n (E)=-n(END")>0.

The triangle inequality and the first bound in (3.38) imply that

i —wol<| [ [ awar@|+| [ ] #wan e

<C(n*[-1,1]+17[~1,1))
<2CTV(u,v).

Using Proposition 3.6 to let N tend to infinity establishes (H1). To prove (H2) notice that by (3.22)
and (2.34), for every y € ]R>0, there exists some probability measure u* € Pr[—1,1] with

1 S—
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(K)

If ug = M0 (o) € /ZJ(FK) denotes the projection of u* onto . ()

, then the mean value theorem

implies that

vt : ¢/l
G (=GR < X [ Jalky) — (k)] du* () < 152,

k’E@K

where we have used that u% (k') = p*[k’, k' +27K) for every dyadic k' € Zk. This means that

Gu: (k) +0 (27)+ o (N7 = KB (i) + 0 (27 + 0 (N7

K 1
3ka’1£1 'y) = 174 O

so, for K large enough, we have VWIE,K) (y)=w+0 (N_l) for some w € J#, ;. At this point fix
cc€Randx,x’ € R? with (x' —x)-z > cforevery z € 7 1 k- The fundamental theorem of calculus
reveals that

1
i) -yl () = /0 vyl (i + (1 —1)x) - (f —x)dt > e+ 6 (N7).

Using Proposition 3.6 to let N tend to infinity shows that y®) (x') — yX) (x) > ¢ and Proposition
B.2 in [31] gives (H2). Finally, (H3) is a consequence of Lemma 3.4 and Proposition 3.6. This
completes the proof. |

This result allows us to invoke Proposition 2.3 in [31] to extend the non-linearity 6;,71( in
(3.26). It will be convenient to write M, = max_ j gp and my, = min;_p ] g» > 0.

Proposition 3.8. For every R > 0, there exists a non-decreasing non-linearity ﬁb,KR ‘RZ% R
which agrees with Cp, xk on 6}, xk N\ Bk g and satisfies the Lipschitz continuity property

SRM,,

(3.39)

“:lb,K,R (v) — ﬁb,IQR(y/)’ H| Yl

forall y,y' € R,

The well-posedness of the Hamilton-Jacobi equation (3.31) is the content of Theorem 1.1
in [31]. Before stating this result, let us remind the reader of the notion of a viscosity solution and
introduce some more notation.

Definition 3.9. An upper semi-continuous function u : [0,00) X ng — R is said to be a viscosity
subsolution to (3.31) if, given any pecC” ((0,00) X ]ng) with the property that u — ¢ has a local
maximum at (t*,x*) € (0,00) x RZK

>0
(99 —Hyxr(V9)) (") <. (3.40)
Definition 3.10. A lower semi-continuous functlon V: gO RQK — R is said to be a viscosity

supersolution to (3.31) if, given a;zy (NS C°° wzth the property that v— @ has a local

minimum at (1*,x*) € (0,00) x R7K,

(96 — Hp.x r(V9)) (",x*) > 0. (3.41)
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Definition 3.11. A continuous function f € C ([(),oo) X R?g ) is said to be a viscosity solution to
(3.31) if it is both a viscosity subsolution and a viscosity supersolution to (3.31).

Given functions / : ng — Rand u: [0,00) X ng — R, define the semi-norms

p— / —
LT N ) R
I, i :

xeRﬁg

|||h|||Lip,1 = sup (3.42)

x#£x! ERZ{)(
Introduce the space of functions with Lipschitz initial condition that grow at most linearly in time,
£={u:[0,00) x R'@K — R | u(0,-) is Lipschitz continuous and [u]y < o}, (3.43)

and its subset of uniformly Lipschitz functions,

Sunir = {u € & supa, My <o} (3.44)
1>

Combining Theorem 1.1 with the arguments leading to the second conclusion of Lemma 6.1
in [31] gives the following well-posedness result for the Hamilton-Jacobi equation (3.31).

Propositio% 3.12. For every R > 0, the Hamilton- Jacob[é equation (3.31) admits a unique viscosity
solution f, R S Lunif subject to the initial condition Y, "°. Moreover, the solution has its gradient
in the closed convex set #. Lk

ViR € L=([0,00) x RZE: A, ), (3.45)

and it satisfies the Lipschitz bound
K ~ (K -
sup L7y ()l = I iy < 190 i (3.46)
> .,

In addition to this existence and uniqueness result, it will be important to record the following
comparison principle for the projected Hamilton-Jacobi equation (3.31). This comparison principle
is a consequence of Corollary A.12 in [31].

Lemma 3.13. If u,v € £y,ir are respectively a continuous subsolution and a continuous superso-
lution to (3.31), then

sup  (u(t,x) —v(t,x)) = sup (u(0,x) — v(0,x)). (3.47)
RoxRZK R7K

The existence of the limit (3.30) defining f (¢, 1) is a consequence of Theorems 1.2 and 1.4 in [31].

PropOSItlon 3.14. Let b € R be such that the kernel g, defined in (3.23) is positive on [—1,1], let
V), be defined by (3.32), and for each integer K > 1 and R > || Wp||Lip.Tv, denote by fb & the unique
viscosity solution to the Hamilton-Jacobi equation (3.31) subject to the initial condition v, . The
limit (3.30) exists, is finite and is independent of R and b. This limit is defined to be the solution to
the infinite-dimensional Hamilton-Jacobi equation (1.41).

To establish Theorem 1.1, the idea will be to show that the enriched free energy (1.35) is
essentially a viscosity subsolution to the infinite-dimensional Hamilton-Jacobi equation (1.41).
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4 The free energy upper bound

In this section, we combine the computations in Section 2 with the arguments in [57] to essentially
show that the enriched free energy (1.35) is a viscosity subsolution to the infinite-dimensional
Hamilton-Jacobi equation (1.41). This equation is given a precise meaning by Proposition 3.14.
As alluded to in Section 2, we will perturb the enriched Hamiltonian (1.34) to enforce the con-
centration of all the multi-overlaps (2.11) without changing the limit of the associated free energy.
The perturbation Hamiltonian we will now describe was introduced in [14] to prove a general
multi-overlap concentration result whose finitary version we establish in Appendix C.

Fix an integer K which will be chosen sufficiently large in the course of this section, and
write A = (A, A1, ..., Ak, ) for a perturbation parameter with Ag € [1/2,1] and A € [27%1,274]
for 1 <k < K. Given a sequence (&y) with &y = N7 for some —1/8 < y < 0 and a standard

Gaussian vector Zy = (Zp 1,...,Zon) in RV, introduce the Gaussian perturbation Hamiltonian
HY"™ (0,h0) = =) (Meno; 01+ MoenZ,i0;) (4.1)
i<N

associated with the task of recovering the signal 6* from the data
Y8 — \/Apeno™ + Zp. 4.2)
Notice that
1>ey—0 and Ney — oo, 4.3)
Similarly, consider a sequence (sy) with sy = N for 4/5 < 1 < 1 in such a way that

W oo and X Lo 4.4)

N VN

Fix a sequence of i.i.d. random variables (m;) with Poi(sy) distribution as well as a sequence
e = (ejx) of random variables with Exp(1) distribution. For every j < m, sample i.i.d. random

indices i jx uniformly from the set {1,...,N}, and define the exponential perturbation Hamiltonian
by
7Lke jkGi " e
— ) KTk XP (=)
I = ; <log(1 +7Lk61jk) 1+lkc7].*, ) and Hy (0)= Z . 4.5)
JS T Ljk 1<k<K,

Observe that this is the Hamiltonian associated with the task of recovering the signal o* from the
independently generated data

€ ik
Yo —_ % 4.6
Jjk 1+ A’kcl?;k ( )
for j < m and k > 1. Introduce the perturbed Hamiltonian
Hy(o,1) = Hy! (0) + HY" (6,20) + Hy P (0, 1) 4.7)

as well as its associated free energy

—er 1
Fr t(t,u,)t):ﬁElog . expHy(o,1)dPy (o). (4.8)
‘N
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Since the Gibbs measure associated with the Hamiltonian in (4.7) is still a conditional expectation
as in (2.2), it will still satisfy the Nishimori identity (2.3). An essential property of the perturbation
Hamiltonians (4.1) and (4.5) is that they do not affect the asymptotic behavior of the enriched free
energy (1.35).

Lemma 4.1. For everyt >0, u € .# and A, the enriched free energy (1.35) and the perturbed
free energy (4.8) are asymptotically equivalent,

lim [FR™ (7,1, A) — Fn(t, )| = 0. (4.9)

N—roo

Proof. A direct computation reveals that

—=pert

— 1 . 1
gauss exp

For any spin configuration ¢ € Xy,

|HY'"(0,40)| < Nen++/en Y |2,
i<N

while

ex e
HXP(6,0) < ¥ Z(log(1+xk)+1k_;fk>.

1<k<K' j<m

Since these bounds are uniform in o, it follows that

B B A
PR (1, A) = Fu(1,0)] < ew+ EnEZoi + 50 Y. <1°g(1 AT )
N & 1 — X

The third term was obtained by taking the expectation with respect to the randomness of e first and
then with respect to the randomness of (7). Leveraging (4.3) and (4.4) to let N tend to infinity
completes the proof. [ |

With this result in mind, we abuse notation and redefine the perturbed free energy (4.8),
1 —
Fy(t,p1,1) = Nlog/ expHy(0,A)dPi(0) and Fx(t,u,A) =EEy(t,m,A).  (4.10)
Y

For every integer K > 1 and x € ng , we denote by

Ftx2) =Fy(6,u™ 4) and FW(6,x,4) = EFS (1,x,1) @.11)
the finite-dimensional projections of these perturbed free energy functionals. In the same spirit

as (3.30), given b € R such that the kernel g, defined in (3.23) is positive on [—1, 1], introduce
translated versions of these free energy functionals,

1
Ryt 2) =Bl d)+b [ du+ D and P h) =BRmA).  (412)
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For every integer K > 1 and x € ng , we denote by

FS,x,2) = Fyp(6,10,2) and T (1,0,4) = EFS (1,1, 1) (4.13)
the finite-dimensional projections of these modified free energy functionals. Similarly, we write

F 7 7 bt
Py =Fu(u®) and B0 =F o+l +5 @14

for the finite-dimensional projections of the enriched free energy (4.12) and its translation accord-
ing to (3.30). Combining Lemmas 2.1, 2.4 and 3.1 with the Arzela-Ascoli theorem, it is possible
to extract a subsequential limit F&) from the sequence defined by (4.14) for varying N. Passing to
a further subsequence and using a diagonalization argument, it is also possible to ensure that

F®)(,x) = limsup Fo (£, x) (4.15)
N—soo
for all (z,x) € (0,00) x R@ - The key to establishing Theorem 1.1 will be to show that, in some
sense, the subsequential 11m1t F&) is an approximate subsolution to the Hamilton-Jacobi equa-
tion (3.31) for some R > || Wp||LipTv + ||85 |- + 1€} || + 1 Which will remain fixed throughout this
section.

We fix a smooth function ¢ € C((0,e0) x R7X) with the pr gerty that the difference F(K) — ¢
achieves a local maximum at some point (fe,Xe) € (0,00) x RZ§. Recalling that the index K
controls the number of terms in the perturbation Hamiltonlan 4. 5) we introduce the parameter

(1,271,272 27Ky (271272 273 L 27K

= 4.16
Moo > (4.16)

as well as the smooth function
O(t,x,4) = (1,%) + (t — 1) + [ x = X3 + | A — Auc] 3. (4.17)

It is clear that (¢,x,4) — F&)(z,x) — ¢(¢,x,A) has a strict local maximum at (fu, Xeo, Ao ). Arguing
as in the proof of Lemma 4.1 shows that (¢,x,4) — FA(, )(t x, ) converges to (¢,x,A) — F&) (¢, x)
locally uniformly. It is therefore possible to find a sequence (tn,xn,An) which converges to the
POINt (£, Xeo, A ) and has the property that (z,x,2) — Fy (t x,A) — @ (t,x,A) attains a local max-
imum at (zy,xy,Ax). More precisely, it is possible to find a constant C < oo which is allowed to
depend on K, K, f, X and the function ¢ such that

(17;\51() —5) (tn, XN, An)
=sup{ (FN" = 8) (t.x. ) [ 1= vl + [x—awla+ |2 = Avl <€ 7'} 418)

We will use such a constant C < o at various places in this proof, and we understand that its value
may need to be increased as we proceed; the important point is that it does not depend on N. The
choices of A in (4.16) and x.. € R ensure that when N is large enough (Ay); € (27%~1,27%)
for0 <k <K, and xy € ]ng . Increasing C < oo if necessary, it is therefore possible to guarantee
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that for N large enough the supremum on the right-hand side of (4.18) is taken over triples (z,x,1)
witht >0, x € ng and A4 € 2751 27K] for 1 < k < K. It follows that

3 (FN = 9) twoxw ) =0, V(P = 6) (o, 0, y) = 0 (4.19)

and
VA (F](VK) — ¢) (ZN,XN,A,N) = Vl (F;\SK) — ¢> (ZN,XN,AN) =0. (420)

The majority of this section will be devoted to using the second equality in (4.20) in conjunction
with the main result in Appendix C to show the concentration of a finite but very large number
of the multi-overlaps (2.11). We will then combine this finitary multi-overlap concentration result
with the computations in Section 2 to establish the following crucial result.

Lemma 4.2. Fix R > || ||Lip.tv + |85l + [|8), le + 1. For every € > 0, there exists a choice of
integer K > 1 in the perturbed Hamiltonian (4.7) with the property that for any integer K > 1, it
is possible to find a constant & x with

lim sup (a,ﬁﬁé’() ST (Vﬁﬁé’“)) (tN,xN,lN)‘ < g 4.21)

N—roo

and limg_,olimg e &¢ g = 0.
For the time being, let us prove Theorem 1.1 assuming Lemma 4.2.

Proof of Theorem 1.1 assuming Lemma 4.2. Given € > 0, invoke Lemma 4.2 to find an integer
Ky > 1 in the perturbed Hamiltonian (4.7) with the property that for any integer K > 1, it is
possible to find a constant & g with

limsup (a,?j@’() —Fpxr (Vﬁj@’“)) (tns v ),N)‘ < ok (4.22)

N—roo

and limg_,0 limg_. & k¥ = 0. Given an integer K > 1, the idea will be to show that the test function
peC” ((9, o0) X ng ) introduced above satisfies the subsolution condition in (3.40) for the non-
linearity Hy x g at the point of contact (fe,Xe) up to the small error & k. This will mean that
the subsequential limit F&) of the modified free energy (4.14) is a viscosity subsolution to the
Hamilton-Jacobi equation (3.31) up to a small error. More precisely, the function

FX = F® _tg, ¢ (4.23)

will be a viscosity subsolution to (3.31). This observation will allow us to leverage the comparison
principle in Lemma 3.13 to bound the limit superior of the enriched free energy (1.35) by the solu-
tion f to the infinite-dimensional Hamilton-Jacobi equation (1.41) constructed in Proposition 3.14.
We proceed in two steps.

Step 1: I::S(K) subsolution.

Since xy — X assume without loss of generality that (xy) C ng . It follows by (4.19) that

(99 —Hpx r(Vx0)) (tn, 0w, An) = (@F;\(zm —Hyxr (fof\(zl())) (tn,xn, An),
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so letting N tend to infinity and combining the definition of a with (4.22) yields

(al(fl; - vab,[(,R (an)) (too,xoo) S (5)87[{.

This shows that the function (4.23) satisfies the subsolution condition in (3.40).
Step 2: comparison principle.
The comparison principle in Lemma 3.13 gives the upper bound

F®(1,2) < f8) (1,2) +16ex. (4.24)

We have implicitly used that F%) and f;ll? are continuous and have the same initial condition by
Proposition 3.6. We have also used that fhey both belong to the solution space £yif by Proposi-
tion 3.12, (2.1), (2.4) and a simple application of the mean value theorem. With (4.24) in mind, fix
a finite measure u € .#~, and introduce the discrete measure

defined in (3.19). It is readily verified that E(K) — [ with respect to the Wasserstein distance
(3.9). Moreover, an identical argument to that in Lemma 3.4 leveraging the second bound in (3.13)
reveals that

Fi(,) < Cu[- 1w (ILES) + Fy (1,250 (1))

for some constant C’ that depends only on c. We use the letter C’ instead of C to emphasize that the
constant C’ does not depend on K. Letting N tend to infinity, recalling (4.14), (4.15) and leveraging
(4.24) yields

— bt
limsupFy (1, 1) < C'u[= 1 1W (1,559 + fi5 (1.6 (W) = IO @)l = 5 + 1
N—o0

Invoking Lemma 4.2 and Proposition 3.14 to let K tend to infinity and then € tend to zero completes
the proof. |

The rest of this section is devoted to the proof of Lemma 4.2 which will be obtained by com-
bining the computations of Section 2 with the main result of Appendix C to show the concentration
of a finite but very large number of the multi-overlaps (2.11). In the notation of [14], for any per-
turbation parameter A, let

Ao.N = eno, (4.25)
and introduce the quantities
I . o7y
Ly=-"Y_ where I =09, H"(c,0)=¢ (G-G*—i— ), 4.26
b= Ney b= onHy™ (0, R0) = e 2 Ton (420
! 1 e
L=k where =0 HLP(0,A)= o.( — A ) 4.27)
SN ¢ Hw ( ) jgfk " 1+Ak6"jk (1+lk6ijk)2
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for 1 <k < K. The importance of these quantities stems from the fact that

1
D F (1,x,1) = <,%ﬂ0> afOFléK)(r,x,z):N(( >— 3/2 zo) (4.28)

I Fy

k

A e 0) = (), BFS i) = (G ) + () (4.29)
for 1 <k < K, while

7wy

BN (1,3, 0) = (<<%”/%’7<'> —(AWA)) (4.30)
for 0 < j # k < K. Here, and for the remainder of this section, the Gibbs average (-) will always
be associated with the perturbed Hamiltonian (4.7) evaluated at a triple (z,x,A) which will be clear
from the context. It will also be convenient to record that for 1 <k < K.,

1 Cij O; € jk
H" = ? H® (o, \) = — 2 K d|E(#"] < Csy. (431
W00 = L~ e a4 B DS G (43D

> J Jk

To obtain the concentration of the multi-overlaps (2.11) we will show the concentration (C.8)
of the quantities .7}, for the Gibbs measure with parameters given by the contact point (fy,xy, Ay ).
This concentration will be deduced from the fact that the averaged free energy is being “touched
from above” by a smooth function at the contact point, thereby constraining its Hessian at this
point, together with the concentration of the free energy FNK about its average FNK . Due to the
constraint on the Hessian at the contact point, we will be able to extend the concentration result on
the free energy into an estimate on the concentration of its gradient. We decompose this argument
into a series of four lemmas: the first two essentially bound the Hessian of the perturbed free energy
(4.11) from above and from below; the third leverages the free energy concentration result in
Appendix B to estimate the uniform L”-distance between the quenched and averaged free energies
(4.11); while the fourth extends this to a control on the gradient of the free energy.

Lemma 4.3. For any perturbation parameter A with |A|j; < C~1,
—=(K —=(K —=(K
FO (00, Ay +4) = F (i, 300, ) — A - V3 F S (1,00, Aw) < CJIA 3 (4.32)
Proof. Fix a perturbation parameter A with |||, < C~!, and notice that (4.18) gives
FN (i, Ao+ ) = T (o ) < o, i A -2) = @i )
On the other hand, Taylor’s formula with integral remainder implies that
F;\(IK) (lNaxN7 A’N + }L) - F;\(IK) (lNaxN7 A’N)

1
— 2V (1w Aw) + / (1—A-V2EE 1y v, Ay +sA)Ads,  (4.33)
0
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and similarly,
O (tn, v, v+ A) — @ (t,xn, An)
~ 1 -
:A-vm(IN,xN,/xNH/ (1—5)A- V2§ (1, xy, Ay +5A) A ds.
0

Combining (4.19) with the chain rule shows that A -V, ¢ (y, xx, Av)=A7- V,lff\(,K) (tn,xn,Ay), and
therefore

1 -
/ (1= )2 - V2FE) (e, A+ sA) A ds < / (1—$)A- V2§ (ty,xn, Ay +sA) A ds
0 0
< ClA|3-
Substituting this into (4.33) gives
F](\]K) (tN,XN,lN"‘A) _F[(\IK) (terNa)LN) - F;\(]K) (tN,XN,A«N‘I—)L) _F;\(]K) (terN?)'N)

< A-VAFN (o, ) + ClIA L

— A-VRFW (ty,xw, )+ ClIA 3
This completes the proof. u

Lemma 4.4. There exists a random variable X with EX? < C such that, for all perturbation
parameters A with |A|, < C71,

F( )(tN,xN,lN—l—l) ( )(IN,XN,AN) ;L-V;LFA(,K)(IN,XN,AN) > —X|’)LH% (4.34)

Proof. Since ty and xy remain fixed throughout, write FA(,K) (A) for F]\(,K) (tn,xn, A ). Introduce the
function

() = FO) - Y00 5 71

N

v LY (8A%ej—log(1—A). (4.35)

i<N 1<k<K, j<m

Leveraging (4.28) and Holder’s inequality, one can see that

2

ZO+ ‘Z01‘> %_ %>) .
3/2 4N7L§{V2£‘v < = )

02 h(A (A — () —
h(A) = < 0 )% ]

Using (4.29) and (4.31) reveals that for 1 <k < K.,

B 1) = (A~ (AP

+ 1< )} ( 1 +2 Oip O +16e g+ — >>
J— — e. —_— .
N\ (14 20,)7 *~(1+ X0}, KT =22

J<m

Since A; < 1/2 and all spin configuration coordinates are bounded by one, it is actually the case
that {
Rh(0) > (A~ (A5))P).
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Together with (4.30), this shows that Vih is positive definite and therefore 4 is convex. It follows
that for any perturbation parameter A with |||, <C~!,

h(Ay +2) = h(Ay) + A -V h(Ay).

Remembering the definition of % in (4.35), this shows that the left-hand side of (4.34) is bounded
from below by

% <\/(7LN)0,N +AoN — \/(AN)O,N lN)ON) ) 120,

i<N
+ le | kZ’K Y e ((Mv)i + 22 (AN )i — (Aw )i + mz)
<k<Ky j<m
1 1 —(An)k — M Ak
+N1S£K+J.§Tk (log( 1_()LN)k ) " 1_(AN)k).

Increasing C if necessary, Taylor’s theorem with differential remainder gives a perturbation param-
eter A with A, € [27%~1,27¥] for 0 < k < K, whose value might not be the same at each occurrence
such that

v (Ao, N)
(Ao shon

()2 + 22 Ak — ()i + ) = =42

1— (M) — M M A7 592
1°g( T— () )*1—<7w)k B ATEGS

It follows that the left-hand side of (4.34) is bounded from below by

12
0 Z| 0,i

l<N

\/(AN)O,N +2AoN — \/(lN)o,N > —\endg > =24

Y A2 Y (Bej+2) = —X|IAl3

1<k<Ky  j<m

N

for the random variable

Z|ZOI

l<N

Y ) (Bey+2).

1<k<Ky j<m

N

Using the Cauchy-Schwarz inequality, taking the average with respect to the randomness of (e j)
before the average with respect to the randomness of (7;) and remembering (4.4) shows that

2
e < o (5(Lizd) + L E(E Gent))
i<N 1<k<K, j<m
C
]7<NE|ZOM+( —N)E|Zo1Zo21+ ) EﬁkZ(gejk+2)2>
1<k<K., j<m
C

< (VP +sytsy) <C.

This completes the proof. [
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Lemma 4.5. For every M > 0 small enough, p € [1,) and € > 0, there exists C < o not depending
on N such that

1
<E sup )(FJSK)—F}VK)>(tN,xN,/IN+A))p)pgCN—é+€_ (4.36)
A M

Proof. Let0 < M < 1/2 be small enough so that (Ay +A); € [27%1,27%] for 0 < k < K, whenever
|A||l« < M, and for each perturbation parameter A introduce the random variable

Y(A) =< Y A

0<k<K,

where the Gibbs average is associated with the perturbed Hamiltonian (4.7) evaluated at the triple
(tn,xn,An + A). The relevance of these random variables stems from the fact that by the mean
value theorem, (4.28) and (4.29), for every A, A’ in the £~°-ball of radius M,

E) (0w, Ay A) = B (i o0, Ay + A1) | §C| Sup Y(mlA -2
nlle<M

Averaging this inequality also shows that for every A, A’ in the £*-ball of radius M,

TS (1,2, A+ A) — Fo (b, xn, A+ A1) < B sup ¥(m)A ~
N||eo<M

These two bounds imply that for any even integer g > 2,

_ q _ q
E sup ‘(FA(/K)—FJ(VK))(lNny,lNﬂL/I)‘ SESUP‘(FI\(IK)_FI(VK)>(IN7)CN7)LN+)L)
[A]|w<M A€A,
+CeE sup Y(A)?
| A]Jeo <M

for A = €Z'"%+ N {||A|| < M}. Indeed, every A is at most at distance €(K + 1) from an ele-
ment in A¢ with respect to the ¢!-norm. Bounding the supremum over A¢ by the sum over A¢ and
invoking the free energy concentration result in Proposition B.4 shows that

E sup ‘(FA(,K)—E(VK)>(tN,xN,AN+l)‘q§C|A8|N_%+C8qE sup |Y(A)[9. (4.37)

IA||e <M 4] <M

To bound the moments of supy . <p|Y (4)[ fix I <k < K. Holder’s inequality and (4.27) reveal
that

1 €ik q
E sup [(4)1<E sup + ]
Aoy A<M ;;rkl—()w”)k (1= (A +2))?
|y 4(14ej) q<Eng‘1 Yy 4(1+e) |
- ank(l_ZM)z B JE<me j<my (1-2M)?
<CEn,
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where the last inequality is found by averaging over the randomness of (e ). Similarly (4.26) and
Holder’s inequality give

/ q * |G'ZO‘ 1
E sup [()|?<eyE sup |lo-0"|+ 7
A <M 1A <M 23/ “((Aw)o + Ag)?/?
2W9E|o-Znl4 q
<cel <N‘1+ - o Z) ) < CelNe.
2€d/7(1—2M)4

Combining these two inequalities with Lemma B.2 and recalling the choices (4.3) and (4.4) of &y
and sy shows that
E sup [Y(A)]?<C. (4.38)
A<M

Substituting this into (4.37) and noticing that |A¢| is of order £~ (K++1) yields

E sup |(FY =T ) v aw+2)[ < C(e KON 4 g0),
IAl<h

—_ 9
Taking 1/4q’th powers and choosing € =N 24+K++1) gives

q

1
(E P ‘(Fi\(fK) _F](VK))(tNaxN,;LN+}L)‘q) ’ < CN~ 2@Hks+D) |
12| <M

Notice that the power on the right-hand side can be made arbitrarily close to —% by taking g large
enough. Invoking Jensen’s inequality completes the proof. [

Lemma 4.6. For every € > 0, there exists a constant C < oo not depending on N such that
— 2
E HVl (F]\(,K) —F}VK)> (rN,xN,/lN)H2 < CN-b+e. (4.39)
Proof. Given p € [0,C~'], consider the random perturbation parameter

Vi (FA(,K) —F](VK)> (Z‘N,XN,).N)

AGEEN)

A=u-

Combining Lemma 4.3 with Lemma 4.4 shows that

(B =) v A+ 2) = (B = F ) (v, )

> || Vi (R = FW) (v )|, = (€+ ) 1215

Rearranging, squaring and taking expectations yields

,qu HV;L <FA(,K) _Fg\?) (t;\/,)cj\r,ﬂ,;\])”2 < C(]E sup

_ 2
(FA(/K)—Fz(vK)>(fN,XN,7LN+7L)‘ +ut,
2 A Jo<C1
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where we have used the fact that EX? < C and ||A||> = . Invoking Lemma 4.5 gives
K) (K 2 1

Optimizing over u leads to the choice u =N —3%5 and completes the proof. [
Lemma 4.7. For any 1 < k < K., there exists a constant C < oo not depending on N such that

E((%—-E(%))*) <CN# and E{(%—E(ZL))?) <CN . (4.40)
Here, the Gibbs average (-) is associated with the perturbed Hamiltonian (4.7) evaluated at the
contact point (tn,xn, AN ).

Proof. A direct computation using (4.28) shows that

N2EZE((L —E(%))?) =E{(H — ()>) +E () —E(A))°
2

—(K £
:Na)%OFI(V )<Z‘N,XN,)LN) + 4—21/2E<G> -2y

0,N
+NE (9 (B = F) (v A) ) g

It follows by Lemma 4.3 and Lemma 4.6 that for any € > 0,
C 2—-3 _1 _ 31y _1
E((Z—E(%))*) < NZ—g]2V<N+N8N 2 4N z*g) :C(NZW‘ Ly NalT oy N2 z).

Remembering that —1/8 < v < 0 gives the first bound in (4.40). To establish the second bound, fix
1 <k <K,. A direct computation using (4.29) yields

SE((L—E(4)?) =E(( — ()} +E (o) —E(A4))?
= NORFN (tvxw, M) — B (")

T N2E (% (F]yﬂ —E(VK)) (tN,xN,/lN))z.

Invoking (4.31), Lemma 4.3 and Lemma 4.6 reveals that for any € > 0,

E((Z —E{(Z))*) < £2 (N+SN +N%+8> — C<N1*2’7 LN +N%+872T]).
SN

Choosing € = 1/20, and recalling that —1/8 < y <0 and 4/5 < n < 1 completes the proof. W

This result implies the fundamental assumption (C.8) in Appendix C. Combining this with
Lemma C.1, Lemma C.2 and Proposition C.3 and fixing € > 0, it is possible to find 6 > 0 so the
statement of Proposition C.6 holds. In particular, setting Ky = |8 ! | in the perturbed Hamiltonian
(4.7) ensures that

E((Rpw — E(Rp))?) <& (4.41)

for 1 <m < |e~!]. Together with the computations in Section 2, this multi-overlap concentration
allows us to finally give a proof of Lemma 4.2.
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(K)

Proof of Lemma 4.2. To alleviate notation, we always implicitly assume that F, ' and its deriva-
tives are evaluated at the contact point (¢v,xy,Ay). The definition of the modified free energy in
(4.12) and Corollary 2.2 reveal that

(=A/o)"

— (K 1
8,F;\(,):§(6+Am log(c)+ = Z = 1)

n>2

E(R3,) - —+ +ﬁ -1, (4.42)

On the other hand, the duality relation (3.22), the definition of the modified free energy in (4.12)
and Corollary 2.5 imply that for any k € Yk,

1
8xkFN 0 =7 ((c+Amk log(c +cZ R[n]>k”—c+b) +O0(N7h.

n>2 I’l—l

If we denote by u* = _Z({0o;)) the law of the Gibbs average of a uniformly sampled spin coordinate,
then the Nishimori identity (2.3) and the definition of g;, in (3.23) allow us to rewrite this as

—«K)_L/l - ] -
OFN =150 ) Bl d () + & (N7F).

The mean value theorem shows that

1 ! ~ * ~(K) (K) (% k27K ~ ~ / *
Zkl| = [ @ aw o) =GO @ < X [T 18k - k) ()
| Dk | )1 W R
||gb||°°
= 2K 9

which means that

)& ot < J8lle
IVFY =G, < SR+ o (V).

In particular,

185l
2K

NGO W)l < NVEN e+ 2= + 0 (V) < @lle+ 1o+ 6 (V1) <R

for N large enough. Remembering that I:]b,K7R coincides with Eb7 K on ‘627 k N Bk r and leveraging
the Lipschitz continuity of H, x g in Proposition 3.8 gives

8RM,|g), ||

7 —=/I(K = ~(K " _
)H’*K’R <VxF"(’ )) = o (G ))‘ ST +O(NT).
Another application of the mean value theorem shows that
= (K) I b oo
Cb,K(G K gb (xy)dp™(y)du™(x)| < ,

while a direct computation using the Nishimori identity (2.3) reveals that

A/c > ¢ b
(k) 5 +2

1/ . . 1
3 [ Bl d 0)du () = 5 e+ a7 log(e) + 5 ¥ 5 55

n>2
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It follows by (4.42) that up to an error vanishing with N,

(=A/c)"
b n(n—1)
Invoking the multi-overlap concentration (4.41), noticing that the multi-overlaps are bounded by

one and using the formula for the sum of a geometric series implies that, up to an error vanishing
with N,

8RMp||gp |l 18]l
2 bllSp
E((Ry) — E(Ry))?) |+ gt

atfﬁé HKR<V FN )‘ < ’2

2 = =
LK) ~ _ ec ¢ 8RMp||&) [l | 118"l
8F'(K)—HKR(V F’(K))‘ << IA/e)" + pllew | 118 Nlew.
t'N ) XN 2(C—|A|) 2n2§1j ( ) szl% 2K
Defining & k to be the right-hand side of this expression completes the proof. [

S5 The disassortative sparse stochastic block model

In this section, we leverage Theorem 1.1 to recover the known variational formula for the sparse
stochastic block model in the disassortative regime, A < 0. The idea will be to apply Theorem
1.5 in [31] to the infinite-dimensional Hamilton-Jacobi equation (1.41) and obtain an infinite-
dimensional Hopf-Lax formula. This Hopf-Lax formula will coincide with the standard variational
formula obtained in [13, 28] and stated in Theorem 1.1. The key insight will be that in the disas-
sortative setting, for b large enough, the function gj, in (3.23) is such that

/ 11 / 11 2 () du(x)du(y) > 0 5.1)

for every signed measures i € .#;. This assumption is equivalent to the non-negative definiteness
of each of the matrices G, ) and to the convexity of each of the projected non-linearities (3.26).

Lemma 5.1. If A <0 and b is large enough, then the function g, : [—1,1] — R defined in (3.23)
satisfies (5.1).

Proof. By a simple approximation argument, it suffices to establish (5.1) for a discrete signed
measure of the form

0,
u= ’@KUZ X Ok

€Dk
for some x € RZ% . For such a measure,

/ / gp(xy)du(x)du(y) = |@ o Z gb(kk’)xkxk/:xTél(JK)x,
K| k'€ Dy

so (5.1) is equivalent to the non-negative definiteness of each of the matrices C?Z(JK). Observe that

for any k, k' € Y,

~ 1 1 —A
(6 ) = ) = |Kyz(”+clog<)—c+Akk’log +CZ /C ""/>

n>2
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If we introduce the vectors k = (k)ic, and 1 = (1)xeg,, and write ®n for the n-fold Hadamard
product on the space of Zx x Yk matrices, this implies that

~k) 1 _ T (=A/fe)" (1 Tyon ~(K)
G, = L ((b+clog( ) — )it + Alog(c)kk +n§2 1) (kk") = lim Gy yy

for the matrix

G = o <(b+clog(6) o’ + Alog(c)kk” + Y %(k”)@n)-

ey nin—1

Choosing b > 2c|log(c)| + ¢ ensures that the first two terms in this sum define a non- negatlve
definite matrix. Using that A < 0 and the Schur product theorem, we see that the matrix Gl(7 13[
is a positive linear combination of non-negative definite matrices, and is therefore non- negatlve
definite. Noticing that the limit of non-negative definite matrices is again non-negative definite
completes the proof. |

This result allows us to apply Theorem 1.5 in [31] to the infinite-dimensional Hamilton-Jacobi
equation (1.41) and obtain a variational formula for its solution. To state this formula concisely,
through a slight abuse of notation, introduce the functional &2 : R~y x .# x .# — R defined by

P =vim) -5 [ Goave) 52)

Theorem 1.5 in [31] and (H2) imply that the unique solution to the infinite-dimensional Hamilton-
Jacobi equation (1.41) is given by the Hopf-Lax formula

fw)= sup  P(t,u.v) (5.3)
vePr[—1,1]

forevery t > 0 and u € .#, . Combining this representation formula with Theorem 1.1 and a simple
interpolation argument taken from [13], we now prove Theorem 1.2.

Proof of Theorem 1.2. By Theorem 1.1 and the Hopf-Lax formula (5.3), the limit of the free en-
ergy (1.20) satisfies the upper bound

limsupFy < sup 2(1,0,v), (5.4)
N—soo vePr[—1,1]

where 0 denotes the zero measure. To show that the right-hand side of this expression may be
bounded by the supremum of the functional (1.46) over measures u € .#,,, for b > 1 large enough
so the function g, defined in (3.23) is strictly positive on [—1, 1] and each integer N > 1, introduce
the functional &),y : R>o X 4 x A, — R defined by

— " t 1~
Pt 1) = ow(u+1v)= 3 [ Gouly)dv(y),
Here Y, v : .#+ — R denotes the initial condition
1
VN (1) = W (1) er/_1 du
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and élav : [=1,1] — R denotes the function

G0 = [ @) av(y),

By Theorem 1.5 in [31], there exists a probability measure vV € Pr[—1,1] which maximizes the
right-hand side of (5.4). It follows by Proposition 3.6 that

b b
sup  (1,0,v) = hm ﬁ’bN(l 0,v) — = <limsup sup @bN(l 0,v)— (5.5)
vePr[—1,1] 27 Noe vedy 2

An identical argument to that in Lemma 5.1 of [31] gives a sequence of maximizing measures
(VN) C %4_ with

sup Py n(1,0,v) = /«éij(LO, VN). (5.6)
Vel /

By Corollary 2.5 and (2.37), the Gateaux derivative density of the initial condition y, y at the
measure Vy is given by Dyypn(VN,-) = Gb vi+0 (N~ 1) for some measure v}, € .#,. Up to
adding errors of ¢(N~!) throughout, the proof of Theorem 1.3 in [31] applies and reveals that
each maximizer Vy € . satisfies the approximate first order condition

D,LLVN/b,N(VN7 )= 619,VN +0 (N_l>'

This means that B B
Gpvy, = DuWpn (VN )+ O (N7') =Gy + O (N7').
Together with the definition of g, in (3.23), this implies that

Al b,
m/l)’ dvy (y)x"

= (b+clog(c) —c) + Alog(c)mx+c Y nAicl/ Yidvy(n)x"+ 6 (N7 1).

n>2

(b—f—clog(c)—c)/l1 va(y)+A10g(c)/ ydvy(y x—f—cz

n>2

Since b > 1 and clog(c) — ¢ > —1, we must have

! —1 ! n ! n * -1
/lva(y):1+ﬁ(N ) and /ly va(y):/ly avi(y)+ 0 (N7

for all n > 2. We have used the fact that A £ 0 and accounted for the fact that ¢ could be equal to one.
Applying the Prokhorov theorem and passing to a subsequence if necessary, it is therefore possible
to ensure that the sequences (Vy) and (Vy) converge weakly to probability measures v € Pr[—1, 1]

and v* € .#), with | )
/_1y”dV(y) = /_ly”dV*(y)

for all n # 1. Since the set of polynomials with degree one coefficient equal to zero form of a
sub-algebra of the space of continuous functions on the compact set [—1, 1], the Stone-Weierstrass
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theorem implies that v = v* € .#),. Recalling that we denote Vy for the probability measure in-
duced by vy, and arguing as in the proof of Lemma 3.7, we have

Wb,N(VN) - ‘be("*)| < Wb,N(VN) - %,N(VN)‘ + Wb,N(VN) - leb,N(V*)| + Wb.,N(V*) - ‘T’b("*)}
< CTV(vy,Vy)+CW (Vy, V") + Wb,N(V*) - ‘be(V*)|7

for some constant C > 0 that depends only on c. Recalling that the Wasserstein distance (3.9)
metrizes the weak convergence of probability measures on [—1, 1], observing that

TV(VN,VN) = {1 — VN[—L 1”7

and using Proposition 3.6 and (5.6) to let N tend to infinity in (5.5) shows that

L~ b .1~ b
sup  Z(1,0,v) <limsup &, n(1,0,Vn) — 5 = Yp(V )——/ Gpv+(y)dvi(y) — 5
vePr[—1,1] N—soo 2 2/ 2

< sup Z(1,0,v).
vVeEM),
Substituting this upper bound into (5.4) yields

limsupFy < sup Z2(1,0,Vv).
N—roo vey

To express this upper bound in terms of the functional (1.46), fix v € .#), and denote by x; and x,
two independent samples from the probability measure v. The definition of g in (1.36) implies that

P(1,0,v) =wy(v)+ (c+Am ) log(c) — 3 Z A/ (]Ex’f)2

= nn—1)

NIQ
l\)l'—*

A Taylor expansion of the logarithm shows that

—A
¢ Z / ¢ Ex")* = E(c 4 Axix) log(c + Axix) — (¢ + Am?) log(c) — Am> (5.7)
n>2
from which it follows that
c 1 AT
2(1,0,v) =y(v)+ 5~ EE(c—i—Axlxz)log(c—FAxlxz) + — = P(v),

and therefore

limsupFy < sup Z(v).
N—soo Ve,

This establishes the upper bound in (1.47). To prove the corresponding lower bound, we follow [13]
and proceed by interpolation. Given a measure V € .#,,, introduce the interpolating free energy

Q1) =Fy(t,1—1,v) (5.8)
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for the free energy Fy defined in (1.29). The derivative computations in Corollary 2.2 and Lemma 2.3
together with a computation identical to that in Corollary 2.5 imply that

(1) = Fn(t,1 —1,v) — dsF(t,1—1,V)

¢ 1 (—=A/c)" (—=A/c)" "
=5~ 5(c+Am log(c) + = n;z 1)151 Ry ) —c Zn—_l)E<R[n])Ex1.
_c B 1 ) _ (—A/C)n A/C)n i ny\2
=3 2(c—|—Am ) log(c) 2n§’2n(n—l) 4 c ngé -1 RM Ex{)*).
It follows by (5.7) that
c Am* 1 Afc)" 2
¢'(r) = 5t — 5 BletAxixy)log(c + Axia) + ZEWE«RM —Ex})%).

Since the final term in this equality is non-negative, the fundamental theorem of calculus reveals

that

Am 1
; + % — 5IEl(chAxle)log(CJFA’CI’Q)

where we have used that ¢(1) = Fy and ¢(0) = yy(v). Using Proposition 3.6 to let N tend to
infinity gives the lower bound

Fn>yn(v)+

— Am= 1
liminfFy > y(v) + C—l—ﬂ——]E(c—i—Ax]xz)log(c—l—Axlxz) P(v).
N—soo 2 2 2
Taking the supremum over all measures vV € .#,, completes the proof. [

A Asymptotic equivalence of free energy functionals

In this appendix we show that the free energy functionals E'i, and Fy defined in (1.15) and (1.20),
respectively, are asymptotically equivalent. This will be a consequence of the binomial-Poisson
approximation. To state this result concisely, given a separable metric space S, recall the definition
of the total variation distance

TV(P,Q) = sup {|P(A) —Q(A)| | A is a measurable subset of S} (A.1)

between probability measures P,Q € Pr(S). Approximating any measurable function with values
in S by a sequence of simple functions, one can check that the total variation distance admits the
dual representation

TV(P,Q) —sup{‘/ F(x) dP(x / £(x)dQ(x ‘]f S —[0,1] measurable} (A2)

Using the Hahn-Jordan decomposition, it is also possible to show that

TV(P,Q) =inf{P{X #Y} |X ~Pand Y ~ Q}. (A.3)
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We will use this result for discrete probability measures supported on the set of natural numbers
in which case this representation follows from the Kantorovich-Rubinstein theorem (see Theorem
4.151n [65]). The binomial-Poisson approximation is an upper bound on the total variation distance
between the convolution of Bernoulli distributions and an appropriate Poisson distribution.

Lemma A.l. Consider independent Bernoulli random variables X; ~ Ber(p;) for i < n, and let
A = Yicn Pi- If S = Yi<y Xi and 11, ~ Poi(A,), then

TV(S,,IL,) < Y pi. (A4)
i<n
Proof. See Theorem 2.4 in [65]. [ |
Proposition A.2. The free energies (1.15) and (1.20) are asymptotically equivalent,
lim [Fy—Fy| =0. (A.5)
N—oo
Proof. Introduce the Hamiltonians
~ c+Ao0;0;
HN(O') = Z (Gijlog(C-l-AGiGj) — %)
i<j
~ c+Ao0; 0
HN(G) = Z (Gfk it log(C+AGiijk) — #>
k<IT; N

on Xy, and denote by

~ 1 _ 1 _
Fy=—Elog | expHy(o)dPy(c) and Fy= —Elog | expHy(o)dPy(0o)
N XN N Iy

their associated free energy functionals. A Taylor expansion of the logarithm shows that for any
o € Xy,

{Hﬁ,( HN <Z‘m (1—G,’j)<m>‘+ﬁ(l)

i<j N
c+
< A |ZGU+ﬁ(1)
i<j
and
~ c+AC;,0; c+AGC;,0;
|Hy(0)—Hy(o)| < ) T"J"—(l—Gfkjjk)<T"J")‘+ﬁ(Hl/N2)
k<II,
c+ A
ST Z lka—'_ﬁ(H]/Nz)

k<II,

Since these bounds are uniform in ¢ € Xy and EII; = (g] )

2
7y F) < C*LA'ZEG,-J-+@><N*> LAY L sy o),
i<j
_ ~ A 2
[Fy—Fy| << Alg Y Gt +0(Em /N g(c’;v#EHwﬁ(N‘l) =0 (N7").

k<IT,
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By the triangle inequality, it therefore suffices to show that

Jim |Fy — Fy| =0. (A.6)

We now rewrite Fy in a way that more closely resembles F;{’,. For each pair i < j introduce the
random index set

Fij = {k <IN | (i, ji) = (i,]) or (i, k) = (j,D) },

and observe that

~ c+Ao;,0;
Hy(o) = Z Z (Ggmjk log(c+Ag;,05,) — %)

i<jke S,

~ c+A0;0; ~ c+A
— ; (Gz}j log(c+Aoc;o;) — TJ) — ; <Gi,ilog(c—|—A) — N )
i<j i<N
for the random variables B
Gij= Y G,
ke.7; i

The Poisson coloring theorem (see Chapter 5 in [40]) implies that (Ei, j 18 a Poisson random variable
with mean

. N-1 ct+Ac; o} ifi<j
ll,]:Enl]P{(ll?]l):(laJ) or (llv.]l):(J?l>}]P{Glljzl}:{]\ljxl C+AN o .7
NN ifi=j.

If we introduce the Hamiltonian

N

C+A6i6j)
1<Jj

ﬁjl\,(G) = Z (éi,j log(c—l—AGiGj) —
and its associated free energy

1 _
Fy = —Elog/ expHy (o) dPy (o),
N TN

then

-~ log(c+ A ~ c+|A log(c+A ~ 2c _
By~ | < 2D g, oAl floslet Al g g 20 gy,
N 5 N N & N

Together with (A.6) and the triangle inequality, this means that it suffices to show that

lim |Fy — Fy| =0. (A7)

N—roo

At this point, for any random vector Y = (Y] ;);<; introduce the Hamiltonian

ﬁN(G,Y) = ZYi,jlog(C+AGiGj)

i<j
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and the measure

~ c+Aoc;oj _,
Pi(o) =exp (Y =2 )Ri(0).
i<j

Write {
Fu(Y) = - log / expAn(0,Y)dPi(c) and Fy(Y)=EFy(Y)

Iy
for the associated free energy functionals, and denote by II; ; a Poisson random variable with
distribution

. (¢ct+Ao] o]
11~ i (47
N

conditionally on o*. Observe that

1 C
ay FN = <ay HN o, Y > N(lOg(C—FAGIG])) < N

for some deterministic constant C > 0 that depends only on c. Here, the bracket (-) denotes the
Gibbs measure associated with the Hamiltonian Hy(c,Y). It follows by the mean value theorem
that

| B — Fn(TD)| = | Fn(G) — Fy(IT)| < ZE|G11 I, ;|
l<]

|Fn(T) — Fy| = [Fn(IT) — Fy(G)| < ZE|H11 Gijl-
l<]

To bound the first of the sums observe that I1; ; = 5,~7 it Hi j for a Poisson random variable with
distribution

. (¢ t+Ao] O}
conditionally on ¢*. This means that
[Fy = Fn ()] < ZEH’,, Sy =0T,
l<_]
and therefore,
[Fyv—Fy| <% ZE\H,, Gij|+0 (N7"). (A.8)
l<]
If we write A; ; = L+A§ i , then

E|IL;; — Gij| < E|I;; — Gij|1{11; ; > 2} + E|IT; j — Gij| 1{I1; ; < 2}1{T1; j # Gj;}
< EIT;1{; > 2} + P{IL; j > 2} 4 3P{IL;; # Gij}
<3P{IL;; # G} + O (7%%]'),

where we have used the fact that |G;;| < 1. Taking the infimum over all couplings of IT; ; and G,
recalling the definition of the total variation distance in (A.3) and invoking the binomial-Poisson
approximation in Lemma A.1 shows that

E|T;j—Gij| <3TV(IL;,Gij) + 0 (A%;) = O (AZ;) = 0 (N7?).

Substituting this into (A.8) and letting N tend to infinity establishes (A.7). This completes the
proof. [
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B Concentration of the free energy

In this appendix we discuss the concentration of the free energy associated with the perturbed
Hamiltonian (4.7). For simplicity of notation, we will ignore the Hamiltonian (1.34) and focus
instead on the perturbed Hamiltonian

Hy(0) = Hy(0) +Hy' " (0) + Hy*(0), (B.1)

where the randomness of each of the Hamiltonians (1.26), (4.1) and (4.5) is independent of the
randomness of the other Hamiltonians. The more general case is treated in an identical fashion but
the notation becomes too cumbersome for comfort. We will often need to make the dependence
of the perturbed Hamiltonian (B.1) on one of its sources of randomness ¢*, I1;, .#1 = (i, ji)r<11,>
G = (Gi,jk)kﬁnt’ e = (ejk), I = (nk)kZO’ fz = (ijk)jgﬂ’ and Z = (ZO.,i)igN explicit. To do SO, W€
will abuse notation and write Hy(X) when we want to study the dependence on the source of
randomness X. The main objects of study will be the free energy,

Fl = ]lvlog / expHYy(0) dP; (o), (B.2)
and its average
Fy= ]lVElog/epo}V(G)det}(G). (B.3)
For each even p > 2, we will bound the concentration function,
VN.p = SUp { E|F—Fy|’ | A 2751274 forall k > o}, (B.4)

by means of the generalized Efron-Stein inequality (see Theorem 15.5 of [17]).

Lemma B.1 (Generalized Efron-Stein inequality). Let X = (X,...,X,) and X' = (X{,...,X,,) be
two independent copies of a vector of independent random variables, and let f : R" — R be a
measurable function. Introduce the random variable Z = f(X), and for each 1 <i < nlet Z! =
f(Xl,. .. ,Xl;l,Xl-/,XiJrl, . ,Xn). If g > 2, then

[

E|Z-EZz|? < CE‘ Y Ex(Z—2)2|, (B.5)

i<n

where C > 0 is a constant that depends only on q.

A key observation that will be used repeatedly without further explanation is the following:
given two sources of randomness X and X’, a configuration-independent bound on the difference
of the Hamiltonians Hy,(X) and Hj, (X'),

max
oy

Hy(X) —Hy(X")| <Y, (B.6)
gives a control by the possibly random Y on the difference of the free energy functionals Fy,(X)
and Fy,(X'),
Y
|Fy(X) — Fy(X")| < N (B.7)

The following bounds on the moments of Poisson and binomial random variables will also play
their part.
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Lemma B.2. IfI1 is a Poi(A) random variable for some A > 1 and k > 2 is an integer, then
EIf <CAF and E(D-EI* < cAK/?] (B.8)
for some constant C > 0 that depends only on k.

Proof. Denote by { i the number of ways to partition a k element set into j non-empty subsets.
In combinatorics, such numbers are known as Stirling numbers of the second kind, and they have
the property that for any integer m > 0,

=3 {5 Yo, B9)

j<k UJ

where (m); =m(m—1)---(m— j+1) is the falling factorial. The basic properties of the Poisson
distribution imply that

ZZ{ } l—mexp( l)zz{k.}/lfx ln:_{'exp(—l):Z{];}M

m>0 j<k j<k UJ m>j (m—j)! i<k
< max( 7)'k)Bk7

where B; denotes the k’th Bell number. This establishes the first bound in (B.8). We now prove by
induction that for each k > 2, the function My (A ) = E(IT — EII)* is a polynomial of degree |k/2].
The base case holds since M>(A) = VarIl = A, so assume the result holds for all 2 < i < k. By the
product rule

m—1

km?L/lex )+ m?L
- ) K( p(=A)+ ) (

m>0 m>0

- exp(=4) = Mi(4)

m—1
= —kM;_; (A +Z m—2A) (m )L+)L)

m>0

= —kMi_1(A)+ % (Mis1 (L) +AMi(A)) — M(A)

1
IMkJrl (4).

Invoking the induction hypothesis shows that My, (A) has degree max(|k/2|,1+ [(k—1)/2]).
This completes the proof. |

—exp(—A4) — Mi(2)

= —kMj—1 (1) +

Lemma B.3. If X is a Bin(n, p) random variable with np > 1 and k > 1 is an integer, then
EX* < C(np)* (B.10)

for some constant C > 0 that depends only on k.
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Proof. Using (B.9) and identifying the probability density function of a Bin(n — j, p) shows that

EX‘ =Y Y {l;} (m)j(n—!p’"(l -p)""

m<n j<k n—m)'m!
k , (n—j)! meicr | nm
S,-;k{j}(”p)]jgggn(n—m)z(m_j)!l’ J(1-p)

< max(1, (np)*)By,

where By, denotes the k’th Bell number. This completes the proof. |

Proposition B.4. For any two sequences (€y) and (sy) satisfying (4.3) and (4.4) respectively and

every even p > 2,

C(1+417)
NP/2

for some constant C > 0 that depends only on p, ¢ and A.

(B.11)

VNp >

Proof. To alleviate notation, write C > 0 for a constant that depends only on p, ¢ and A whose
value might not be the same at each occurrence. Given a source of randomness X, write Ey for the
average with respect to the randomness of X. The proof will rely upon the generalized Efron-Stein
inequality in Lemma B.1 and the fact that

E=EsEzErE 5 E Em, E g Ego- -
Introduce the averaged free energy functionals
Fy=EnEsEyoFy and  Fy=E;EgE,E.F
in such a way that
E(F,—Fy)’ < C(IE (Fy— F)’ +E (B — )’ +E (Fy _f;V)P). (B.12)
We will now bound each of these terms separately.

Step 1: proving E (F, —Fx,)p =0 ((Z/N)p/z).
We decompose this further into

E(F,—F)’ < C(E (F{ — By \o F4)" +E (Eg|ge Fy — E By e FY))”
+E (B Byjo By~ Fy)" ) = C(1+11+111), (B.13)
and proceed to bound /, I and /I] individually. By the generalized Efron-Stein inequality

p/2

Y

2
1<CE| Y Eyujq (Fﬁg(%_m(g@)))

L<TI,
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(0)
where (Gi,j )Z.J.GN
coordinates are bounded by one,

Hy (%) — Hy (99| < |log(c+A0;,0,,)|GL;, — Gt |

léa]f LsJe
log (1 C—I—AGMGM)

is an independent copy of (G(Z))

ij)i jen- Since |A| < ¢ and all spin configuration

_|_

1G5, ~ Gl | < €l

N iojo lfdé ‘

It follows that

I<—IE’ Y By

(<II;
— Np (E‘ Z Gl/ Je
c+Ac 6

Notice that } /<y, G ,.j, follows a Bin (Ht, le ) distribution conditionally on II;. Invoking
Lemma B.2 and Lemma B.3 yields

0 2712 C 2N\ /2
Gipje ~ wz} ‘ —pE‘gg.I <<1 N)Gl/”—}_N)‘

C Ctr/?
I< B2 < = (B.14)
Npty NP/2
Another application of the generalized Efron-Stein inequality gives
, , ( g) 2 P/ 2
H<E ZZ E 0 (E%* F(A) —Egjo Fy (A, )) :
<II,

where .7, ) has an independent copy (i}, j;) of (i¢, j¢) at the £’th coordinate but otherwise coincides
with .. Taylor expanding the logarithm and remembering that G, i € {0,1}, it is readily verified

that
C—{-AG,‘ZGM 1
fog (1= =02 )| < e (|6l + )

|+ |G€ , |+ l) , and therefore

2
Gl 4|+ ) <

|H1/V(j1 ’ ‘Glé J(/“log C+AGMGJI |+|1 ig, Ji|

This means that |H}, (%)) —Hl'v(f( ))| <C(|G!

ie,je
2 C
(E%G*FIQ(JI)_E%G*F](l(ffé))) S]W(Egkf*

It follows that

| +Eygor

ig,je

C /2 Crpl?
HSWEH{’”S N S

A final application of the generalized Efron-Stein inequality reveals that

Y

2 p/2
11 < E‘Eng (Es Egjo Fy(I) — E s Eg)o- Fy(IT7)) ’

where IT] is an independent copy of II;. Slightly abusing notation and redefining IT, to be the
maximum between I, and H;, we see that
log (1~ —C+Acik6jk> D

)] < % (108 oete Aoyl 1-GE v

IT, <k<TT/

1
<C Z <|le7jk‘ +N>

I, <k<IT,
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It follows that

1 C
|E11E%|G*FI<’(HI)_EJ1E%|G*FI<I(H;)‘ < EJ1E%|G* Z (‘G5<7jk|+ﬁ> §ﬁ|ng_nt|>

IT, <k<IT;

=i

and by Jensen’s inequality and Lemma B.2,

Cl‘l’/2 Ctp/2
<
NP — NP/2

C 2 C
IIISWE‘EH{|H;_H1|2‘])/ SWE\HI—EH,V’S (B.16)
Combining (B.13), (B.14), (B.15) and (B.16) reveals that E (F}, — Fy)” = € ((t/N)?/?).

Step 2: proving E (ﬁj(, —fl(,)p =0 (N*p/z).
We decompose this further into

E(Fy—F0)" < C(E(Fy~ERy)’ +E (B Fy ~E 5B Ry)” +E (B, E F— En E 5 B, Fy)”
+E (B Ey, E By~ )") = C(I+ 1+ 1T +1V), (B.17)

and proceed to bound /, /1, I1I and IV individually. By the generalized Efron-Stein inequality

Y Y Euw <I?1(,(e) _Ey (e jk))> p/2

k>0 j<m

2
I<E

where (/¥ has an independent copy e’jk of ej; at the jk’th coordinate but otherwise coincides
with e. Since

| 1Ao7, | A
|Hy(e) = Hyy (M) | < W]:]%JW — €l < 77 lew— €l

and A € 2751 27%], we have
C 1 1 21P/2
IS—E‘ = E/' ‘ejk—e’~k| ‘ .
NP ké‘b 2¢ 2k j;Tk G !

It follows by two applications of Holder’s inequality and Jensen’s inequality that

C 1 nr2  C 1 2.
IS—E (— E/. |ejk_el'k| ) S—E —ﬂ'kz E/. |6jk—€/~k|p.
NP SN2 j;rk k& ! NP0 j;fk k& !

Recalling that e ~ Exp(1) while 7, ~ Poi(sy) and invoking Lemma B.2 gives

C 1z 2 C
1< — E —En? gC(—SN>p < —. (B.18)
NP ot Tk N? NP/2

Similarly, by the generalized Efron-Stein inequality,

p/2

)

~ ~ : 2
H<CE|Y, ¥ E (EcFy(53) ~ BBy (A4™))

k>0 j<m
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where fz(]k) has an independent copy i’jk of ij; at the jk’th coordinate but otherwise coincides
with .%,. By the mean value theorem,

Gi/
Jk

/ I 2 (Jk) < X _ M . ‘ Lk —
|HN(f2) HN(J2 )] < [log(1+Ao0;,) — log(1 +)chljk)| + Ae ji 1+7Lk<7?}k I+ X0
Jjk

< Clk(l +ejk)-

It follows once again by two applications of Holder’s inequality and Lemma B.2 that

C 1 B | p/2 C
< —% (1+ey)” <c< ) < . (B.19)
NE 1;) %p jgfk ! N? NP2
Another application of the generalized Efron-Stein inequality yields
2 p/2

11 < CE| Y By (B Be Fy(IT) — B E By () )

k>0

Y

where IT'®) has an independent copy 7, of 7 at the k’th coordinate but otherwise coincides with IT'.
Slightly abusing notation and redefining IT (%) to be the process with the larger k’th coordinate, we
see that

)uke"kG'.
|Hy(IT) — Hy (W) < Y llog(lukoijk)—Hjl—(;f:
m<j<m] k2
Ae i O;.
< L (|mon- o v
m<j<m] I+ Aoy,
< Y <Ak‘1_+* )
m<j<m) L+ 4o,
l—ep|+A
< X Z <$ —}—C)»k).
m<j<m, Bk

It follows by two applications of the Cauchy-Schwarz inequality that

C |1 ejk|—|—?Lk p
< R - 4
111 NP E E ( E ( T I +CA

027 m<j<m
C 1 _ 11— e x| + M P
SN—EZTp|ﬂk_7f]/{|p ! Z (1]—1+C7Lk
’@027 m<j<m T
C /
< — E|m — m|P.
< L B

Since E|m; — )|P < CE|m, — Em|P < s%/* by Lemma B.2, this implies that

I < C(N2>p/2 < © (B.20)

- NP/2°
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A final application of the generalized Efron-Stein inequality gives

21’/2
IV <CE

Y

Y Eu (En/ E., B Fy(Z) — By E s, B By (Z<i>))
i<N

where Z() has an independent copy Z;O of Z;  at the i’th coordinate but otherwise coincides with Z.
Combining Holder’s inequality with the bound

\H{(2) — HYy (29)| < VDot |Zio — Z),|

reveals that

IV<C()LO£N> E|Y By

i<N

; 2P?_ C ey I \p 9
,o—Z,-.,o\‘ < N i;’V]Eyzi7o—z,.70\ < pa B2D

Together with (B.17), (B.18), (B.19) and (B.20), this shows that E (Fy, — F,)” = & (N~7/?).

Step 3: proving E (F, —f;v)p =0 ((*/N)P/?)

Controlling the final term in (B.12) requires more care since fg, depends on 6* both through Fy; and
through the conditional expectation Eg)4+. To simplify notation, write E' =EzEyE ,E.En,E,
in such a way that by the generalized Efron-Stein inequality

o, 2|P/2
E(Fy—Fy)” <CE

Y. Eguio (E'Egior Fi(07) ~E By Fy (670))
(<N

Y Egei (B Eyjgr Fi(07) ~E By Fy (1) )
(<N

Z E g0 (]E'E%G* F (G*»(@)) _E/E%a*ﬁ(@ F}(}(G*7(£)))
(<N

=C(I+1I), (B.22)

217/2
<CE

2 p/2
+CE

where () has an independent copy o, of o at the £’th coordinate but otherwise coincides
with o*. Since

~ lke ik Oy lke ikOy¢
|H (6%) — Hy(0™)| < Aoewlail o] — 67| + S
k;lj'ijng 1—1—11(62( l—i-lkﬁék
22,2€k
Tk Ik
<2en+) Y T2
k>1 jii = / k

and Eej; = 1, the Fubini-Tonelli theorem and the basic properties of the multinomial distribution
imply that

. . 2ey 1 2M}
BBy Fh(0") ~ B B Fy(0™) | < 00+ 3B B 70

207

2 1 2
< —4+ —Emw —_— T < —
Sy Tz Hk;(l—w k=N

sEn|{Jj ik = (]

+ <3
_N'

SN
N2
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It follows that

p/2 C
I<C<N2> = o (B.23)

To bound /7 we will use an interpolation argument. Fix 1 < ¢ < N and condition on all sources of
randomness other than ¢. For each u € [0,1], G € {0,1}1" and k < T1,, let

c+ Ao c+Aoc,"
PG = Gk(—f ’k) +(1 —Gk>(1 - Jk),

N
c+Ac c+Ac
P (G) :Gk(+> +<1_Gk)<l_+>7
c+A(o")? c+A(o")?
P3(G) :Gk(%) +(1 —Gk)(l —%)

where 6, = (1 —u)o; +ud;. Write 6** for the configuration with £’th coordinate ¢, which
otherwise coincides with ¢*, and introduce the sets

ff:{k|ik:landjk7él} f13:{k’l'k:jk:l}
fﬁz{klik#andjk:l} ﬂf‘:{k!ik#l%jk}-
Denote & = (“)x cris gk =g \%, = (G)ge 4 and G = G\ Gy. Define the interpolating
free energy

o= Y F(c*".6)P{g=0Glo*} [] A0 [] P26 ] P(G)

Ge{0,1}h kes|! ke.s? kes}?
in such a way that ¢(1) = Eg,- FI(,(G*M)) and ¢(0) = Eg| 5+ FX,(G*’(Z)). By the product rule,

o= Y Y E(c"9,G)P{gW = GW 6"} (2G, 1)

k€Uj<3 /li Ge{0,1}1k

(A(&Z — GZ)(G;k]l{kEfll} + G{Z]].{kejﬁ} +262<7u]l{kej13})>

N
A(o; —o))o; Ao} —o})o;
ke.z]! kes}?
2A((1 —u)o 4+ uo;)) (o) — o))
+ Z Dy ( 4 v Z) 4 4
ke s}

for Dy = By e Fy (670,40, G = 1) =By gra Fy (60,40, 4 = 0). Since
1y, (99,9 = 1) — Hyy (99,9 = 0)| < |log(c + Acy,05,) ~log (1 - %)’ <c,

we have |Dy| < &, so the fundamental theorem of calculus yields

. C
[Esio By(0™) ~Egjguio Fy(e™ )] < sup lo/(w)] < g (14111714157
uc
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It follows by the basic properties of the binomial distribution that

* o) . € w2 C I1,\2
(EEgjo Fy(0"") ~E'Eyguin Fi(0™)) <7 ¥ (Enl)’ =7 ¥ (En )
1<i<3 1<i<3
ct?
> W’
and thus n
N2\ P Ct?
< — = —F0. .
1< c( A ) st (B.24)
Combining (B.22), (B.23) and (B.24) reveals that E (Fy, — Fy)” = 0 ((*/N)?/?). Together with
(B.12), step 1 and step 2 this completes the proof. |

C Multi-overlap concentration

In this appendix we prove a finitary version of the main result in [14] regarding the concentration
of the multi-overlaps (2.11). Instead of focusing on the stochastic block model (1.19) or (1.34), we
will work in the general setting of optimal Bayesian inference; this presents no additional difficulty,
and we suspect that our restatement of the multi-overlap concentration result in [14] will be useful
for the analysis of other statistical inference models.

Let us describe a general optimal Bayesian inference model following [14]. We consider a
ground-truth signal 6* € Ly = {—1,+1}" with independent coordinates generated from a prior
distribution P*,

o'~ P =]]F" (C.1)
i<N
We suppose that the data = Z(0™) is sampled conditionally on the unknown signal ¢* from a
probability distribution Py,
D ~ Pou{-|0"}. (C.2)

The inference task is to recover the signal o* as accurately as possible given the data & under the
assumption that the likelihood Py and the prior P* are known to the statistician. In this setting the
posterior of the model can be written explicitly. Indeed, if

Hy(0) =logPuw{Z|c* =0} (C.3)

denotes the Hamiltonian or log-likelihood of the model, then the Gibbs measure or posterior dis-
tribution of the model is given by Bayes’ formula,

_ expHy(o)P*(do)
~ [expHy(t)P*(dt)’

(C4)

In addition to working in the context of optimal Bayesian inference, we will assume that the Hamil-
tonian (C.3) satisfies symmetry between sites. This means that for any permutation p of the spin
indices,

P{c* € do|7} £ P{p(c*) € do|7}. (C.5)
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Notice that both the stochastic block model (1.19) and its enriched version (1.34) fall into the

setting we have just described. For instance, in the enriched stochastic block model we have P’ =
Ber(p) and 2 = 2"HI=1ILE where the data 2'%* was defined in (1.30).

The concentration of the multi-overlaps (2.11) associated with the Hamiltonian (C.3) will be
enforced through a small perturbation which will not affect the limit of the associated free energy
(1.20). Recall the choice of the sequences (&y) and (sy) satisfying (4.3) and (4.4), respectively.
Fix an integer K, > 1, and for each perturbation parameter A € R!*X+ with A, € [27%1 2] for
0 < k < K, recall the definition of the perturbation Hamiltonians (4.1) and (4.5). Introduce the
perturbed Hamiltonian

Hy(o,A) = Hy(0) +HY ™ (0,h) +Hy P (0,1), (C.6)

where the randomness of each Hamiltonian is independent of the randomness of the other Hamil-
tonians. The multi-overlaps associated with this perturbed Hamiltonian are defined as in (2.11),

V4 y.
Ry .0, =% Z o;'--0;", (C.7)
i<N

where (o) denotes a sequence of i.i.d. replicas sampled from the Gibbs measure (-) associated
with the perturbed Hamiltonian (C.6). It is actually these multi-overlaps that will be shown to
concentrate. The proof of Lemma 4.1 shows that the free energy functionals associated with the
Hamiltonians (C.3) and (C.6) are asymptotically equivalent; for our purposes these two Hamilto-
nians can therefore be thought to describe the same model.

To establish the concentration of the multi-overlaps (C.7) we will closely follow the argu-
ments in [14]. The authors in [14] obtain the concentration of the multi-overlaps (C.7) for some
perturbation parameter A by showing that it holds on average over the set of admissible pertur-
bation parameters. In the proof of Theorem 1.1 we will need to be able to obtain multi-overlap
concentration for a specific perturbation parameter. Following the strategy in [14], we will propose
a verifiable condition on a perturbation parameter A which ensures the concentration of its asso-
ciated multi-overlaps. To be more precise, we will obtain the concentration of the multi-overlaps
(C.7) up to a small error for any sequence of perturbation parameters (A") with

Jim B (£ —E(£))*) =0. (C.8)

The quantities .7} are defined in (4.26) and (4.27) for 0 < k < K, and, through a slight abuse of
notation, we have written (-) for the Gibbs average with respect to the perturbed Hamiltonian (C.6)
associated with the perturbation parameters (V). If necessary, we will write () to emphasize the
dependence of this Gibbs measure on N.

We begin by showing that (C.8) implies the concentration of the magnetization R; and of the
overlap Rj »; the former will be immediate from the Nishimori identity (2.3) while the latter will
follow from a standard application of the Gaussian integration by parts formula (see Lemma 1.4
in [60]).

Lemma C.1. For any integer N > 1,

E((R —E(R))*) < (C.9)

1
N
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Proof. Applying the Nishimori identity reveals that

E((R —E(R)))?) = ]%KZNE (6f —Eo})’ < ]%/
This completes the proof. |
Lemma C.2. For any integer N > 1,
E((Ri2—E(Ri2))*) <4E((% —E(%))*). (C.10)

Proof. The proof is taken from the Appendix of [14], and it consists in testing the concentration of
the overlap Ry x = G'TG* against the Hamiltonian % by means of the Gaussian integration by parts
formula. Using (4.26) shows that

E((Ri s —E(R1:)) (L —B(L))) =E(Ri(R1« —E(R1)))
1

2N/ Ao N

The Gaussian integration by parts formula and the Nishimori identity imply that

+ E(Ry.(0-Zy—E(0-Z))). (C.11)

E(c-Z) =Ny/Aon(1—E(Ri ) and E(Ry.0-Z)=N\/Aon(ER:.) —E(R;.)?).

Substituting these two equalities into (C.11) reveals that

1 1
E((Ri+—E(R1+) (% —E(&))) = §E<(R1,* —(Ri))*) + §E<(R17* —E(R14))?).
(There seems to be a sign error in equation (5.2) of [14].) It follows by the Nishimori identity that
1 2
E((R1—E(R1.)(L—E(4))) > S E((R12—E(R12))?).

Invoking the Cauchy-Schwarz inequality and the Nishimori identity completes the proof. |

The concentration of the multi-overlaps (C.7) is considerably more complicated to obtain, and
follows from the Franz-de Sanctis identities described in [14]. The first section of this appendix
will be devoted to establishing this implication. In the second section we will prove a finitary
version of the multi-overlap concentration result in [14] which will be uniform over an appropriate
class of random probability measures. This uniformity plays its part in the proof Lemma 4.2.

C.1 Franz-de Sanctis identities

The Franz-de Sanctis identities may be thought of as the Ghirlanda-Guerra identities of optimal
Bayesian inference. A random probability measure which satisfies the Ghirlanda-Guerra identities
must have an ultrametric support; a deep insight which leads to the appearance of the intricate
Poisson-Dirichlet probability cascades in many spin glass models [60]. The Franz-de Sanctis iden-
tities enforce a much simpler and more rigid structure on a random probability measure which we
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will describe in due course. To state these identities, it will be convenient to fix a uniform index
i € {l,...,N} and an exponential random variable ¢ ~ Exp(1) independent of all other sources of
randomness, and introduce the random variables

4
Yik O;

14 l 14
le = log(l —I—)LkGi ) — Akyiko'l- , and dik = 1—|——2,k61*

Vik = (C.12)

e
for1 <k<K,.
Proposition C.3 (Franz-de Sanctis identities in inference). For any 1 < k < K and any function

fn Of finitely many spins on n replicas and of the signal 6™ with || f||= < 1,

E

(fudh exp (1<, 05)) n (dixexp(6)) B 2 16 1/2
(exp(63) )" —E(fu) E Texp(6) ’§(2E<($( E($k>)>+SN> . (C.13)

The Franz-de Sanctis identities are proved in a similar fashion to the Ghirlanda-Guerra identities
by testing the concentration of the quantities

O;. e
_ Z _ ik (C.14)
SN j<7l' 1+ kG )

defined for 1 < k < K against an arbitrary function of finitely many spins and of the signal ¢*.
Notice that .%; is none other than the second term in the sum defining each %} in (4.27). The
reason for focusing only on the second term is that the first term concentrates automatically by
the Nishimori identity. This is the content of Proposition 3.4 in [14] which we reproduce here for
completeness. We present a slightly simpler proof than that in [14] which was kindly shared with
us by Dmitry Panchenko.

Lemma C.4. Forany 1 <k < K, and every large enough N > 1,

o 16
E((Z-E(4)") <2E((%-E(Z D)+ (C.15)

Proof. Introduce the quantity
O;.
Jk

1+ )chijk

g(G,TL’k) = Z

J<m

in such a way that %} = sg,l g(o,m,) — %;. Write Var for the variance with respect to the measure
E(-). Since the variance of a sum of two random variables is bounded by twice the sum of the
variance of each of the random variables,

—~ 1
Var (%) < 2<Var(o%<) + —2Var(g)>. (C.16)
SN
By the Nishimori identity and a direct computation,

_ o-it‘k ’ Gij'k ?

J<m J<m
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Recalling that the coordinates of the signal ¢* are i.i.d. and averaging with respect to the random-
ness of the indices (ij;) reveals that

Gﬁ 2 1 1 N2 o¥or
E( —f"*> Bl 1) . E *1 2 .
j;tkl-l-lkqjk N ]]/Z<TL' (1—1—1;{61) ”,g'n 1+)~k61)(1+7tk62)

4IE (IE o} )2
- N 1—|—)~k(5{k ’

where we have used that 67 = 1 and A, < 1/2. Similarly,

2
_ 2 of \?
(E )y 1+Ako ) = (Em) (E1+7chl*> '

j<m

Substituting these two bounds into (C.17), recalling (4.4) and choosing N large enough yields

2 *

4Ern fo 2
Var (g(G,TL'k)) < k +Var(ﬂk)<E1—|——Al,k(7ik) < 85]\].

Plugging this into (C.16) completes the proof. [

Proof of Proposition C.3. We follow the proof of Theorem 3.3 in [14]; we will not give full details,
and instead encourage the interested reader to consult [14]. The Cauchy-Schwarz inequality and
the fact that || f, ||z~ < 1 imply that

— — — — A\ 1/2
E(fudi(0")) ~ B E(Z(0))| <E(Un— () PE((Z- B 20)")
~ — o\ 1)2
E((4-EZ)") .
By Lemma C.4 it is therefore sufficient to prove that

(fud}exp (Lo<n 05)) (direxp(Oix))
(exp(6ix))" (exp(6ix))

Since 7 is independent of all other sources of randomness, taking the expectation with respect to
this random variable first shows that

E(fZ(c")) =E and E(Z(c))=E

(C.18)

E(f % (o) Z

r>1

TR (FaD1k) g —po (C.19)

where D, = Gillkelk /(1+ lkcr{';k)z. To simplify this expression, we will isolate the first replica o'
appearing in each of the averages. It will be convenient to introduce the quantities

Ae o’
0’ =log(1+Xo!) KO and 7 =Y @
k= kO ) = T
! e 1+ A‘kcijk 2<j<r
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as well as the partially perturbed Hamiltonian

Hy(o)=Hy(o)+Hy " (o)+ Y A, (C.20)
1<k'<K,
K £k

where 7 is defined in (4.5). Denoting by (-)’

n—r the Gibbs measure corresponding to the Hamil-
tonian Hy (o) + 7" (c*), we have

<anikeXP (Zegn ®€k> >/7rk:r
ek (<exp(®1k)>/7rk:r)n

for each r > 1. Since the uniform random variable i1; and the exponential random variable ej; no
longer appear in the Gibbs average (-)7, _,, we may replace them by a uniform random variable
i € {l,...,N} and an exponential random variable e ~ Exp(1) independent of all other sources of
randomness as in the statement of the theorem. To emphasize this change, we also replace D% . and
@, by d} = cle/(1+No})? and 8}, =log(1 + 40!) — Ao'e/(1+ Ao}), respectively. Notice
that this matches the definitions in (C.12). In this new notation (C.21) reads

(Fudiexp (Lr<n 04) Vrmr
((exp(6ix)) 7, =r)"

Substituting this into (C.19) and making the change of variables m = r — 1 reveals that

E{(fuDlk)z_, = EEi,E (C.21)

E <f”Dik>7L'k:r =E

—~ m ndl exp(2€<n9'€)>/ =
E ng 1 _ S_N _ E<f ik <n Yik) /! m=m+1
<f k(O' >> ng,om! eXP( SN) (<eXP(9ik)>;zk:m+1)n

Notice that whenever 7, = m+ 1, the Hamiltonian defining the Gibbs average <->’nk:m 41 1s given by
H\ (o) + " (o). This Hamiltonian has the same distribution as the Hamiltonian in (B.1) defining
the original Gibbs average (-)z,—p. It follows that

—~ " d} ex 0! - d} ex 0!
m>0 m! (<exp(9ik)>n’k:m) <CXp(Gik)>

This is the first equality in (C.18). The second equality in (C.18) is obtained by taking n = 1 and
/1 = 11n the first equality. This completes the proof. |

Applying this result along a sequence of perturbation parameters (1) satisfying (C.8) reveals
that

dle 6; diyexp(6;
N (exp (i) (exp(6))n

for any 1 < k < K, and any function f; of finitely many spins on n replicas and of the signal c*
with || ]|z~ < 1. Observing that the denominators (exp(6;))y do not depend on the signal ¢*, it is
possible to use the Nishimori identity (2.3) to replace all occurrences of the signal o* in (C.22) by
another replica. For convenience of notation we will denote this new replica by 6 to distinguish
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it from the signal o* and at the same time not occupy any specific index. The equations in (C.22)
now read

. (fudhexp (Lr<n 0%))N (dixexp(0)) N
lim |EE, = —EEo(f))NEE; ——————
N (exp(Oi))n Uniw (exp(ix)) v

=0, (C.23)

where [E,, denotes the Gibbs average with respect to the replica ¢© only, the bracket (-)y denotes
the Gibbs average with respect to all other standard replicas, the function f,, depends on finitely
many spins on the n standard replicas and on ¢°, and, with some abuse of notation,

Y4
YikO;

¢ £ ! ;
0 =log(1+Xo0;) — Ayio;, and dy = H—W

e
K= —— C.24
with A, = A,ﬁv for 1 <k < K. We now simplify (C.23) for functions f, that do not depend on the
spin coordinate indexed by 1. Introduce the collection of functions

F.= {functions Jfn of finitely many spins ol,c°with2 <i<N

171
of the n standard replicas (6*),<, and the special replica 6° with || f,||z= < 1} (C.25)

and the quantities
YkO f
1+ lkGf '

e

l / / ’
:leof’ 6, =log(1+Ac07) — 4yi0y, and dy =

Yk (C.20)

For functions f, € F,, the symmetry between sites (C.5) and the fact that i € {2,...,N} with
overwhelming probability in the limit, allow us to replace the uniform random index i € {1,...,N}
by the index 1. The Franz de-Sanctis identities together with assumption (C.8) therefore have the
following important implication.

Corollary C.5 (Asymptotic Franz-de Sanctis identities in inference). If (C.8) holds, then for every
1 <k <K and all functions f, € F,

dl 6!
lim E]Eo <f 1 CXP (ZZS}:, k ) >N
N—yeo (exp(6k))y

(drexp(O))N|
exp(@)y | (€27

—EE.(f,) NEE,

C.2 Finitary multi-overlap concentration

The finitary version of the multi-overlap concentration result in [14] will be uniform over an ap-
propriate class of random probability measures which we now describe. For each integer N > 1
consider the set of random probability measures on Ly thought of as a subset of {—1,0, 1},

Yy = {G | G is a random probability measure on Zy x {0} }, (C.28)

and say that a measure G € ¥y satisfies symmetry between sites if, for any sequence of i.i.d.
replicas (6¢)y>1 sampled from G,

(Gf)i,g21 4 (sz(é)

01 (i) )i,zzl (C.29)
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for any permutation p; on the finite set {1,..., N} and any permutation p; of finitely many indices.
Denote by ¢ the subset of ¥y which satisfies symmetry between sites. Notice that each Gibbs
measure Gy defined by (C.4) can be thought of as an element of ¥y by setting 6; = 0 when i > N
for any replica o € X sampled from Gy. In this way, the symmetry between sites in (C.29) and
(C.5) coincide, so in fact Gy € ¥y. This identification also suggests that the appropriate notion of
the multi-overlap (C.7) for a random probability measure G € ¢y should be

1 ¢
Ry..tn =17 2 O o, (C.30)
i<N

where (Gé ) denotes a sequence of i.i.d. replicas sampled from the Gibbs measure G. Denoting by
() the average with respect to the random probability measure G we may now sate the main result
of this appendix.

Proposition C.6. For every € > 0 there exists § > 0 such that the following holds. Let N > |51 |
and G € 9y be a random probability measure such that for all 1 < k < K, = |87 | and any
function f, € F,,

E((Ri—E(R1)6)*), < 8, E{(Ri2—E(Ri2)6)*), <0, (C.31)
(fad} exp (Li<n6f))c (drexp(6k))G
EE, — —EE () cEE, ————21] < 6. C.32
| (exp(60))% o B o (€32
Then for any 1 <m < Ls_lj, we have
E{(Ry,..n—E(R1,.m)c)*); <E. (C.33)

The proof proceeds by contradiction and closely follows Section 3.5 and Section 3.7 of [14].
Suppose there exists some € > 0 such that no matter the choice of 6 > 0, it is always possible to
find some integer N = N(8) > |8~ | and some random probability measure G = G(8) € %y with

E((Ri—E(R1)6)*), < 8, E{(Ri2—E(Ri2)6)*), <6, (C.34)
Sudy exp (Lo 6;)) <dkexp(6k)>G‘
(exp(6k))G (exp(6k))c

forany 1 <k <K, =|8"!] and any f, € F, for which there exists some 1 <m =m(8) < [e~!|
with

S _EE.(f,)GEE, <$ (C.35)

‘EE0<

E{(Ri,.n—ERi,.m}c)*)s > & (C.36)

Applying the Prokhorov theorem on the compact metric space {—1,0, 4—1}Nz and noticing that
there are only finitely many choices for m = m(9), it is possible to find a subsequence with 6 — 0
along which the distribution of the array (Gf ) P51 under the averaged Gibbs measure E(-) (s con-
verges in the sense of finite dimensional distributions and along which (C.34), (C.35) and (C.36)
hold for every k > 1 and a fixed 1 < m < |&¢7!]. Since N(§) — o and G(8) € Yy, in the limit,
the distribution of spins will be a measure on { —1,4—1}Nz which will inherit the symmetry be-
tween sites (C.29). By the Aldous-Hoover representation (see Theorem 1.4 in [60]), this symmetry

implies the existence of some function o : [0, 1]* — {—1,+1} with
d
(Gl'€>i7£21 = (G(W7 u€7vi7-xi,€))i’gzl7 (C37)
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where w, (ug), (v;) and (x; ) are i.i.d. uniform random variables on [0, 1]. Since o takes values in
{1, 41}, the distribution of the array (o) is encoded by the function

1
o(w,u,v) =E, ,c(w,u,v,x;) :/ o (w,u,v,x)dx. (C.38)
0

Indeed, the last coordinate x; ¢ is a dummy variable that corresponds to flipping a biased coin to
generate a Bernoulli random variable with expected value & (w, u,v). To clarify this further, let du
and dv denote Lebesgue measure on [0, 1], and define the random probability measure

G =G, = duo (u—G(wu,))” " (C.39)

on the space of functions of v € [0, 1],
H =L*([0,1], dv) N {|[o]|~ < 1}, (C.40)

equipped with the topology of L%(]0, 1], dv). As described in Section 2 of [64], the whole process
of generating spins can be broken into the following steps:

(i) generate the asymptotic Gibbs measure G = G,, using the uniform random variable w;

(i1) consider an i.1.d. sequence [

= 0(w,uy,-) of replicas from G, which are functions in H;
(iii) plug in i.i.d. uniform random variables (v;);>1 to obtain the array G*(v;) = & (w,uy,v;);

(iv) finally, use the random variables (x;,) to generate (o}) by flipping a coin with expected
value &' (v;),

1+ (v
ol = 2]1{x,~,é < ++(V)} ~1. (C.41)

This suggests that the asymptotic Gibbs average should be the average with respect to the random
variables (uy) and (x; ¢) that depend on the replica indices, which we will denote by

() = Ew),(x,0) - (C42)

We can also expect the asymptotic multi-overlap to be given by

RY o (9, (ug,) j<n) = By [0, us,,v) / 150w u,,v)d (C.43)

j<n j<n

This intuition is confirmed by the two following results adapted from Section 3.5 and the Appendix
in [14].

Lemma C.7. For any finite set of n replicas and every collection {6y} (<, of finite indices,

hmIEH<HG> —EW7V1H<HG> (C.44)

60 <n i€t <n €%
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Proof. Let ¢ ={(i,¢) |¢{ <nand i€ %,}. By definition of weak convergence in the sense of finite-
dimensional marginal distributions,

lim E o; = limE of =E o (W, up,vi,Xi ).
50 EH,KIQ/ > 50 <(i,!)—£<g ! >G(8) (i,!)lg ¢ ¢

Recalling the notation (C.42),

E H o (W, ug,vi,Xip) () H]E (up) H E(, 0 o (Wyug,vi,Xig) = Ev, ) H< H Gf>.

(i,0)e? <n i€y (<n i€t
as required. [

Lemma C.8. For any collection of sets {.Z;}i>1 only finitely many of which are non-empty,

11m]E<HRg> ~E, ([]R%)- (C.45)

6—0 i>1

Proof. Write N > |8~!| for the unique integer with G(8) € %y and suppose without loss of gen-
erality that the sets .Z; for i < j are non-empty while the sets .Z; for i > j are empty. From (C.30),

E<HR‘$">G(5):$‘ e 11~ 11 Gﬁl"'6’€j>a<6>'

i>1 i15e05l hLed éjefj

The number of terms in this sum for which at least two of the indices iy, ...,i; are equal is of order
N/=1 and is therefore negligible in the limit. Moreover, the symmetry between sites (C.29) implies
that whenever iy, ...,i; are all distinct

B I1 -+ TT o0 )y =B( I -+ T oit0)) o =B(ITIT of)
LEeL €je,§€j 1 7G(8) e Eje.,i” G(s i>1le;

(This seems to fix a small typo in the second-to-last display of the Appendix in [14]). Combining
these two observations shows that

limE<HRg[>G( =By (i) [TEv TT B 0Ow,00,vi,1.0) = Bop gy [ [R -

6—=0 Vi i>1 ez i>1

This completes the proof. [

In the notation of (C.42) and (C.43), the asymptotic version of (C.34) and (C.35) therefore
reads

E(Ri™)%) = (E(RD))?,  E(RT)? = (E(RT,)) (C.46)
(fudiexp (Le<a ) (dxexp(6y))
e T ey e B @) (€47

for any £ > 1 and any function f, € F,, while the asymptotic version of (C.36) becomes

E{(RT .. —E(RT. ) >¢ (C.48)
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for some 1 < m < |€~!'|. We now derive the two most important consequences of the identities
in (C.46) and (C.47) that will allow us to establish multi-overlap concentration. On the one hand,
the concentration of the overlap E((R},)?) = (E(R7,))? implies that the system lies in a “thermal
pure state” and that the function & (w, 7u, V) is therefore almost surely independent of u. The proof
of this fact is taken from Theorem 3.1 in [62].

Lemma C.9. If E((RT,)?) = (E(RT,))? then for almost all u,v,w € [0, 1],
o(w,u,v) =E, o (w,u,v). (C.49)
Proof. Denote by - the inner product on the Hilbert space (C.40),
6! .62 =E, 6 (w,u1,v)02(w,uz,v) = RY,,
and observe that
0=Ey(y) (RT2)” — By ) RT2RS 4 = By Var, G- 2.

It follows that for almost all w € [0, 1], the inner product 6! .62 of any two replicas sampled from
the Gibbs measure G,, is constant almost surely. In other words, the measure G,, is concentrated
on a single function which may depend on w. This completes the proof. [ |

The second identity in (C.46) therefore implies that, instead of the equality in distribution
(C.37), we actually have

(Gig)i,le < (G(W7 Vi;xi,z))i7421 (C.50)

for any function o : [0,1]3 — {—1,+1} such that fol o (w,v,x)dx = & (w,v). In particular, the Gibbs
average (C.42) simplifies to
() =Eq,) (C.51)

while the multi-overlap (C.43) becomes
1
RZ,..J” (w)=E, HE(W, v)=E, (E(W, v)”) = / G (w,v)"dw. (C.52)
j<n 0

On the other hand, the asymptotic Franz-de Sanctis identities in (C.47) imply the following decou-
pling property of the asymptotic Gibbs measure. This is lemma 3.5 in [14].

Lemma C.10 (A decoupling lemma). Fix A € {A | k > 1}. If e1, e, are independent Exp(1) ran-
dom variables and, for j = 1,2,

€j YjOj

yj:l—l—)LG;?’ 9j:10g(1+7LGj)—lijj, and dj:l—l—)LG})’ (C.53)

fher (dy exp())drexp(6,)) (dyexp(6)) . (daexp(62))
EE, \LXPVIGQCRN)) _ g XD/ g \2CXPIT2)) C.54
(exp(61) exp(62)) *lexp(8) T {exp(6)) (€9
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Proof. The idea is to combine a technical truncation argument with the Weierstrass approximation
theorem and an application of (C.47) to the function f, | = d21 €XP YLr<n+1 926 ; we encourage the
interested reader to consult [14]. [ |

We are finally in a position to contradict (C.48) and prove Proposition C.6. The calculations
are very similar in spirit to those in [63, 64], and are taken from Theorem 2.2 in [14].

Proof of Proposition C.6. We follow the proof of Theorem 2.2 in [14]; we will not give full details,

and instead encourage the interested reader to consult [ 14]. Recall from (C.50) that 6; = o(w,v;,x;)

and Gf =o(w,v j,xj). Since all random variables indexed by j = 1,2 are independent, if we denote

by B =Ei)) o)), ) the conditional expectation given w and we introduce the random variable
(dy exp(61)) Y1 (o1exp(61))

YO =B o) M TH A0 (expl6r)

which depends implicitly on A through y; and 6, then (C.54) reads

(drexp(8) ( {d2exp(62))\ ¢ (diexp(80)) (g (drexp(B)y _ oo
(B oot ) B tenn@) )~ (5 enplo) ) (B lomp(@n) ) =BVt
=0.

This means that Y = EY almost surely. To exploit this fact, through a slight abuse of notation, write

o for o7 and observe that conditionally on Gf ,

(c(14+A0)exp(—Ayo))
(1 +A0) exp(—Ayo))

Y() =By, | (exp(~A0v) yexp(—y)dy:

Using the analyticity of both
(o(1 +yo)exp(—¥y0))
((1+70)exp(-1yo))

for a fixed w as well as its w-expectation E g,,(7), it is possible to deduce that Y (w) = EY for all A
in a small neighbourhood of the origin. With this in mind, introduce the random variable

guwi Y gw(y) = Ew/ow<exp(—7/6y)> yexp(—y)dy

Z(w) =E}, [ (0(1+A0)exp(~20))yexp(—y)dy
which is deterministic by the first identity in (C.46). This implies that the random variable

(o(1+Ac)exp(—Ayo))

(14 A0)exp(—Ayo)) yexp(—y)dy

=20 g, [Noew(-2y0)

is deterministic for all A in a small neighbourhood of the origin. In particular, all its A-derivatives
are also independent of w. We will now deduce from this observation that all multi-overlaps con-
centrate. Given n > 1, applying % to the denominator in the expression inside the integral defining
X and evaluating at A = 0 yields the term

n'Ry, . p42Ee(e—1)",
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where e is an Exp(1) random variable. Since Ee(e — 1)" = E(e — 1)t + E(e — 1)" > 0 for all
n > 1, the term obtained by applying all derivatives to the denominator in the expression inside
the integral defining X produces the multi-overlap Ry’ . If along the way we apply a derivative
of A to any factor other than the denominator, this will not create a new replica, so all those
terms will produce a linear combination of multi-overlaps on strictly less than n + 2 replicas which
by induction we assume to be independent of w. This establishes the concentration of all multi-
overlaps and contradicts (C.48) thus completing the proof. |
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