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Abstract

This thesis addresses the problem of recovering the community structure in the stochastic block model with
two communities. The stochastic block model is a random graph model with planted clusters widely employed
as the canonical model to study clustering and community detection. The focus is on the fundamental limits
of community detection, quantified by the asymptotic mutual information between the observed network
and the actual community structure. This mutual information is studied using the Hamilton-Jacobi approach,
pioneered by Jean-Christophe Mourrat.

The first contribution of this thesis is a detailed description of the Hamilton-Jacobi approach, and its
application to computing the limit of the mutual information in the dense stochastic block model, where the
average degree of a node diverges with the total number of nodes. The main novelty is a well-posedness theory
for Hamilton-Jacobi equations on positive half-space that leverages the monotonicity of the non-linearity to
circumvent the imposition of an artificial boundary condition as previously done in the literature.

The second contribution of this thesis is a novel well-posedness theory for an infinite-dimensional Hamilton-
Jacobi equation posed on the set of non-negative measures and with a monotonic non-linearity. Such an
infinite-dimensional Hamilton-Jacobi equation appears naturally when applying the Hamilton-Jacobi approach
to the sparse stochastic block model, where the total number of nodes diverges while the average degree of
a node remains bounded. The solution to the infinite-dimensional Hamilton-Jacobi equation is defined as
the limit of the solutions to an approximating family of finite-dimensional Hamilton-Jacobi equations on
positive half-space. In the special setting of a convex non-linearity, a Hopf-Lax variational representation of
the solution is also established.

The third contribution of this thesis is a conjecture for the limit of the mutual information in the sparse
stochastic block model, and a proof that this conjectured limit provides a lower bound for the asymptotic
mutual information. In the case when links across communities are more likely than links within communities,
the asymptotic mutual information is known to be given by a variational formula. It is also shown that the

conjectured limit coincides with this formula in this case.
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Chapter 1

Introduction

This thesis is centred around the Hamilton-Jacobi approach pioneered by Jean-Christophe Mourrat [50, 83,
84, 85, 86, 87, 88] for studying the behaviour of mean-field systems with disordered interactions. This novel
technique is applied to the problem of recovering the community structure in the stochastic block model with
two communities. The focus is on the fundamental limits of community detection, analyzed through the lens
of the asymptotic mutual information between the observed network and the actual community structure. The
asymptotic value of the mutual information has been computed in the dense regime [11, 45, 68], where the
average degree of a node diverges with the total number of nodes, and in the sparse disassortative regime
[3, 38], where the average degree of a node remains bounded as the total number of nodes diverges and
where links across communities are more likely than links within communities. However, its determination
has proved more challenging in the assortative sparse regime, where the average degree of a node remains
bounded as the total number of nodes diverges and where links within communities are more likely than links
across communities. The main contributions of this thesis are a detailed and pedagogical description of the
Hamilton-Jacobi approach through its application to computing the limit of the mutual information in the
dense regime, a conjecture for the limit of the mutual information in the sparse regime, which is expressed
in terms of an infinite-dimensional Hamilton-Jacobi equation posed over a space of probability measures,
a well-posedness theory for infinite-dimensional Hamilton-Jacobi equations of this form, a proof that the
conjectured limit provides a lower bound for the asymptotic mutual information both in the assortative and
disassortative settings, and a proof that the conjectured limit coincides with the known variational formula in

the disassortative setting.

1.1 The community detection problem and the stochastic block model

The basic community detection problem consists in partitioning the vertices of a graph into clusters that are
more densely connected. A classical real-world example due to Adamic and Glance [6] consists in classifying
blogs about US politics into Democrat and Republican leaning by observing only which blog refers to which
other blog via a hyperlink. To abstract this problem, one can build a graph of interactions among the blogs,
connecting two blogs, or nodes of the graph, via an edge if there is a hyperlink between them — for simplicity,
the direction of the hyperlink can be ignored. The classification task then consists in colouring each node
blue or red depending on whether it is Democrat or Republican leaning. Intuitively, the graph of interactions

should carry meaningful information about the underlying community structure since hyperlinks are more
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likely between blogs of the same political inclination. A graphical representation of the community detection

problem is provided in Figure 1.1.
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Figure 1.1: The two figures display the same graph of interactions with 100 red nodes and 100 blue nodes, and
with each node having on average 10 links with nodes of the same colour and 1 link with a node of a different
colour (all edges are independent). On the left figure, the blue and the red nodes have been placed uniformly at
random over the entire area, and the colours have been concealed. On the right figure, the blue and the red
nodes have been classified by placing them randomly to the left and to the right of the area respectively. In the
community detection problem, the left figure is shown to the statistician, whose goal is to infer the colouring
of the nodes.

The stochastic block model is the simplest generative model for networks with a community structure.
It was first introduced in the machine learning and statistics literature [56, 63, 105, 106] but soon emerged
independently in a variety of other scientific disciplines. In the theoretical computer science community, it is
often termed the planted partition model [19, 21, 51] while the mathematics literature often refers to it as the
inhomogeneous random graph model [18]. Since its introduction, the stochastic block model has become a
test bed for clustering and community detection algorithms used in social networks [89], protein-to-protein
interaction networks [37], recommendation systems [71], medical prognosis [103], DNA folding [22], image
segmentation [102], and natural language processing [10] among others. In this thesis the focus is on the
stochastic block model with two communities now described.

Consider N individuals, each belonging to exactly one of two communities. The individuals are encoded
as elements of {1,...,N}, and the community structure is represented using a vector

c*:=(of,...,o0) eZy:={-1,+1}". (1.1)

It is understood that individuals i and j belong to the same community if and only if ¢;" = O'f. The labels
(0;")i<nv are sampled independently from a Bernoulli distribution P; with probability of success p € (0,1) and
expectation 71,

p=P{1}=P{0;=1} and m:=FEo,=2p-1. (1.2)

The assignment vector ™ is thus distributed according to the product law
G* ~ P = (PN, (1.3)

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

ay ifo/ =0},

P{Gij =1 | O'*} = (14)

by ifo] # 07,
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
"N::% and Ay = D ¢ (“ey,en), (1.5)
in such a way that
P{Gij=1|c"}=cy+Ayc; O} (1.6)

The data Gy = (G; j),'7 Jj<n 1s said to be sampled from the stochastic block model, and the inference task is to
reconstruct the community structure ¢* as best as possible given the observation of the network of interactions
Gy = (Gij)ij<n- When p = 1/2, the symmetry between the two communities makes it clear that ¢* can at
best be recovered up to a change of sign. 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.

In practice, real-world data can be fitted to the stochastic block model. The example of blogs about US
politics discussed above would be fitted to an assortative stochastic block model since hyperlinks are more
likely between blogs of the same political inclination. The information-theoretic results of this thesis can then
be used to determine whether the data is in a regime where the communities can be reliably recovered. This
has important algorithmic implications [5, 76, 100, 101]. It is worth noting that the results of this thesis do not
address the question of whether the stochastic block model is an adequate model for the data — they merely
provide insights on whether the data can be reliably classified assuming it is generated from this model. A

survey of community detection is [1].

1.2 Mutual information in the stochastic block model

Recently, the stochastic block model has attracted much renewed attention. On a practical level, it has, for
instance, seen extensions allowing for overlapping communities [7] that have proved to be a good fit for real
data sets in massive networks [60]. On a theoretical level, the predictions put forth in [44] 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, or equivalently of cy and Ay, for which there
exists an algorithm that completely recovers the two communities with high probability, up to a global change
of sign. A necessary condition for exact recovery is that the random graph Gy be connected; this makes exact
recovery impossible in the sparse regime. The sharp threshold for exact recovery was obtained in [2, 80],
where it was shown that in the symmetric 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 - /b > 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 ¢* with high

probability, possibly up to a global change of sign. The sharp threshold for detection in the sparse regime
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was obtained in [74, 78, 81], where it was shown that in the symmetric sparse regime, p = 1/2, ay = a/N and
by = b/N, detection is solvable, and efficiently so, if and only if (a—b)? >2(a+b). Notice that detection is
much easier in the asymmetric case [23]. Indeed, the expected degree of node i conditional on its community
membership is given by

E[deg(i)|o]"] = (N-1)(cy +mANT]), 1.7

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 setting of two
communities, several questions remain open. In this thesis, the focus is on the problem of quantifying exactly
how much information about the communities can be recovered by observing the graph Gy. This is encoded

by the mutual information between the assignment vector 6* and the random graph Gy,

I(Gy:6™) = Elog IPW - IE/RN log (W(o)) dPye, (0). (1.8)
Here Pg+|g,, denotes the conditional law of 6™ given Gy. The mutual information is intimately related to the
relative entropy, see Exercise 4.3 in [50], and it is a measure of the “amount of information” obtained about
the vector ¢* by observing Gy. The asymptotic value of this mutual information has been computed in the
dense regime [11, 45, 68] and in the sparse disassortative regime [3, 38]. Its determination in the assortative
sparse regime has proved far more challenging. After the publication of the results of this thesis [49], this
problem was resolved in [107] in the symmetric case, p = 1/2, building upon the earlier works [4, 66, 79, 82].
The approach developed there does not generalize well to more complex models such as when more than two
communities are present [61]. In contrast, this thesis aims to propose a new approach to the analysis of the

community detection problem that would be robust to model modifications.

1.2.1 Mutual information in the dense stochastic block model

The dense stochastic block model refers to the stochastic block model in the regime where the average degree
of a node diverges with the number of nodes. In this thesis, this will be encoded by the following assumptions

on ¢y in (1.5) and on the quantity

NA?
Ay = m (1.9)
A1 The sequence (Ay)n>1 converges to some value A > 0.
A2 The sequence (Ncy(1-cy))ns1 diverges to infinity.
The second of these assumptions implies that the average degree of a node i is
Edeg(i) = (N-1)(cy +mAy), (1.10)

and therefore diverges with N. In this dense setting, a universality property of the mutual information (1.8)
makes it possible to understand the information-theoretic properties of the stochastic block model by mapping
it to a symmetric rank-one matrix estimation problem. This symmetric rank-one matrix estimation problem
has been widely studied, with the most general results obtained in [36] by leveraging the Hamilton-Jacobi
approach. Alternative methods that so far have not reached the level of generality of [36] include [12, 13, 16,

46, 52, 68, 69]. To state these results, it will be convenient to fix a standard Gaussian random variable z and
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introduce the function ¥ : R5y — R defined by

v(h):= Elog/ exp(V2hoz+2hoo) —h) dP*(0). (1.11)
Iy
Mapping the results of [36] back to the dense stochastic block model gives the following variational formula

for the limit of the mutual information.

Theorem 1.1. Under assumptions (A1) and (A2), the limit of the mutual information (1.8) in the dense

stochastic block model admits the variational representation
1 A ?
lim —I(Gy;0")=~- h)y—-—1. 1.12
Jim 5 1(Gyio™) =7 i}:}?("’() /1) (1.12)

The main difference between the approach taken in this thesis to prove Theorem 1.1 and that proposed
in [36] is the solution theory for the Hamilton-Jacobi equation that will describe the limit of the mutual
information. Instead of imposing an artificial boundary condition, the results in [33] will be used to ignore the
boundary altogether and establish a robust well-posedness theory for Hamilton-Jacobi equations on positive
half-space. This well-posedness theory plays an important role in the analysis of the more interesting sparse

stochastic block model.

1.2.2 Mutual information in the sparse stochastic block model

The sparse stochastic block model refers to the stochastic block model in the regime where the average degree
of a node remains bounded as the number of nodes diverges. In this thesis, this will be encoded by the
assumption that cy and Ay in (1.5) are given by
c A
cyi=— and Ay:i=— 1.13

= V= (1.13)
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 o are independent. The probability (1.6) that an edge is present
between node i and node j becomes

* *
c+Ac; o]

P{Gij=1lc"} = N

(1.14)
for the family of conditionally independent Bernoulli random variables Gy = (Gi; )i, j<v. The expected degree
of any node i remains bounded with N,

N-1

Edeg(i) = (c+am?), (1.15)

so the stochastic block model is indeed in the sparse regime.
The limit of the mutual information (1.8) in the symmetric disassortative setting, A<0 and p = 1/2, was
first established in the seminal paper [38]. A more direct proof in the disassortative setting allowing for

arbitrary p € (0,1) was then obtained in [14] using an interpolation argument and a cavity computation. To
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state this result concisely, denote by

1
M, = {uePr[—l,l]|/ xdu:m} (1.16)
-1

the set of probability measures with mean m =2p -1, and define the functional v : M, — R by

w(u):= —c+pIElog/ exp(-Aom) [] (c+Aox)dP*(o)
Iy xelly (1)

+(1 —p)]Elog/ exp(-Aom) [] (c+Aox)dP*(o), (1.17)
Z xell_(p)

where IT, (i) denotes the Poisson point process with mean measure (¢ +Ax) dp(x) on [-1,1]. For the
definition and basic properties of a Poisson point process see Chapter 5 in [50]. The limit of the mutual
information may be expressed as a variational formula involving the functional P : M, — R defined by

—2

Al 1
Pu)=y(u)+ % + % - EE(C+Ax1x2)log(c+Ax1x2), (1.18)

where x| and x, are independent samples from the probability measure {.

Theorem 1.2. The limit of the mutual information (1.8) in the disassortative sparse stochastic block model

with A <0 admits the variational representation

m %I(GN; c*)= %E(C+AGI*62*)10g (c+Aoioy) - c_am_ sup P(u). (1.19)

The limit of the mutual information (1.8) in the assortative setting, A > 0, has been explored in the recent
works [4, 61, 66, 79, 82, 107]. Noticing that the graph Gy locally looks like a tree, these works aim to leverage
a connection between community detection and a process of broadcasting on trees. For convenience, the latter
problem will be briefly described on a regular tree. First, attribute a random +1 variable 6* to the root node.
Then, recursively and independently along each edge, “broadcast” it to each child node by flipping the sign
of the spin with some fixed probability & € (0,1). A basic question is to determine the mutual information
between the spin ¢* 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 of 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 relate the mutual information between o*
and the survey to the mutual information in the community detection problem; in this case, one may speak of
“boundary irrelevance”. To decide whether boundary irrelevance holds, one can study the evolution of the
log-likelihood ratio between the two hypotheses 6* = +1 upon revealing the boundary information at a given
depth. One can calculate the law of this quantity recursively as the depth varies by iterating a fixed map called
the “BP operator”. The property of boundary irrelevance essentially corresponds to this BP operator admitting
a unique non-trivial fixed point. Building upon earlier works, it was recently established in [107] that this
uniqueness property holds in the setting of two balanced communities, p = 1/2. As a byproduct, this yields
a full identification of the limit 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
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communities [61]. This means that the approach developed in these recent works does not generalize well to
more complex models. In contrast, the Hamilton-Jacobi approach proposed in this thesis is designed to be
robust to model modifications. The connections between the results of this thesis and the series of works just

discussed will be explored in Section 6.5.

1.3 Main contributions of this thesis

This thesis is based on two papers [48, 49] and a book [50] published by the author and Jean-Christophe
Mourrat. The paper [49] was published in the Annals of Probability, and it is an analysis of the sparse
stochastic block model using the Hamilton-Jacobi approach. The companion paper [48] is in the late review
stages in the SIAM Journal on Mathematical Analysis (SIMA), and it develops the well-posedness theory
for infinite-dimensional Hamilton-Jacobi equations required to apply the Hamilton-Jacobi approach to the
sparse stochastic block model. The book [50] will be published by the European Mathematical Association,
and it is an introductory text on the Hamilton-Jacobi approach for studying the behaviour of mean-field
systems with disordered interactions. During his doctoral studies, the author also published a paper on the
¢P-Gaussian-Grothendieck problem with vector spins [47] in the Electronic Journal of Probability, and two
papers on mathematical finance [96, 97], but chose not to include their contents in this thesis.

To state the main contributions of this thesis concisely, it will be convenient to introduce additional notation.
For the main result on the dense stochastic block model, introduce the non-linearity H(p) := p*1{p >0} and
its associated finite-dimensional Hamilton-Jacobi equation,

O f(t,h)=H(uf(t,h)) =0 on RygxRso. (1.20)

For the results on the sparse stochastic block model, denote by M the cone of finite positive measures on

[_la 1],
M, = {y | it is a finite non-negative measure on [-1, 1]}, (1.21)

and let g: [-1,1] > R be the function defined by

AL
8(2) = (c+Az)(log(c+Az) - 1) = (c+Az)log(c) +c Yy }(1 n/cl)) ' -c. (1.22)
nz2 -
Introduce the cone of functions
1
Coo = {G,L [-1,1] >R | Gyu(x) ::/ g(xy) du(y) for some p € ./\/l+}, (1.23)
-1
and the non-linearity Co, : Coo — R defined on this cone by
1 /!
Coo(Gy) = 5/ Gu(x)du(x). (1.24)
-1

This non-linearity is well-defined by the Fubini-Tonelli theorem (see equations (3.71) - (3.72)). The equation

of interest in the sparse stochastic block model will be the infinite-dimensional Hamilton-Jacobi equation

Af(t.11) = Coo (D f(t, 1)) on Rogx M., (1.25)
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where D, f(¢, 1) denotes the Gateaux derivative density of the function f(z,-) (see equations (4.4)- (4.5)).
The initial condition associated with this Hamilton-Jacobi will be the functional y : M, — R defined by

w(u)::—u[—l,l]c+p]Elog/ exp(-pu[-1,1]JAcEx;) [] (c+Aox)dP*(o)
I xelly (1)

+(1—p)]Elog/ exp(-pu[-1,1]JAcEx;) [] (c+Aox)dP*(o), (1.26)
L xell- (1)

where I, (1) denotes the Poisson point process with mean measure (c+Ax) d(x) on [-1,1] and x; is
sampled from the probability measure I := ﬁ Notice that this initial condition is an extension of the

functional (1.17). The six main contributions of the works [48, 49, 50] discussed in this thesis are the following.

(i) A detailed and pedagogical description of the Hamilton-Jacobi approach through its application to proving
Theorem 1.1 on the limit of the mutual information in the dense stochastic block model. This is the

content of Chapter 2, and its main result is the following.

Theorem 1.3. Assuming (A1) and (A2), if f denotes the unique viscosity solution to the Hamilton-Jacobi

equation (1.20) subject to the initial condition (1.11), then the asymptotic value of the mutual information
(1.8) is

1 A A A h?
lim —I(Gy;0")=—-f|—=,0]==-s h)-—|. 1.27

Jim_(Gvio) = - (5.0) 5 -sun (w5 ) (127

(ii) A conjecture for the limit of the mutual information both in the disassortative and assortative regimes.

This conjecture is derived in Chapter 3 and expressed in terms of the infinite-dimensional Hamilton-Jacobi

equation (1.25). It reads as follows.

Conjecture 1.4. If f denotes the unique viscosity solution to the infinite-dimensional Hamilton-Jacobi
equation (1.25) subject to the initial condition (1.26), then the asymptotic value of the mutual information
(1.8) is

. 1 * 1 * * * *
Jim NI(GN;O' )= 51E(c+Ac;1 o5 )log(c+Aoi 0y ) - = - —— - f(1,0). (1.28)

(iii) A well-posedness theory for infinite-dimensional Hamilton-Jacobi equations of this form. This is the

content of Chapter 4, and it leads to the following well-posedness result.

Theorem 1.5. The limit (6.10) exists, is finite, and is independent of the parameters R and b. This limit
is defined to be the solution to the infinite-dimensional Hamilton-Jacobi equation (1.25). Moreover, if
the non-linearity in the infinite-dimensional Hamilton-Jacobi equation (1.25) is convex in the sense of
(H5), then the solution to this equation at the point (t, 1) € Ryo x M. admits the Hopf-Lax variational
representation

¢ 1
f(t,u)=sup ](w(u+tV)—zf_le(y)dV(y))- (1.29)

vePr[-1,1

(iv) A finitary version of the main multioverlap result in [15]. This is the content of Chapter 5, and the main

results are Propositions 5.2 and 5.4.

(v) A proof that the conjectured limit provides a lower bound for the asymptotic mutual information in
both the disassortative and assortative regimes. This is the first main result of Chapter 6, and it reads as

follows.
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Theorem 1.6. If f denotes the unique viscosity solution to the infinite-dimensional Hamilton-Jacobi
equation (1.25) subject to the initial condition (1.206), then the asymptotic value of the mutual information
(1.8) in the sparse stochastic block model satisfies the lower bound

Am?

E(cmora;)log(cmoro;)—%—T—f(l,O). (1.30)

1 1
liminf —I(Gy;0™) >
imin N (Gy;0™)

N—+oo

N |

(vi) A proof that in the disassortative regime, A < 0, the conjectured limit coincides with the variational

formula in Theorem 1.2. This is the second main result of Chapter 6, and it reads as follows.

Theorem 1.7. If f denotes the unique viscosity solution to the infinite-dimensional Hamilton-Jacobi
equation (1.25) subject to the initial condition (1.26), then the asymptotic value of the mutual information
(1.8) in the disassortative sparse stochastic block model admits the Hamilton-Jacobi representation

c A

- 1 * ] * % * %
NEerNI(GN;G ):E]E(cm@1 05 )log(c+Ao; 62)—5—7—]‘(1,0). (1.31)

Moreover, the function f at the point (1,0) € Ryg x M. admits the variational representation

f(1,0) = sup P(u), (1.32)
ueM,

where P : M, — R denotes the functional defined in (1.18).

These results are obtained by leveraging the Hamilton-Jacobi approach developed by Jean-Christophe
Mourrat [83, 84, 85, 86, 87, 88], and formalized in the book [50] by the author and Jean-Christophe Mourrat.
The observation underlying the Hamilton-Jacobi approach is that, up to an additive constant that can be
computed explicitly, the mutual information (1.8) can be interpreted as the free energy of a statistical physics
system which, when appropriately enriched, satisfies a Hamilton-Jacobi equation up to an error term that
vanishes in the limit of large system size. This leads to the conjecture that, up to an additive constant, the
asymptotic mutual information is the unique solution to a Hamilton-Jacobi equation. In the presence of
convexity, the Hopf or Hopf-Lax formulas can be used to represent this solution variationally, and therefore
obtain variational formulas such as (1.27) or (1.32) for the asymptotic mutual information.

To render the Hamilton-Jacobi approach rigorous, a well-posedness theory for the Hamilton-Jacobi
equation must be developed, and the error term associated with the mutual information must be carefully
analyzed and controlled. The inability to prove the matching lower bound in Conjecture 1.4 stems from the
relatively weak control of this error term. In particular, it is not expected that this error becomes small as
N tends to infinity for each individual choice of the equation’s parameters. On the other hand, controlling
the error after performing a small averaging over the parameters is possible, but does not suffice for the
identification of the limit. As will be shown in the context of the dense stochastic block model, this obstacle
can be circumvented under modest convexity assumptions through a convenient “selection principle” which
allows the identification of the unique solution to a Hamilton-Jacobi equation. Unfortunately, in the context of
the sparse stochastic block model, these convexity conditions do not hold [67] so the matching lower bound in
Conjecture 1.4 cannot be obtained by appropriately modifying known techniques. Nonetheless, the result in
Theorem 1.7 gives some support in favour of Conjecture 1.4 by showing that, in the disassortative regime,
it matches the variational formula obtained in [38] and stated in Theorem 1.2. This lack of convexity also
implies that no variational formula is to be expected for the assortative sparse stochastic block model.
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The results of this thesis generalize immediately to the case in which the measure P* is arbitrary with
compact support. It is also believed by the author that they generalize without much change to settings with

more than two communities, although not every technical detail has been verified.

1.4 Organization of this thesis

This thesis is organized as follows.

In Chapter 2, the Hamilton-Jacobi approach is described, and it is applied to analyze the dense stochastic
block model and prove Theorem 1.3. A universality property of the mutual information in the dense regime
is leveraged to map the dense stochastic block model to a symmetric rank-one matrix estimation problem.
The arguments in [36] are then used to analyze this matrix estimation problem via the Hamilton-Jacobi
approach. This chapter draws heavily on Chapters 3 and 4 in [50]. The main novelty relative to [36, 50] is
a well-posedness theory for Hamilton-Jacobi equations on positive half-space. This allows consideration of
the Hamilton-Jacobi equation appearing in the symmetric rank-one matrix estimation problem directly on its
natural domain as opposed to appealing to a symmetrization trick as in [50] or imposing an artificial boundary
condition as in [36].

In Chapter 3, the first steps required to apply the Hamilton-Jacobi approach to the sparse stochastic block
model are taken, and an appropriately translated enrichment of the mutual information is formally shown to
satisfy the infinite-dimensional Hamilton-Jacobi equation (1.25) provided that all multioverlaps concentrate in
the limit of large system size. This chapter is taken from Section 2 in [49], and it leads to Conjecture 1.4.

In Chapter 4, the techniques used to establish the well-posedness of Hamilton-Jacobi equations on positive
half-space are refined to obtain the well-posedness of infinite-dimensional Hamilton-Jacobi equations posed
on the set of non-negative measures and with a monotonic non-linearity. The strategy is to introduce an
approximating family of finite-dimensional Hamilton-Jacobi equations and to use the monotonicity of the
non-linearity to show that, just like in Chapter 2, no boundary condition needs to be prescribed to establish
well-posedness. The solution to the infinite-dimensional Hamilton-Jacobi equation is then defined as the limit
of these approximating solutions. In the special setting of a convex non-linearity, a Hopf-Lax variational
representation of the solution is also established. This chapter is taken from [48], and it leads to Theorem 1.5.

In Chapter 5 a finitary version of the main result in [15] regarding the concentration of multioverlaps is
established. In addition to being finitary, the most notable difference between this multioverlap result and that
in [15] is that multioverlap concentration is shown for any perturbation parameter satisfying a condition that
may be verified in practice, as opposed to on average over the set of perturbation parameters. This additional
control is essential in the proof of Theorem 1.6. This chapter is taken from Appendix C in [49].

Finally, in Chapter 6, Theorems 1.6 and 1.7 are established using the Hamilton-Jacobi approach. Combining
ideas from the theory of viscosity solutions with the finitary multioverlap concentration result in Chapter 5,
one inequality between the limit mutual information and the translated solution to the infinite-dimensional
Hamilton-Jacobi equation (1.25) is proved both in the assortative and disassortative regimes. An interpolation
argument taken from [14] and the Hopf-Lax variational formula (1.29) are then used to establish the converse
inequality as well as the variational representation (1.32) in the disassortative regime. Although the converse
bound is also expected to be valid in the assortative regime, significant technical challenges stand in the way
of proving it at the moment. This chapter is taken from [49].

To not disrupt the flow but provide as self-contained a presentation as possible, several basic results in
analysis and probability used throughout the thesis are given in Appendix A.



Chapter 2

The dense stochastic block model

In this chapter, the Hamilton-Jacobi approach is introduced and used to compute the limit of the mutual
information in the dense stochastic block model. The Hamilton-Jacobi approach was developed by Jean-
Christophe Mourrat in the context of statistical mechanics to study the behaviour of mean-field systems with
disordered interactions through the lens of the free energy [50, 83, 84, 85, 86, 87, 88]. The key insight
underlying the Hamilton-Jacobi approach is that the mutual information in a statistical inference problem
such as the dense stochastic block model can be identified with the free energy in a statistical mechanics
problem up to an explicit additive constant and that this finite-volume free energy can be shown to satisfy a
Hamilton-Jacobi equation up to an error term that vanishes in the limit of large system size. In Section 2.1, the
problem of computing the limit of the mutual information in the dense stochastic block model is reformulated
using the language of statistical mechanics by introducing a relevant Gibbs measure and free energy. In Section
2.2, the symmetric rank-one matrix estimation problem [12, 13, 16, 36, 46, 52, 68, 69] is described, and a
universality property of the free energy is used to relate it to the dense stochastic block model. In Section 2.3,
the Gaussian integration by parts formula is leveraged to derive a Hamilton-Jacobi equation posed on positive
half-space for an “enrichment” of the free energy in the symmetric rank-one matrix estimation problem. The
well-posedness of this Hamilton-Jacobi equation is established in Section 2.4, where the arguments in [33] are
used to ignore the boundary of the domain. This is possible because the non-linearity in the Hamilton-Jacobi
equation “points in the right direction”. With this well-posedness theory at hand, the Hamilton-Jacobi equation
for the symmetric rank-one matrix estimation problem is revisited in Section 2.5, and it is shown that the limit
of the enriched free energy is its unique solution. The Hopf-Lax variational formula then yields a variational
representation for the limit free energy in the symmetric rank-one matrix estimation problem which can be
combined with the results in Sections 2.2 and 2.3 to establish Theorem 1.3. Unfortunately, for more general
models such as those studied in [36], the supersolution criterion for the Hamilton-Jacobi equation cannot be
verified directly. To ensure the generalizability of the Hamilton-Jacobi approach described in this chapter,
in Section 2.6, a selection principle for Hamilton-Jacobi equations is developed. This selection principle
ensures that a convex function that satisfies a Hamilton-Jacobi equation on a dense set must satisfy the equation
everywhere, and it is applied in Section 2.7 to provide an alternative proof of Theorem 1.3. The contents of

this chapter rely heavily on Chapters 3 and 4 in [50] which are in turn based on [36].

11
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2.1 From statistical inference to statistical mechanics

The community detection problem associated with the dense stochastic block model consists in recovering the
assignment vector
N
6" :=(0y,...,05) €Ly :={-1,+1} 2.1

given the random undirected graph Gy := (Gi;); j<v With vertex set {1,...,N} constructed by stipulating that

an edge between node i and node j is present with conditional probability
P{Gijzl |G*}:CN+G;G;AN 2.2)

for some ¢y and Ay satisfying assumptions (A1) and (A2). Recall that the labels 6;* ~ 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{o6 =1} and m:=FEo; =2p-1. (2.3)

This means that the assignment vector ¢* follows a product distribution,

o ~ B} = (P*)®V. (2.4)
To understand the mutual information
* P(Gl\hc*) / dPG*‘GN
I(Gy;07):=Elog————F—*-=E 1 —(0) | dP,+ o 2.5

between the assignment vector o* and the graph Gy, it will be useful to get a better grasp on the conditional
law Pg+ |G, of the assignment vector 6* given the graph Gy. Observing that

]P’{GN =(Gjj)|o* = G} = H(cN+ANGI-*G;)G"J'(1 —CN—ANO';G;)I_GU, (2.6)

i<j

Bayes’ formula can be used to obtain the law of the assignment vector ¢* conditionally on the observation of

Gy . It can be written in the form of a Gibbs measure,

. expHy"M (0)Py (o)
]P){G :G|GN:(Gij)}: NSBM . * ) 2.7
f):N expHyPM (1) dPy (1)
for the Hamiltonian
A 1 A 1
HYM (o) ::Zlog[(l+NGi0'j) (1—No,-c,) ] (2.8)
i<j CN 1- CN
Denoting its associated average free energy by
— 1
o ~Elog / expHSBM (6) AP (o), (2.9)
Iy

in the limit of large N, this average free energy coincides with the mutual information (2.5) up to an explicit

additive constant.
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Proposition 2.1. Under assumptions (A1) and (A2), the limits of the average free energy (2.9) and of the

mutual information (2.5) differ by an additive constant,

SBM

—I(GN,G )—7—FN +o(1). (2.10)

Proof. The explicit form of the likelihood in (2.6) and the definition of the Hamiltonian in (2.8) imply that

1 1 _
(Grio") = SEHM (6%) v @2.11)

Since the coordinates of the assignment vector ¢* are i.i.d., the first term simplifies to

1

N Ay Ay
]EHSBM( = —- ( ) EGplog| 1+ Xofor |+E(1-Gpo)log|1- 005 ||.
N 2 CN 1- CN

Averaging with respect to the randomness of G, conditionally on the randomness of the assignment vector
o™ reveals that this is equal to

N-1 AN An A A
ewvE[ 1+ 2Xoios |log| 1+ ot os |+ (1-ey)E[1- 0705 |log| 1- 206705 ||.
2 CN CcN 1-cy 1-cn

Taylor expanding the logarithm shows that

_ 2 3 3
—EHSBM )= N 1~[ A +(’)(A§’+AN)].
C

4 CN(I—CN) (I—CN)2

Recalling the definition of the constant Ay in (1.9), observing that cy € (0, 1), and remembering (2.11) gives

N-1 dy _gsem_,(N-1 A
4 Y]

1
—I(Gy;0")=—— -F
T Y N N /Ney(I-cy
Invoking assumptions (A1) and (A2) completes the proof. ]

This result reduces the task of understanding the limit of the mutual information (2.5), an information-
theoretic quantity, to computing the limit of the free energy (2.9), a statistical mechanics quantity. The limit of
this free energy will be determined indirectly by leveraging a universality property that allows one to map the
free energy in the dense stochastic block model to that in the symmetric rank-one matrix estimation problem.
The limit of the free energy in the symmetric rank-one matrix estimation problem can be computed using the

Hamilton-Jacobi approach.

2.2 A symmetric rank-one matrix estimation problem

The problem of symmetric rank-one matrix estimation consists of recovering the symmetric rank-one matrix
generated by a vector
X:= (%,...,xy) €RY (2.12)
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of independent entries sampled from a bounded probability measure P; on the real line, given its noisy

2t
Y= \/;xxT+W e RV, (2.13)

The noise matrix W := (W; j)lgh J<N € RM*N is made of independent standard Gaussian random variables

observation

independent of the vector X, and the parameter ¢ > 0 is called the signal-to-noise ratio. The vector X follows a
product distribution,
Py:=(P)®V. (2.14)

As in the dense stochastic block model, it will be useful to determine the conditional law of the signal X given

RNXN

the observation Y. For every x e RN and y € , a formal computation reveals that

2
P{X=xandY =y} eXp(_%b’_\/%xxw )dPN(x)

P{x=x|Y=y}= = 5 , (2.15)
P{Y =y} fRNexp(—%|y—\/%x’x’T‘ )dPN(x’)
where, for any two matrices a,b € RAxd,
1
d . d ,\?
a-b:=tr(ab") =Y a;b; and |da|:=(a-a)? = (Z|a,~| ) (2.16)
i=1 i=1

denote the entry-wise scalar product and the Euclidean norm, respectively. More precisely, introducing the

2t t 2t 2t t
Hy(t,x):= \/;x-Yx— N|x|4 =1/ Nx-W)H— N(x-f)z— N|x|4, (2.17)

for every bounded measurable function f: RN - R,

Hamiltonian

3 B Jon f(x)expHy (2,x) dPy(x)
]E[f(x) | Y] - RfRN expHy(1,x) dPy(x) (2.18)

This is verified rigorously in Exercise 4.2 of [50]. In other words, the conditional law of X given Y is the Gibbs

measure associated with the Hamiltonian Hy(z,-). The associated free energy is denoted by

1
Fy(t):= Nlog/RN expHy (1,x) dPy(x). (2.19)

Notice that the Hamiltonian Hy (¢, o) is a random quantity, as it depends on X and W through Y. In particular,
the free energy (2.19) is also random, and its average is denoted by

— 1
Fy(t) =EFy(t) = N]Elog/RN expHy(#,x) dPy(x). (2.20)

Slightly abusing terminology, the average free energy (2.20) will often be referred to as simply the free energy.
It will be convenient to introduce notation for a random variable whose law is the random Gibbs measure (2.18).
For every bounded measurable function f : RN - R, write

 Jrn f(x)expHy(z,x) d Py (x)

(f(x)):= /R S () dPyy (x) = o expHE (1) APV G) (2.21)
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Although this is kept implicit in the notation, the bracket (-) is a random quantity that depends on ¢ and on Y.
Whenever expressions such as (g(x,X)) are written, it is understood that the variable x is integrated against the

conditional probability measure Pyy, while keeping X fixed. In more explicit notation,

. 7 ~ Jrn &(x,X) exp Hy (2,x) dPy(x)
(a0 = [ s ary (= e2)

not to be confused with E[g(%,X) | Y] for instance. If no information about the signal X is given by the
observation of Y, when f = 0, then x is simply an independent copy of X. On the other hand, if perfect
information about X is possessed, for instance, if X is observed with no noise, then x is equal to x. It will also
be convenient to introduce independent copies of x under the Gibbs average (-), often called replicas, which

2

are denoted by x', x”/, or also x', 2%, x3, and so on if an arbitrary number of replicas needs to be considered.

Explicitly, for every bounded measurable function f: RV xRN — R,

) Jaw Jan £(xx")exp (Hy (t,x) + Hy (t,x") ) d Py (x) d Py (x")

(f(xx")
( favexpHR(t,x) dPN(x))2

, (2.23)

with the natural generalization of this expression in the case of more replicas. The fact that the Gibbs
measure (2.18) is a conditional expectation will fundamentally simplify the analysis — in the language of
statistical mechanics, the symmetric rank-one matrix estimation problem is always replica symmetric. The
replica symmetry derives from the Nishimori identity which allows the replacement of one replica x by the

ground-truth signal X, provided that all sources of randomness are averaged.

Proposition 2.2 (Nishimori identity). For all bounded measurable functions f: RN x RN*N

RNXRNXRNXN —>R,

—»Rand g:

E(f(x,Y))=E(f(xY)) and E(g(x,x',¥))=E(g(x,xY)), (2.24)

and so on with more replicas, that is, for every integer { > 1 and bounded measurable function h: (R )E X
RNXN N R,
E(h(x'o?,... x" 7)) = E(h(x',2%,... .2 73 7). (2.25)

Proof. Tt suffices to prove (2.25). By Dynkin’s 7-A theorem (Theorem A.5 in [50]), it suffices to verify this
identity for functions that factorize over the variables. Precisely, assume that the function % can be written in
the form

x', o xY) = (L X T (DR (Y), (2.26)

for some bounded measurable functions Ay, k. k3. It then follows that

E(h(x',....x"Y)) =E((l (", xR 1)) (o (X)) ha(Y))
:E(Ul](xl,“.,XE_I,Y»EUQ(X) |Y]h3(Y))a

where the last identity uses that the Gibbs measure (2.21) is the conditional law of X given the observation Y.

Recalling that the measure (-) depends on the randomness only through Y, and thus that (A (x',...,x""1,Y))
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is Y-measurable, reveals that

E(h(x',....x", 7)) =E(B[(hn (x',....x7 Y)Y (R)hs3 (V) | Y])
E((hi(x',... . x" Y)Y (X)hs(Y))
=E((h(x',....x" ) (®)hs3(Y)).

Combining this with the definition (2.26) of the function 4 completes the proof. ]

A universality property of the free energy (2.9) in the dense stochastic block model ensures that it is
asymptotically equivalent to the free energy (2.20) in the symmetric rank-one matrix estimation problem for

the appropriate choice of prior and signal-to-noise ratio.

Proposition 2.3. Under assumptions (A1) and (A2), the free energy (2.9) in the stochastic block model is
asymptotically equivalent to the free energy (2.20) in the symmetric rank-one matrix estimation problem with

Bernoulli prior,

FiBM_F;(1)+o(1). 2.27)

Before delving into the proof of this result, it will be convenient to simplify the expression of the
Hamiltonian Hy SBM in (2.8), and discard some lower-order terms to gain intuition. Taylor expanding the

logarithm in the definition of this Hamiltonian reveals that

HSBM(G) —HSBM(G)+Z|:G ( AZZV A12\/ ) AZZV ]
N N Sl 7\2(1-en)? 23] 2(1-cn)?

3 3
+Zo( ?Ivv ,J)(1 pE ) (2.28)

i<j

for the Hamiltonian
Ay

SBM
c Gjj—cN)0i0 (2.29)
();m(lc)( )oic;.
Introducing the free energy
~ 1 ~
FyBM .= ~E / expHY™M () dP (o) (2.30)
Iy

associated with the Hamiltonian (2.29), the equality (2.28) implies that

2 2 2

—SBM _ FSEM Ay Ay Ay
Fy o = PR o P - N
N Z [ ”(2(1—cN)2 2c12\,) 2(1-cy)?

1<]

3 3
+ZO(EG,,A3 +(1- EGU)(lA W ) (2.31)

i<j

Noticing that EG;; = cy + ANﬁz, and remembering the definition of Ay in (1.9), this becomes

—SBM ~SBM_N_1 A«N O(N_l A]::,/z ) (232)

Fy =Fy c—+
N 4 N \/Nen(1-cw)
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Leveraging the assumptions (A1) and (A2) shows that

_SBM  ~spm A
Fyo = FSBM_ o) (2.33)

so the free energies (2.9) and (2.30) are equal up to an additive constant. The free energy (2.30) starts to look
more like the free energy (2.20) in the symmetric rank-one matrix estimation problem. Indeed, introducing the

centred random variables

Gij = m(G[j—CN—ANGi*G;), (234)
the Hamiltonian (2.29) may be written as
7SBM ~ A’N * %
Hy V(o) = Z GijGiGj‘f‘WGi 0; 00 |. (2.35)
i<j

A direct computation shows that the random variables G, j have variance

EG%-— M g
7 Nen(1-cn)

Ay xN_‘ W
_N+O(N( NCN(I—CN)-'_N)). (2.36)

Recall that under assumption (A2), the average degree of a node diverges as N tends to infinity. This gives

(1-cn—Anoi 6} )(cn +Ano] O} )

some credence to the idea that in the limit of large system size, a sort of central limit theorem takes place, and
the random variables (5,- )i, j<vy may as well be substituted by centred Gaussian random variables with the
same variance. In other words, the free energy (2.30) may be expected to be asymptotically equivalent to the
Gaussian free energy
Fy'™ ()= %Elog / expHE"™ (1, 0) dP (o) (2.37)
N

associated with the Hamiltonian

A A
Hj%auss(l’c) = Z (\/;Vvijcjcj + NGi*GfG,-Gj). (2.38)
i<j

Noticing that % is again a standard Gaussian, the equality in distribution

gauss d ;50 & Nil_Ni “_&
HY (A,c)_HN(4)+ 1 ;ZNWU 5 (2.39)

holds jointly over ¢. For the choice of Bernoulli prior P; = P*, this implies that

— — (A A A
() =Fyl = |+5 -2 2.40
N ( ) N 4 4 2 Na ( )
where it has been used that EWj; = 0. To establish Proposition 2.3 it remains to prove rigorously that the free
energies (2.30) and (2.37) are asymptotically equivalent up to an additive constant. This will be done through

an interpolation argument taken from Theorem 3.9 in [95].
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Proof of Proposition 2.3. By the asymptotic equivalences (2.33) and (2.40), it suffices to show that

—gauss

ESBM_FU™ (L) +0(1). (2.41)

To alleviate notation, the dependence on A will be kept implicit. The proof proceeds by interpolation. For each

t €[0,1], define the interpolating Hamiltonian

HN;(G) —Z[(\/_Glj+\/_\/7 l])GlG] ( ~?\]Iv+(1_[)~?’v)6i*6;6i6j:|7

i<j

and the interpolating free energy
— 1
Fn(t):=—Elog | expHy,(c)dPy(0).
N o
By the fundamental theorem of calculus,

|FAS,BM FgauSS| _

[Fy(1)-Fyn(0)| < sup [Fy(t)]. (2.42)
re[0,1]

To compute this derivative, write (-); for the average with respect to the Gibbs measure associated with the

interpolating Hamiltonian Hy ;, and observe that

_, N/
Fy(t)=——+ Z]EGU 0:0}) - > EW;j{0i0;);

2N J P N2/ T-1 &

2 £
i<j

1
+(/IN—),)-N—ZE(Q*G;G,-G/)[. (2.43)

At this point, fix indices i < j and introduce the function F (G; i) =(0;0});. A direct computation reveals that

aaijF = (G,'O'jaginNyt(G»t - <C7,'Gj>,<(95inN7t(G))[ = \/Z(l - (O'iGj)tz)
z%jF =-2V1{0i0});- 85UF =-2t({0i0;); - (0i0})})

so the approximate Gaussian integration by parts formula (Exercise 4.6 in [50]) gives
ol _ 2 2 &3
EGij(0i0)) = VIEG;;(1-E(c;0;)7 ) + O (E|G;;I).

On the other hand, the Gaussian integration by parts formula (Theorem 4.5 in [50]) shows that

EWj{cioj) = V1-t- %'(I‘E(chﬁfz)'

It follows by (2.43) that

FN(t)_ﬁZEGU(l E(0;0,)7) - 2N2Z( E(ci0;)7 ) + O (NE|G o[ +| Ay - A|).

i<j i<j
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Together with (2.36) and (2.42), this implies that

~ P — SS 2, A/ -~
FSBM _ rEauss ) N AN E 3 _all
S v +O0( Ay Nev(l—an TN +NE|G | + Ay - A

Observing that
. A3 43>
E|G2f < ————— [E[(1 ey~ ANGiG ;) (cn +ANG G )| § — —2e—,
cy(1-cn) N+/Ney(1-cp)
and remembering the assumptions (A1) and (A2) establishes (2.41) and completes the proof. [ ]

This result reduces the task of understanding the limit of the free energy (2.9), and hence of the mutual
information (2.5), to computing the limit of the free energy (2.20) in the rank-one matrix estimation problem.
To do so, the Hamilton-Jacobi approach will be used. The structure of the argument closely resembles that in

[36] — the only difference will be in the well-posedness theory for the Hamilton-Jacobi equation.

2.3 A matrix estimation Hamilton-Jacobi equation

To determine the limit free energy in the symmetric rank-one matrix estimation problem using the Hamilton-
Jacobi approach, a partial differential equation satisfied by the free energy (2.20) up to an error that vanishes
with N needs to be derived. Notice that the limits of the random free energy (2.19) and its average (2.20),

provided that they exist, are the same.

Lemma 2.4. The free energy (2.19) concentrates about its average (2.20); that is, for every T < +oo, there is
a constant C < +oo such that for every t € [0,T] and A > 0,

2
IP’{|FI§(I)—F;,(t)|>7L}<26xp(—Né). (2.44)

In particular, for every t > 0, the free energy (2.19) and its average (2.20) are asymptotically equivalent,

limsup|Fy (1) - Fy(t)| = 0. (2.45)
N—+o00
Proof. The free energy (2.19) in the symmetric rank-one matrix estimation problem is a function of the
Gaussian noise W and the signal x. To make this dependence explicit, temporarily change the notation and
write the free energy as
Fy(t,W,X) := Fy(r).

Letting a > 0 be such that the support of the measure P; is contained in the interval [-\/a,+/a], the measure
Py is supported in the closed Euclidean ball B \/W(O) of radius \/aN centred at the origin. This means that for
t>0,xeRN and W! W2 e RNV,

[ 21
Fy(t,W'3) <\/~ sup  (x-W'x—x-Wx)+Fy(t, W 5). (2.46)
XGE\/(W(O)
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Using that x- (W' =W?)x = (W! -=W?)- (x*x) and invoking the Cauchy-Schwarz inequality reveals that

2t 2t
Fo(t, W X)-Fe(t, W2 3) <\ —  sup W' -W2|<ay/ =W -W?2. (2.47)
N 5 N
x v aN

Since the right side of (2.47) is symmetric in the pair (W', W?), this estimate gives an upper bound on the
Lipschitz semi-norm of the map W — Fy (¢t,W,X). It thus follows by the Gaussian concentration inequality
(Theorem 4.7 in [50]) applied conditionally on the randomness of the signal X that, for any A > 0,

2
P{|Fy (t,W,X) — Ew Fg (1,W,%)| > A} < 2exp ( - imzt) (2.48)
a

where Ey denotes the average only with respect to the randomness of the Gaussian noise W. To obtain the
concentration of the free energy, it remains to establish the concentration of Ew Fy (1, W,X) about its average

with respect to the signal X. Fix £ > 0,W e RV and x e RV. A direct computation reveals that for any 1 <i <N,
o N _
ok, Fy (t,W,X) = ﬁ((x-x).x,-)‘ (2.49)

Letting a > 0 be such that the support of the measure P; is contained in the interval [—/a, \/a], this implies
that

4ta’l?
N

Averaging over the randomness of the Gaussian noise W and using Jensen’s inequality shows that this upper

|05, Fy (1,W,%)| < (2.50)

bound also holds for the averaged free energy Ew Fy (#,W,X). Combining this with the mean value theorem
shows that for any i € {1,...,N} and Xi,...,Xn,X; € [-\/a,/a],

o — - = —
|EWFN(I7W7XI yoe s Xi=1,X5 Xit 1y - ,Xn)

4ta’? 8ta’
S FS (R, Fi 1 F Ko 1, )| € o X~ ¥ = Ta (2.51)
It follows by the McDiarmid inequality (Theorem 4.8 in [50]) that
P{|EwFy (t,W.%) -EFy (t,W,X)| > A} < 2exp| - NAE . (2.52)
32t2a*

Together with the triangle inequality and the upper bound (2.48), this establishes the exponential concentration
(2.44) of the free energy about its average. Since the right side of this expression is summable, invoking the

Borel-Cantelli lemma completes the proof. [ |

The Gaussian integration by parts formula (Theorem 4.5 in [50]) reveals that

2 E(f) - E((x-2)?)). 2.53)

E(x-Wx) = N

Together with a direct derivative computation, this implies that

—o 1
F (1) = ﬁE«x&)z). (2.54)
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Unfortunately, there is no way of closing this equation if only derivatives in ¢ of the free energy can be
computed. Indeed, the situation is analogous to that encountered if one were to study a Curie-Weiss model
without any magnetization part, where there would be no parameter / with respect to which to differentiate and
close the equation — see Chapter 3 of [50] for a detailed discussion of the Curie-Weiss model and its analysis
via the Hamilton-Jacobi approach. To overcome this issue, an “enriched” free energy that also depends on
an additional parameter i will be defined. The enriched free energy Fy(t,h) should extend the free energy
Fr(1), in the sense that there is some /o with Fy(-,ho) = Fy(-); it should be simple enough that the limit of
its initial condition Fy(0,-) can be computed explicitly; and it should be rich enough that it allows to close
the equation, up to a small error term. In the context of statistical inference models, one also needs to ensure
that the enrichment does not destroy the fact that the Gibbs measure is a conditional expectation. Indeed, this
property gives access to the Nishimori identity (Proposition 2.2), which plays a fundamental role in simplifying
statistical inference models and distinguishing them from the more complicated spin-glass models.

In the context of the symmetric rank-one matrix estimation problem, the appropriate enrichment of the
free energy is obtained by assuming that, in addition to observing the noisy rank-one matrix ¥ in (2.13), a

noisy version Y of the signal vector ¥ is also observed,
Y :=V2hx+z (2.55)

The noise vector z := (z; )<y € RY is made of independent standard Gaussian random variables independent of
the vector X and the noise matrix W, and the parameter % > 0 is a signal-to-noise ratio. The enriched symmetric
rank-one matrix estimation problem is to infer the signal X from the observation ) := (Y. ,?). Applying Bayes’
formula shows that the law of the signal X given the observation of ) is the Gibbs measure whose Hamiltonian
on RY is

Hy(1,h,x) := Hy(t,x) +\/2hY -x— h|x]. (2.56)
In other words, for any bounded measurable function f : RN SR,

N _ Jrn f(x)expHy (2, h,x) d Py (x)
E[f()|y]=-E o expHy (b APy () 2.57)

The free energy
1
Fy(t,h):= —log/ expHy(t,h,x) dPy(x) (2.58)
N RN

of this model is again random, as it depends on X, W, and z, and its average is again denoted by
_ 1
Fn(t,h) :=EFy(t,h) = NIElog/ expHn(t,h,x) dPy(x). (2.59)
RN

The average free energy (2.59) will often be referred to as simply the free energy. Through a slight abuse of
notation, as before, (-) will denote the average with respect to the Gibbs measure (2.57), and x,x’,x”, and so
on, will be independent random variables sampled according to this probability measure. That is, for every
bounded measurable function f : RN 5 R,

_ Jav f(x) expHy (1, h,x) d Py(x)

()= Jex expHy (6,1,x) dPy(x) (2.60)

and so on as in (2.23) with more replicas. The derivation of the identity (2.54) is unchanged for this more



CHAPTER 2. THE DENSE STOCHASTIC BLOCK MODEL 22

general Gibbs measure: for all #,/ >0,

_ 1 _
O Fy(t,h) = ﬁE((xvc)z). (2.61)
Recalling from (2.55) and (2.56) that
Hy(1,h,x) = Hy(,x) + 2hx-X+\/2hz-x— h|x]?, (2.62)

it is also possible to compute the spatial derivative of the free energy: for all #,i > 0,

_ 2 1
WFn(t,h) = E(z-x) + NE(”) - N]E(|x|2>. (2.63)

1
N\/2h
The Gaussian integration by parts formula (Theorem 4.5 in [50]) reveals that

E(z-x) = V2h(E(|x]*) - E{x-x')) (2.64)
which together with the Nishimori identity implies that
(1) = L BleT) = LB 2.65)
= —E(x-X) = =E|(x)|". .
hf" N\, N N

It is reasonable to expect the variance of the inner product, or overlap, N~'x-% between a sample x from the
Gibbs measure (2.57) and the ground-truth signal X to be small, simply because it is the average of a large
number of variables. If this is so, then the difference between the time derivative (2.61) and the square of the

spatial derivative (2.65) would also be small since

AFn(t,h)— (Fn(1,h)) :Var(x];fx). (2.66)
This suggests that the enriched free energy (2.59) should converge to the function f solving the Hamilton-Jacobi
equation
2

O f(t,h)—(Inf(t,h)) =0 on RyoxRyg (2.67)

subject to the initial condition
y(h):= Nlim Fn(0,h) =F1(0,h). (2.68)

—+00

The assumption that Py is a product measure has been used to assert that the initial condition is independent of
N. To make this argument rigorous, a well-posedness theory for the Hamilton-Jacobi equation (2.67) needs
to be established. The general well-posedness theory for Hamilton-Jacobi equations on positive half-space
developed in the next section relies on the assumptions that the non-linearity is locally Lipschitz continuous

and non-decreasing. Given a set D € RY, a function /: D — R is said to be non-decreasing if, for all y,y’ € D,
vy = h(y)<h(Y), (2.69)

where < denotes the partial order,
y<y =y -yeRY,. (2.70)

Although the non-linearity H(p) := p? in the Hamilton-Jacobi equation (2.73) is locally Lipschitz continuous,
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it fails to be non-decreasing on R; however its modification
H(p):=p*1{p>0} 2.71)

is both locally Lipschitz continuous and non-decreasing on the real line. Moreover, the derivative computation
(2.65) suggests that for all £,4 > 0,

(nf(t,0))’ = H(Anf (1,1)) = H(Ouf (£, 1)) (2.72)

which means that the enriched free energy (2.59) should converge to the function f solving the Hamilton-Jacobi
equation
O f(t,h)—H(Iuf(t,h)) =0 on RygxRyg (2.73)

subject to the initial condition f(0,-) = w(-). The well-posedness of this Hamilton-Jacobi equation will be
established in the next section. The focus will then be on controlling the error term on the right side of (2.66),
and proving that the limit of the free energy indeed solves the Hamilton-Jacobi equation (2.73). Together
with the Hopf-Lax variational formula, this will lead to the following result for the limit free energy in the

symmetric rank-one matrix estimation problem.

Theorem 2.5. For every N > 1, denote by Fy : Rsg xRy — R the enriched free energy (2.59) in the symmetric
rank-one matrix estimation problem. For every t,h >0, the sequence (Fy(t,h))ys1 converges to f(t,h) as N
tends to infinity, where f:R5o xRy — R is the unique viscosity solution to the Hamilton-Jacobi equation (2.73)
subject to the initial condition Y : Ryg — R defined in (2.68). Moreover, the limit free energy f admits the
Hopf-Lax representation, for everyt,h >0,

I 1)\2
F(t) = sup (w(h’)—(”h)). 074

W eRsg 4¢

In particular, the limit of the free energy f; defined in (2.20) is given by

—o h?
lim Fy(t) = h)-—|. 275
Jim Fy(r) hi?éi’o("’( ) 4t) (275)
Together with Propositions 2.3 and 2.1 this result implies Theorem 1.3. The remainder of this chapter will

therefore be devoted to proving Theorem 2.5.

2.4 Hamilton-Jacobi equations on positive half-space

The simplest setting in which to establish a well-posedness theory for Hamilton-Jacobi equations is on
Euclidean space R.o x R? — see Chapter 3 of [50] for a detailed discussion of this well-posedness theory.
Unfortunately, the Hamilton-Jacobi equation (2.73) that appears in the context of the symmetric rank-one
matrix estimation problem is defined on the positive half-space R,y xR as opposed to the Euclidean space
R.o xR. In this section, a well-posedness theory for Hamilton-Jacobi equations on positive half-space is
developed following [33, 48]. This requires additional technical effort relative to the Euclidean setting; the
upshot of the analysis will be that, for all equations of relevance, no boundary condition for the solution needs

to be prescribed, and in effect, the boundary can simply be ignored. Intuitively, this is possible because the
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characteristic lines always go towards the boundary as ¢ increases rather than away from it.

To motivate the appropriate notion of solution to the Hamilton-Jacobi equation (2.73), temporarily assume
that the initial condition y is convex and non-decreasing, and take Theorem 2.5 for granted. The Fenchel-
Moreau theorem on positive half-space (Proposition A.6) then implies that the unique solution f: R0 xRsg - R
to the Hamilton-Jacobi equation (2.73) is given by

r_ 2 ! _ 2
f(t.h)= sup (w(h’) - (hh)) = sup (mh ~y*(m) - (hh))) (2.76)
h'eRso 4t m,h'eRso 4t

where y* (m) = supyg_ (h'm—y(h")) denotes the convex dual of y defined in (A.7). Since the function

X+ %|x|2 is its own convex dual (Exercise 2.8 in [50]), the solution f may be written as

f(t,h) = sup (mh+tm*—y*(m)). (2.77)
meR;O
Leveraging the envelope theorem (Theorem 2.22 in [50]), one can show that at every point (z,/) € Ry xR
of differentiability of f,

Of(t,h) =mi(t,h) ~ and  Oyf(t,h)=mo(t,h) (2.78)

for a maximizer mq(t,h) of the right side of (2.77). In particular, the limit free energy f does indeed satisfy
the Hamilton-Jacobi equation (2.73) at all its points of differentiability. Together with Rademacher’s theorem
(Theorem 2.10 in [50]), this implies that f satisfies the equation (2.73) almost everywhere. Notice that f is
Lipschitz continuous because each Fy is by (2.61) and (2.65). A natural question arises at this point. Could
the limit free energy f be identified as the unigue Lipschitz continuous function with f(0,-) = w(-) which
satisfies the equation (2.73) almost everywhere? Unfortunately, the answer is no. In fact, the following
construction shows that this Hamilton-Jacobi equation admits infinitely many almost-everywhere solutions

that are Lipschitz continuous.

Example 2.6. For simplicity, infinitely many Lipschitz functions that satisfy the Hamilton-Jacobi equa-
tion (2.73) almost everywhere and are constant equal to zero at the initial time will be constructed. Similar but

more complicated constructions can be performed for more general initial conditions.

f(h)

—t t

Figure 2.1: Graph of the function & — f(t,h), for a fixed value of 7 > 0.
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Temporarily disregarding the question of the initial condition, notice that the functions (z,4) ~ 0, (¢,h) —
t+hand (¢,h) — t —h are all solutions to (2.73). It thus follows that the Lipschitz function

t+h ifhe[-,0]
fle,n)y={t-n ifthe[0,]

0 otherwise

displayed in Figure 2.1 is an almost everywhere solution to (2.73), as it is obtained by “gluing together” these
different solutions, and the measure-zero set of points where they are joined together can be disregarded. By
construction, the function f is such that ]7(0, -) =0. The null solution also satisfies these properties, so this
construction yields two almost-everywhere solutions with the same initial condition. Moreover, any translation
in space of f also satisfies this property; and the “emergence of the corner” can also be delayed to some
arbitrary time. So in fact, there are uncountably many Lipschitz functions that solve the equation (2.73) almost

everywhere and vanish at the initial time.

One could try to impose the uniqueness of solutions by strengthening the regularity assumptions; for
instance, one could impose that a solution f to (2.73) be C' (R x Rx0;R) and solve the equation everywhere.
The problem with this idea is that in this case, the set of solutions can be empty. A notion of solution that
is more stringent than the “almost-everywhere solutions” explored above, but less stringent than asking the
solution to be continuously differentiable on R3g x Ry therefore needs to be identified. In a nutshell, the
function f will be required to satisfy a certain form of the maximum principle. Observe that whenever two

functions f and g satisfy the Hamilton-Jacobi equation (2.73) with “viscosity” parameter € > 0,
O f(t,h) —H(Ouf(t,h)) = €Af(t,h) on RsyxRso, (2.79)

if their initial conditions are ordered, say f(0,-) < g(0,-), then this ordering is preserved at all later times 7 > 0
as well, f(z,-) < g(¢,-). While this monotonicity property will be obtained as a consequence of the definition
of solution explained below, one can essentially also go the other way around [8].

To strive for generality, as opposed to focusing exclusively on the Hamilton-Jacobi equation (2.73), for
the remainder of this section, fix a Lipschitz initial condition y : Rgo — R, and a locally Lipschitz and

non-decreasing non-linearity H: RY - R, and consider the Hamilton-Jacobi equation
O f(t,x)-H(Vf(t,x))=0 on RyoxR%, (2.80)

subject to the initial condition f(0,-) = w(-). In this equation, the gradient is taken with respect to the x
variable, leaving the 7 variable aside: Vf(x) = (dx, f,...,0x, f). The Hamilton-Jacobi equation (2.73) arising
in the context of the symmetric rank-one matrix estimation problem corresponds to the one-dimensional case,
d = 1, the convex non-linearity H = H defined in (2.71), and the initial condition y defined in (2.68).

As previously alluded to, a natural way to define a solution to the Hamilton-Jacobi equation (2.80) is to

add a small “viscosity” parameter € >0, and to consider the second-order parabolic equation
O, fe(t.x) —H(Vfe(t,x)) =€Afe(t,x) on RygxRY, (2.81)

subject to the initial condition f¢(0,-) = y(-). That smooth solutions exist for (2.81) subject to appropriate

boundary conditions can be shown by classical techniques, because the Laplacian term is dominant on very
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small scales, being of higher order than the other terms of the equation. The solution to the Hamilton-Jacobi
equation (2.80) can then be defined as the limit of the solutions to (2.81) as the viscosity parameter € tends
to zero. Although this route will not be pursued rigorously here, suppose for a moment that for each € > 0,
a smooth solution fz : Ry x Rgo — R to (2.81) has been defined, and that, as € tends to zero, the sequence
(fe)es0 converges to some function f : Ryg x Rio — R in the topology of local uniform convergence. In some
sense to be discovered, one would like to say that the limit thus obtained is a solution to (2.80). The main
difficulty is that a solution to (2.80) should not be imposed to be differentiable everywhere; but uniqueness is
not obtained if points of non-differentiability are simply ignored. In analogy with the notion of weak solutions,
it would be desirable to introduce smooth test functions and somehow move the derivatives of f onto the
test functions. This way, constraints can be established regarding what a solution is allowed to do at points
of non-differentiability. This transfer of the derivatives onto the test functions will not be obtained by some
integration by parts here. Rather, a strategy that accords well with the fact that the approximations ( f¢)es0
satisfy the maximum principle will be sought. Pick a test function ¢ € C*° (R, x R;IO;R), and assume that

f - ¢ achieves a strict local maximum at the point (1*,x*) € R,o x RY,. If f is smooth at (¢*,x*), then

(Do (*,x*), Vo (r* ,x*)) = (A f(*,x*), VF(t*,x")), (2.82)

so it is expected that

a9 (t*,x*)—H(Ve(t*,x*))=0. (2.83)

This identity may no longer be valid when f is not differentiable at (+*,x*), but it turns out that the quantity
on the left side of (2.83) must always be non-positive. Showing this requires a simple technical result that will
be used consistently throughout this thesis. Write B,(x) for the Euclidean ball of radius r > 0 centred at x € R,

and B, (x) for its closure.

Lemma 2.7. Let (fy)ns1 be a sequence of continuous functions on some open set U € RY converging locally
uniformly to a function f:U — R. If f has a strict local maximum at x € U, then there exists r >0 and a sequence

of points (xy)ns1 €U converging to x such that, for every N sufficiently large, one has fn(xn) = Supg, (x) -

Proof. Fix r> 0 sufficiently small that x is a strict maximum of f in B,(x) € U. By continuity of fy and
compactness of B,(x), let xy € B,(x) be such that fy(xy) > fx(y) for every y € B,(x). Since (xy)y>1 stays
in a compact set, it admits a subsequence converging to some x* € B,(x). Together with the local uniform
convergence of fy to f, this implies that £(x*) > f(y) for every y € B,(x). Since x is a strict maximum, it must
be that x* = x, so the only limit point of (xy)x>1 is x. This implies that (xy)y>1 converges to x as required. In

particular, for N sufficiently large xy is in the open ball B,(x), and is thus a local maximum of fy. ]

Using Lemma 2.7, find a sequence (f; ,x; )0 converging to (¢*,x*) with the property that, for every € >0

sufficiently small, the function f; — ¢ achieves a local maximum at (7 ,x} ) € Ry x Rfo, and therefore
8t(f£_¢)(t;ax;)zoa v(f£_¢)(t;7xz)zoa and A(f8_¢)(t;ax;)<0 (284)
It follows by (2.81) that

(99 -H(V)) (17 .x7) = (Af ~H(V)) (1 x7) = eAfe(tF x7) < EAP (17 7).
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Letting € tend to zero and leveraging the smoothness of ¢ shows that
(99 -H(V9))(t*,x*) <0. (2.85)

This argument shows that whenever a smooth function ¢ is such that f — ¢ has a strict local maximum at
(t*,x*) e Ryg x RY,, the inequality (2.85) holds at (¢*,x*). An analogous argument shows that whenever a
smooth function ¢ is such that f — ¢ has a strict local minimum at (#*,x*) € Ry x Rfo,

(99 —H(V))(t*,x*)>0. (2.86)

As will be seen, these properties of f just derived are sufficient to determine it uniquely once the initial
condition f(0,-) is fixed. They will therefore be taken as the definition of being a solution to the Hamilton-
Jacobi equation (2.80). In fact, given any domain D ¢ R?, they will also be taken as the definition of being a

solution to the Hamilton-Jacobi equation
o f(t,x) = H(Vf(nx)) on R,oxD. (2.87)

It may seem surprising that no boundary condition has to be imposed for this equation; this is because the

non-linearity “points in the right direction” in the sense that it is non-decreasing.

Definition 2.8. An upper semi-continuous function u : Ryg x D — R is a viscosity subsolution to the Hamilton-
Jacobi equation (2.87) if, for every (t*,x*) e RyoxD and ¢ € C* (R>o x D;R) with the property that u — ¢

has a local maximum at the point (#*,x*) e R,o x D,
(% —H(V9))(t*,x*) <. (2.88)

A lower semi-continuous function v : Ryg x D — R is a viscosity supersolution to the Hamilton-Jacobi equation
(2.87)if, forevery (1*,x*) e Rygx D and ¢ € C*° (R>0 x D;R) with the property that v— ¢ has a local minimum
at the point (¢*,x*) e Ryox D,

(%0 —H(V))(t*,x*) >0. (2.89)

A continuous function f € C(R;o x f;R) is a viscosity solution to to the Hamilton-Jacobi equation (2.87) if it

is both a viscosity subsolution and a viscosity supersolution to (2.87).

When f — ¢ has a local maximum at (¢*,x*), one says that “¢ touches f from above at (¢*,x*)”. The
reason is that, when discussing well-posedness, adding a constant to the test function ¢ is irrelevant to the
discussion, so it may as well be assumed that indeed (f - ¢)(¢*,x*) = 0. The point (¢*,x*) is often termed the
“contact point”. This wording has some intuitive appeal, as one can imagine taking some arbitrary smooth
function ¢ that is way above f, and then progressively “sliding it down” until the graphs of ¢ and f touch —
at the contact point. This is illustrated in Figure 2.2. Notice that not every point can be “touched” in this way.
For instance, there is no smooth function that touches the absolute value function from above at the origin.

As shown in Exercises 3.2 — 3.4 of [50], in the definition of a viscosity subsolution or viscosity super-
solution, replacing “local maximum” by “strict local maximum” or by “global maximum”, or replacing
the requirement that ¢ € C*° (R, x D;R) by the requirement that ¢ € C' (Rso x D;R) leads to equivalent
definitions. In Exercise 3.5 of [50], it is also shown that a continuously differentiable function that satisfies

the equation (2.87) everywhere is indeed a viscosity solution, so the notion of viscosity solution is more
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“permissive” than prescribing the function to be C! (Rxo x D;R) and to solve the equation everywhere. One
can also show that a viscosity solution must satisfy the equation (2.87) at every point of differentiability
(Theorem 10.1.2.1 in [53]). By the Rademacher theorem (Theorem 2.10 in [50]), a Lipschitz viscosity solution
must therefore satisfy the equation (2.87) almost everywhere. In other words, the notion of a viscosity solution
is indeed more stringent than that of an “almost-everywhere solution” explored at the start of this section.

Rzo X R4

Figure 2.2: The function ¢, touches the function f from above at the point (¢*,x*) while the function ¢_
touches the function f from below at the point (#*,x*).

The well-posedness of the Hamilton-Jacobi equation (2.80) will be established over the space of func-
tions with Lipschitz initial condition that grow at most linearly in time. Given functions £ : ]R‘;O - R and

u:Rso xRZ) > R, it will be convenient to introduce the semi-norms

h(x)—h(x' u(t,x)—u(0,x
hlup= sup POTAOD g g im sup D) w00 (2.90)
x#x'eRY |x_x | >0 t
>0 xeRgO
as well as the space of functions with Lipschitz initial condition that grow at most linearly in time,
L= {u: Ry x RZ, - R | u(0,-) is Lipschitz continuous and [u]o < +00}, 291
and its subset of uniformly Lipschitz continuous functions,
Lounif = {u € £ supllu(t,-)|Lip < +c>o}. (2.92)
120

The main well-posedness result of this section reads as follows.

Proposition 2.9. If y: R‘;O — R is a Lipschitz initial condition, and H:R¢ - R is a locally Lipschitz and
non-decreasing non-linearity, then the Hamilton-Jacobi equation (2.80) admits a unique viscosity solution
f € Lunit with

Stl>1§|\f(f")\|Lip = |y Lip- (2.93)
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Moreover, if u,v € Lynir are a continuous subsolution and a continuous supersolution to (2.80), then

sup (u(t,x)-v(t,x)) = stcllp(u(O,x) ~(0,x)). (2.94)

d
Rx0xRS, >0

To be more specific, given & > 0, introduce the Lipschitz constants

H(p')—H
L= max (suplu(t, ) uipssuplv(t, uip)  and v::sup{'(”),(”)'||p|,|p’<uao}, (295)
>0 >0 Ip’ - pl
then for every R € R and M > 2L, the map
(l‘,x)r—>u(z‘,x)—v(z‘,x)—M(|x|+Vt—R)+ (2.96)

achieves its supremum on {0} x Rgo.

In the statement above, the notation r, := max(0,r) is used to denote the positive part of a real number r € R.
This result will be combined with the Hopf-Lax variational formula to establish Theorem 2.5. Recall the

definition of the convex dual in (A.7).

Proposition 2.10 (Hopf-Lax formula). If v : }R‘;O — R is a Lipschitz initial condition, and H:R? >R is a

locally Lipschitz, non-decreasing, and convex non-linearity, then the Hopf-Lax function

£(t,x) = sup (l//(x+y)—tH*();)) (2.97)

yE]RgO
is the unique viscosity solution in Lyuif to the Hamilton-Jacobi equation (2.80).

Since the proofs in this section are quite long and technical, the reader may consider skipping these proofs
on the first reading and simply taking Propositions 2.9 and 2.10 for granted. This will allow the reader to get
a clearer picture of how the Hamilton-Jacobi approach can be used to study mean-field disordered systems
before investing the time and energy required to understand Hamilton-Jacobi equations on positive half-space.

To prove Proposition 2.9, its analog for the Hamilton-Jacobi equation
A f(t,x)-H(Vf(t,x))=0 on RyoxR%, (2.98)

will first be established, and it will then be shown that solutions to the Hamilton-Jacobi equations (2.98) and
(2.80) coincide. To be more precise, in Section 2.4.1, a comparison principle for the Hamilton-Jacobi equation
(2.98) which ensures the uniqueness of solutions over the space £ is established. It is also shown that any
solution in £ with a Lipschitz initial condition must in fact belong to the solution space £yi. In Section 2.4.2,
this comparison principle is leveraged to apply the classical Perron argument to the Hamilton-Jacobi equation
(2.98), and show that it admits a solution in the solution space £,,ir. Full details have been provided when
applying Perron’s method; although the arguments will certainly be seen as classical by experts, the hope
is that the reader will find these details helpful. In Section 2.4.3, it is shown that solutions to (2.80) and
(2.98) coincide. This is then used to prove Proposition 2.9 by translating the well-posedness theory for the
Hamilton-Jacobi equation (2.98) into a well-posedness theory for the Hamilton-Jacobi equation (2.80). Finally,
in Section 2.4.4, under appropriate convexity assumptions, the Hopf-Lax formula stated in Proposition 2.10

for the unique solution to the Hamilton-Jacobi equations (2.80) and (2.98) is established.
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2.4.1 Comparison principle and Lipschitz continuity of solutions on Rgo

The comparison principle formalizes the idea that the Hamilton-Jacobi equation (2.98) should preserve the
ordering of initial conditions. In fact, since the equation is invariant under the addition of a constant to the
solution, it will be shown that if u is a subsolution and v is a supersolution to (2.98), then the function u —v
achieves its supremum at time zero. In particular, if u(0,-) < v(0,-), then this ordering is preserved by the
evolution.

If one assumes for a moment that « and v are smooth functions, then one can argue heuristically to get a
sense of why this result might be true. For smooth functions u and v, saying that # and v are a subsolution and

a supersolution to the Hamilton-Jacobi equation (2.98) amounts to saying that
du-H(vVu)<0 and dv-H(Vv)2>0. (2.99)
Arguing by contradiction, suppose that

sup (u—-v)> sup (u-v). (2.100)
Ron <R, OB

Up to subtracting a small increasing function of ¢ to u, such as &¢ for some sufficiently small € > 0, it is possible
to ensure that (2.100) is still valid, and also that (2.99) has been improved into

du-H(Vu)<0 and Jv-H(Vv)20. (2.101)

Assuming that the supremum on the left side of (2.100) is achieved at some point (¢*,x*) € Ry x RZO, then
it must be that t* > 0, so the first order derivatives of u and v must coincide at this point. This contradicts
(2.101), so (2.100) cannot be true. Of course, there is much left to be desired with this argument, since it was
assumed that # and v are smooth, and also that the supremum on the left side of (2.100) is achieved at some
point outside the boundary of the positive half-space Ry x ]Rgo.

The simplest issue to address is how one can go around the possibility of the supremum not being achieved.
To simplify the discussion, assume temporarily that the space Rgo is replaced by the unit torus T = R? /Zd
so that the variable x lives in a compact space without boundary. Take u,v: Ryox T¢ - R to be a viscosity
subsolution and supersolution to (2.98) respectively, and assume that they are smooth. The starting point is

again to argue by contradiction, assuming that there exists some time 7' > 0 with

sup (u—v)> sup (u-v). (2.102)
[0.7]xTd {0}xTd
Denoting x (1) := 7=, select € > 0 sufficiently small that
sup (u—-v-x)> sup (u-v-yx). (2.103)
[0,7]xT4 {0}xTd

Since u —v is uniformly bounded over [0, T ] x T, it is clear that approximate optimizers of the left side of
(2.103) will remain away from the final time 7. Using also that [0,7] x T is compact, construct an optimizer
(t*,x*) € [0,T] x T¢ for this supremum. By construction, it is clear that #* € (0,7’). Once this is verified, the



CHAPTER 2. THE DENSE STOCHASTIC BLOCK MODEL 31

differential condition at the maximum can be used to ascertain that

€
O (u—v)(t*,x") - Trp- A(u-v-x)(t*,x*)=0 and V(u-v)(t*,x*)=0. (2.104)
Since v is a smooth supersolution to the equation, this can be combined with the second inequality in (2.99) to

obtain that
t

7y S G- HEO) (). (2.105)

This contradicts the assumption (2.99) that u is a smooth subsolution to the Hamilton-Jacobi equation
(2.98). The role of the perturbation function ¥ is therefore two-fold. First, it ensures that the optimum 7~ is
detached from the right endpoint of the interval [0, T], that is, t* < T. Second, it allows one to strengthen the
inequalities (2.99) into those in (2.101), if it is understood that the function « is redefined to be u — ¥ .

To preclude the supremum on the left side of (2.100) from being achieved at a point whose spatial
component belongs to the boundary of the positive half-space Rgo, the function ) will be further perturbed
using the reciprocal of the function d: R’io — R defined by

d(x):= inf y-x. (2.106)

This function essentially measures the distance to the boundary of the domain R‘;O in the sense that it vanishes
exactly on the boundary 3R‘§0. This, along with other basic properties of the function d, is the content of the

following technical result. Recall that the superdifferential of a function h: Rio —Ratapointxe R‘io is the set
oh(x):={pe R [ h(x") <h(x)+p-(x'=x) +o(x —x) as x’ > x in ]Rgo}. (2.107)

Lemma 2.11. The function d: R‘io — Ry defined in (2.100) satisfies the following basic properties.
(i) The infimum defining d(x) is achieved for every x € ]R’;O.

(ii) d(x)=0ifand only if x 8Ri0.

(iii) d is Lipschitz continuous with Lipschitz constant at most one.

(iv) dis concave and non-decreasing.
(v) IfxeRY, then dd(x) c Rgo. Moreover, any p € dd(x) is such that |p| < 1.

(vi) Ifh:R? > R is a differentiable function and x — h(x)- Tlx) achieves a local maximum at a point xg € R’io,

then —d(x0)>Vh(xo) € dd(xo).
Proof. Each property is treated separately.

(i) Consider a sequence (yy)ns1 S R;’O with [y,| = 1 and y,, -x = d(x). Since (yy)n31 is uniformly bounded, it
admits a subsequential limit y € Rgo with [y| = 1 and y-x = d(x). The fact that Rgo is closed has played its
part. This shows that the infimum in the definition of d(x) is attained.

(i) If d(x) =0, then there exists y € RS, with |y| = 1 and y-x = 0. This shows that x € JRZ. On the other hand,
if x e IR, then there exists a non-zero z € R%, with z-x = 0. Taking y := z/|z| gives y e RZ with |y| = 1
and d(x) <y-x=0. This shows that d(x) = 0.
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(iii) Fix x,yeRZ), and let z € RY, with |z = 1 be such that d(y) = z-y. By the Cauchy-Schwarz inequality,
d(x)-d(y)<z-x-z-y=z-(y-x) <[elly—x[=[y-x|.

Reversing the roles of x and y shows that d is Lipschitz continuous with Lipschitz constant at most one.

(iv) Fix x,ye R‘;O aswellasre[0,1],and let z € ]R‘;O achieve the infimum for d(sx+ (1—1)y). It is clear that

d(tx+(1-1)y) zz-(tx+(1 —t)y) =t(z-x)+(1-1)(z-y) 2td(x) +(1-1)d(y).

This shows that d is concave. To see that d is non-decreasing, fix x,x’ € R%) with x' —x e R, and let

y € R, attain the infimum defining d(x’). Since x'—x ¢ RZ,
d(x)-d(x) >y-x"-y-x=(x"-x)-y>0

as required.

(v) Fix xeRYy, ze RZ,, and p € dd(x). Notice that dd(x) # @ by Proposition A.8 as d is concave, and
thus —d is convex. Since €z € Rio for every € > 0, the non-decreasingness of d and the definition of the
superdifferential imply that

0<d(x+ez)-d(x) < p-ez+o(ez).

Dividing by € and letting € tend to zero shows that p-z>0 forall z € Ri(r It follows that p € Rgo. Now, fix
pedd(x)aswellasye R‘;O with |y| = 1, and find € > 0 small enough so that x— €y € Rgo. The definition

of the superdifferential implies that

d(x-ey) <d(x) —ep-y+o(ey).

Rearranging and using the 1-Lipschitz continuity of d reveals that

ep-y<ely|+o(ey) =€e+o(ey).

Dividing by & and letting € tend to zero shows that p-y < 1 for every y € R with |y| = 1. Choosing
y:=p/|p| gives |p| < 1.

(vi) Fix z e Rio. Since xg € R‘ZO is a local maximum of the map x — h(x) - d(lT)’ for every € > 0 small enough,

h(xo) - f > h(xo+€z) -

X0)

Rearranging and using the 1-Lipschitz continuity of d as well as the differentiability of / reveals that

d(xo+£z)

d(xo +€2) <d(x0) —d(x0) d(xo +&2) (h(xo + €2) —h(x0))
= d(x0) —d(x0)*Vh(xo) - £2+0(€2).
This shows that —d(xp)>V/(xp) € dd(xo) and completes the proof. ]

In summary, to establish the comparison principle rigorously, three main issues need to be resolved. The

first, and most fundamental, is of course that # and v cannot be assumed to be differentiable. The second
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is that the spatial variable takes values in Rgo rather than the torus. The third is that the spatial variable of
the perturbed difference u —v should not be maximized on the boundary of R‘;O. To tackle the first of these
matters, the variables will be doubled, and rather than optimizing u(¢,x) —v(¢,x), a function that involves
u(t,x) —v(t',x") plus a smooth penalty term that strongly encourages (z,x) and (¢',x") to stay close together
will be optimized instead. This will naturally provide smooth test functions that touch u and v from above and
below respectively. The second problem, that the variable x lives in an unbounded space, will be tackled by
introducing another “cutoff” function, similar to the function } used above, but in the space variable. The third
problem, that the difference u —v perturbed by the function y should be maximized away from the boundary
8R§0, will be handled by introducing yet another cutoff function that is proportional to the reciprocal of the
distance-like function (2.106).

Proposition 2.12 (Comparison principle). Suppose H:R? - R is a locally Lipschitz and non-decreasing
non-linearity, and let u,v € £,ir be a viscosity subsolution and a viscosity supersolution to the Hamilton-Jacobi

equation (2.98), respectively. Given & > 0, introduce the Lipschitz constants

H(p") —H(

L:= max(su(;))\|u(t,~)||Lip,su(1))|\v(t,~)HLip) and V= sup{ P [l 17 <L+50}. (2.108)
1>

> Ip" - P

For every R e R and M > 2L, the mapping
(t,x)r—>u(t,x)—v(t,x)—M(|x|+Vt—R)+ (2.109)

achieves its supremum at a point in {0} x RY.

Since the proof of Proposition 2.12 is a bit long, the reader is encouraged to ignore any term related to the
cutoff in space M(|x|+V—R), and its smoothed variants on the first reading, in effect showing the comparison
principle with the unbounded space domain Rgo replaced by the compact space T¢.

Proof of Proposition 2.12. Suppose for the sake of contradiction that there exists 7 > 0 with

sup (u—-v-9)> sup (u-v-9), (2.110)
[0,7]xRZ, {0}xRZ,

where @(r,x) =M (|x| +Vt —R)+. The proof proceeds in three steps. First (2.110) is smoothened and perturbed,
then a variable doubling argument is used to obtain a system of inequalities, and finally, this system of

inequalities is contradicted.

Step 1: smoothing and perturbing. Let &y € (0, 1) be a parameter to be determined, and let 6 € C*°(R;R) be

an increasing function such that, for every r € R,
(r—€)+<0(r)<ry

Introduce the function
O (t,x) == MO( (& + i) 4 v -R)

defined on Ry x R‘;O. The choice of 6 and the bound (a +b), < ay + b, imply that

o(t,x) <P(t,x) +Mey < @(t,x) +M£(1/2 +Megy,
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where the second inequality uses that (a +b)% <a? +b? for a,b > 0. Tt follows by (2.110) that

sup (u—v-®d)< sup (u—-v-P)+Meg +M£é/2,
{O}XR;IO [O,T]XR‘;O
so choosing & > 0 small enough guarantees that
sup (u-v-®)> sup (u—v->P). (2.111)

[0,7]xRZ, {0}xRZ,

This is a smoothed version of the hypothesis (2.110). A cutoff function in time and a cutoff function in space
are now also added to ensure that the supremum in (2.111) is achieved away from the boundary of the domain
Ryq x R‘;O. Recall the definition of the distance-like function d: Rgo — R in (2.106). For small parameters
€,€’,6,8’ >0 to be determined, introduce the functions

+6[x],

x1(t,x) =®(t,x) + % +€'t and xo(t,x):= a0

defined on R3¢ x R‘;O. Choosing €,¢’,8,6’ >0 small enough ensures that

sup (u-v-xi-x2)> sup (u-v-21-x2)- (2.112)
[o,T]xR;’O {o}xJR;’0

This is the smoothed and perturbed version of the hypothesis (2.110) that will be used to reach a contradiction.
Step 2: system of inequalities. For each o > 1, define the function Wy, : [0,7T] x R‘;O x[0,T] % R‘;O x Rgo -
Ru{-oco} by

Wo(t,x,t' x',y) = u(t,x)—v(t' x") - %(h‘ ~t" P =X+ =) = 21 (1,%) - 22 (1,9). (2.113)

It is now argued that the function W achieves its supremum at a point (fg,X,%,%y, Ve ) Which remains
bounded as o tends to infinity with the coordinate y, also staying bounded away from the boundary 8R§0.
To do so, write C < +oo for a constant whose value might change throughout the argument, and which may
depend on L, M, R, T, V, u(0,0), [u]o, v(0,0) and [v]o. Fix an arbitrary y’ € RY, as well as some x € Rgo with
x| >R+1and &> 1. The bound ®(r,x) > M(|x|+ Vi -R- 1)+ reveals that

lPOC(taxJ,vx,?y) < u(va) —V(O,X’) +I[M]0 +II[V:|() - %‘X—X,F —dD(t,x) - 6,|y|
a
SL(|x|+|x'|)—§|x—x'|2—M|x|—8'|y|+C
< (2L—M)|x|+(L—%)\x—x'\2—5'|y|+C.
Observe also that the supremum of (2.113) is bounded from below by ¥ (0,y’,0,y’,y"), which does not

depend on @, and that M > 2L. This implies that x, x,, and y, remain bounded as ¢ tends to infinity, and that

€ . o
T-tg d(ya)

([t =14, * + [xa =X [* + [xa = yal*) + <C. (2.114)

It follows that, up to the extraction of a subsequence, there exist fy € [0,7] and x € Rgo such that ¢ty — 19,
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t}, = 1o, Xo — X0, Xb, — xg and yg — X0 as @ — +o0. By (2.114) and property (ii) in Lemma 2.11, it must be that
fo € [0,T) and xo € R‘io. On the other hand, the semi-continuity of u, v, ¥ and ), together with the bounds

Sllp (“_V—Xl _XZ) S ‘Pa(tavxavtéux:xvya) < u(toh-x(l) _V(t(,xa-x:x) _%1 (tavxa) _XZ(tOhyOC)
[0,7]xRY,

imply that

(u=v-x1-2x2)(t0,%0) = sup (u—v—-x1-x2).
[0,T]xRY,

By (2.112), it must therefore be that 7y € (0,T) and that 74,7, € (0,T) for all @ large enough. This means that
(fa,Xos bl X > Yo ) a1 18 @ sequence of quintuples such that ¥, achieves its supremum at (¢4, %o, 0,0, Vo)
and with 74,2}, € (0,T) and xg, X}, yo € RZO for o large enough. With this in mind, fix ¢ > 1 large enough, and
introduce the functions ¢, ¢’ € C*((0,T) x R%,;R) defined by
o
¢(t’x) = V(ttlxax:x) + 5(|t_t(,x|2 + |x_x:x|2+ ‘x_ya|2) +X1 (tvx) +x2(t’y06)7

o
¢'(t',x") = u(te, xq) - §(|t,_ta|2+|x,_xa|2+ |xa—yoz|2) =21 (ta,Xa) = 22 (tasYar ) -

Since (o, Xo,lh, Xy, Yo ) maximizes g, the function u— ¢ achieves a local maximum at the point (f¢,x¢ ) €
Ry x RZO, while the function v— ¢’ achieves a local minimum at (#},x},) € Rsq x R‘io. It follows by the

definition of a viscosity subsolution and supersolution that

(¢ -H(V))(ta,xa) <O and (¢’ ~H(V'))(tf.xy) > 0. (2.115)

This is the system of inequalities that will be contradicted.

Step 3: reaching a contradiction. A direct computation shows that

(00 ~H(V9))(ta.xa) = €'+ 0 (ta ~ 1) + 9, P10, %) H(V¢ (ta:%a)) (2.116)

T

and
(019" —H(VO"))(1,x5) = at(ta — 1) —H(V ' (15,,x5,)). (2.117)

To compare these two quantities, the non-decreasingness and local Lipschitz continuity of the non-linearity H

will be used to replace the gradient
VO (to X)) = 0U(xa = Xg) + A(xa = Ya) + V(e Xa)- (2.118)

by the gradient

Vo' (t,%0) = A(xa —xq)

in (2.116). With the definition of V in mind, it is first shown that
VO (ta,xe)| <L and  |V@'(2),xl)| < L. (2.119)

Fix ze R and 1 > 0. Since u— ¢ achieves a local maximum at (fy,xg) € Rsq x RZO, and u is uniformly
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Lipschitz continuous with Lipschitz constant L,
O (ta,xa +M2) = O (ta,xa) > u(tq,xq +N2) —u(tq,xq) > MLz
Dividing by 1 and letting 1 tend to zero reveals that
VO (te,xa) z>-Llz.

Choosing z:= -V @ (t4,xq) gives the first inequality in (2.119); the second inequality is obtained in an identical
manner. These bounds would be sufficient if the term ot|xq — y¢| could be made arbitrarily small. To overcome
this issue, the non-decreasingness of H will be leveraged. Since the function y = W (fo, X, 24, X4, Y) achieves

its maximum at yq € R‘io, properties (v) and (vi) in Lemma 2.11 imply that

1
ad(ya>2(a<ya_xa)+afya)ead@a)zRio and  d(ye)’ a(ya—xa>+5'|yi <.

Vol Vo
Decreasing & if necessary, and setting pg, := 6’ \%\ gives a vector py € Rgo with |py| = 6 as well as
Pa=0(xa=ya) €RSy and |pa-a(xa-ya) <. (2.120)

To obtain the second bound in this display, after possibly decreasing 8, the fact that (yq )1 converges to
Yo € Rfo has been combined with property (ii) in Lemma 2.11. Remembering (2.118), and combining the

non-decreasingness of the non-linearity H with (2.120) yields
H(V$ (tasXa)) SH((xo —xl) + pa+ VP (ta.xa) ) SH(VO (t,,x5) ) +VE + VIV (ta,x0)].
The second inequality implicitly uses that by (2.118) and (2.119),
|t (xa —xg) + Pa+ V(ta:%a)| < [V (10, %a) |+ |Pa — €(xa — Yo )| < L+ Go.
It follows by (2.116) that
(090 —H(V9))(ta,xa) > €'+ a(ta —ty) + D (ta, xa) ~H(V ' (15,x5) ) ~V &' = V|VD(tg, X)) |-
A direct computation shows that V|V®(tq,xq )| < 0P (tq,x¢), S0 in fact

(309 - H(V9)) (tar ) > €+t~ 1) ~H(V9' (1L x4)) - V' = (99 ~H(TV9")) (th ) + &/~ V'S’
>e' -V,

where (2.117) and the second inequality in (2.115) have been used. Choosing 8’ < €’/V contradicts the first
inequality in (2.115) and completes the proof. [ |

The comparison principle is now extended to viscosity solutions in £ provided that they are initially
Lipschitz continuous. This is done by proving that the Lipschitz semi-norm of the solution to the Hamilton-
Jacobi equation (2.98) is maximized at the initial time. This will give a uniqueness theory for the Hamilton-

Jacobi equation (2.98) on the solution space £.
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Proposition 2.13. IfH:R? — R is a locally Lipschitz non-linearity, and f € £ is a viscosity solution to the
Hamilton-Jacobi equation (2.98), then

Slggl\f(t,-)l\up =[£(0,-)lILip- (2.121)

Proof. Let L:=|f(0,-)|vip denote the Lipschitz semi-norm of the initial condition, and suppose for the sake
of contradiction that there exists 7 > 0 with

sup (](‘(1‘7)6)_f(l‘ax,)_L|x_x,|)>0> sup (f((),x)—f(O,x')—L|x—x'|). (2.122)

[0,7]xRE xRS RZ xRS

The proof proceeds in three steps. First (2.122) is perturbed, then a variable doubling argument is used to

obtain a system of inequalities, and finally, this system of inequalities is contradicted.

Step 1: perturbing. Let & > 0 be fixed, and let 6 € C*°(R;R) be an increasing function such that, for every
reR,
(r-1)4<0(r)<ry and |6'(r)|<1.

For a constant R > 0 to be chosen and the local Lipschitz constant

V::SHP{IH(p’)—H(p)I

o ||p|,|p'|<L+5o},

introduce the function
1/2
(1.2) = &6((1+ ) +vi-R)
defined on R3q x Rgo. For small parameters €,&’ > 0 to be determined, introduce the functions

€
Y

x1(t,x) = P(t,x) + Tit +€'t and po(t',x) =@ x)+ T

defined on R3¢ x R‘;O. Choosing R > 0 large enough and €,&’ > 0 small enough ensures that

sup  (f(t,2)=f(1,2") = Liv=x'| = 1 (1,) = 2 (1,2))

d Rd
[O*T]XR>0XR>0

>0> sup (f(O,X) _f(07-x,) —L|.X—X,| - X1 (O,X) _12(07)6,))' (2.123)

RZ xRS,
This is the perturbed version of the hypothesis (2.122) that will be used to reach a contradiction.
Step 2: system of inequalities. For each o > 1, define the function Wy, : Ry x R‘;O x Rsq x Rgo - Ru{-o00} by
(04
W (t,x,t' x") = f(t,x) - f(' ,x') - Lix—x| - 5|¢ 1P =x1(t,x) - xa (' X). (2.124)

It is now argued that the function ¢, achieves its supremum at a point (¢, Xq, 14, Xy ) Which remains bounded
as « tends to infinity. To do so, write C < +oo for a constant whose value might change throughout the
argument, and which may depend on &y, R, T, V, £(0,0) and [ f]o. For every x € Rgo with |x| >R+1and o > 1,
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the bound ®(z,x) > 8y (|x|+ V- R~ 1) reveals that
Yo (t,2,0",5") < £(0,x) = f(0,x") + (1 +1") [ fo — Lix x| = D (r,x) = ®(¢' ,x") < =& ([x] + |¥']) + C.

Observe also that the supremum of (2.124) is bounded from below by ¥ (0,0,0,0), which does not depend

on a. This implies that x, and x, remain bounded as  tends to infinity, and that

€
a|zo,—z;|2+T_ <C. (2.125)

Iy

It follows that, up to the extraction of a subsequence, there exist # € [0, 7] and xo,x6 € Rgo such that 7o, — 1,
to = 10, Xq = xo and xg — X, as & - +oo. By (2.125) it must be that 7o € [0,7'). On the other hand, the
continuity of f together with the fact that for all (z,x,x") € Ry x Rgo x Rio,

f(toc»xoc) _f(tolax:x) _L|x06 _x:x| _XI (tohxll) _XZ(tOUx:x) 2 ‘Pa(taaxaat(,)ux:x) 2 Ta(t7x>t7x’)7
implies that

f(t0,x0) = f(t0,x0) — Lxo —xg| = x1(f0,X0) = X2 (0, x0)

z sup (f(tax)_f(t7x,)_L|x_x,|_XI(tvx)_XZ(tvx,)) (2126)
[O,T]XR;{OXR‘;O

By (2.123) it must therefore be that 7y > 0. Moreover, if it were the case that x = x{, then the left side of
the inequality (2.123) would be bounded from above by —yx; (f9,x0) — X2 (f0,x0) < 0; however, this quantity
is strictly positive. This means that t4,t5, € (0,T) and x4 # x}, for @ large enough, $0 (f,Xq, 10, X0 )as1 IS @
sequence of quadruples such that ¥y, achieves its supremum at (¢, xq,, Xy ), and with 7¢,1}, € (0,T) and
Xo # xp, for o large enough. With this in mind, fix & > 1 large enough, and introduce the smooth functions
0,0 € C°°((0, T) x RgO;R) defined by

o
¢(t7x) = f(t(lxax:x) +L|x_x:x|+ 5|"f&|2+ll (tvx) +x2(ttlxvx:x)’

o
0’ (t'x') = f(to,xe) — LIx' — x| - E|t’ —to|? = 11 (ta, x0) = 2 (2, X7).

Since (fq,xq,ty,X,) maximizes Wy, the function f— ¢ achieves a local maximum at (¢4,x¢) € Ryg x Rgo,
while f— ¢’ achieves a local minimum at (1}, x},) € Ry x Rgo. It follows by the definition of a viscosity
solution that

(0,0 -H(V9))(ta,xa) <O and (90" —H(V9"))(t},x},) > 0. (2.127)

This is the system of inequalities that will be contradicted.

Step 3: reaching a contradiction. A direct computation shows that

(00 —H(V9))(ta,xa) = €'+ A(ta —14) + O P(te,xa) + H(VO (ta,xa)), (2.128)

87_
and

(010" —H(V9")) (14 x5) = 0t(ta —1g) — O (1g,X5) — H(VO' (15,x))- (2.129)

€
(T-15)?

To compare these two quantities, the non-decreasingness and local Lipschitz continuity of the non-linearity H
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will be used to replace the gradient

Xo — X0,
Vo (te,x0) =L =+ VD(tg,Xq)
Pro = x|
by the gradient
/
Xq—X
v¢,(t(,x»x:x) :L|x06_x;x| _vcb(téwx,oc)
o o

in (2.128). Since |6’| < 1, a direct computation shows that |[V®| < &. Together with the definition of V and the
fact that x¢ # xy,, this implies that

H(V (ta.xa)) SH(VO' (1,%5)) + VIVR(ta, xo )|+ VIVD(ty, xp)|.
It follows by (2.128) and (2.129) that

(019-H(V9))(ta,xa)
> €+ 0P (tq,x0) — V|VR(ta, X0 )| + 0 P(th, Xy ) = VIV R(th, x5 )| + (90" —H(VO") ) (24, %)

A direct computation shows that V|V®(tq,xq )| < 0,P(tq,x¢) and V|VD(1}, x5, )| < 9, D(1},,x},), so in fact

(99 ~H(V9))(ta,xa) > €'+ (90" ~H(V9") ) (1q,x5) > €',

where the second inequality in (2.127) has been used. This contradicts the first inequality in (2.127) and

completes the proof. [ ]

Corollary 2.14. IfH:R? > R is a locally Lipschitz and non-decreasing non-linearity, and u,v € Lunit are a

viscosity subsolution and a viscosity supersolution to the Hamilton-Jacobi equation (2.98), respectively, then

sup (u—-v)= sup (u-v). (2.130)
Bk, (0},

Proof. Suppose for the sake of contradiction that there is a point (#*,x*) € Ry x R‘;O such that

(u=v)(@*,x*)> sup (u-v). (2.131)
{o}ngO

In the notation of Proposition 2.12, choose M :=2L+1 and R := |x*|+ V¥, so that
u(t*,x*) —v(t* x*) - M(|x* [+ Vie* —R)+ =(u-v)(*,x").
By the assumption (2.131), this is strictly greater than

sup (u(O,x) —V(O,x)) > sup (u(O,x) —v(0,x) -M(|x|-R)+).

xeRd xeRd

This contradicts Proposition 2.12 and thus completes the proof. [ ]

Corollary 2.15. IfH: R — R is a locally Lipschitz and non-decreasing non-linearity, and u,v € £ are viscosity

solutions to the Hamilton-Jacobi equation (2.98) with the same initial condition u(0,-) =v(0,-), then u =v.
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Proof. The definition of the space £ ensures that # and v have Lipschitz initial conditions, so Proposition
2.13 implies that u,v € £,ir. Applying Corollary 2.14 with u treated as a viscosity subsolution and v as a
viscosity supersolution reveals that u < v. A symmetric argument shows that v < u, and therefore that u = v.

This completes the proof. u

This settles the uniqueness side of the well-posedness theory for the Hamilton-Jacobi equation (2.98) on

the solution space £. The matter of existence is now discussed.

2.4.2 Existence of solutions on Rgo

The existence of solutions to the Hamilton-Jacobi equation (2.98) can be established using the classical Perron
method [17, 39, 48]. Full details of the Perron method will be provided; although the arguments will certainly
be seen as classical by experts, the hope is that the reader will find them helpful. This section closely follows

Chapter 5 in [17]. It will be convenient to fix a positive constant
K> sup{|H()| |y e RY with |y| < | [Lip ), (2.132)
and to define the continuous functions u. : Ryq x R‘;O - R by
uy (t,x) == y(x) £Kt. (2.133)

The importance of these functions is that they are a viscosity subsolution and a viscosity supersolution to the
Hamilton-Jacobi equation (2.98).

Lemma 2.16. If y: Rgo — R is a Lipschitz initial condition, and H: R? - R is a locally Lipschitz and non-
decreasing non-linearity, then the functions u_ and u, defined in (2.133) are a subsolution and a supersolution

to the Hamilton-Jacobi equation (2.98), respectively.
Proof. Consider a smooth function ¢ € C*° (R>o x RZO;R) with the property that u_ — ¢ has a local maximum
ata point (z*,x*) € R, x Rgo. For any x € R‘io and € >0,

Ot x" +ex)—¢(r" X ) zu_ (", x" +ex) —u_(t*,x") = w(x" +ex) —w(x") > —€|y|Liplx|

Dividing by € and letting € tend to zero shows that for all x € Rio»

VO™, x*) x> ~|y|Liph| = p-x

vl
x|

decreasingness of H and the fact that #* > 0 imply that

where the vector p :=

x has been introduced. It follows that V¢ (t*,x*) - p ¢ Rio’ so the non-

(99 —H(V9))(t*,.x*) < Qu—(1* ,x*) ~H(p) =K —H(p). (2.134)

Remembering the definition of K shows that u_ is a subsolution to the Hamilton-Jacobi equation (2.98). An
identical argument shows that u. is a supersolution to the Hamilton-Jacobi equation (2.98). This completes

the proof. [ ]
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The Perron method consists of proving that the function f: R3¢ x Rgo — R defined by

f(t,x) == supu(z,x) (2.135)
ueS
for the set
S:= {u 1Ry x Rgo —R|u- <u<uy and u is a subsolution to (2.98)} (2.136)

is a viscosity solution to the Hamilton-Jacobi equation (2.98). See Appendix A.4 for the definitions and
basic properties of lower and upper semi-continuous envelopes of a function u, which are denoted by u and u
respectively. The strategy will be to show that f is a viscosity subsolution to the Hamilton-Jacobi equation
(2.98) while f is a viscosity supersolution to this equation. The comparison principle in Corollary 2.14 will

then imply that f is a viscosity solution to the Hamilton-Jacobi equation (2.98). Throughout this section,
B.(t*,x*) = {(t,x) e Ryg x Ry -1+ x—x* P < r2} (2.137)

will denote the Euclidean ball of radius r > 0 centred at the point (#*,x*) € Ryo x R‘;O. It is readily verified that

£ is a subsolution.

Lemma 2.17. IfH:R? - R is a locally Lipschitz non-linearity, then the upper semi-continuous envelope f of
the function (2.135) is a viscosity subsolution to the Hamilton-Jacobi equation (2.98). In particular, f € S.

Proof. Consider a smooth function ¢ € C*™ (R>0 XR‘;O;R) with the property that f— ¢ has a strict local

maximum at the point (z*,x*) € R, x R‘;O. To be more precise, suppose that
(?_(P)(t*ax*) > (?_(P)(trx)

for all (¢,x) € B (¢*,x*) ~ {(+*,x*) }. By definition of the upper semi-continuous envelope and continuity of ¢,

it is possible to find points (#;,x,)ns1 S B, (*,x*) converging to (¢*,x*) such that, for every n > 1,

(f =) (tnsxn) > (?—(i))(t*,x*)—%.

Similarly, by definition of f, it is possible find a sequence of functions (u),s1 €S such that, for every n> 1,

1
f(tnyxn)_ ; < un(tnvxn)-

If (¢),x)) € B,(t*,x*) denotes the maximum of &, — ¢ on B,(*,x*), then the fact that &, is a subsolution to
(2.98) implies that
(9 -H(V))(11.x,) <O. (2.138)

Notice that u, — ¢ achieves its maximum on the compact set B,(z*,x*) as it is an upper semi-continuous

function by Proposition A.13. Remembering that u, > u, reveals that
s — T * ok 2
(f = @) (@) > (b = 0) (1 50) > (t = ) (1) + (F = ) (o) > (F = 9) (17, x7) =

where the first inequality uses that %, < f as u, < f. If (¢t,,,x.,) denotes any subsequential limit of (¢/,x/),
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then the upper semi-continuity of f established in Proposition A.13 gives
(?_ ¢)(tzl>oax{>o) 2 (?_ ¢)(t*7X*)'

Since (t*,x*) is a strict local maximum of f— ¢ on B,(¢*,x*), this implies that (¢._,x") = (t*,x*). Letting n
tend to infinity in (2.138) shows that £ is viscosity subsolution to the Hamilton-Jacobi equation (2.98). It is
clear by the definition of f in (2.135) that u_ < f <u4, so f € S. This completes the proof. [ |

Showing that f is a viscosity supersolution requires more work, and relies upon the following modification
of Lemma 2.12 in [17].

Lemma 2.18. IfH:R¢ > R is a locally Lipschitz and non-decreasing non-linearity, and if u € S is such
that u is not a viscosity supersolution to the Hamilton-Jacobi equation (2.98), then there exist ve S and
(1,x) e Ryp x R‘;O with v(t,x) > u(t,x).

Proof. The assumption that u is not a viscosity supersolution to the Hamilton-Jacobi equation (2.98) gives
PpeC™ (R>o X RZO;R) and (#*,x*) e Ryg x R;’O with the property that u — ¢ has a strict local minimum at
(z*,x*) but (d¢-H(V$))(t*,x*) <0. To be more precise, there exist € >0 and r > 0 such that for all
(t,x) € B (1, x") N {(1%,x")},

(u=9) (1) > (=) (1" ,x"), (2.139)

and for all (#,x) € B.(¢*,x"),
(09 -H(V))(r,x) <-€ (2.140)

Notice that u(¢*,x*) <u(¢*,x*). Indeed, if this were not the case, the assumption that u € S would imply that
u(t*,x*) = uy (1*,x*), and therefore, for (z,x) € B, (t*,x*) N {(¢*,x*)},

(qu—(P)(l‘,x) 2 (Z_(P)(tax) > (Z_¢)(t*7X*) = (u+_¢)(t*’X*)'

In other words, the supersolution u, would be such that u, — ¢ achieves a local maximum at (z*,x*). This
would contradict (2.140). Decreasing » > 0 if necessary and using the continuity of ¢ and u., it is therefore
possible to find § > 0 such that for all (¢,x) € B,(¢*,x*),

u(t® x*)+0 <u (1, x")-0<up(t,x) and @(r,x) <P(r",x")+ g (2.141)
With this in mind, given &’ < imin(rz, d), introduce the function
w(t,x) = 9 (1,2) + &' ~pe—x* P =t =P+ (u=9) (1", x"),
and define v: R5o x R%) - R by

max (u(t,x),w(t,x)) if (t,x) € B,(t*,x*),

v(t,x) =
(1) u(t,x) if (£,x) ¢ B, (*,x*).

It is clear from the assumption u € S that v > u > u_. Moreover, for (¢,x) € B, (t*,x*),

w(t,x)<o(t",x") + g + g +(u—0)(*,x" ) =u(t* ,x*)+ 06 <uy(t,x),
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where (2.141) and the fact that €’ < §/2 have been used. Together with the assumption u € S, this shows that
v < uy, and therefore that u_ < v < u,. Furthermore, the definition of the lower semi-continuous envelope gives
points (£,,%;)nz1 € Br(t*,x*) with (2,,,x,) = (¢*,x*) and u(t,,x,) = u(¢*,x*). Since v>w on B,(t*,x¥), it

follows that

liminfv(t,,x,) > lierinfw(t,,,xn) =0t x*)+e +(u-9) (", x*) =u(t* x*) + €.
n—+oo

n—+o0o

This means that for any n large enough,
4

&
V(tn,xn) 2 u(ty,xn) + 5 > u(ty,Xn),

so there exists a point (#,x) € Rsg x Rio with v(#,x) > u(z,x). All that remains is to verify that v is a subsolution
to the Hamilton-Jacobi equation (2.98). Consider 8 € C*(R5ox R;R) and (f,x0) € Ry x RZ) with the
property that v— 8 has a strict local maximum on B, (fy,xg) at (f0,x9). The definition of the upper semi-

continuous envelope gives points (#,,%,)ns1 € B (to,Xx0) converging to (#p,xp) with
_ 1
V(tn,xn) >v(t0,x0)—;. (2.142)
Since v(t,,x,) is either equal to w(z,,x,) or u(t,,x,), passing to a subsequence, it is possible to assume that

V(tn, %) = w(tn,x,) for all n > 1 or that v(z,,,x,) = u(,,x,) for all n > 1. These two cases are treated separately.

Case 1: v(ty,x,) =w(ty,x,) for all n > 1. In this case, it must be that (z,,x,) € B,(t*,x*) for all n > 1. Indeed,
for (tvx) ¢Br/2(t*aX*)’

r2

2
(w—u)(t,x) < (w-u)(t,x) < (¢ —u)(t,x) +& - T +(u—-¢)(t",x") <£,_Z <0,

where (2.139) and the fact that £’ < r*/4 have been used. If (¢/,x") denotes the maximum of w— 8 on

B, (t*,x*)nB,(tp,x0), arguing as in the proof of Lemma 2.16 shows that

atﬁ(tr,nx;l) = alw(t}{l?x:l) = at(P(trlnx:z) _Z(Irll _t*)a
VB (t0:%n) 2 VW (ty,23) = VO (1,x,) = 2(x, = x7).

It follows by local Lipschitz continuity and non-decreasingness of the non-linearity H as well as (2.140) that

for some large enough constant V,

(9B =H(VB))(tn,x,) < 9 (1, 5) = H(V O (1,x) ) + 20ty = 7|+ V], = x|

<—€+2/t) —t*|+V|x), —x*|.

Decreasing r if necessary, it is therefore possible to ensure that (8, B-H(VB))(t,x,) <0. To leverage this
bound, observe that by (2.142), the continuity of 3, and the fact that (#,,x,) converges to (#,xo),

(V—ﬁ)(lﬁ,x;) 2 (w—ﬁ)(t,'l,x:,) 2 (W_ﬁ)(tnaxn) = (V_ﬁ)(tnaxn) > (V—ﬁ)(m,xo) - %
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In particular, any subsequential limit (z2,,x..) of (z),x),) must satisfy

(7= B)(10,3%) > (7= B)(t0,x0) and (9B ~H(VB))(re,xe) <O0.

Since (fp,xp) is a strict local maximum of v—f3 on B,/(#y,xp), the first of these inequalities shows that

(t2,,xL,) = (t0,x0) while the second implies the required subsolution criterion.

[o o}

Case 2: v(ty,xn) = u(ty,x,) for all n > 1. In this case, let (¢}, x],) denote the maximum of #— 3 on B, (f9,xp)-

Since u is a viscosity subsolution to the Hamilton-Jacobi equation (2.98),

(9B-H(VB)) (1. x) <0.

On the other hand, the inequality v > u and (2.142) reveal that

(=B (ty,x) 2 (@~ B) (t5,5,) > (@=B) (t,%n) > (u=B) (t %0) = (v=B) (1, %)

> (V—ﬁ)(tmxo)—%,

so any subsequential limit (¢, ,xL,) of (¢},x],) must satisfy

(7-B)(teo:xe) > (7=B)(t0,x0) and  (dB~H(VB))(teo:xe) <O

Since (fp,xp) is a strict local maximum of v— 8 on B,/(#y,xo), the first of these inequalities shows that

(5, ,x..) = (t9,x0) while the second implies the required subsolution criterion. This completes the proof. =

Corollary 2.19. IfH:R? > R is a locally Lipschitz and non-decreasing non-linearity, then the lower semi-
continuous envelope [ of the function (2.135) is a viscosity supersolution to the Hamilton-Jacobi equation
(2.98).

Proof. Suppose for the sake of contradiction that f is not a supersolution to the Hamilton-Jacobi equation
(2.98). Combining Lemmas 2.17 and 2.18 gives a function v € S and a point (t,x) € Ry x RZ) with v(t,x) >
f(#,x). The contradiction

F(,2) = supu(t,x) > v(1,x) > £(1,%)
ueS
completes the proof. ]

Together with Lemma 2.17, the comparison principle in Corollary 2.14, and the Lipschitz bound in
Proposition 2.13, this result allows one to establish the well-posedness of the Hamilton-Jacobi equation (2.98).

Proposition 2.20. If y: Rgo - R is a Lipschitz initial condition, and H:R? - R is a locally Lipschitz and
non-decreasing non-linearity, then the Hamilton-Jacobi equation (2.98) admits a unique viscosity solution

f € £ subject to the initial condition Y. Moreover,
sugl\f () ILip = [WLip- (2.143)
1>

Proof. Denote by f the function defined in (2.135). Combining Lemma 2.17 and Corollary 2.19 shows that f
is a viscosity subsolution to the Hamilton-Jacobi equation (2.98) while f is a viscosity supersolution to this
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equation. By Proposition A.13 and continuity of #_ and u.,
u-<f<f<f<us.

Moreover, any function / : Ry x Rgo — R with u_ < h <uy satisfies the bounds

u-(0,x) <h(0,x) <u4+(0,x) = y(x),

uy(t,x) —y(x) =Kt,

w(x)—u_(t,x) <Kt,

e (1,0) —u-(,x") = y(x) -y (x') <[ Liphe -],
u-(t,x) —us (£,2") = y(x) - w(x') > = | ylLiph - %],

v (x)
h(t,x)—h(0,x) <
h(0,x) —h(t,x) <
h(t,x) —h(t,x") <
h(t,x)—h(t,x") >
for all ¢ > 0 and every x,x" € R‘;O. In particular, it belongs to the solution space Lyur. This means that
f,fyf € Lunis. It follows by the comparison principle in Corollary 2.14 that f < f. Since f < f < f by
Eroposition A.13, it must be that f = f = f. In particular, the function f € £is a contir;mus ViSC(;Sity solution
to the Hamilton-Jacobi equation (2.98;. The uniqueness of such a viscosity solution is guaranteed by Corollary

2.15. Recalling Proposition 2.13 gives the Lipschitz bound (2.143) and completes the proof. [ ]

This settles the well-posedness theory for the Hamilton-Jacobi equation (2.98) on the solution space £.
The non-decreasingness of the non-linearity H is now leveraged to show that solutions to (2.80) and (2.98)
coincide. This allows translation of the well-posedness theory just established for (2.98) into a well-posedness
theory for the Hamilton-Jacobi equation (2.80), thereby proving Proposition 2.9.

2.4.3 Equivalence of solutions on Rgo and Rfo

The notion of solution to the Hamilton-Jacobi equation (2.98) does not require the imposition of a boundary
condition. Intuitively, this is possible because the characteristic lines always go towards the boundary as ¢
increases rather than away from it, and it suggests that the boundary can simply be ignored. In other words,
solutions to the Hamilton-Jacobi equations (2.98) and (2.80) should coincide. To show that this is indeed the
case, one can argue as in Proposition 2.1 of [33] which is inspired by [43, 104]. The main difference between
[33] and [43, 104] is in the definition of the distance-like function (2.106) to the boundary of the domain on

which the Hamilton-Jacobi equation is defined.

Proposition 2.21. IfH:R? > R is a locally Lipschitz and non-decreasing non-linearity, then a continuous
SJunction u: Ry x R‘;O — R is a viscosity subsolution to the Hamilton-Jacobi equation (2.98) if and only if it
is a viscosity subsolution to the Hamilton-Jacobi equation (2.80). An identical statement holds for viscosity

supersolutions.

Proof. The argument for viscosity subsolutions and viscosity supersolutions being almost identical, the focus
is exclusively on the case of viscosity subsolutions. To begin with, suppose that u is a viscosity subsolution to
the Hamilton-Jacobi equation (2.98), and let ¢ € C*° (R>o X R‘io; R) be a function with the property that u — ¢
has a local maximum at (#*,x*) € Ry x R;lo- After modifying ¢ outside a small enough neighbourhood of
(¢*,x*) so that it becomes a smooth function defined on the larger domain R x Rgo, apply the subsolution
criterion for (2.98) to obtain the result.

Conversely, suppose that « is a continuous viscosity subsolution to the Hamilton-Jacobi equation (2.80),

and consider a smooth function ¢ € C* (R>0 X R‘;O;R) with the property that u — ¢ has a local maximum
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at (t*,x*) e Ry xR, If x* e R? there is nothing to prove, so assume that x* € 8R§0. Perturbing the test
function ¢ by a small quadratic function if necessary, suppose further that (z*,x*) is a strict local maximum of

u—¢. To be more precise, assume that
u(t,x)—o(t,x) <u(t®,x*)-¢(t*,x%) (2.144)
for any (#,x) other than (z*,x*) in the closure of the open neighbourhood
O,=(t"—rt"+r)x (B,(x*) OR;JO) € R.oxRY,,.

The proof of the subsolution criterion for (2.98) now proceeds in three steps. First, it is shown that there
exists an almost maximizer of u— ¢ in O,, then a variable doubling argument is used to obtain a system of

inequalities, and finally, this system of inequalities is leveraged to establish the required subsolution criterion.

Step 1: almost maximizer of u— ¢ in O,. Recall the definition of the distance-like function d: R‘;O —Rin

(2.106). For a small parameter € > 0 to be determined, introduce the function

Ve (s,y) = u(s,y) - 6 (5,y) - ﬁ

defined on Ry x R‘;O. Since W, is upper semi-continuous with values in Ru {-oo}, it is maximized on
the compact set O, at some point (se,ye) € O,. The strict inequality (2.144) implies that choosing € > 0
small enough, it is actually possible to ensure that (s¢,ye) € O,. Indeed, the continuity of u— ¢ gives
(t,x) € O, independent of € > 0 such that for € > 0 small enough and (s,y) € O, with s€ {t* —r,t* +r} or
y€dB.(x*)nRY,,
Ve (s5,) < We(1,x).

Due to the term &/d(y) in the definition of e, this inequality extends to all (s,y) € dO,, thus showing that
(se,ye) € O

Step 2: system of inequalities. Fix a smooth function ¢ : R x RY - [0, 1] with

supple €O, and  Le(se,ye) =1, (2.145)

and for each 6 > 0 define the -modulus of continuity of # on O,,
. Vol 2 2.2
®,(0):= sup{|u(t,x) —u(s,y)|](t,x),(s,y) €O, and |t —s|" +|x—y|"< O }

Given a small parameter 6 > 0 that will eventually be sent to zero, use the uniform continuity of u on the
compact set O, to find 8 = 6(5) >0 with
®,(0)<4. (2.146)

Define the function ¥, 5 ¢ :0,x0, - Rby

€ _ZML,
d(y) 62

‘P87579(t,x,s,y) = u(t’x)_¢(s7y) - (|I—S|2+ |X—y|2) +5C£(S7y)a

where M), := supgz |u|. It is now argued that the function P, 5 o achieves its supremum at a point (%o, Xo,50,0) €

O, xO,. Given (t,x,5,y) € O, x O, with |t - s]* + [x - y|* < 82, the triangle inequality and the definition of the
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modulus of continuity reveal that

We5,0(1,%,5,y) <@, (0) +u(s,y) - ¢(s,y) - +08e(5,y) = 0,(0) + We(s5,y) + 68 (5,).

d()

On the other hand, given (z,x,s,y) € O, x O, with |t —s|* + [x—y|*> > 62, the triangle inequality, the definition

of M,,, and the non-negativity of the modulus of continuity imply that

Wes,0(t,25,y) <uls,y) =9 (s,) =~ + 68 (s5,y) <ou(8) + Ye(s,y) + G (s,y)-

d()

It follows that for every (¢,x) € O, and (s,y) € O, \ supp e,

‘Pg,ﬁ,e(l,X,S,y) < wu(e) + We(ssay&‘) + 6C€(S7Y) = a)u(G) +\P£,579(S£aysvseay£) - 5
<1P8,5,9(S87y8;s87y8)7
where (2.145) and (2.146) have been used. It must therefore be that (so,yo) € supp e € O,. To show that

(f0,X0) also belongs to this open set, suppose that |t — so|> + [xo — yo|> > 8%. The triangle inequality and the

definition of M,, ensure that

We 5.6 (t0,%0,50,¥0) <u(t0,%0) = @ (50,¥0) = =2M,, + 88 (50,0) < W 5,0 (50,50,50,)0),

_&
d(yo)
s0, up to replacing (9,xo) with (so,y0), assume without loss of generality that

lto — s0[* + [xo — yo|* < 62. (2.147)

Decreasing 6 if necessary and recalling that O, is open shows that indeed (#y,xo,50,0) € O, x O,. With this
in mind, introduce the functions @ € C*° (R, x RY;;R) and 1 € C*°(R;R) defined by

£ 2M
d(yo)

h(y) =~ (M(lo,XO) o (s0,y) - (|f0 sol* +[y—xol )+5C8(507Y))

o(t,x) = ¢ (s0,50) + —— (|l sol” + [x=yol*) + 8¢ (s0,30),

Since (#9,X0,50,y0) maximizes ¥, 5. 9, the function u — ¢ achieves a local maximum at the point (#y,xo) €

R, x Rio, the function y — h(y) - achieves a local maximum at the point yg € R., and the function

d(y)
s =W, 5.0 (t0,X0,5,y0) achieves a local maximum at the point 79 € Rg. It follows by the definition of a viscosity

subsolution and property (vi) in Lemma 2.11 that

(99 -H(V))(t0,%0) <0, —d(v0)>Vh(yo) €dd(vo) and P, 56 (to,x0,50,Y0) = 0. (2.148)

This is the system of inequalities that will be leveraged to verify the subsolution criterion for ¢ at the contact

point (¢*,x*).

Step 3: subsolution criterion. A direct computation shows that

AM, aM,
(A —H(V@))(t0,x0) = ?(to -50) - H(ez(xo —yo)) <0, (2.149)
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and
—~d(y0)*Vh(yo) =

2
d(ye()) (V¢(so7yo) + %(yo -x0) - 5Ce(So,yo)) €dd(yo)-

Invoking property (v) in Lemma 2.11 gives p € ]R‘;O with

4M,

672”()(0 =y0) =V (s0,¥0) = p—6Ce(50,¥0),

Together with (2.149) and the non-decreasingness of the non-linearity H, this implies that

e (10-50) - H(V0 (s0,30) - 8(50,30)) <0

Another direct computation reveals that

aM,
—0;¥, 5.6(10,X0,50,Y0) = 950 (50,0) — ?(to —50) =00 (50,50) =0,

so in fact,

9,9 (50,50) —~H(V® (s0,50) = 8L (50,50)) = 89, Ge (s0,30) <. (2.150)

Recalling that (s9,y0) € supp & depends on €,8 and 6, and that 6 = 8(8) was chosen small enough in terms
of 8, one would now like to let 0, then &, and finally € tend to zero to establish the subsolution criterion at the
contact point (#*,x*) € Ryg x aRgO. Denote by (f1,x1) € supp &e € O, and (s1,y1) € supp & € O, subsequential
limits of the sequences (zp,xo) and (sg,yo) as 6 and then § tend to zero. The bound (2.147) ensures that s =1
and y| = x1. On the other hand, the fact that for (¢,x) € O,,

€

u(to,x0) = ¢ (50,¥0) — a00) + 88 (50,50) > We 5.0 (10:X0,50,50) > Ve (t,x) + 68 (¢,x),

and the continuity of u, ¢,d, and ;, imply that for all (¢,x) € O,,

€ €
G >u(t,x)-o(t,x)— @

u(ty,x1) =@ (tr,x1) > u(ty,x1) = ¢(t1,x1) -

At this point, denote by (12,x,) € O, a subsequential limit of the sequence (¢1,x1) as € tends to zero. By

continuity of u and ¢, for all (z,x) € O,,

u(ta,x2) = ¢ (t2,x2) > u(t,x) - ¢(,x).

Since (1*,x*) € Ryo x RY is a strict local maximum of u— ¢ on O,, and this inequality extends to the closure
O, by continuity of u and ¢, it must be the case that #, = t* and x, = x*. It follows by letting &, then 6, and
finally € tend to zero in (2.150) that

(9 -H(V$))(*,x*) <0.

This completes the proof. u

Proof of Proposition 2.9. This is now an immediate consequence of Corollary 2.14 and of Propositions 2.12,
2.20 and 2.21. ]



CHAPTER 2. THE DENSE STOCHASTIC BLOCK MODEL 49

2.4.4 Variational representations of viscosity solutions

In the context of the Hamilton-Jacobi approach, a variational formula for the solution to the Hamilton-Jacobi
equation (2.80) allows one to go beyond the identification of the limit free energy as the unique viscosity
solution to a Hamilton-Jacobi equation. Indeed, it allows one to write an explicit variational formula such as
(2.74) for this limit free energy. Two classical variational formulas will be stated, the Hopf-Lax formula in the
setting when the non-linearity H is convex, and the Hopf formula in the setting when the initial condition y
is convex. Only the Hopf-Lax formula will be proved as this is the variational formula that will be used to
establish Theorem 2.5. These variational formulas give an alternative proof to the existence of solutions to the
Hamilton-Jacobi equation (2.80) under the stated convexity assumptions.

In the Euclidean setting, under different assumptions, the Hopf-Lax and the Hopf formulas allow one to

write the solution to the Hamilton-Jacobi equation
0 f(t,x)-H(Vf(,x))=0 on RyoxR (2.151)

with initial condition y: RY — R as a saddle-point problem for the functional defined, for each (z,x) € Ryo x RY
and (y,p) e RY xRY, by
Jix(y,p) = y(y) +p-(x=y) +tH(p). (2.152)

More precisely, the Hopf-Lax formula states that when the non-linearity H is convex, then the function

. -X

f(t,x) = sup inf T, «(y,p) = sup (w(y)—tH*(y)) (2.153)
yeRd peRd yeRd t

is the unique viscosity solution to the Hamilton-Jacobi equation (2.151). Here H.. denotes the convex dual of

H defined in (A.4). Similarly, the Hopf formula states that when the initial condition y is convex, then the

function

f(t,x) = sup inf J; (y,p) = sup inf (I[J(y)+p~(x—y) +tH(p)) (2.154)
peRd yeRd peRd yeRd

is the unique viscosity solution to the Hamilton-Jacobi equation (2.151). Notice that for each fixed (y, p) €
R? xR?, the mapping (¢,x) = J; .(y,p) is a solution to (2.151), so the Hopf-Lax and Hopf formulas can be
thought of as representations of the solution with initial condition y as envelopes of this family of solutions.
At a point of differentiability of this envelope function, the function will be tangent to one particular solution
in this set indexed by (y, p) € R? x R¢, and since the equation is of first order, a function that is tangent to a
smooth solution at a point must solve the equation at that point. Of course, this is only an informal discussion,
and the interested reader is referred to Chapter 3 in [50] for precise statements and rigorous proofs of the
Hopf-Lax and Hopf formulas in the Euclidean setting.

The Hopf-Lax and Hopf formulas admit natural analogs in the setting of positive half-space. A first
guess at what these may be is that the optimization domain R? x R in (2.153) and (2.154) is simply replaced
by Rgo X Rgo. This guess turns out to be correct for the Hopf formula provided that the initial condition is

non-decreasing.

Proposition 2.22 (Hopf formula). If y: R? > R is a Lipschitz, non-decreasing and convex initial condition,
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and H:R¢ - R is a locally Lipschitz and non-decreasing non-linearity, then the Hopf function

f(t,x):= sup ing Jix(y,p) = sup ing (l;l(y)+p-(x—y)+tH(p)) (2.155)

peRd YERS, peRd YERS,
is the unique viscosity solution in £ to the Hamilton-Jacobi equation (2.80).
Proof. See Proposition 6.3 in [33]. [ |

To the best of the author’s knowledge, for the Hopf-Lax formula, this guess turns out to be too naive; it is more
convenient to replace the optimization domain R¢ and the convex dual H, by the optimization domain Rgo

and the convex dual H* in the representation

f(t,x) = sup (W(Hy)—tH*(f)) (2.156)

yeRd

of the Euclidean Hopf-Lax function (2.153). A precise statement of the Hopf-Lax formula for positive
half-space is given in Proposition 2.10. To prove this result, it is first verified that the Hopf-Lax function (2.97)
satisfies the right initial condition, and that the supremum in its definition is attained. It is then shown that the
Hopf-Lax function satisfies a semigroup property from which it is deduced that it belongs to the solution space
£. Finally, it is shown that the Hopf-Lax function is the unique viscosity solution in £ to the Hamilton-Jacobi
equation (2.80).

Lemma 2.23. Under the assumptions of Proposition 2.10, the Hopf-Lax function (2.97) satisfies the right
initial condition,

£(0,) =w(). (2.157)

Proof. Att =0, the formula in (2.97) is interpreted as

yeRd PERS,

Taking y = 0 on the right side of this expression gives the lower bound

£(0,x) > y(x).

On the other hand, given y € Rgo’ choosing p := || 'VHLipﬁ gives the upper bound

£(0,x) = sup (y(x+y) = [wlLiphl) < w(x),
yeRd

where the Lipschitz continuity of the initial condition y has been used. Combining these lower and upper
bounds completes the proof. ]

Lemma 2.24. Under the assumptions of Proposition 2.10, for any (t,x) € Rxq x R;lo’ there exists y € R‘;O with

f(t,x) = llf(X+y)—tH*(§)- (2.158)
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Proof. Fix A>0andye Rgo, and observe that

H*(y) = sup (p-y—H(p)) > Aly|- sup|H(z)],

peR‘;O lz|<A

where the inequality is obtained by taking p := 4 |§—|

locally bounded, the supremum on the right side of this expression is finite. Dividing by |y|, letting A tend to

Since H is locally Lipschitz continuous, and therefore

infinity, and then letting |y| tend to infinity reveals that

imint ) _ 4 oo, (2.159)

blo+eo [y
yeRio

This confirms that tH*(%) should be interpreted as +oco when 7 =0 and y # 0. It also implies that, given
(t,x) e Ry x R‘;O, there exists R > 0 large enough such that for all y € Rgo with [y| > tR,

H (%) (¥ luip + DD

It follows by the Lipschitz continuity of y that for all y € Rgo with |y| > tR,

Yy -H (2) <y -bi.

This means that the supremum defining the Hopf-Lax function in (2.97) may be restricted to a bounded set.
Together with the fact that the function y — w/(x+y) —zH*(3) is upper semi-continuous and locally bounded
from above, as H* (z) > —H(0), this implies that the supremum on the right side of (2.97) is achieved at some
point y € Rgo. This completes the proof. [ |

Lemma 2.25 (Semigroup property). Under the assumptions of Proposition 2.10, for every pairt > s> 0 and
Xe€ ]RZO,

f(t,x) = sup (f(s,x+y)—(r—s)H*(y)). (2.160)

-5
yeR‘;O

Proof. Fix y,z€ Rio. Since H* is convex,

w(YTZ NS t—s5 +( 2
H (=)< () 1 (=):
Taking y+z¢€ Rgo in (2.97), and leveraging this bound yields

f(6.x)> W(x+y+z)—sH*(f)—(t_s>H*(f).

N

Taking the supremum over all y € Rgo gives

Ft.0)> fls.x+2) = (t-9)H (=),
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and taking the supremum over all z € Rgo establishes the lower bound

f(t,x) > sup (f(s,x+y)—(t—s)H*(y)).

t—s
yeRY,

To obtain the matching upper bound, invoke Lemma 2.24 to find y € Rgo with

Flex) = wlxey) =iH*(2).

. . t—s
Defining z := =, observe that

In particular, taking y—z € Rgo in (2.97) gives

f(s,x+z)—(t—s)H*(£) > l/l(x+y)—sH*()%)—(t—s)H*(£)
:w(x+y)—tH*(¥)
= f(t,x).

Taking the supremum over z € Rio establishes the matching upper bound and completes the proof. [ |

Lemma 2.26. Under the assumptions of Proposition 2.10, the Hopf-Lax function f belongs to the solution
space Lunis with
Sug”f(t")HLip = | Lip- (2.161)
1>

Proof. Fix (t,x,x") € Ry xRZ ) x RY, and invoke Lemma 2.24 to find y € Rgo with
w(Y
F(.x) = y(x+y) -tH*(2).
t
Taking y € Rgo in (2.97) gives the lower bound

ft,x") > l//(x'+y)—tH*();)).

It follows that
J(,x) = f(1,3") <y(x+y) - w(x +y) <[ w]uiph—x'].

Reversing the roles of x and x” gives y' € R? with

Fx) = f(t,20) <y +)) = y(x+y) <y uiphe =]

Combining these two bounds establishes the spatial Lipschitz continuity (2.161) of the Hopf-Lax function. To
conclude that f € £;f, there remains to show that f is also continuous in time; it is now shown that it is, in
fact, Lipschitz continuous in time as well. Fix x € Rgo and ¢ > s > 0. The semigroup property in Lemma 2.25

with y = 0 and the non-decreasingness of the non-linearity H imply that

f(6,x) 2 f(s5,%) = (1 =s)H™(0) > f(s,x) = (1= 5)|H(0)]. (2.162)
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Combining the semigroup property in Lemma 2.25 with the spatial Lipschitz continuity (2.161) reveals that

f(2,x) < f(5,%) + sup (IWILipIYI—(f—S)H*(t_yS))

yeR’;O

= f(s,x)+ (t=5) sup (|y]Lipll -H"(2))

d
ZER;O

<f(s,x)+(t=5) sup  sup (z:p—H"(2)),

PI<WlLip zeRE,

1Wlipz
Il
half-space (Proposition A.6) and remembering (2.162) establishes the temporal Lipschitz continuity of the

where the final inequality uses that ||y piplz| = z- . Invoking the Fenchel-Moreau theorem on positive

Hopf-Lax function,

)= Fs0)l<li=s] sup [H(p)L (2.163)
IpI<lwliLip
The convexity of the non-linearity H has played its part. This completes the proof. ]

Proof of Proposition 2.10. The proof proceeds in two steps. First, it is shown that the Hopf-Lax function
(2.97) is a viscosity supersolution to the Hamilton-Jacobi equation (2.80), and then that it is also a viscosity
subsolution to this equation. Together with Lemma 2.26 and the uniqueness result in Proposition 2.9, this
proves that the Hopf-Lax function (2.97) is the unique viscosity solution in £y,if to the Hamilton-Jacobi
equation (2.80).

Step 1: viscosity supersolution. Consider a smooth function ¢ € C* (R x RfO;R) with the property that f— ¢
has a local minimum at the point (t*,x*) € Ry x R%,. By definition of a local minimum, for every s € (0,*)

sufficiently small and y € R;’O,
O X" )=t —s,x" +5y) 2 f(t7,x7) = (7 —5,x" +5y).
It follows by the semigroup property in Lemma 2.25 that
O X )=p(t" —s5,x" +s5y) 2 sH*(s?y) =sH*(y).
Dividing by s and letting s tend to zero reveals that
991", x")=y- V(1" ,x) +H"(y) 2 0.

Taking the supremum over y € R‘;O and invoking the Fenchel-Moreau theorem on positive half-space (Proposi-
tion A.6) shows that

(9 -H(VP))(t*,x*) = (1" x*)-H* (Vo (t*,x*)) >0.

The convexity of the non-linearity H has played its part. This verifies the supersolution criterion.

Step 2: viscosity subsolution. Consider a smooth function ¢ € C*° (R0 x Rfo; R) with the property that f — ¢

has a local maximum at the point (z*,x*) € R, x R‘io, and suppose for the sake of contradiction that there is
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6 > 0 such that for all (¢',x") sufficiently close to (¢*,x*),
(00 -H(v9))(t',x")>8>0.

Using the convexity of H and the Fenchel-Moreau theorem on positive half-space, this may be recast as the

assumption that for all (#',x’) sufficiently close to (#*,x*) and all y e RZ,),
o0(t' X)) -y vo (' ,x)+H*(y) > 6. (2.164)

Leveraging the semigroup property in Lemma 2.25 and arguing exactly as in the proof of Lemma 2.26, it is
possible to find R > 0 with the property that for all s > O sufficiently small there is y, € R‘;O with |ys| < Rs and

Fa* x*) = f(tF —s,x" +y5) —sH*(%).

If u(r):= (¢ +(r—1)s,x* + (1-r)yy), then it follows by the fundamental theorem of calculus and the absurd
assumption (2.164) with y := 2 that

1
o) =0 5.5 +3) = [ 0u(r) ar

1
- /0 (5909 -+ V9) (u(r)) dr

ZSS—SH*(%S)

=56+ f(t*,x") = (1" —5,x" +y5).

Rearranging shows that for s sufficiently small,

" =52 +y;) =@ (" —5,x" +y,) 256+ f(t*,x7) -9 (1" 7).
This contradicts the local maximality of f— ¢ at (+*,x*) and completes the proof. [ |

As will be seen below, in the symmetric rank-one matrix estimation problem, as well as the broader class
of models from statistical inference considered in [30], the free energy is always convex. If one can show
that it converges to the solution to a Hamilton-Jacobi equation, then one can represent its limit variationally
using the Hopf variational formula. This convexity property of the free energy is however lost in the realm
of the sparse stochastic block model studied later in this thesis or of spin glasses [86]. In some cases, the
non-linearity appearing in the relevant Hamilton-Jacobi equation is convex. This allows one to appeal to the
Hopf-Lax formula instead and to still represent the solution variationally. However, in the assortative sparse
stochastic block model, and many spin-glass models of interest such as the bipartite model, the non-linearity in
the equation is neither convex nor concave. In this case, it is not yet known whether the free energy converges
to the viscosity solution of the relevant Hamilton-Jacobi equation. Partial results for the sparse stochastic
block model first obtained in [49] are the content of Theorems 1.6 and 1.7. Partial results for spin glasses
have also been obtained in [83, 86]. In this context, it is interesting to wonder whether, for general solutions
to Hamilton-Jacobi equations, any aspect of the variational structure displayed in the Hopf and Hopf-Lax
formulas is preserved in the absence of any convexity or concavity assumption on the initial condition or the

non-linearity. More specifically, if the solution f(z,x) to the Hamilton-Jacobi equation (2.80) can always
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be represented as a critical value of the function J; y; in other words, whether it is always possible to find a
point (y*,p*) such that V.7, «(y*,p*) =0 and f(t,x) = J; »(y*,p*). For a detailed discussion on this topic,
the interested reader is referred to Chapter 3 in [50].

2.5 Revisiting the matrix estimation Hamilton-Jacobi equation

Equipped with a well-posedness theory for general Hamilton-Jacobi equations on positive half-space, the
Hamilton-Jacobi equation (2.73) derived in the context of the symmetric rank-one matrix estimation problem
is now revisited. This Hamilton-Jacobi equation admits a unique viscosity solution by Proposition 2.9. To
prove Theorem 2.5, the goal will be to show that the limit of the free energy (2.59) is this unique solution.
Appealing to the Hopf-Lax formula in Proposition 2.10 will then give the variational representation (2.74).
To show that the limit of the free energy (2.59) is a viscosity solution to the Hamilton-Jacobi equation
(2.73), the idea will be to start from (2.66) and obtain more tractable bounds on the left side of this equality.

Proposition 2.27. The enriched free energy (2.59) in the symmetric rank-one matrix estimation problem

satisfies the approximate Hamilton-Jacobi equation
_ _ 2 1 o= — \2
0< 9, Fn(t,h)—(Fn(t,h)) < Na’“ Fn(t,h) +E(0uFy - 9Fn) (t,h). (2.165)

Proof. The lower bound in (2.165) is immediate from (2.66) and the non-negativity of the variance. To
establish the upper bound, by (2.66), it suffices to show that

Var(xN'x) < %@%FN(t,h) +E(8hFN—8hFN)2(t7h). (2.166)

It is reasonable to expect this variance term to be related to 35?1\/(@ h). To compute this derivative, it will be
convenient to introduce the Hamiltonian

1
HY(h,x) = ——=z-x+2x-X— x> (2.167)

V2h

in such a way that the derivative of the free energy (2.58) prior to averaging may be expressed concisely as

1
IhFn(t,h) = N(H/vf
Differentiating this expression reveals that

RN (1.h) = (WA )+ (CHR)R) = ()2 = (CHR)?) - ()

1

_Ni(Zh)yz (z-x).

Together with the Gaussian integration by parts formula (Theorem 4.5 in [50]) and the Nishimori identity, this

implies that

PRF (1) = VE((HA)?) - CEGHL - 2 (E{P) - Be-m)
= CB{(HRY) - S - 2 (B() - EP).
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Notice that the variance of Hy, may be written as

Var(H) = B((Hy - (H})) )+ E((HE) - B(HE))’

= E((H})?) - E(H})? + N*E(9uFy - Fn) (1, h).

Up to lower-order terms, the proof consists in showing that the variance of x-X is bounded from above by the
variance of Hy, which in turn is essentially the right side of (2.165) up to scaling. To justify this precisely,

write |

s (B(P) - El()P).

To relate this back to the variance term in (2.166), observe that by the derivative computation (2.65),

([ 1 , _
N ORFN(e,h) = 5 Var(HY) ~E(9Fy ~WFn) (1) -

5 Var(Hy) = < Var(e ) = < E((HR)?) - 15 B((e0)?).

It follows that

X\ 1 e _ 1 , 1 _
Var(N) < N&,fFN(t,h) +E(0pFy - hFn) (t,h) + E([x[*) - ﬁE((HN)z) + ﬁ]E((x-xf). (2.168)

1
2hN?
What is important for the sequel is to verify that the last two terms in this expression are of lower order

in N due to a cancellation between E((H,(,)2) and E((x-f)2>. In fact, it will be shown that these terms are

non-positive. Observe that
E((HY)?) = ;—hE«z-x)z) . \/zz_hE(z~x(2x-x— 62)) + 4E(x X5 o)) + E{ ),
and fix indices 1 <i, j < N. Two applications of the Gaussian integration by parts formula reveal that for i # j,
E(zizjxix;) = \/ﬂE<ijj (7 —xix;)) = ZhE( (7 —xix)) (x? ‘”ij;' - 2xjx;'l >’
while for i = j,
E(z7x7) = \/ﬁz]E(z[xi (7 —xix}) ) + E(xf ) = 2hE( (37 - xix!) (37 +xix) = 2xix ) ) + E (7 ).
Together with the Nishimori identity, this shows that

E1{«:((z-x)2) = E(|x*) - 2E(]xf* (x-%) ) - E{(x-%)?) + 2E((x-%) (x-x") ) + i]}«:(w).

A similar computation using the Gaussian integration by parts formula gives

E(z-x(2x- %~ xf*)) = 2B{(2x- %~ [x]*) (|x[* - (x-x"))

9~
=

= 6E<|x|2(x-f)) —4E((x-x)(x-x")) —2]E(|x|4).
It follows by the Cauchy-Schwarz inequality that

((H4)?) = 38{ (e 2)?) - 2B (e- 1)) )+ 5 B{) > B e 0)?) + 5 (o).
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This shows that the last two terms in (2.168) are non-positive and establishes the upper bound (2.166), thereby
completing the proof. [ ]

To control the error term on the right side of the approximate Hamilton-Jacobi equation (2.165), at first
glance, it seems like one needs to establish the concentration of the derivative of the enriched free energy
(2.58) about its average. However, even in the simpler setting of the Curie-Weiss model, it is possible to
construct examples in which the derivative of the free energy is not small at some special points — those at
which the limit free energy is not differentiable. It should therefore not be expected that the derivative of the
free energy concentrates at all points, and indeed, the concentration of this derivative will only be needed at
contact points (fy,hy). It turns out that at these points, the variance of the derivative of the free energy can be
controlled in terms of

E sup |Fy(t,h)—Fy(t,h)]* (2.169)

(t,n)e[0,M]2
for an adequate choice of M > 0. Leveraging the Gaussian concentration inequality and a covering argument,
it can be shown that (2.169) is essentially of order N~!, and therefore vanishes when taking the limit along
the sequence (ty,hy)n>1 of contact points. The starting point is a Gaussian-type estimate on the tail of the

random variable in (2.169).

Lemma 2.28. For each M € Rsg, there exists C < +oo such that for all A > CN~'/\/log(N),

- NA?
]P’{ sup |FN(t,h)—FN(t,h)|2l}Sexp(—). (2.170)
(10)€[0.M]2 C
Proof. Write C < +oo for a constant that does not depend on N or A whose value may change throughout the

proof, and introduce the random norm
W1 := sup[Wx].
[x|<1
The proof proceeds in two steps. First a concentration inequality for the random norm |W/||. is established by

showing that there exists a constant C < +oo such that for every a > C,
N
(w12 > av) <esp -2 @17

and then a covering argument is leveraged to deduce (2.170).

Step 1: concentration inequality. To begin with, a pointwise upper bound on |Wx| for each unit vector x e RV
is established, and then a covering argument is used to extend this pointwise bound into the uniform bound
required to control the random norm |W . Fix u >0 and x € R of unit norm. Chebyshev’s inequality reveals
that

P{|Wx|* > aN} < exp(~paN)Eexp (p|Wx[?). (2.172)

The random variables ((Wx););<y are independent and standard Gaussian. It follows that

N
Eexp(,u|Wx|2) = IEHexp(,u(Wx)iz) = (]Eexp(uZz))N

i=1
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for a standard Gaussian random variable Z. A change of variables shows that for p < 1/2,

1

1 1 2
e —— e 2d ,
JT-2u \/2n/R Y T2k

so in fact Eexp(u|Wx|*) < exp(CN). Substituting this into (2.172) gives the pointwise upper bound

Eexp(uz?) = (51 g

7l

P{|Wx> >aN} <exp ((C— %)N) (2.173)

To extend this into a uniform bound, a covering argument is used. Recall that the smallest number of balls of
radius € > 0 required to cover a compact set K is known as the covering number of the set K, and it is denoted
by N(K,€). A related quantity is the packing number of a compact set K. A subset N of K is €-separated if
|x —y| > € for all distinct points x,y € N'. The packing number of K is the size of the largest possible e-separated
subset of K, and it is denoted by P(K, €). By maximality, it is clear that the balls of radius € > 0 centred at the
points in an g€-separated subset of K cover the set K. In particular, the covering number is bounded by the
packing number,

N(K,e) <P(K,e).

This observation is now used to find an upper bound on the covering number of the unit ball B;(0) ¢ RV,
Denote by m Lebesgue measure on RY, fix £ > 0 and let P be a maximal e-separated subset of B (0). Since
x| > € for all distinct points x,y € P, the balls (Bg/>(x))xep are disjoint and contained in the expanded unit
ball By, /2(0). It follows by the additivity and scaling properties of the Lebesgue measure that

N N
P10).0)( 5] m1(0) = B 0) < 145 a1

Rearranging reveals that

2 N
N(B1(0),€) <P(B1(0),¢€) < (1 + 8) )

Choosing € := 1/2, it is therefore possible to find a set A of size 5" with the property that for every x e RV with
x| < 1, there exists y € A such that |x—y| < 1. In particular,

1
Wadl < [W b =31+ Wl < 5[ Wl +sup[Wyl,
YyeA

and taking the supremum in x shows that [W|. <2sup,4|Wy|. Together with the pointwise upper bound
(2.173), this implies that

Py W >aN} < IP’{4sup|Wy|2 >aN} < 5NeXp((C_ E)N).
yeA C

Redefining the constant C establishes the concentration inequality (2.171).

Step 2: covering argument. To run a covering argument, first, the Holder continuity of the free energy F is

established. Fix ¢,¢/,h,h’ € [0,M] as well as x in the support of Py, and observe that by the Cauchy-Schwarz
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inequality and the boundedness of the support of P,

NN e
N N
+|\/2h—\/2h’||x-z| + |h—h'|(2|x-7c|+|x|2)

<CVN([Vi-Vo|IW]a + VA=Vl ) + CN(je='| + |1~ 1']).

|Hy (t,h,x) —Hy(t',h' ,x)| <

1
|x-Wx|+ N't —t'|(2(x-7c)2 + |x|4)

Together with the observation that \/y—/y’ < [y—y'['/? and [y—y'| < 2|y|ly - y'|'/? for y,y" € Rso with y >y,
this bound on the Hamiltonian implies that the free energy (2.58) is Holder continuous on [0,M]? with

B (1,h) — Fa (¢ 1) < C([e =o'V + |- x

for the random variable

LIl

sl

Averaging this inequality also shows that the free energy (2.59) is Holder continuous with

|fN(t7h)_fN(t,,h,)| gC(|t—z"|l/2+|h_h/|l/2)EX.

These two bounds imply that for any A >0 and € > 0,

]P’{ sup |Fy(t,h) —=F(t,h)| > z} < P{sup|FN(t,h) ~Fn(t,h)|> ;L/z} +P{x >e7'/?A/C}
[o,m]? Ag

for the set A¢ := €Z>n[0,M]?. Indeed, every point (,h) € [0,M]? is at distance at most & from a point in Ae.
A union bound and the fact that the cardinality of A is bounded by Ce~2 yield that this is further bounded by

CszsupP{|FN(z,h) ~Fn(t,h)| > /1/2} +P{x >e7'?2/C}.
Ae

A simple extension of the proof of the free energy concentration inequality (2.44) reveals that for any A >0
and (,h) € [0,M],

P{|Fy(1,h) - Fx(t,h)] > A} < ZCxp(— Nclz)

On the other hand, the Gaussian concentration inequality (Theorem 4.7 in [50]) and the concentration inequality
(2.171) imply that for some constant C’ < +oo and any € >0 and A > C'\/€,

2
P{X > 8_1/2A/C} <exp(—1\$).

Combining these two bounds and choosing € := N~! reveals that for any A > C’ N2,

— ) NA?
P: sup |Fy(t,h)—Fn(t,h)|> A <CN“exp| - —— |
[0,M]2 C

Whenever A > C'N~'/2, /log(N) for some sufficiently large constant C’ < +oo, the term N2 can be absorbed
into the exponential to obtain (2.170) and complete the proof. [ |
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It is now possible to verify that any subsequential limit of the enriched free energy (2.59) satisfies the

subsolution criterion in the Hamilton-Jacobi equation (2.73).

Lemma 2.29. Let f be any subsequential limit of the sequence (Fy)ns1 of enriched free energies in the
symmetric rank-one matrix estimation problem, and fix t* ,h* > 0. If ¢ € C*° (R0 xR0;R) is a smooth function

with the property that f — ¢ has a strict local maximum at (t*,h*) € Ryg xR0, then
(%9 ~H(9))(*.1*) =0 (2.174)

Proof. Through a slight abuse of notation, the subsequence along which the convergence of Fy to f occurs
is not denoted explicitly, in effect pretending that the convergence occurs along the whole sequence. Using
Lemma 2.7, find a sequence (ty,hy)ys1 converging to (t*,7*) such that Fy — ¢ has a local maximum at
(tn,hy); this lemma also guarantees that the neighbourhood over which (#y,/y) is a local maximum can be
chosen independently of N. To control the right side of the approximate Hamilton-Jacobi equation (2.165) at
each contact point (zy, 4y ), essentially, the idea will be to argue that whenever a sequence of convex functions
converges to a point of differentiability of its limiting function, the sequence of derivatives also converges to
the derivative of the limiting function at this point. Although it is not yet known that the free energy is convex,
it will be possible to prove upper and lower bounds on its Hessian. The proof proceeds in three steps. First the
upper deviation of Fy from its tangent at (#y,y) is controlled by a parabola, then the lower deviation of Fy
from its tangent at (fy,hy) is controlled by a random parabola, and finally these two ingredients are combined

to control the right side of the approximate Hamilton-Jacobi equation (2.165).

Step 1: Hessian of Fy upper bound. Since Fy — ¢ has a local maximum at (ty,Ay) and ¢ is smooth, there
exists C < +oo such that for all ' € R with |#/| <C~!,

Fn(tn,hw + 1) =Fn(tn,hw) < ¢ (tn oy + 1) = @ (tn, i) < 9y (b ) + CI .
For every N sufficiently large, one has iy > 0, and therefore
(Fn—9)(tn,hy) =0. (2.175)
It follows that for every 4’ € R with |[n/| < C™!,
Fn(in,hy+h') =Fn(in,hy) <h' 0, Fn(tn,hy ) +Clh' . (2.176)

In particular,
IFF n(tn, hy) < C. (2.177)

Throughout this proof, it is understood that the constant C < +oco may change from one occurrence to the next,
only making sure that it does not depend on N.

Step 2: Hessian of Fy lower bound. Recalling the definition of the Hamiltonian H](, in (2.167), a direct
computation reveals that
1 1, ,

8,12FN(tN,hN+h') = N((H](/)z)— N<HN>2

v
_ N2 W) (z-x).

Since hy converges to h* > 0, it remains bounded away from zero for N sufficiently large. Using also the
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non-negativity of the variance, the Cauchy-Schwarz inequality, and the fact that the measure P; has bounded

support, it is possible to deduce that for every |n'| < C~!,

Clz
athN(l‘N,hN+h,) > —\/|1_\|7.
It follows by Taylor’s theorem that for every |#’| <C~!,
C
Fy(tn,hy +h") = Fy(tn,hw) —h' OpFy (in, by ) > —\)%WF (2.178)

which is the sought after control of the lower deviation of Fy from its tangent at (¢y,/y) by a random parabola.

Step 3: controlling the right side of (2.165). Combining (2.176) and (2.178) with the fact that (¢y,hyn)n>1
converges to (¢*,h*) gives a neighborhood V of (+*,h*) with

h’(é)hFN — 8th)(tN,hN) < 2sup|FN —fN| +C|]’l,|2(1 + |Z|) (2.179)
v VN

In particular, given a deterministic A € [0,C~'], the bound (2.179) for

8hFN_&hFN
o= ) TENTOTN ()
|OnFi — OF N
reads 4
Ao Fn — O Fn|(tn,hn) < 2sup|Fy - F +C)LZ(I+Z).
|OnFn — InF n|(tn, ) VP|N wl i

Squaring both sides of this inequality, taking expectations, and leveraging the concentration inequality in

Lemma 2.28 yields

2
2 IR Ry CE 2 4 Iz| C 4
A E(ahFN 8hFN) (IN,}ZN) < SESl;p (FN FN) +CA ]E(l + \/]T]) < N71/2 +CA R

where the fact that E|z|* = N]Ez% = N has also been used. Choosing A := N ~1/8 Jeads to the upper bound

C

E(OhFy - hFw )’ (v, hy) < S (2.180)

Substituting this into the approximate Hamilton-Jacobi equation in Proposition 2.27 and remembering the

Hessian bound (2.177) gives

0< (8t¢— (8]1¢)2)(Z‘N,h/v) = (8,f1v— (ath)z)(tNahN) < %"‘ ﬁ

Letting N tend to infinity and using the smoothness of ¢ reveals that
(09— (30)*) (", ") =O0.

Combining (2.175) and (2.65) with the smoothness of ¢ shows that d,¢(¢*,2*) > 0. Remembering the
definition of the non-linearity H in (2.71) completes the proof. [ ]
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That any subsequential limit of the enriched free energy (2.59) satisfies the supersolution criterion in the
Hamilton-Jacobi equation (2.73) is much easier to verify by simply leveraging the lower bound in Proposition

2.27. Together with the Hopf-Lax formula, this gives a first proof of Theorem 2.5.

Proof of Theorem 2.5. The Arzela-Ascoli theorem, the derivative computations (2.61) and (2.65), and the
boundedness of the support of Py imply that the sequence (Fy)ys1 is precompact. Denote by f any subse-
quential limit of this sequence of enriched free energies. The subsequence along which the convergence of
Fy to f occurs is not denoted explicitly, in effect pretending that the convergence occurs along the whole
sequence. Lemma 2.29 shows that f is a viscosity subsolution to the Hamilton-Jacobi equation (2.73). To
verify the supersolution criterion, let ¢ € C*°(Rso x R50;R) be a smooth function with the property that f— ¢
has a strict local minimum at (¢*,7*) € Ry x R,¢. Using Lemma 2.7, find a sequence (#y,hn)ys1 converging
to (t*,h*) such that Fy — ¢ has a local minimum at (¢y,/y). For N large enough, one has (ty,hy) € Rso xRy,
and therefore
OFN(tn,hn) = ¢ (tn,hw) and  Fn(tn,hn) = 0 (tn, hw).

It follows by the lower bound in Proposition 2.27 and the definition of the non-linearity H in (2.71) that

0< (09 - (h$)*)(tn,hw) = (30 —H(h$) ) (1w, ).

Letting N tend to infinity, and leveraging the continuity of H and the smoothness of ¢ shows that f is a viscosity
supersolution to the Hamilton-Jacobi equation (2.73). Together with the uniqueness result in Proposition 2.9,
this implies that the sequence (Fy)ys1 converges to the unique viscosity solution f to the Hamilton-Jacobi
equation (2.73). The Hopf-Lax formula (Proposition 2.10), the definition of the non-linearity H in (2.71), and

the fact that the square function x — %|)c|2 is its own convex dual (Exercise 2.8 in [50]) imply that for all 7,/ > 0,

(h' = h)?
)= s (won- )
W eRsg t
Remembering that the free energy (2.20) can be recovered from the enriched free energy (2.59) by evaluating

at h =0, that is, Fy () = Fy/(t,0), gives the representation (2.75) and completes the proof. ]

As was already discussed, together with Propositions 2.1 and 2.3, this result implies Theorem 1.3 on the
limit of the mutual information in the dense stochastic block model. For more general models, such as those
discussed in [36], or the sparse stochastic block model discussed in later chapters of this thesis, the bound in

Proposition 2.27 is of the form
_ — 2 1 — — \2
|0F N (1,1~ (WFw (1,))"| < N OREN (1) +E(3hFy —hFn) (1,h). (2.181)

In such cases, the subsolution criterion can be established as in Lemma 2.29 but the inequality is too weak
to prove the supersolution criterion. Indeed, the gradient of the free energy cannot be shown to concentrate
as in (2.180) when the free energy is touched from below by a smooth function. The subsolution criterion
can be combined with the comparison principle in Proposition 2.9 to show that any subsequential limit of the
free energy is bounded from above by the solution to the Hamilton-Jacobi equation (2.73). This is the idea
behind the proof of the lower bound of Conjecture 1.4 in Theorem 1.6 — recall that the mutual information is
minus the free energy up to an additive constant, so an upper bound on the free energy corresponds to a lower

bound on the mutual information. In the simpler setting of [36], the matching lower bound on the free energy
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is obtained through a selection principle for the Hamilton-Jacobi equation (2.80) that ensures that a convex
function that satisfies the equation on a dense set must in fact satisfy the equation everywhere. Unfortunately,
the convexity assumptions required to appeal to this selection criterion do not hold in the setting of the sparse

stochastic block model [67] — this is why the upper bound in Conjecture 1.4 remains open.

2.6 Leveraging convexity to identify viscosity solutions

In this section a tool known as the convex selection principle is introduced to identify when a convex function
is a viscosity solution to the Hamilton-Jacobi equation (2.80). In Example 2.6, a function that satisfies a
Hamilton-Jacobi equation almost everywhere but is not a viscosity solution to this equation was described.
Notice that this counterexample had corner singularities “in both directions”; formally, the second derivative
was neither bounded from above nor from below. A convex function cannot look like this, since its Hessian
must be non-negative. Roughly speaking, the convex selection principle states that imposing the function to be
convex completely rules out the emergence of non-viscosity-type singularities, and thus restores uniqueness.

This result will be established in the general setting of the Hamilton-Jacobi equation (2.80).

Proposition 2.30 (Convex selection principle). If H:R? > R is a locally Lipschitz and non-decreasing
non-linearity, and f:Ryg x Rgo — R is a jointly convex and jointly Lipschitz continuous function with
£(0,-)eC! (RiO;R) that satisfies the Hamilton-Jacobi equation (2.80) on a dense subset of R x Rgo, then f

is a viscosity solution to the Hamilton-Jacobi equation (2.80).

The statement that the function f satisfies the Hamilton-Jacobi equation (2.80) on a dense subset of

Ryq x R’;O means that the set
{(1.%) € Rog xRS, | £ is differentiable at (1,x) and (9, ~H(Vf))(z,x) =0} (2.182)

is dense in Ryg x Rio. Naturally, Proposition 2.30 also holds if “convex” is replaced by “concave” in
its statement. It was already stressed that, in some sense, the notion of viscosity solution is tailored to
approximations in which a small positive term times the Laplacian of f appears on the right side of (2.80). In
particular, the notion of viscosity solution is sensitive to the orientation of time; in general, it is not the case
that the time-reversed viscosity solution to some equation will be the viscosity solution to the time-reversed
equation. However, superficially, the statement of Proposition 2.30 looks invariant under time reversal. The
only assumption that breaks this symmetry is that £(0,-) € C' (R‘;O;R). This already hints at the fact that
this assumption is necessary. In other words, Proposition 2.30 states that under the convexity assumption,
pathological solutions cannot spontaneously emerge when starting from a smooth initial condition. However,
when starting from a Lipschitz function that does not have this form, it may be possible to exploit the
singularities of the initial condition to create solutions that differ from the viscosity solution.

To prove the convex selection principle, first, it will be shown that the function f in its statement must
actually satisfy (2.80) at all its points of differentiability.

Lemma 2.31. IfH:RY - R is a locally Lipschitz non-linearity, and f : Rso x R’;O — R is a jointly convex and
Jjointly Lipschitz continuous function that satisfies the Hamilton-Jacobi equation (2.80) on a dense subset of
Ry x Rgo, then it satisfies the Hamilton-Jacobi equation (2.80) at all its points of differentiability in R x R‘io.
Moreover, for every (t,x) € Ryo x Rgo, there exists (b,q) € d f(t,x) such that b—H(q) = 0.
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Proof. Fix (t,x) € Ryo x Rgo, and let (£, %, )n>1 € Rso x RY, be a sequence of points of differentiability of f
converging to (¢,x) at which

(0f =H(V£))(tn,x0) =0 (2.183)

Since f is differentiable at the interior point (#,,x,) € Rso x RY,, Proposition A.9 implies that d f(,,,x,) =
{(0,f (tn,xn),Vf(tn,xn))}. The joint Lipschitz continuity of f implies that, up to the extraction of a sub-
sequence, the sequence (0;f(ty,%,),Vf(£n,X))ns1 of gradients converges to some point (b,q) € R x RY.
By Proposition A.10, it must be that (b,q) € df(¢,x), and by (2.183) and the continuity of H, the pair
(b,q) € df(t,x) is such that b—H(g) = 0. This establishes the second part of the statement. If (¢,x) € RygxRY,
and f is differentiable at (¢,x), then Proposition A.9 implies that d f(¢,x) = {(d,f(¢,x),Vf(¢,x))}. It must
therefore be the case that (b,q) = (d,f(¢,x), Vf(¢,x)), and thus that f satisfies the Hamilton-Jacobi equation
(2.80) at the point (z,x). This completes the proof. [ ]

Proof of Proposition 2.30. The proof is decomposed into two steps. First it is shown that f is a viscosity
subsolution to the Hamilton-Jacobi equation (2.80), and then that it is a supersolution to this equation. The
assumption on the initial condition will only play a part in showing that f is a viscosity supersolution to (2.80).

Step 1: viscosity subsolution. Consider a smooth function ¢ € C* (Rsq x RZO;R) with the property that f— ¢
has a local maximum at the point (#*,x*) € R, x R‘io. It will be shown that f is differentiable at the contact
point (¢*,x*). By Proposition A.8, the subdifferential d f(¢*,x*) contains at least one element, say (a, p). By
the definition of the subdifferential and of a local maximum, for every (¢',x") sufficiently close to (z*,x*),

a(t'=t")+p- (&' =x") <f(' ) = f (17, x7) <O xT) - 9 (17, x7). (2.184)

It follows by smoothness of ¢ that, as (¢',x") tends to (1*,x*),

(t"'=t*)(a=-0,9(t* x*)) + (X' =x*)(p-V(t*.x*)) =o(|t' —t*|+ |x —x*).

This implies that (a, p) = (d:¢,V¢)(¢*,x*). Using (2.184) once more shows that f is differentiable at (¢*,x™),
and that (9, f, V) (t*,x*) = (d,¢,V$)(#*,x*). It follows by Lemma 2.31 that

(09 -H(V9)) (1" ,x*) = (A f ~H(Vf)) (" ,x") = 0.

This completes the verification that f is a viscosity subsolution to the Hamilton-Jacobi equation (2.80).

Step 2: viscosity supersolution. Consider a smooth function ¢ € C*° (R x R;IO;R) with the property that f— ¢
has a local minimum at the point (#*,x*) € R0 x R;lo- Together with the convexity of f, this implies that for

every (t',x") e Ry x Rgo and € > 0 small enough,

S 2= f( ) 2 e (P )+ el 1% ) =x*)) = £(t*,x7))
2 e (B ) el )0 6)
Letting € tend to zero shows that (¢, V@) (1*,x*) € d f(¢*,x*). It therefore suffices to fix (a,p) € df(1*,x*)

and prove that
a—H(p)=0. (2.185)

Since (a,p) € d f(¢*,x*), the definition of the subdifferential implies that £(0,y) > f(¢*,x*)—at* + (y—-x*)-p
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for every y € Rgo. Rearranging shows that for every y € Rgo,
fOY)-y-p> f(t*x")—at™—p-x*. (2.186)

Inspired by the Hopf formula, it is tempting to consider an optimizer of the minimization problem

inf (£(0,y)-y-p). (2.187)
yeR‘iO
Since the existence of such an optimizer cannot be guaranteed, a small parameter € > 0 is introduced, and the

perturbed minimization problem

inf (£(0,5)-y-p+ev/1+P) (2.188)
yeR

20
is considered instead. From (2.186), it is apparent that the infimum in (2.188) may be restricted to values of y
that range in a compact set (which depends on €). Together with the continuity of the functions involved, this
shows that the infimum in (2.188) is achieved, say at y¢ € Rgo. Observe that
lim inf (f(O,y)—y-p+8\/1+|y|2) = inf (£(0,)=y-p). (2.189)
SeOyERgO yGR;O
Indeed, the existence of the limit on the left side of (2.189) and the fact that it is lower bounded by the right

side are immediate. Conversely, for each 6 > 0, it is possible to find y} € Rio such that

£0.y5) -5 p< inf (f(0.y)-y p)+8,
yeR

20

and the upper bound in (2.189) is obtained up to an error of 4 >0 by using y} as a candidate in the infimum on
the left side of (2.189). Letting § > 0 tend to zero shows shows (2.189). Since

inf (f(0.9)=y-p)+€V1+el) < f(Oye) -ye-p+ev1+lyel = inf (f(0.9)-y-prev1+hf),
€ ye

YER20 YeR30

the equality (2.189) implies that

lim g]y,| = 0. (2.190)
e—0
The optimality of ye also imposes that for any coordinate i € {1,...,d},
d; + L0 if ()i >0
:W()’s) 14bel? p (ve) (2.191)

axilll(y&‘) + % >pi if (ye)i=0

At this point, let (ye u)nz1 S RZO be a sequence converging to y.. For each n > 1, invoke Lemma 2.31 to find
(benqen) € f(0,ye,) with b , —H(ge n) = 0. The assumption that y e C! (RgO;R), the observation that
qen € R NIy (ye,) for each n > 1, and Proposition A.9 reveal that

(b&m%,n) = (H(Vlll(y&,l’l))7 V‘V()’E,n))-

The joint Lipschitz continuity of f implies that, up to the extraction of a subsequence, the sequence

(be nsqen)ns1 converges to some point (be,qe) € R x RY. By Proposition A.10, it must be that (be,qe) €
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d1(0,y¢), and by continuity of H and V1,

(be,ge) = (H(VW(ye)), VW(ye)) € £ (0,e). (2.192)

Together with the fact that (a, p) € df(¢+*,x*), this shows that
S x") 2 f(0,ye) +bet™ +qe- (x" —ye) and  f(0,y¢) > f(17,x") —at™ + p-(ye —x7).

Combining these two inequalities reveals that at* > bet™ + (ge — p) - (x* —ye ). Using (2.190)- (2.192) and the
non-decreasingness of H yields that

* * 8)’8 * 8)’8 *
at® > H(ge)t™ +(Vy(ye) + - -p) (X" =ye)+oe(1) 2 H(I’_ )f +0g(1).
( V1 +[yel? ) V1 ]yel?
Since H is continuous, dividing by ¢* and letting € tend to zero establishes (2.185). This completes the

proof. ]

Before leveraging the convex selection principle to provide an alternative proof of Theorem 2.5, it is worth
noting that the differentiability assumption y e C'! (RgO;R) in the convex selection principle cannot be dropped

in general. For an explicit counterexample, see Example 3.25 in [50].

2.7 Another Hamilton-Jacobi approach to matrix estimation

Using the results of the previous section, it is now possible to give an alternative proof of Theorem 2.5 on the
limit of the enriched free energy (2.59) in the symmetric rank-one matrix estimation problem. The approach
discussed in this section generalizes to models where the approximate Hamilton-Jacobi equation in Proposition
2.27 is replaced by the weaker approximate Hamilton-Jacobi equation (2.181) provided that the free energy is
convex. This is for instance the case for the statistical inference models studied in [36]. The idea will be to
apply the convex selection principle (Proposition 2.30) to any subsequential limit f of the sequence (Fy)ys1
of enriched free energies. It must therefore be verified that the enriched free energy Fy is jointly convex,
Lipschitz continuous, and non-decreasing. Lemma 2.29 can then be combined with the convex selection

principle to conclude that f is the unique viscosity solution to the Hamilton-Jacobi equation (2.73).

Proposition 2.32. The enriched free energy (2.59) in the symmetric rank-one matrix estimation problem is

Jjointly convex, non-decreasing, and Lipschitz continuous uniformly over N.

The proof that the free energy Fy is convex involves a somewhat lengthy calculation. This may come
as a surprise, since for simpler models such as the Curie-Weiss model, the convexity of the free energy is a
consequence of the very general observation that the log-Laplace transform of a random variable is convex.
This argument cannot be applied here, however. One may wonder whether this comes from the square roots
acting on the parameters 7 and / in the definition of the problem; indeed, the function Fy : (1,h) — Fy (£*,h?)
is convex. So is the question being made uselessly complicated here? The main reason to insist on showing
the convexity property is that this is a requirement for the validity of the convex selection principle. The proof
of this result relies on the fact that the underlying Hamilton-Jacobi equation does not explicitly depend on the
parameters ¢ and /. In the Hamilton-Jacobi equation for Fy, the parameters ¢ and / are explicitly present in the

equation; and the convex selection principle is actually false in this more general setting.
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In the context of statistical inference, there is however a fundamental information-theoretic reason to expect
that the free energy Fy defined in (2.59) is convex but not necessarily jointly convex. Denoting by Iy (Y,X)
the mutual information between the signal x and the observation Y, a direct computation as in Proposition
2.1 shows that the convexity of Fy(-,0) is equivalent to the concavity of the mutual information Iy (Y,X).
Moreover, it is possible to show that when Y is observed, exactly as much information is gained about the

signal ¥ as that provided by observing, for two independent copies W' and W? of W, the quantities

1 t
\/7xxT+W1 and \/7xxT+W2. (2.193)
N N

Notice that compared with the definition of ¥ in (2.13), the variable ¢ has been replaced by /2 in each of the
two quantities above. Finally, having observed the first of the two quantities in (2.193), one can verify that
at most as much information is gained upon subsequently observing the second quantity in (2.193). In other
words, the mutual information Iy (Y,X) satisfies a sort of subadditivity property, and elementary properties of
the mutual information allow one to upgrade this to the fact that Iy(Y,X) is a concave function. The argument
just sketched therefore leads to the conclusion that the function Fy(-,0) is convex. Minor variants of this
argument yield that the function Fy is convex in each of the variables separately. It may seem plausible that
this argument can be generalized and lead to a conceptual information-theoretic proof that the function Fy is
convex jointly in (t,h). However, pushing this argument to a setting with multiple variables yields instead
that every entry of the Hessian of Fy is non-negative. Surprisingly, for the sparse stochastic block model,
which unlike the situation considered in this chapter is not reducible to a problem with Gaussian noise, one
can indeed show that the relevant free energy is not convex in general [67].

To sum up this informal discussion, the proof that Fy is jointly convex does have to use some of the
particular structure of the class of problems considered, and thus at least some calculations do need to be
made. The interested reader is referred to Proposition 3.1 of [67] for a somewhat more general view on such

calculations.

Proof of Proposition 2.32. The derivative computations (2.61) and (2.65), and the boundedness of the sup-
port of P; imply that the first order derivatives of the enriched free energy Fy are uniformly bounded. This
establishes the uniform Lipschitz continuity of F. That Fy is non-decreasing follows from the derivative com-
putation (2.65). To prove the convexity of F, its Hessian is shown to be non-negative definite. Differentiating
the expression (2.65) in & and recalling (2.62) reveals that

NO;Fn(t,h) =E((x-X)0Hy(t,h,x)) —E{(x-X)9Hy (t,h,x"))

_ ﬁﬂ}l((x-i)(z-x—zx'))+2E<(x~%)(x-f—x'-i)) CE(Ge ) (W - W P)).

The Gaussian integration by parts formula (Theorem 4.5 in [50]) is now used to integrate out the noise z.
Recalling also that when the Gibbs measure is an average over the two variables x and x’, the underlying
Hamiltonian is Hy (¢, h,x) + Hy (t,h,x"),

E((xi)(zvc)) = \/E]E((xi)(\)dz —x~x')) and E((x'i)(z'x')) = \/ﬂE((x'f)(|x'|2 +x~x'—2x"x")).
It follows by the Nishimori identity that

NOFFy(t,h) = ZE((x-x')z) —4E((x-x')(x-x")) +2E((x-x')(x" X ) (2.194)
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At this point, introduce the re-scaled and centred variable

1
yi= ﬁ(x—(x»

with y',y"|y""" denoting independent copies of y under the measure (-), so that
N —
NE((y-y")?) = B{(x-x")?) = 2E{(x-x") (x-x"") ) + E{ (x-x") (x""-x""")) = Ea,fFN(t,h). (2.195)

This already shows that Fy is convex in the & variable. To compute the second derivative in ¢, rewrite (2.61) in
the form
N?9,Fn(t,h) =E(xx" -%x"), (2.196)

and follow through the same calculation as for the second derivative in %; the only difference is that each
occurrence of x is replaced by xx', each occurrence of ¥ is replaced by ¥X', and so on, with z being replaced
by W. This leads to

N3O F(1,h) = 2E((ex™-x'x'T)?) = 4E( (ex™ - xxT) (oo x" X T) )+ 2B (ex T ) (6T T,

so in terms of the re-scaled and centred variable

1 T T
§im = (")),

this reads 1
SO Fn () =E((-€)?).

For the cross-derivative, start from (2.196) and differentiate in /4 to obtain
N?0,0,Fn(t,h) = ﬁE((xxT -ff)(z-x—z-x')) + 2E((xxT Xx) (x-x-x %)) ~E((xx" -)?XT)(|x|2 - |x'|2)).
A Gaussian integration by parts allows to rewrite the first term on the right side above as
IE((xxT Ex) () —x-x — (WP +xex - Zx'-x"))).
An application of the Nishimori identity therefore yields that
N?0,0,Fn(t,h) = ZE( (o X'x T (o)) - 4E((xxT KT (e X ) —2B((ux - X T) (" X" )7
which can be rewritten in terms of the re-scaled and centred variables & as
A1) < E((E-E) ().
To see that the Hessian of Fy is non-negative definite, take w = (a,b) € R? and observe that
ﬁw- VIFN(t,h)w=a’B((§-&")°) +b°E((y-y')?) + 2abE((§ - &) (y-))) =E{(a& - &' +by-)')?) 20,

as desired. [ ]
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Alternative proof of Theorem 2.5. The Arzela-Ascoli theorem, the derivative computations (2.61) and (2.65),
and the boundedness of the support of P imply that the sequence (Fy)ys1 is precompact. Denoting by f a
subsequential limit, the idea is to apply the convex selection principle (Proposition 2.30) to f and show that it
is the unique viscosity solution to the Hamilton-Jacobi equation (2.73). The proof therefore proceeds in two
steps. First, it is shown that f satisfies the Hamilton-Jacobi equation (2.73) on a dense subset of Ry x Ry,

and then the convex selection principle is invoked.

Step 1: f satisfies (2.73) on a dense set. The goal of this step is to show that the set
A:={(t*,h*) e Ryo xRy | £ is differentiable at (+*,2*) and (9, —H(duf))(t*,h*) =0}

is dense in Rso x Rs0, and therefore in Ry x Rs. Fix (2,/40) € Rsg xRy, and let V be a compact neighbour-
hood of (#y,hp) in Ry x Rsg. For each a > 1, consider the mapping

o
0o (1,h) = E(|t—t0|2+ h—hol*),

and denote by (ty,hy) a maximizer of f— @y on V. Writing L for the joint Lipschitz constant of f and
rearranging the bound

F(tasha) - %(|ra—ro|2+|ha—ho\2) = (f - 0a)(ta,ha) > (f - a)(to,ho) = f(t0,ho)

reveals that 5 oL
2
(|toz—t0| +|he —h0|) < a|f(ta;ha) — f(to,ho)| < ;(|ta—t0| +|he —h0|)~

It follows that
2L

[to — 0] + |ha — ol < —,
(04

so the sequence (Zq,hq)a>1 tends to (fp,ho) as & tends to infinity. In particular, for ¢ sufficiently large, the
point (¢4, hy) is in the interior of V, and so is a local maximum of f — ¢, as a function on R, x R. It will
be a strict local maximum for the mapping (¢,x) = ¢q (¢,%) — (|t —ta|* + | — ha|?), s0, up to modifying ¢ by
this small parabola, assume without loss of generality that (¢4,h¢) is a strict local maximum of f — @y as
a function on Ry xR,¢. Arguing as in Step 1 of the proof of the convex selection principle, it is possible
to show that f is differentiable at the contact point (¢y,h) With (0;f,0hf) (ta,ha) = (0: 9o, e ) (ta, he)-
Invoking Lemma 2.29 implies that for every o sufficiently large, the point (7¢,4q ) belongs to A. Recalling
that (¢4, 5 ) a1 tends to (79,h9) as « tends to infinity, shows that A is dense in R, x R, as desired.

Step 2: applying the convex selection principle. Combining the previous step with the convex selection
principle shows that f is a viscosity solution to the Hamilton-Jacobi equation (2.73). Together with the
uniqueness result in Proposition 2.9, this implies that the sequence (Fy)y>1 converges to the unique viscosity
solution f to the Hamilton-Jacobi equation (2.73). The rest of the proof is identical to that of the first proof of

Theorem 2.5 given in Section 2.5. [ |

Having established Theorem 1.3 on the mutual information in the dense stochastic block model, the rest of
this thesis is devoted to understanding the limit of the mutual information in the much harder context of the

sparse stochastic block model using the Hamilton-Jacobi approach developed in this chapter.



Chapter 3

A Hamilton-Jacobi equation for the

sparse stochastic block model

In this chapter, the first steps to study the sparse stochastic block model using the Hamilton-Jacobi approach
are taken. Just like in the dense stochastic block model, it will be shown that the mutual information in the
sparse stochastic block model can be identified with the free energy in a statistical inference problem up
to an explicit additive constant and that this finite-volume free energy satisfies a Hamilton-Jacobi equation
up to an error term that is expected to vanish in the limit of large system size. The main differences with
the dense stochastic block model are that the Hamilton-Jacobi equation will now be infinite-dimensional
and that the error term will be considerably harder to control. Establishing a well-posedness theory for the
infinite-dimensional Hamilton-Jacobi equation will be the content of Chapter 4, and controlling the error term
will be done in Chapter 6 leveraging the multioverlap concentration result developed in Chapter 5. The focus
of this chapter is simply to derive the approximate infinite-dimensional Hamilton-Jacobi equation satisfied by
the finite-volume free energy. In Section 3.1, the problem of computing the limit of the mutual information in
the sparse stochastic block model is reformulated using the language of statistical mechanics by introducing
a relevant Gibbs measure and free energy. In Section 3.2, this free energy is modified without changing its
limiting value by introducing a Poisson random variable that depends on a continuous time parameter ¢ > 0.
This allows one to compute the time derivative of the free energy. To be able to close the equation, the free
energy is also enriched by adding a term that depends on a non-negative measure U to its Hamiltonian. The
original free energy in the sparse stochastic block model will be given by the enriched free energy evaluated
at the point (¢, ) = (1,0). Notice that this is precisely the point appearing in Conjecture 1.4. In Section 3.3,
the time derivative and the Gateaux derivative of the enriched free energy are computed. Finally, in Section
3.4 the limit of the enriched free energy at the initial time is computed, and an approximate Hamilton-Jacobi
equation for the enriched free energy is derived. This leads to Conjecture 1.4. This chapter parallels Sections

2.1 —2.3 of Chapter 2, and its contents rely heavily on Sections 2 and 3 of [49].

3.1 From statistical inference to statistical mechanics

The community detection problem associated with the sparse stochastic block model consists in recovering the
assignment vector
c*:=(0f,...,00) eZy={-1,+1}" 3.1

70
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given the random undirected graph Gy := (Gi;); j<v With vertex set {1,...,N} constructed by stipulating that
an edge between node i and node j is present with conditional probability
c+Acj o}

P{Gy =1l ——

(3.2)

for some ¢ >0 and A € (—c,¢). Recall that the labels 6;* ~ P* are taken to be i.i.d. Bernoulli random variables

with probability of success p € (0,1) and expectation 1,
p:=P*(1)=P{c* =1} and m:=Eo}=2p-1. (3.3)

This means that the assignment vector 6* follows a product distribution

c* ~ Py = (P)®N, (3.4)
To understand the mutual information
* P(GN7G*) / dPO_*‘GN
I(Gy;07):=Elog———F——*-=E 1 ———(0) | dP;+ o 3.5

between the assignment vector ¢* and the graph Gy, it will be useful to get a better grasp on the conditional

law P+ |G, of the assignment vector o™ given the graph Gy. Observing that

€00} % () _ TR (3.6)

P{GN=(GU)|G*:G}:H( N N

i<j

Bayes’ formula can be used to obtain the law of the assignment vector 6 conditionally on the observation of

Gy . It can be written in the form of a Gibbs measure,

. exp(Hy(0))Py(0)
P{c* =0|Gy = (Gi))} = ( . i - (3.7)
Js, exp (Hy (7)) dP;(7)
for the Hamiltonian G
+A0;0;\!-Gij
HS(0) = Zlog[(c+AGiGj)G"/(l—Cj) ’]. (3.8)
i<j N
Denoting its associated average free energy by
— 1
Fy:= —Elog/ expHy (o) dPy(o), (3.9)
N o

in the limit of large N, this average free energy coincides with the mutual information (3.5) up to an explicit
additive constant. Indeed, (3.6) and Bayes’ formula imply that

c+Ao| oy )I—Glz —o

N
[(Gy:0*) = (Z)Elog(c+Ac>'l*c72*)Glz(l -2 _NFS. (3.10)

Averaging with respect to the randomness of G, and Taylor expanding the logarithm reveals that

1 * 1 * ok * ok ¢ Amz =° -1
NI(GN;G ):EJE(chAGl o, )log(c+Ao; 62)—§—T—FN+O(N )- (3.11)
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Just like in the dense stochastic block model, this observation reduces the task of understanding the limit of the
mutual information (3.5), an information-theoretic quantity, to computing the limit of the free energy (3.9), a
statistical mechanics quantity. Unlike for the dense stochastic block model, there is no universality property of
the free energy (3.9) that allows one to map the sparse stochastic block model to a statistical inference problem
with Gaussian noise such as the rank-one matrix estimation problem. The sparse stochastic block model itself

therefore has to be understood using the Hamilton-Jacobi approach.

3.2 Modifying and enriching the sparse stochastic block model

To apply the Hamilton-Jacobi approach, the free energy (3.9) will be enriched so that it depends on a temporal
variable and a spatial variable with respect to which derivatives can be taken. Before enriching the free energy,
it will be convenient to modify it without changing its limiting value. Conditionally on the assignment vector
o”, the modified Hamiltonian will be a sum of independent random variables, and the sum will be over a
Poisson number of terms. The main advantage of this construction is that it will allow for the introduction of a
continuous parameter ¢ > 0 tuning the mean of the Poisson random variable. This will constitute the temporal
enrichment of the free energy. The spatial enrichment is more sophisticated and will be discussed in due
course.

To define the modified free energy more precisely, introduce a random variable IT; ~ Poi (g] ) as well as an
independent family of i.i.d. random matrices (G*);; each having conditionally independent entries (Gf‘,) i j<N

taking values in {0, 1} with conditional distribution

c+Acj o’
k _ *\ . 7]
P{G};=1|oc }'_T' (3.12)
Given a collection of random indices (i, ji )k>1 sampled uniformly at random from {1,...,N}?, independently

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

k +AG;,Gj \1=Gi
Hy(o):= Y. 1og[(c+Ao,<kcjk)Gfk,jk(1—c‘“k) “k], (3.13)
k<IT; N
and write !
Fy:= N]Elog/ expHy(0) dPy (o) (3.14)
Iy

for its associated free energy. Through a slight abuse of terminology, the modified Hamiltonian (3.13) and
the modified free energy (3.14) will often be termed the Hamiltonian and the free energy, respectively. This
is justified because the free energies (3.9) and (3.14) are asymptotically equivalent by the Binomial-Poisson

approximation theorem (Proposition A.15).

Proposition 3.1. The free energies (3.9) and (3.14) are asymptotically equivalent,

lim |Fy-Fy|=0. (3.15)

N—+o00

Proof. Introduce the Hamiltonians

c+A0i0; 77 c+Ac;,0;
71) and Hy(0):= Z (G{'(kalOg(C-FAG,'ijk)—#)

17,?,(0') ::Z(Gijlog(C+A0'iGj)— N W N

i<j
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on Xy, and denote by

= l]Elog/ expHy(0)dPj(c) and Fy:= lI[*]log/ expHy(0) dPj (o)
N Iy N Y
their associated free energy functionals. The proof proceeds in three steps. First, a Taylor expansion is used to
show that f;, and FVA‘} are asymptotically equivalent and that Fy and Fy are asymptotically equivalent. This
reduces the task of showing that F;, and Fy are asymptotically equivalent to that of showing that 17,\‘} and Fy
are asymptotically equivalent. The free energy functional Fy is then shown to be asymptotically equivalent
to a functional F;\’, which has the same structure as F;\‘}. Finally, an interpolation argument leveraging this
similarity in structure and the Binomial-Poisson approximation theorem is used to prove that F}} and 171\', are

asymptotically equivalent.

Step 1: reducing to the asymptotic equivalence of F;G and Fy. A Taylor expansion of the logarithm shows that
for any o € Xy,

(o)~ (o) < | <090 (16, (<129 0(1) « B 56, o)
i<j i<j
~ +A0;,0; +A0;, C; A I1
fix(o)~Fn(o)] < 3 |0 -1k (TR <0 () < HHZ GO (3)
1

Since these bounds are uniform in ¢ € Xy and EIT; = (1;/ ), they imply that

2
Fil< Ay rG 0 (v ) < A L o(v ) -o(v ),

i<j

c+|A|

c+[A])?
N3

|Fy—Fy| < E Z G} j, +O(EI/N?) < ( EIL +O(N)=0(N").

By the triangle inequality, it therefore suffices to show that FVA‘} and Fy are asymptotically equivalent.

Step 2: asymptotic equivalence of Fiy and F]Q The free energy Fy is now rewritten in a way that more closely
resembles Fy. For each pair 1 <i < j <N, introduce the random index set Z; ; := {k <I1; | {ix, ji} = {i,j}} in
such a way that

Hy(o)=Y" (5i,j10g(C+AGiG.i) -

i<j

AC:O;
c+ G’G])—Z(G,,log(c+A)—c+A)

iN

for the random variables Gv,;, j= Zkézm, Gﬁ i Observe that 5,;, ;j counts the number of indices k <II; with
{ig, jx} ={i,j} and Gi‘ ;= 1. By independence of the random variables involved and the Poisson colouring

theorem, 5,-_”,- is a Poisson random variable with mean
7Li,j =EILP{{i1,ji} = {ivj}}P{Gil.j =1}=0(N"")

This motivates the introduction of the Hamiltonian
2 ~ c+A0;0;
Hy(o):= § (Gi’j log(c+Ao;o;) - N’J)

i<j
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and of its associated free energy

~ 1 ~
Fy = NElog/ expHy (o) dPy (o).
b

‘N
Indeed, the free energy functionals Fy and F;\’, are asymptotically equivalent,

|f1\’1_fN| < “()g(]c\li-’-AN ZEGL,H' c+|Al < llog(c+A)] ZZJ*‘% :O(Nfl).

i<N N N i<N

By the previous step and the triangle inequality, it therefore suffices to show that FAC; and Fv](, are asymptotically

equivalent.

Step 3: interpolating between Fyy and Fy,. For any random vector Y := (Y; ;)i<; introduce the Hamiltonian
Hy(-,Y) and the measure Py on Ly defined by

C+AG,'G]'

Hy(0,Y):=) Y jlog(c+Ac;0;) and Py(o):= exp(—z N

i<j i<j

)R (o).

As usual, write
1 ~ —~. ~
Fy(Y):= Nlog/ expHy(0,Y)dPy(o) and Fy(Y):=EFy(Y)

Iy
for the associated free energy functionals, and (-) for the associated Gibbs measure. Conditionally on the
randomness of the assignment vector 6*, for each 1 <i < j <N, introduce a Poisson random variable IT; ; with
mean A; j:=N"!(c+Ac? 0}). A direct computation shows that there exists a constant C < +oo such that for

any random vector Y,

91, ()| = 3,13, Fiv(o.1)) = -0+ Acio)] <

It is understood that the constant C < +oco may change from one occurrence to the next, only making sure that

it does not depend on N. It follows by the mean value theorem that

)

~ =~ ~ e C ~
N —IN =|I'N — Iy <= ij— 1L j
|Fy — Fx ()| = |Fy (G) - Fy (1) NZ_E|G I

i<j

. I - c
[Fv (1) = F| = [P (1) = Fy (G)| < - 2 BT = G

i<j
To bound the first expression in this display, recall that 5,'7 ;jis a Poisson random variable with mean

~ N-1 c+Aco;
A T

This means that, conditionally on the randomness of ¢*, the Poisson random variable II; ; is equal in

distribution to G; ; + IT; ; for a Poisson random variable IT; ; with mean A/ := N ~12; ;. It follows that

o o~ C C
|FJG—FN(H)|SNZEH?;:NZ%Q:O(N_I) (3.16)

i<j i<j
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To bound the second expression in the previous display, observe that by the triangle inequality,

E|I; ;- Gij| BT - Gij|1{TT; ; > 2} + E|IL; ; - G| 1{I1; ; < 2}1{T1; ; # G;;}
<E; {0 > 2} +P{T1; j; > 2} + 3P{IL; ; # Gij}
< 3]P{Hi7j * Gij} +0O (A‘l?])

Taking the infimum over all couplings of I; ; and G;;, recalling the definition of the total variation distance in

(A.28), and invoking the Binomial-Poisson approximation theorem shows that

|Fv (D) - Fy| < % > (Tv(1m;,Gij) + 0 (’15/)) =O(NA2)=0(N").

i<j
This establishes the asymptotic equivalence of F;{} and FV](,, and completes the proof. [ ]

Together with the relationship (3.11) between the free energy (3.9) and the mutual information (3.5), this
result implies that

1 1 e
NI(GN;G*) = 5]E:(cmc;;cyzi*)log(c+Acr;*c;;) 3" —Fy+o(l). (3.17)

The problem of finding the asymptotic value of the mutual information (3.5) has therefore been reduced to the
task of determining the limit of the free energy (3.14).

The advantage of the free energy (3.14) over the free energy (3.9) is that it can easily be enriched in time.
Foreacht >0, let IT; ~ Poit(g ) be a Poisson random variable with mean t(g/ ) and consider a time-dependent

version of the Hamiltonian (3.13) defined on Xy by

ko +AG; G} \1-Gi
Hy(o):= Y log[(c+AGiijk)G"‘"”‘(1—Clejk) ] (3.18)
k<IT;

Notice that this is the Hamiltonian associated with the task of inferring the signal ¢* from the data

Dy = (L, (i, jiJwery, - (G, ety ) (3.19)

in the sense that the Gibbs measure associated with ﬁ;\, is the conditional law of ¢* given the data 55\,
Although the free energy associated with the Hamiltonian (3.18) can be differentiated in time, there is no
way of closing the equation without being able to take derivatives in a spatial variable. Indeed, the situation
is analogous to that encountered in Section 2.3 in the context of the symmetric rank-one matrix estimation
problem. Once again, the free energy will have to be enriched by adding a spatial component to the Hamiltonian.
The main difference between the present setting and that of the symmetric rank-one matrix estimation problem
is that the finite-dimensional spatial variable & € R will be replaced by an infinite-dimensional variable p
corresponding to a non-negative measure. The non-negative measure y will be decomposed as (= su for s >0
and a probability measure t. It will be used to consider a situation in which the graph of connections of a
simpler setting in which each individual i can form connections with its own set of neighbour candidates is
also observed. 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 f, and an edge will be present between individual
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s

i and its candidate neighbour (i,k) with probability N~!(c+Ac;*x;). In the inference problem, the “types’
x;x will be 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 associated with
the sparse stochastic block model. Together, the temporal enrichment previously discussed and this spatial
enrichment, will lead to an “enriched” free energy, function of ¢ and u, and it will be possible to recover the
free energy (3.14) by evaluating this enriched free energy at the point (¢,u) = (1,0).

To define the spatial enrichment of the free energy (3.14) precisely, denote by Pr[-1, 1] the set of probability
measures on [—1,1], and given p € Pr[-1,1], consider a sequence x = (x; )1 of i.i.d. random variables
with law u. For each s >0 and i > 1, let IT; s ~ Poi(sN) be Poisson random variables with mean sN that are

independent over i > 1. Introduce the Hamiltonian on Xy defined by

~ = c+A0x; ;\ -Gy
Bto)=% % 1og[(c+Ao,<x,-,k)Gik(1 - ‘], (3.20)
SN k<TT; 5 N
where the random variables (5’1‘ ¢)ik>1 are conditionally independent with conditional distribution
- c+Aox;
P{G}, = 1|c*.x} ::Tl”‘. (3.21)

As alluded to above, this is the Hamiltonian associated with the task of inferring the signal ¢* from the data

5;}“ = (TLi g, (i k ket » (’Gvi,k)ksn,-vs ) <N (3.22)

in the sense that the Gibbs measure associated with Hlf,’“ is the conditional law of ¢* given the data 515\,“ .
The temporal and spatial enrichments of the free energy (3.14) can now be combined to define the enriched

free energy. Introduce the enriched Hamiltonian on Xy defined by

H" (o) =Hy (o) + Hy" (o), (3.23)
and denote by
~ 1 77t.s *
Fu(tos.) = NE]og/ exp B () dPY(0) (3.24)
Zy

its associated free energy. Observe that Fiy(1,0, 1) = F and that (3.23) is the Hamiltonian associated with the

task of inferring the signal * from the data
Dyt = (D, DY), (325

where the randomness in these two data sets is taken to be independent conditionally on ¢*. To obtain a
Hamilton-Jacobi equation, it will be convenient to reinterpret the enriched free energy (3.24) as a function
of the time-parameter # > 0 and a finite measure U ; the parameter s will become the total mass of this finite

measure. Denote by M the space of signed measures on [—-1,1],

M= {/.L | i is a signed measure on [-1, 1]}7 (3.26)
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and by M, the cone of non-negative measures on this interval,
M= {u € M, | 1t is a non-negative measure}. (3.27)

The convention that a signed measure can only take finite values is followed, so every i € M must have finite

total mass. This implies that every non-zero measure [t € M induces a probability measure,

E=— ep-1,1]. (3.28)

”[_171]

Given a measure [ € M, the enriched Hamiltonian H;\,"“ on Yy is defined by
Hlﬁu' — H"t,ﬂ[—l,l],ﬁ 3 29
N (0):= N (o), (3.29)

where HI(\),’O =0 for the zero measure by continuity. The free energy associated with this Hamiltonian is given
by
Fy(t, 1) :=Fy(t,u[-1,1], 1), (3.30)

and once again Fy = Fy(1,0), where 0 denotes the zero measure. The free energy in (3.30) will be termed the
enriched free energy, and it will now be shown that, up to an error that is expected to be small, it satisfies an

infinite-dimensional Hamilton-Jacobi equation.

3.3 Differentiating the sparse stochastic block model free energy

To derive the approximate infinite-dimensional Hamilton-Jacobi equation satisfied by the enriched free energy
(3.30), its temporal and spatial derivatives must first be computed. It will be convenient to write () for the
average with respect to the Gibbs measure associated with the Hamiltonian (3.29). This means that for any

bounded measurable function f = f(c!,...,06") of finitely many replicas,

fZ"N f(Gl IR Gn) HZSneXpH]t\}u(Gk) dP];(GK)
- (J5, expHy" (o) APy (o))"

(f(a',...,0") (3.31)

1

In this notation, the replicas ¢',..., 0" represent i.i.d. samples under the random measure (-). By construction,

(f(a"))=E[f(c")|Dy"], (3.32)

where D;\’,“ = 5;\’,“ (=L 55 the data defined in (3.25). Just like in the setting of the symmetric rank-one matrix
estimation problem, computations will be considerably simplified by the Nishimori identity (Proposition 2.2).
This identity allows the interchange of 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 the free energy is differentiated. In the
present context, it states that, for every bounded measurable function f = f(c',..., G”,'D;’,” ) of finitely many

replicas and the data,

E(f(c',0%,...,6", D)) =E(f(c*,6%,...,6", D). (3.33)
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This can be first verified for functions of product form using (3.32), and then extended to all bounded

measurable functions using Dynkin’s 7-A theorem as in Proposition 2.2.

3.3.1 Computing the time derivative of the enriched free energy

To begin with, the time derivative of the enriched free energy (3.30) is computed with the spatial parameter
fixed to some finite measure u € M. The calculations of this section and the next closely follow [14] and

Lemma 6 of [92]. For each parameter A >0 and every integer m > 0, write
A’m
n(A,m):= — exp(-1) (3.34)
m!
for the mass attributed to the atom m by a Poi(A) distribution, with the convention that £(A,-1) = 0. Denote

by

(3.35)

k
c+Ac; 0, )I*Gik,jk
N

k
HN,m(G) = Z 10g|:(C+AGiijk)Gik"ik (1 _

k<m

the Hamiltonian (3.13) conditional on there being m terms in the sum, and introduce the partition function
.— ~ul-1,1]m *
Zym = exp(HN7m(6)+HN (o)) dP; (o). (3.36)
Y
In this notation, the enriched free energy (3.30) may be expressed as

— 1 N
FN(t’”):N Zoﬂ'(l‘(z),m)ElogZNm. (3.37)
m

To take the time derivative of this expression, it will be convenient to observe that
Hha(A,m)=n(A,m-1)-n(A,m). (3.38)

Lemma 3.2. Foranyt>0and e M.,

—2

— 1 A
AFN(1,1) = SE(c +A010))) log (¢ + Aloioy)) - % - % +ONY), (3.39)
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 (3.38) to differentiate the right side of (3.37) yields

O 40) = () & (A0 m=1) =70, m)ElogZy.n

m=0
1 (N z
:7( )Zn(l(t),m)Elog Nyt (3.40)
n\2) & Znm

Denote by i, j € {1,...,N} uniformly sampled indices, and write G; ; for a random variable with conditional
distribution (3.2). These random variables are taken to be independent of all other sources of randomness and

of each other. Since

C+A6i6j

I_Gl, _ f—
N ) exp(Hnm(o) + HY (o)) dB (o),

ZN,erl i\/ (C+AGin)Gi'j(1—
Ly
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where £ denotes equality in distribution, it follows by (3.40) and the definition of the Gibbs average in (3.31)
that

_ -+ AG;Gj\1-Gi
a,FN(w):Ilv(jzv)lElog<<c+Aol-cj>G“-"(1—HGG’) )

N

Remembering the explicit form of the conditional distribution (3.2), and averaging with respect to the
randomness of G; ; reveals that

_ 1 . N c+Acj o} c+Ac;o; -
O Fn(t,s, L) = EE(HA@ o; )10g<C+AGiGj)+2E(1 —N’/)log(l —#)4.(9(1\7 h.

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

_ 1 A
AFN(1,1) = SE(c+Ao; 0} ) log(c + Adic;) - TE{00) - % +O(NY

2
1 * %k A * x C -1
= 5E(C+AGI- o; )10g(c+AGiO'j>—§EGi o; —5+(9(N )

1 Am?
= EIE(c+Acf,.*c5j*)log(c+A(c5,~Gj)) - % - % +O(N7"),

where the second equality uses the Nishimori identity (3.33) 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 (3.32), and applying the Nishimori identity (3.33) completes the proof. [ |

To compare (3.39) with the Gateaux derivative of the enriched free energy which will be computed 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 multioverlaps

1 ¢
Ryy.tn = N EI:VGI- Lol (3.41)
i<

associated with the enriched Hamiltonian (3.29) explicit. Here ()51 denotes a sequence of i.i.d. replicas

sampled from the Gibbs measure (3.31). To simplify notation, it will be convenient to write Rp:=Ri, n-

Corollary 3.3. Foranyt>0and L € M.,

OFn(t, 1) = %(C-FAmz)log(c) + % 5 (=A/e)"

2 ¢ -1
2 n(n_l)E<R[n]>—2+(’)(N )- (3.42)

Proof. A Taylor expansion of the logarithm shows that

log(c+A{o;0;)) =log(c) +10g(1 + %(6,'6/)) =log(c)- > %(@Gj}n.

nx1
Together with the Nishimori identity (3.33) this implies that
—2 (_A/c)n n
E(c+A{0;0;))log(c+A(0;0;)) = (c + Am*)log(c) - " ~———E(c+A{0;0;))(0i0;)". (3.43)
nxl n
Averaging with respect to the randomness of the uniformly sampled indices i, j € {1,...,N} reveals that

E(c+M0i0;)){0i0))" = cB(RT,) + AB(R}, . 11)-
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Remembering that |A| < ¢, and noticing that E(R?) = m” + O(N~!) by the Nishimori identity, it follows that

5 CY k(e Ao 610))" = -AB(R) + e 3 ( CORS A )E<R%n]>+0<N1>

nx1 N e n n-1

-ty S g ) o).

Shyn(n-1)

Substituting this into (3.43) and invoking Lemma 3.2 completes the proof. [ |

3.3.2 Computing the Gateaux derivative of the enriched free energy

The computation of the Gateaux derivative of the enriched free energy (3.30) at a measure u € M, in the

direction of a probability measure v € Pr[-1,1],

Fn(r,p+ev)-Fn(r,1)
8 )

DyFn(t,p;v) = ll_l’)l(l) (3.44)

is slightly more involved. It will be useful to compute the derivative of the free energy (3.24) with respect to
the parameter s > O first. Fix a probability measure pt € Pr[—1,1] and a time ¢ > 0. For each i < N, write

~x +AG- . I—GX_A
i (0):= 3 3 tog] vy ) (1- 750208 ]

]*lkSva

cx +Ao;x; 1’5?
= 1og[(c+Ac,-x,-,k)Gf-k(1—cx""‘) ’k] (3.45)
k<m ’ N

for the Hamiltonian (3.20) conditional on the i’th Poisson sum containing m terms, and denote by
' ::/ exp(Hy(o)+HyY' (0))dPs(o) (3.46)
: Sy :

its associated partition function. In this notation, the free energy (3.24) may be expressed as

Ey(t,s,1) = % > n(sN,m)Elongv’fm. (3.47)

m=0

Lemma 3.4. Foranyt>0, s>0and u€Pr[-1,1],
AsFi(t,s,1) = E(c+A{0;)x;)log(c+A{0;)x;) — c — AmEx; +(’)(N_l), (3.48)

where the index i € {1,...,N} is uniformly sampled and the random variables (x;);>1 are sampled from the

measure |l independently of all other sources of randomness.

Proof. Conditioning on the number of terms in each of the Poisson sums that appear in the definition of the

free energy (3.24), and leveraging the product rule as well as equations (3.47) and (3.38), one can show that

S0

~ Zy
osFy(t,s,1) = Z > Om(sN, m)]ElogZS’f => > w(sN,m)Elog Nomil (3.49)
1<Nm>0 i<Nmz0 N m

For each i < N, denote by x; a sample from the measure i, and write éf for a random variable with conditional
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distribution (3.21). These random variables are taken to be independent for different values of i < N, and

independent of all other sources of randomness. Since

c+Aoix; 1_6? ~ci "
Zn 1 = /(c+Ac,x,)G( T) exp (Hy(0)+Hy,(0)) dFy (o), (3.50)

where £ denotes equality in distribution, it follows by (3.49) and the definition of the Gibbs average in (3.31)
that

(3.51)

OsF (1,5, 1) = ZElog<(c+Ao,-xi)5?(1 T

c+ AO',')C,' )1_G?>
iSN

Remembering the explicit form of the conditional distribution (3.21) reveals that

~ c+ACx; c+Aox;
OsFy(t,s,1) = NI;VE(C+AO- x;)log{c +Ao;x;) Z;VE(I - T")log(l - T”)

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

~ 1
OsFn(t,s,10) = N Y E(c+Ao; xi)log(c+Aoix;) —c— — Z Ex;E(c;)+O(N")
i<N l<N

1
= — > E(c+A0c; x;)log(c+A{0;)x;) - c — AmEx; + ON™Y,
N i<N
where the second equality uses the Nishimori identity (3.33). Noticing that the Gibbs average (o;) is a
measurable function of the data by (3.32), and applying the Nishimori identity (3.33) completes the proof. =

Before leveraging this result to compute the Gateaux derivative (3.44), it will be convenient to discuss some
distributional identities which will simplify the calculation. Fix a finite measure g € M and a probability

measure vV € Pr[-1,1]. Let s:= u[-1,1] and fix € > 0. Introduce the measure A :=  + £V, and observe that

l s

- _ €
A= —u+—v. 3.52)
ste ste ste

Denote by (x;x);k>1 i.i.d. random variables sampled from the measure ir, and write (y; ¢ ); 1 for i.i.d. random
variables sampled from the measure v. Given i.i.d. random variables (w; x); =1 With distribution Ber( ﬁ),
notice that by (3.52) the random variables

N 1 IN
k=X Vi (3.53)

?

are i.i.d. with distribution A. In particular, if (éf i )ik>1 are independent random variables with conditional
distribution (3.21), the Hamiltonian (3.20) may be expressed as

T = c+A0izix\!-G;.
H (o) 2 Y tog|(e+Aaize) ik (1-———=) |, (3.54)
ISN AT 46 / N

where £ denotes equality in distribution. This identity will allow for the linearization of the enriched free
energy (3.30) upon realizing that
Fy(t,u+ev)=Fy(t,s+e,A). (3.55)
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To make the computation as clear as possible, it will also be convenient to introduce additional notation. In the

same spirit as (3.45), for each i <N, write

(3.56)

i i : Aciyi\!1-G]
Hy"" (0):= Hy', +log[(c+Aoiyi)@(l - %) ]

for the Hamiltonian (3.20) conditional on the i’th Poisson sum containing m + 1 terms one of which is sampled
from the measure v. Denote by

Zify = [ ew(tHi(0)+ B () ary (357)
w )

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

theorem,
s\ Zisn i €
— =1-— i 3.58
() e Zmito(e). (3.58)
as well as the elementary identity,
mu(A,m)=An(A,m-1). (3.59)

Lemma 3.5. Foranyt>0, e M, and v ePr[-1,1],
_ AlG))y; NG
DyFy(1,1:v) = E(c+A(oy)y) log(c-+ Aloy)y) + NE( 1 - %)log (1- %) (3.60)
where the index i € {1,... N} is uniformly sampled and the random variables (y;);s1 are sampled from the

measure V independently of all other sources of randomness.

Proof. Leveraging (3.54), conditioning on the number of random variables (w;x);>1 that are equal to one,

and using (3.58), one can show that

— — — 1 .
F(t,s+e, %) = Fy(t,s+ 1) - SL > 3 ma((s+e)N,m) ElogZ,s"

iSN m>0

€ 1 oy
+—— > Y (m+1)n((s+€)N,m+1)—ElogZys"" +o(e).
S+E [ Nms0 N ’

Keeping in mind (3.59), this simplifies to

S+E,i,+ S+E.1

~ — =~ _ N, N,m+1
Ey(ts+ved)=Ey(ts+eD)+e) > n((s+s)N,m)(]Elog e —Elog — )+0(8). (3.61)

i<SN m=0 ZN,m ZN,m

For each i < N, denote by x; a sample from the measure (1 and by y; a sample from the measure v. Write
éf and C~}'}’ for random variables with conditional distribution (3.21). These random variables are taken to be
independent for different values of i < N, and independent of all other sources of randomness. Combining
(3.61) with (3.50) and the identity

. : Aciyiy -G i
Zjvf;“i/z (C+A0'iyl‘)a3(l—¥) exp (Hy () + Hyt2i(0)) dP (o),
‘N
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where £ denotes equality in distribution, yields

- — =~ : Aciyi\1-G
FN(t,s+£,A):FN(t,s+£,u)+£ZElog<(c+A6,»y,-)@i(1—C+N'y') >
i<N
g AC;x; 1_0;‘
—sZElog<(c+Ao,~x,~)Gf(1—c+"’x’) >+0(£). (3.62)
i<N N

Together with (3.51), this implies that

FVN(Z‘,S+€,I) —FVN(LS-FS,E)

€ +ast(l,S,ﬁ)

DyuFy(t,1;v) = lim

_ Y,
_ZElog<(c+AG,y,) (1 .

Cc+ AG,-y,- )1_5:‘7>
i<N

Notice that the Gibbs averages in (3.62) depend on &, so in taking this limit it has been implicitly used that this
dependence is continuous. Proceeding exactly as in the proof of Lemma 3.4 (after display (3.51)) completes
the proof. [ |

To compare (3.60) with the time derivative of the enriched free energy in Corollary 3.3 it will be useful to
once again Taylor expand the logarithm. The comparison will in fact be between the time derivative of the
enriched free energy and the density of its Gateaux derivative,

DyFn(t,1.x) i= E(c+ A(oi)x) log(c-+ A(i)x) + NE(1 - %)log(l - W) (3.63)

By density it is meant that for every measure v € M, the Gateaux derivative (3.44) may be expressed as

1
DuF(t.sv) = [ Do) dv(w). (3.64)
-1
Taylor expanding the logarithm shows that
DyFn(t,1,x) = E(c+A{0;)x) log (¢ +A{0;)x) —c - Amx+ O(N 7). (3.65)

Corollary 3.6. Foreveryt>0and pt e M.,

DyFn(t,1,x) = (c+Amx)log(c) +¢ 22 izsicl);E(R[n] W —c+O(N). (3.66)

Proof. Fix v € Pr[-1,1], and recall that the random variable y; appearing in Lemma 3.5 is sampled from v. A

Taylor expansion of the logarithm shows that

E(c+A{o;)yi)log(c+A{ai)y;) = (c+AmEy; ) log(c) - . %E(C+A(Gi)yi)y?(6i)”. (3.67)

nx1
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Since |A| < ¢ and E({o;) = m by the Nishimori identity,

> Y e aapiton”= ¥ T (ckyymion) - amyy B (o))

nx1 nx1
A n A n
=-AEyE(c;) +c ) ( (=4fe)" _ (=A/c) )Ey?E(G;)"
e n n-1
=-AmE Z (-4/e )nE(R YEy!
y1—¢C€ o ( ) [n] Y -
n
Substituting this into (3.67) and recalling (3.65) completes the proof. [ ]

With the time derivative (3.42) and the Gateaux derivative (3.66) at hand, the infinite-dimensional Hamilton-
Jacobi equation for the enriched free energy (3.30) may now be derived by identifying a non-linearity that
maps the Gateaux derivative to the time derivative, up to a small error that is expected to vanish in the limit of

large system size.

3.4 A sparse stochastic block model Hamilton-Jacobi equation

To relate the time derivative (3.42) and the Gateaux derivative (3.66) of the enriched free energy (3.30) it will

be convenient to introduce additional notation. Let g: [-1,1] — R denote the function defined by

g(2) —(c+Az)(log(c+Az)—1) (c+Az)10g(c)+cZ( A/cl); —c, (3.68)
n>2

and introduce the cone of functions
1
Coo = {Gu [-1L,1] >R | Gu(x) ::/ g(xy) du(y) for some e/\/l+} (3.69)
-1

as well as the non-linearity Co, : Coo — R given by

1
Coo(Gy) = %[1 Gu(x)dpu(x). (3.70)

This non-linearity is well-defined by the Fubini-Tonelli theorem. Indeed, if G, = Gy for some measures
u,veM,,then

1 1 1 1
[ G- [ Guwan= [ [ atancoaven. 371)

while

1 1 1 1
[ 6@ ave - [ Guwav- [ [ st duo)ave. (3.72)

and the symmetry of the map (x,y) — g(xy) implies that these two expressions coincide. Corollary 3.6 implies
that the Gateaux derivative density (3.63) is close to an element in the cone of functions (3.69). Indeed, if
u*:=L({o;)) denotes the law of the Gibbs average of a uniformly sampled spin coordinate, then (3.66) may

be formally written as

1
PPN = [ 54" (0) = G (), (3.73)
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where the Nishimori identity (3.33) has been used to assert that E{o;) = m. It follows by another application of
the Nishimori identity that
— 1 5 c -Afc)" 2 ¢
Coo(DuFn(t, ~ —(c+Am“)1 +- >y ———(E(R -—. 3.74
(DuFn(1,1)) 2(C m”)log(c) 2’;}1(”_1)( (Rp)) 3 (3.74)
Comparing this with the expression in Corollary 3.3, and assuming the approximate concentration of all the
multioverlaps,
2 2
E(R,)) = (B(Rp))” (3.75)

reveals that, up to a small error, the enriched free energy (3.30) formally satisfies the infinite-dimensional

Hamilton-Jacobi equation
O f(t,u) =Coo(Dpf(t,n)) on RyoxM,. (3.76)

The difficulty in making this informal derivation rigorous is two-fold. On the one hand, infinite-dimensional
Hamilton-Jacobi equations of the form (3.76) are not well-studied in the literature. This will be resolved in the
next chapter, where the well-posedness theory for Hamilton-Jacobi equations on positive half-space developed
in Section 2.4 is leveraged to establish the well-posedness of infinite-dimensional Hamilton-Jacobi equations
of the form (3.76). On the other hand, the concentration of the multioverlaps (3.75) is not expected to be
valid for each choice of the parameters ¢ and y. On the positive side, the arguments in [15] reveal that the
concentration of the multioverlaps 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 for Hamilton-Jacobi equations is rather sensitive to details, and in particular, this control “for most
values” or after a suitable local averaging is not sufficient to run the Hamilton-Jacobi approach. The situation
is analogous to that encountered in the context of the symmetric rank-one matrix estimation problem when
having to control the right side of the approximate Hamilton-Jacobi equation in Proposition 2.27. There, it
was possible to control this error term at contact points when the free energy was touched from above — see
Lemma 2.29. However, the author is not aware of any way to control this error term at contact points when
the free energy is touched from below. This same phenomenon will occur in the present context of the sparse
stochastic block model. The inability to control the error term when the free energy is touched from below is
the reason why the upper bound in Conjecture 1.4 remains open. Notice that this control is not required in the
symmetric rank-one matrix estimation problem due to the lower bound in the approximate Hamilton-Jacobi
equation (2.165). This error term, and more specifically the concentration of the multioverlaps (3.41), will
be discussed further in Chapters 5 and 6. This chapter closes with the identification of the initial condition
associated with the infinite-dimensional Hamilton-Jacobi equation (3.76).

For each integer N > 1, denote by

wv (1) = Fy (0, 1) = Fy (0, u[-1,1], 1) (3.77)

the initial condition associated with the finite-volume enriched free energy (3.30), and notice that the initial
condition ¥ : M, — R associated with the infinite-dimensional Hamilton-Jacobi equation (3.76) should be the
limit of the initial conditions (Wy)ys1. Following [14], this limit will first be computed for discrete measures
ueM,. A density argument will then be used to show that the convergence extends to all measures in M.

Given a measure L € M, it will be convenient to write IT, () for the Poisson point process with mean
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measure (¢+Ax) dp(x) on [-1,1]. For the definition and basic properties of a Poisson point process, see
Chapter 5 in [50]. It turns out that the limit of the initial conditions (3.77) is given by an appropriate average

with respect to the randomness of the Poisson point processes IT.(ut).

Lemma 3.7. For any discrete measure |1 € M, the sequence (Wn(L))ns1 converges to

w(u)::—u[—l,l]chp]Elog/ exp(-u[-1,1]JAcEx;) [] (c+Aox)dP*(o)
I xelly (1)

+(1—p)IE10g/ exp(-u[-1,1]JAcEx;) [] (c+Aox)dP*(o), (3.78)
L xell(p)

where x| has law L.

Remark 3.8. From this lemma and its extension to any p € M, proved in Proposition 3.12 below, one can
also show that for every u € M., the density of the Gateaux derivative D, y(u1) is

Dyy(u,x) = pE(c+Aocx),log(c+Aox), + (1-p)E(c+Aox)_log(c+Aox)_ —c— Amx, 3.79)

where (). denote the Gibbs averages given by

Jz, f(0)exp(—p[-1,1]AGEx ) [Tyer, () (c + Aox) dP*(0)
f):l exp(—ﬂ[—l ’ l]AGExl) erHi(y) (C+A0-x) dP*(G)

(£(0))s:= (3.80)

Proof of Lemma 3.7. Since u € M, is a discrete measure, it may be expressed as

u:= Z p[(sa[

(<K

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

1 i +AOox; 1_6}?‘
yw(p) =~ > Elog / exp 3 log| (c+Acx;) it (1- 2E) T N ap (o),
N iy 5k, ' N

where (x;x)ix>1 are i.i.d. random variables with law 11. Since each of the expectations in this average is the

same,

— 1-G¢
WN(,u):IElog/Z exp 3 1og[(c+onk)Gk(1_”AN"“) k]dP*(o), (3.81)
1 kSH]A’S

where (x;)g>1 are i.i.d. random variables with law [ and ’Gvi has conditional distribution (3.21) for i =1 and

x1  replaced by x;. To simplify this further, introduce the random index sets
To:={k<Il4|G{ =0} and Zy:={k<II,|G{=1}.

Decomposing the sum in (3.81) according to the partition {k <II; s} = ZopuZ;, and applying Taylor’s theorem

to the logarithm reveals that

Ao c
=El A = dP* (o) - (= +O(N2))E|Z|.
ww(u)=Siog | T (e o) exp Nk§oxk) (0)~(+O(N?))EI|
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Conditionally on 6*, I1; 5 and (x¢ )»1, the random variable |Zp| is a sum of Bernoulli random variables with

ct+Aoy

probability of success 1 — Txk It therefore has mean

~ c+Ao]x; B ¢+ AmlEx;
E|IO|_EH1,S1E(1—T) —sN(l—T) (3.82)
and variance bounded by
~ c+Ao x|\ c+AC] X
Var{Zo| = BTy ,E(1- N )( ; ) <s(e+[al). (3.83)

Using (3.82) and introducing the random index sets If :={keZ | xx = as} reveals that

w(u)=Elog | T]TI (c+A0'ag)exp(—A—(7 > xk) dP*(6)-cs+O(N").
X KKkeIf N keZy

Observe that for any 6 € ¥y,

Ac 1 1 A
E| - W}{;{)xk +A0'sEx1| < |A|s]E‘mk€ZI:0xk —Exl‘ < |A|sE‘N—S k;mx" ~Ex; ‘ + - (VarlZol + [EIZo| - Ns|)

where the fact that |x;| < 1 and Jensen’s inequality have been used in the second inequality. Recalling (3.83)

and invoking the strong law of large numbers shows that

() :]Elog/ exp(~AasEx;) [T [] (¢ +Aoar) dP*(6) —cs+o(1). (3.84)
Z igKkeIf

The Poisson colouring theorem (Proposition A.16) implies that |If| is a Poisson random variable with mean

c+Aoy

~ ap __ *
EIT; - P{G] = 1,x; =as} =sN- N “H(ag) = (c+A0iar)p(ar),

so averaging (3.84) over the randomness of ¢ yields
yv(u) :—cs+pElog/ exp(-AosEx;) [] (c+Aox)dP*(o)
I xelly (1)

+(1—p)]Elog/ exp(-AosEx;) [] (c+Aox)dP*(o)+o(1).
I xell- (1)

This completes the proof. [ |

To extend this convergence to all measures in M, the continuity of the functional (3.78) with respect to
the Wasserstein distance on the space of probability measures will be used. The Wasserstein distance between

two probability measure P,Q € Pr[-1, 1] is defined by

1 1
W(P,Q) := sup{‘/_lh(x) dIP’(x)—/_lh(x)dQ(x)| |h:[~1,1] - R is Lipschitz with |h|Lip<1} (3.85)

= inf{/ k-yldv(x,y)|vePr([-1, 1]2) has marginals P and Q}, (3.86)
[, 2

)
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where ||| Lip denotes the Lipschitz semi-norm defined in (2.90). The equality of the representations (3.85) and
(3.86) is guaranteed by the Kantorovich-Rubinstein theorem (Theorem 4.15 in [90]). This continuity will be
obtained as a consequence of the following uniform bound on the spatial derivatives of the Gateaux derivative
density (3.63).

Lemma 3.9. For every N large enough (relative to c), L € M, t >0 and x € [-1,1],

IDLF (2, 1,x)| < 2¢(2+ |log(2¢)| + |log(c - |A])]), (3.87)
|0:DuFn(t, 1,x)| < c(1+[log(2c)| +[log(c - |A])]). (3.88)

Proof. Recall from (3.63) that

— A(o; A(o;
DyFn(t,1.x) = E(c-+A(0i)x) log (¢ + A{oy)x) + NE(1 - m)log(l - ”Nﬂ)
It follows by a direct computation that
— c+A{o;)x
O:DuF (1, 11,x) = AE(G;)log (¢ + A(0y)x) - AE(c;) log 1 - T)

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

IDuF (1, ,x)| < 2¢(2+[log(2¢)| +|log(c - |A])]),
|8XDqu(t,,u,x)| < c(l +|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 3.10. The initial condition Yy satisfies the Lipschitz bound

[y (P) ~ wiv (Q)] < ¢(1+ log(2¢)| +[log (e~ [A)]) )W (B, Q) (3.89)

Sor all probability measures P,Q € Pr[-1,1].

Proof. The fundamental theorem of calculus and the definition of the Gateaux derivative in (3.44) imply that

1 d 1
w(®)-w(@) - [ S u(Q+rP-0)di- [ Duwn(Q+1(P-2)P-Q)ar

Since the Gateaux derivative of the initial condition admits a continuously differentiable density,

() -w (@< [ 1/ 1ft<x> ar- [ 1]’:(90 aQ()| ds

for the continuously differentiable function f;(x) := Dy Yy (Q+¢(P-Q),x). The mean value theorem and
(3.88) reveal that || f;[|Lip < c(1 +[log(2¢)|+ [log(c - |A])|). It follows by definition of the Wasserstein distance
(3.85) that

[ () =y (V)] < e(1 +[log(2¢)| + [log (e = |AD)W (P, Q).

This completes the proof. [ |



CHAPTER 3. A HAMILTON-JACOBI EQUATION FOR THE SPARSE STOCHASTIC BLOCK MODEL 89

Lemma 3.11. The functional v : M, — R defined by (3.78) is continuous with respect to the weak convergence
of measures. This means that for any sequence of measures (U, )n>1 € My converging weakly to a measure
HeM,,

Jm () = w(u). (3.90)

Proof. To alleviate the exposition, the continuity of the functional

wl(u)::Elog/ exp(-u[-1,1]JAcEx;) [] (c+Aox)dP*(o)
] xelly (1)

with respect to the weak convergence of measures will be proved instead. Up to an additive constant, the
asymptotic initial condition y(u) 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 y € M

introduce the Hamiltonian
1
H(o,u):= —AO'/ xdu(x)+ > (c+Aox)
-1 xelly (1)
in such a way that the asymptotic initial condition is its associated free energy,
V') ~Blog | expfi(o.u) 4P*(a).
1

Consider a sequence of measures (U, )n>1 S M, converging weakly to a measure y € M., and let IT, and
I be independent Poisson random variables with means u,[—1,1] and p[-1,1], respectively. Introduce a
collection (X', Xy )1 of i.i.d. random vectors with joint law v € Pr([—l7 1]2) having marginals fi, and ft. In
this way, the coordinates (X}')s are i.i.d. with law i, the coordinates (X )1 are i.i.d. with law 1, and

3 (c+Aocx) & > (c+AoX)) and Y (c+Ax) 4 Y (c+AoXy),
xelly (n) k<IT, xelly (1) k<IT

where £ denotes equality in distribution. It follows that for any ¢ € ¥,

> Xi - ZXk|7

1 1
(o)~ (o] <A [ v (0~ [ xdu(o]+elt, -+ a
-1 -1 k<I1, k<IT

and therefore,

1 1
¥ () ~v ] <8l [ xdpa()= [ xau(o)| B, -1+ E

IR DY Xk‘-
k<TI,, k<IT
To simplify this further, define the random variable IT, := min(I1,,,IT), introduce a Poisson random variable
IT) independent of all other sources of randomness with mean |,[—1,1] - 1[~1,1]|, and define the collection
of random variables (Z}! )1 by
20 Xp AT, =T1
X, otherwise
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The basic properties of Poisson random variables and the fact that |Z}'| < 1 imply that

1
|W1(“n)_l/fl(”)|<c|A||/ xd(py - 1) (x)| + cEIL) + A Y [Z3[+[AE Y [x7 -
-1 k<TLY! Je<TT,

1
<C(|/ xd(un—/.t)(x)‘+2EH,’,’+IEH,'1/
-1

)

beslaveeol)

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

enough,

1
!w‘(un)—wl(uﬂ<c(\/_lxd(un—u>(x>|+2lun[—1,1]—u[—1,1J|+3u[—1,1]W(un,u)),

where it has been used that EII, < EIT+EIL, < 3u[-1,1] for n large enough as 1, converges weakly to 1.
Letting n tend to infinity and recalling that the Wasserstein distance (3.86) metrizes the weak convergence of

probability measures completes the proof. ]
Proposition 3.12. For any measure [ € M, the sequence (Wn(lL))ns1 converges to W(lL) defined in (3.78).

Proof. Consider a sequence (U, ),>1 of discrete measures such that p,[-1,1] = u[-1,1] for all n > 1 and

I, — u with respect to the Wasserstein distance (3.85). By the triangle inequality and Theorem 3.10,

lw() =y ()| <[ w(w) = w(ua)| + W) = v ()| + | v () = wiv (1))
<w(w) = w(wn)|+|w(tn) = wn ()| + (1 + log(2¢)| +[log(c — |AN )W (I, ),

where the choice that p,[-1,1] = u[-1,1] has played its part. Invoking Lemmas 3.7 and 3.11 to let N tend to
infinity and then n tend to infinity completes the proof. [ |

This result identifies the initial condition for the Hamilton-Jacobi equation (3.76), and suggests that
the limit of the enriched free energy (3.30) should be the solution, in a sense to be made precise, to the

infinite-dimensional Hamilton-Jacobi equation

A f(t, 1) = Coo(Duf(t,1)) on Ryox M, (3.91)

subject to the initial condition y : M, — R defined by

w(u)::—y[—l,l]c+pElog/ exp(-u[-1,1]JAcEx;) [] (c+Aox)dP*(o)
L xell4 (1)

+(1-p)Elog / exp(-u[-1,1]AcEx) [] (c+Aox)dP*(c),  (3.92)
I xell_(p)

where x| has law fi. Together with (3.17) and the fact that the free energy (3.14) in the sparse stochastic block
model can be obtained by evaluating the enriched free energy (3.30) at the point (1,0), thatis Fy = Fy(1,0),
this leads to Conjecture 1.4. Leveraging the well-posedness theory for Hamilton-Jacobi equations on positive
half-space discussed in Section 2.4, a well-posedness theory for the infinite-dimensional Hamilton-Jacobi

equation (3.91) will be developed in the next chapter.



Chapter 4

Well-posedness of infinite-dimensional

Hamilton-Jacobi equations

In this chapter, the well-posedness of the infinite-dimensional Hamilton-Jacobi equation (3.91) is established.
Previous attempts to apply the Hamilton-Jacobi approach to study mean-field disordered systems had either
led to finite-dimensional Hamilton-Jacobi equations posed on closed convex cones [27, 30, 34, 36, 84, 85], in
the context of statistical inference problems, or to infinite-dimensional Hamilton-Jacobi equations of transport
type [83, 86, 87], in the context of spin-glass models. A general well-posedness theory for the former was
established in [32] while one for the latter was developed in [33]. In Chapter 3, an infinite-dimensional
Hamilton-Jacobi equation posed over a space of probability measures, but featuring derivatives of “affine”
rather than transport type, was proposed to describe the asymptotic mutual information in the sparse stochastic
block model. To strive for generality, as opposed to focusing exclusively on the infinite-dimensional Hamilton-
Jacobi equation (3.91), a broader class of equations that is expected to appear in other mean-field problems
with sparse interactions is considered. Recall the notation M and M introduced in (3.26) and (3.27) for the
space of signed measures on [—1,1] and the cone of non-negative measures on this interval. Fix a continuously

differentiable function g : [-1,1] — R, and for each measure u € M., define the function G, : [-1,1] = R by

1
Gy () i= / () du(y). @.1)

Introduce the cone of functions

Cooi={Gy | 1L e M.} 4.2)

as well as the non-linearity C : Coo = R defined on this cone by

1 1 1
CelG) =5 [ Guan@ =3 [ [ sl anG) anc) 43)

This non-linearity is well-defined by the Fubini-Tonelli theorem (see equations (3.71)-(3.72)). Given a function
fiRy0x M, — R and measures i, v € M., denote by D, f(¢,11;v) the Gateaux derivative of the function

f(t,-) at the measure U in the direction v,

f(l,,LL-i—EV)—f(L[J).

e

Dy f(1,15v) 5= lim 44)

91
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As in Section 3.3, the Gateaux derivative of f(z,-) at the measure i € M, is said to admit a density if there
exists a bounded measurable function x — D, f(, i1, x) defined on the interval [-1,1] such that, for every

measure V € M,
1
Duf(epsv) = [ Duf (11.5) AV, (45)

Abusing notation, the density D, f (¢, u,-) will often be identified with the Gateaux derivative Dy, f (¢, 1t). The
purpose of this chapter is to establish the well-posedness of the infinite-dimensional Hamilton-Jacobi equation

O f(t,1t) =Coo(Dpf(t,1)) on Rogx M, (4.6)

subject to some initial condition f(0,-) = y(-) under appropriate assumptions on the kernel g and the initial
condition ¥ : M — R. In particular, these assumptions will imply that, in a suitably weak sense, for all r > 0
and u € M., the Gateaux derivative of the solution Dy, f(, ) belongs to the cone Coo. The sparse stochastic
block model will correspond to the choice of g in (3.68) and of initial condition y in (3.92).

In Section 4.1, the infinite-dimensional Hamilton-Jacobi equation (4.6) is projected onto a positive half-
space with dimension monotone in some integer parameter K > 1 to obtain a family of approximating finite-
dimensional Hamilton-Jacobi equations. The expectation is that the sequence of solutions to the approximating
equations converges to the solution of the infinite-dimensional equation (4.6) upon letting this parameter K
tend to infinity. The assumptions on the kernel g and initial condition y taken throughout this chapter are also
stated in this section, with one of these assumptions imposing a constraint on the gradient of the projected
initial conditions. In Section 4.2, the well-posedness of the infinite-dimensional Hamilton-Jacobi equation
(4.6) is established. This is done by extending the non-linearity of each of the approximating Hamilton-
Jacobi equations from the projection of the cone (4.2) where it is naturally defined to all of Euclidean space,
establishing the well-posedness of this extended finite-dimensional approximating Hamilton-Jacobi equation
using the techniques developed in Section 2.4, and finally showing that the sequence of solutions to each
of these Hamilton-Jacobi equations converges when the parameter K is sent to infinity. The solution to the
infinite-dimensional Hamilton-Jacobi equation (4.6) is defined to be the limit of these approximating solutions.
In Section 4.3, under appropriate convexity assumptions, a Hopf-Lax variational formula is established for
the infinite-dimensional Hamilton-Jacobi equation (4.6) by finding a Hopf-Lax variational formula for the
solution to each of the approximating equations, and sending the parameter K to infinity. It will be convenient
to first establish all these results under a positivity assumption on the kernel g. In Section 4.4 this assumption
will be lifted at the cost of strengthening the assumption on the gradient of the projected initial conditions, and
the well-posedness results previously discussed will be extended to this setting.

It may seem surprising to the reader that a well-posedness theory for the infinite-dimensional Hamilton-
Jacobi equation (4.6), or at the very least the equation (3.91) appearing in the context of the sparse stochastic
block model, cannot be found in the literature. The study of equations posed on infinite-dimensional Banach
spaces was initiated in [40, 41, 42]. The assumptions imposed on the Banach space preclude the possibility
of applying the results presented there to the space of bounded measures. There, the existence of solutions
is obtained via a connection with differential games. An example is also given in which solutions to natural
finite-dimensional approximations fail to converge to the solution of the infinite-dimensional equation. This
phenomenon is not expected to occur for the equation considered in this chapter, and in any case, the definition
of solution as the limit of finite-dimensional approximations is the one used when studying the sparse stochastic
block model in Chapter 6. Moreover, for the equations of transport type appearing in the context of mean-field

spin glasses, it was shown in [32] that finite-dimensional approximations do converge to the intrinsic viscosity
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solution of the infinite-dimensional equation. Equations that are posed over a space of probability measures,
or more general metric spaces, have been considered in several works including [9, 24, 25, 26, 54, 55, 58,
59]. These works revolve around equations involving derivatives of transport type for probability measures
over RY. Since transportation of mass over R? can be carried without limit, questions of boundary conditions
do not arise there, unlike in the more recent works [32, 83, 86] in which probability measures over Rgo or the
space of non-negative definite matrices are considered. The author is not aware of previous works considering
equations that involve derivatives of “affine” type, as is done here. In this context, the natural “movements”
are different from those appearing for the transport geometry, and the additional constraint that non-negative
measures must be considered introduces boundary issues.

The well-posedness results for the infinite-dimensional Hamilton-Jacobi equation (4.6) required to study
the sparse stochastic block model are all stated in Section 4.1. The reader eager to return to the study of the
sparse stochastic block model may therefore consider reading only Section 4.1, taking the results stated there
for granted and skipping the rest of this chapter on first reading. This chapter parallels and draws heavily upon

Section 2.4 of Chapter 2, and its contents are taken from [48].

4.1 Projections, assumptions, and key well-posedness results

To study the Hamilton-Jacobi equation (4.6), it will be projected from the infinite-dimensional space of
measures M, to a family of finite-dimensional spaces of measures M&K) with dimension monotone in some
integer parameter K > 1. In previous works [83, 86, 87], derivatives of transport type were the primary focus
of investigation, and it was thus natural to discretize the space of measures by restricting to measures of the
form K~! Zle Oy, only allowing the x;’s to vary but keeping the weight of each atom fixed. Due to the nature
of the derivatives appearing in (4.6), here it will be convenient to define the finite-dimensional approximating
space as the cone of non-negative measures supported on dyadic rationals in the interval [—1,1]. That is, the
weights will be allowed to vary, provided that they remain non-negative, but positions of the atoms will be

kept fixed. Given an integer K > 1, write

DK::{k:ZLK\—zKSiQK} (4.7)

for the set of dyadic rationals on [—1,1] at scale K. It will be convenient to index vectors using the set of

dyadic rationals, writing x = (X )kepy € RPk . The set of discrete measures supported on the dyadic rationals at
scale K in the interval [-1,1] is denoted by

M&K) = {/.L eM, = 1 Z X0 for some x = (xg )kep, € RZ)K}. 4.8)
|DK| kEDK -

A natural way to project a general measure i € M, onto .MSrK) is via the mapping
- D
K () = (IDx [k k+275)), . € RTK. (4.9)

For u € MgK), the image of i is simply the sequence of weights of the measure u at each point in Dk, up to

multiplication by |Dk|. The inverse of this mapping assigns to each x € R?OK the measure

® . 1 S b e M. (4.10)
|DK| kEDK
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These projections can be used to devise finite-dimensional approximations to the Hamilton-Jacobi equation
(4.6). These will be posed on the cone Ry x RZDOK . Indeed, any real-valued function f: R3¢ x /\/lSrK) — R may
be identified with the function

F®(2,x) = f(1,10) @.11)

defined on Ry x RQK . Moreover, the Gateaux derivative at the measure U € MErK) may be identified with the
gradient | Dg|v £ (1,xK) (1)) by duality. Indeed, for any direction v € MErK),

Duf(taiv) = 5| FO 0O )+ ex® (1) = v O a® @) KO v). @12

The additional factor of [D]| appears because x(X) (v) has ¢'-norm |Dg| whenever V is a probability measure.

The corresponding initial condition becomes the function l//(K ) : Rfok — R defined by
y O () =y (). (4.13)
The cone (4.2) and the non-linearity (4.3) may be projected similarly. Introduce the symmetric matrix

1
G(K) =
| Dk [?

((KK')), e, € RPEPK, (4.14)

and observe that for every u € MgK) and k € Dk,

1
Gu(k)= Y g(kk (k') = == 3 g(kk ) (1) = [Dx|(GHOx) (), (4.15)
k' eDg |DK| k'eDg

This motivates the definition of the projected cone,
Cr = {GFE) () e RP | e MIO | = {GFIxe RPK | ve REK Y, 4.16)

and the projected non-linearity Cg : Cx — R given by

1
Cx(GP)x) = =GE)x.x = k) xx0 = Coo (G (k). 4.17)
(O =300 g 3 s =G (G0)

This projected non-linearity is well-defined by the Fubini-Tonelli theorem (see equations (3.71)-(3.72)). In

this notation, the finite-dimensional approximation of the Hamilton-Jacobi equation (4.6) reads
AfE(1,x) = Cr(VFE(1,x)) on RyoxRDK (4.18)

subject to the initial condition £(5)(0,-) = y(®)(.) on ]REOK . Just like the equations studied in Section 2.4,
this Hamilton-Jacobi equation is posed on positive half-space; however, its non-linearity Cg is defined on
the cone Ck as opposed to the Euclidean space RPX. To overcome this difference, an appropriate extension

Hg : RPX R of the non-linearity Cx will be introduced, and instead the Hamilton-Jacobi equation
8tf(K)(t,x) :HK(Vf(K)(t,x)) on ]R>0><R?OK (4.19)

subject to the initial condition £()(0,-) = w*)(.) on RQK will be considered. Notice that the cone R?OK
has been used as opposed to the more intuitive cone RQ)". As in Section 2.4, the non-decreasingness of the
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projected non-linearity (4.17) will make these two choices equivalent. In particular, it will not be necessary to
endow the projected Hamilton-Jacobi equation with a boundary condition. Remembering that this Hamilton-
Jacobi equation appears in the context of statistical inference makes this insight rather reassuring. Indeed, the
statistical inference model does not suggest an obvious choice of boundary condition—given that ultimately the
value of the solution at a point in Ry x {0} is the quantity of interest, at least a Dirichlet boundary condition
should not be used! In earlier works, the imposition of a Neumann-type boundary condition was observed
to be a workable option [83, 85, 86]; however, in [33], it was shown that this somewhat artificial choice is
not necessary, and no boundary condition needs to be specified, because the non-linearity “points in the right
direction”.

The precise assumptions on the initial condition y and the kernel g that will be used to obtain the well-
posedness of the infinite-dimensional Hamilton-Jacobi equation (4.6) are now stated. In the same spirit as
Section 2.4 and [32, 33, 83, 86], the initial conditions l,l/(K ) and v will need to satisfy a certain number of
Lipschitz continuity assumptions. For the theory developed to encapsulate the Hamilton-Jacobi equation (3.91)
appearing in the context of the sparse stochastic block model, these Lipschitz conditions will be relative to the
normalized-¢' and normalized-¢'* norms as opposed to the Euclidean norm. Given an integer d > 1, introduce

the normalized-¢' and normalized-¢'"* norms, defined for every x,y ¢ R by

1 d
Ilelly = 5 > bl and Iyl , = maxdly. (4.20)

k=1
The underlying dimension d > 1 will be kept implicit but will always be clear from the context. The
normalized-¢' norm is meant to measure elements of R”* with a scaling that is consistent with the identifica-
tion of this space with the space of measures MSK). The normalized-£'>* norm serves to measure elements of
the dual space, and is defined so that the Holder-type inequality x-y < |[lx||; [[¥]l]; , is valid.

The key continuity assumption on the projected initial condition l[I(K ) that wili make it possible to establish
the well-posedness of the projected Hamilton-Jacobi equations will be Lipschitz continuity with respect to the
normalized-¢! norm. Another way to encode this property is to require the initial condition y: M, — R to be
Lipschitz continuous with respect to the total variation distance on M, defined in (A.26). The normalized-¢"*
norm will play its part when discussing the Lipschitz continuity of the projected non-linearity (4.17). To
determine the convergence of the projected solutions, it will be important to assume that the initial condition
v : M, — R is Lipschitz continuous with respect to the Wasserstein distance on the set of probability measures
Pr[-1,1] defined in (3.85). The final assumption on the initial condition will ensure that, in a sense to be made
precise, the solution to the projected Hamilton-Jacobi equation has a bounded gradient close to the projected
cone Ck defined in (4.16). It would of course be more convenient to assume that the gradient really belongs to
Ck, rather than only being close to it, but unlike in earlier works, as shown by (3.73), this stronger property
does not hold in the context of the sparse stochastic block model. To impose the boundedness of the gradient,

fix a > 0, and for each integer K > 1 introduce the closed convex set
Kak = {GFx e RPK [ xe RS and ||l <a} < C. 4.21)
Given a closed convex set K € R?, write

K':=K+B,1(0) (4.22)
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1/2

for the neighbourhood of radius ~'/? around K in the normalized-¢'* norm. Here

By (x) = {x" e R [||' =], , <r} (4.23)

denotes the closed ball of radius r > 0 centred around x € R? relative to the normalized-¢'* norm. A Lipschitz

continuous function 4 : Rgo — R is said to have its gradient in /C if
VheL™ (R K). (4.24)

Recall that a Lipschitz continuous function is differentiable almost everywhere by Rademacher’s theorem
(Theorem 2.10 in [50]), so the spatial gradient V# is well-defined as an element of L°°, and the condition
(4.24) requires that this object take values in K almost everywhere. A non-differential criterion for the gradient
of a Lipschitz continuous function to lie in a closed convex set is given in Proposition A.2, and will be used
frequently throughout this chapter. As will be shown below, assuming that the initial condition has its gradient
in KCj, x suffices to ensure that the gradient of the solution remains in this set at all times. Notice that this
is insufficient to be able to evaluate the non-linearity Ck at the gradient of the solution; however, under
suitable Lipschitz continuity properties of the extension Hg, it ensures that the projected Hamilton-Jacobi
equation (4.19) should be an adequate replacement for the Hamilton-Jacobi equation (4.18). In particular, it
justifies defining the solution to the infinite-dimensional Hamilton-Jacobi (4.6) as the limit of the solutions
to the projected Hamilton-Jacobi equation (4.19). Besides some smoothness, the only constraint imposed on
the kernel g: [-1,1] — R is that it be strictly positive. Among other things, this assumption ensures that a
non-negative measure ( € M, cannot have a large total mass unless the function G, takes large values. In
summary, the assumptions on the kernel g: [-1,1] — R and the initial condition ¥ : M, — R required for the

Hamilton-Jacobi equation (4.6) to be well-posed are the following.

H1 The kernel g: [-1,1] — R is continuously differentiable and bounded away from zero by some positive
constant m > 0,
g(x) >m. (4.25)

H2 The initial condition y: M, — R is Lipschitz continuous with respect to the total variation distance
(A.26),

Wy () -y (VI < [WlLipvTV (4, v) (4.26)

for all measures v, € M,.

H3 There exists a > 0 such that the initial condition ¥ : M, — R has the property that each of the projected

initial conditions (4.13) has its gradient in the set ], ,

vy e L= (R K, &) 4.27)

H4 The initial condition y : Pr[-1,1] — R is Lipschitz continuous with respect to the Wasserstein distance
(3.85),

W (P) -y (Q)| < |y]LipwW (P,Q) (4.28)

for all probability measures P,Q € Pr[-1,1].

Observe that the hypothesis (H2) on the initial condition implies that the projected initial conditions (4.13) are



CHAPTER 4. WELL-POSEDNESS OF INFINITE-DIMENSIONAL HAMILTON-JACOBI EQUATIONS 97

Lipschitz continuous with respect to the normalized-¢! norm,

[y ®) () = )| < Wiy TV (e, 1) < ip v Il =] - (4.29)

With these assumptions at hand, it is natural to wonder why the main result in [33] cannot simply be
invoked to obtain the well-posedness of the projected Hamilton-Jacobi equation (4.19). The setting proposed
in [33] is that of a Hamilton-Jacobi equation posed on a cone C and with a non-linearity that is defined over the
cone C as well; the key assumption to establish well-posedness is that the non-linearity and the initial condition
have their gradients in the cone C. In the present context, the non-linearity is initially only well-defined on the
cone Co, Or Ck for the projected equations, and it must be ensured that the gradient of the solution remains in
this space. This suggests that the results in [33] should be used with C = Co., or Ck for the projected equations.
However, the problem of interest, say for the projected equations, is naturally posed over RZDOK rather than Cg,
and moreover, the gradient of the non-linearity that appears in the present setting is not in C, although it is in
RfoK‘ To make matters more complicated, the gradient of the finite-dimensional initial condition, and therefore
also of the solution, does not quite belong to Ck, although it is in the closed convex set IC{L & Despite all this,
it will be shown that the somewhat richer geometry of the problem at hand can be dealt with using arguments
that are similar to those in [33].

The structure of these arguments is now described in more detail, and the main results they lead to are
stated. It will first be shown that for any R > 0, it is possible to define a non-linearity Hg z : RPx R which
agrees with the projected non-linearity Cx on a large enough ball Cx nBg(0), and is uniformly Lipschitz

continuous. The well-posedness of the projected Hamilton-Jacobi equation
o f ) (1,x) = Hg g (V5 (1,%))  on  RyoxREK (4.30)

subject to the initial condition £(5)(0,-) = y®)(.) on Rfo" will then be obtained. Finally, it will be shown
that the solutions to these projected Hamilton-Jacobi equations admit a limit as K tends to infinity. This limit
will be verified to not depend on the choice of the extension Hx g, provided that R is chosen sufficiently large,
and it will be defined as the solution to the infinite-dimensional Hamilton-Jacobi equation (4.6).

To state the main well-posedness results precisely, it will be convenient to introduce additional notation
similar to that in (2.90)-(2.92). Given functions / : ]R‘;O —Rand u: Ry x Rgo — R, define the semi-norms

[h(x) —h(x") ju(z,x) ~u(0,%)|
H|h|||Lip7l = —————— and [u]p:= sup —————"—, (4.31)
x¢x’eR‘io |Hx_x |||1 >0 t
- xeRiO
and introduce the space of functions with Lipschitz initial condition that grow at most linearly in time,
€:={u: Ry x RZ, - R | u(0,-) is Lipschitz continuous and [u]o < +oo}, (4.32)
as well as its subset of uniformly Lipschitz continuous functions,
Sunit = {1 € £ sup|[u(z,) 1, < +o0}. (4.33)
120

The main well-posedness results for the projected Hamilton-Jacobi equation (4.30) and the infinite-dimensional

Hamilton-Jacobi equation (4.6) now read as follows.



CHAPTER 4. WELL-POSEDNESS OF INFINITE-DIMENSIONAL HAMILTON-JACOBI EQUATIONS 98

Theorem 4.1. Suppose (H1)-(H3), and fix R > 0. The projected Hamilton-Jacobi equation (4.30) subject to

the initial condition l//(K) admits a unique viscosity solution fIgK) € Lunif which satisfies the Lipschitz bound
K
sup lfe ()l = ¥l < Wiy, (4.34)
>

and has its gradient in the set IC;K. Moreover, if u® ),V(K) € Luif are a continuous subsolution and a

continuous supersolution to the Hamilton-Jacobi equation (4.30), then

sup (u(K) (,x) —v(K)(t,x)) = sup (u(K)(O,x) —v(K)(O,x)). (4.35)

Dk Dk
RxoxRg R0

Theorem 4.2. Suppose (H1)-(H4), and given an integer K > 1 and a real number R > |y |vLip Ty, denote by
IgK) € Lunif the unique viscosity solution to the Hamilton-Jacobi equation (4.30) constructed in Theorem 4.1.

For every t >0 and every measure |L € M, the limit

Fpy= tim fy 5 () (4.36)

exists, is finite, and is independent of R. The value of this limit is defined to be the solution to the infinite-

dimensional Hamilton-Jacobi equation (4.6).

Solutions to (4.6) satisfy a comparison principle since a comparison principle holds for solutions to the
projected Hamilton-Jacobi equation (4.30) by Theorem 4.1.

As is apparent, and similarly to [83, 86], the analysis of this chapter merely identifies the solution to (4.6)
as the limit of its finite-dimensional approximations. This will suffice to understand the limit of the mutual
information in the sparse stochastic block model. The question of providing a more intrinsic characterization
of the solution to (4.6), as was achieved in [32] in a related context, is left open.

In addition to these well-posedness results, a Hopf-Lax variational representation for the solution to the
infinite-dimensional Hamilton-Jacobi equation (4.6) in the case when the non-linearity Co, is convex is also
obtained. Hopf-Lax formulas for related problems have been explored in [29, 30, 32, 33]. In Chapter 6, this
variational representation will make it possible to verify that, as stated in Theorem 1.7, in the disassortative
regime, the conjectured asymptotic mutual information for the sparse stochastic block model coincides with
the value of the asymptotic mutual information established in [38]. The convexity condition on Co, boils down

to the requirement that the mapping (x,y) — g(xy) be non-negative definite, and can be phrased as follows.

H5 The kernel g: [-1,1] — R satisfies the property

1 1
/_ 1 / () du(x) d() >0 437)

for every signed measure u € M.

Theorem 4.3. If (H1)-(H5) hold, then the unique solution f:Rsox M, — R to the infinite-dimensional

Hamilton-Jacobi equation (4.6) constructed in Theorem 4.2 admits the Hopf-Lax variational representation

¢ 1
6= s (wwem)-4 [ Guave) 39)

veM

for everyt >0 and pt € M. Moreover, the supremum in (4.38) is achieved at some v* € M., and whenever
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the initial condition W admits a Gateaux derivative at the measure (L +1v* with a density x = Dy W(lL +1V*,x)
belonging to the cone Coo,
Gy =Dyy(p+1v*,.). (4.39)

To study the sparse stochastic block model, it will also be important to identify solutions to equations
of the form (4.6) with a kernel g that does not satisfy the positivity assumption (H1). The idea will be to
introduce a new kernel that satisfies (H1) by translating g, and to deduce the well-posedness of the equation
with kernel g from the well-posedness of the equation with the translated kernel. For this strategy to work, the
assumption (H3) on the initial condition will be replaced by a stronger assumption now described.

For every a € R, introduce the set of measures with mass a,
My ={pneM,|ul-1,1] =4}, (4.40)

as well as the set of functions
Caoo = {Gu | e My}, (4.41)

The assumption (H3) on the initial condition will essentially be replaced by the assumption that its Gateaux
derivative lies in the set C, oo for some a € R. As before, it will be convenient to state this as an assumption on
the projected initial conditions (4.13). For every integer K > 1, introduce the set of projected measures with

mass a,
ME) = {MGM(JO |u[171]=a}, (4.42)
and write
Kook = {G®)x e RPK [ xe REF and ||, =a} 4.43)

for its associated set of functions. The assumption (H3) is replaced by the following stronger assumption.

H3’ There exists a > 0 such that the initial condition y : M, — R has the property that each of the projected

initial conditions (4.13) has its gradient in the set K, .,

vy e L= (R KL, & )- (4.44)

Formal calculations now suggest a way to modify the solution to the infinite-dimensional Hamilton-Jacobi
equation (4.6) if the kernel g is not assumed to satisfy (H1) but is translated by a large enough constant so that
it becomes positive. Given a continuously differentiable kernel g: [-1,1] - R, fix b € R such that the modified

kernel
2(2)=g(2)+D (4.45)

is strictly positive. For every u € M, define the modified function Gvb# [-1,1] >R,
_ 1
Gou(0)= [ Blo) dn(y) (446)

the modified cone of functions,
Choo = { G | 1€ Mo}, (4.47)
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and the modified non-linearity AC'bvoo : 517,00 - R,

1 1 1
Cooe(Brs) =5 [ G du) =3 [ [ @) an) ance) “48)

Notice that the additional constant b in g, induces a shift in the expression above that depends only on
the total mass of the measure y. This suggests that, under assumption (H3’), if ﬁ is a solution to the

infinite-dimensional Hamilton-Jacobi equation
O f(t, 1) = Choo(Duf(t,1)) on Rygx M, (4.49)

subject to the initial condition i, : M, — R defined by

1
Wp(1) = l/f(u)+ab/1 du, (4.50)

then the function
- ! a*br
fb(nu)::fb(t,u)—ab/ dp-—- (4.51)
-1

should be a solution to the infinite-dimensional Hamilton-Jacobi equation (4.6). The dependence of fb, f»
and ¥, on a is omitted since this constant is given and fixed by (H3”). The following result renders this

construction precise and ensures that it is independent of the choice of b.

Theorem 4.4. Fix a continuously differentiable kernel g : [—1,1] — R, and assume that (H2), (H3”), and (H4)
hold. Let b € R be such that the function g}, defined in (4.45) is positive on [-1,1], and let \J}, be defined by
(4.50). Then, the solution f,, to the infinite-dimensional Hamilton-Jacobi equation (4.49) subject to the initial
condition \Jj, constructed in Theorem 4.2 is well-defined, and the function f}, given by (4.51) does not depend
on the choice of b € R. The function f}, is defined to be the solution to the infinite-dimensional Hamilton-Jacobi

equation (4.6).

Combining this well-posedness result with the Hopf-Lax representation formula in Theorem 4.3 shows

that, under the additional assumption (HS), the function (4.51) admits a variational representation.

Theorem 4.5. Fix a continuously differentiable kernel g : [-1,1] - R satisfying (H2), (H3’), and (H4).
Suppose that there exists b € R such that the translated kernel g, in (4.45) is strictly positive on [-1,1]
and satisfies (HS). Suppose moreover that for every € M., the initial condition Yy admits a Gateaux
derivative with density x — Dy W(L,x) belonging to the set Cq 0. Then, the unique solution f:Ryox M, - R
to the infinite-dimensional Hamilton-Jacobi equation (4.6) constructed in Theorem 4.4 admits the Hopf-Lax

variational representation

t 1
f(t,u)= sup (w(u+tV)—2/_1Gv(y)dV(y)) (4.52)

VEMHA-

foreveryt >0 and L € M. Moreover, the supremum in (4.52) is achieved at some V* € M, , with
Gy» =Dy (p+1v™,.). (4.53)

As previously mentioned, the reader eager to return to the study of the sparse stochastic block model may

consider taking Theorems 4.1 - 4.5 for granted, and skipping the rest of this chapter on first reading.
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4.2 Establishing well-posedness of infinite-dimensional equations

To obtain the well-posedness of the Hamilton-Jacobi equation (4.6) and establish Theorem 4.2, the non-
linearity associated with each of the approximating Hamilton-Jacobi equations (4.18) will be extended from
the projected cone (4.16) where it is naturally defined to all of Euclidean space. Importantly, this extension
will preserve the non-decreasingness and Lipschitz continuity of the non-linearity. This extension is defined in
Section 4.2.1. In Section 4.2.2, a general well-posedness theory for Hamilton-Jacobi equations on positive
half-space analogous to that discussed in Section 2.4 will be developed in the setting where the non-linearity
is non-decreasing and locally Lipschitz continuous with respect to the normalized-¢'** norm, and where
the initial condition is Lipschitz continuous with respect to the normalized-¢! norm. In particular, this will
lead to a proof of Theorem 4.1. Finally, in Section 4.2.3, the sequence of solutions to the approximating
Hamilton-Jacobi equations will be shown to converge as the dimension parameter K tends to infinity, and
the limit thus obtained will be defined as the solution to the infinite-dimensional Hamilton-Jacobi equation
(4.6). This will prove Theorem 4.2, and thereby establish a well-posedness theory for the infinite-dimensional

Hamilton-Jacobi equation (4.6).

4.2.1 Extending the approximating Hamilton-Jacobi equations

To alleviate notation and strive for generality, instead of extending the projected non-linearity (4.17) from the
projected cone (4.16) to all of Euclidean space, an integer dimension d > 1 will be fixed, and a general version
of this non-linearity defined on a cone in R¢ will be extended from said cone to all of RY. More precisely, fix a

symmetric matrix G € R?“ for which there exist positive constants m, M > 0 with

m M
5 <Gw < (4.54)
for all 1 < k,k’ <d, and consider the cone
C:={GxeR?|xeRYy}, (4.55)
and the non-linearity C:C — R defined by
1
C(Gx) = EGx-x. (4.56)

This mapping is well-defined by the Fubini-Tonelli theorem (see equations (3.71)-(3.72)). The projected
non-linearity (4.17) and the projected cone (4.16) are recovered by choosing d = |Dg| and G = G®) . Observe
that (4.54) is satisfied for these choices by the continuity of the kernel g and its lower bound in (H1). As
in Section 2.4, to establish the well-posedness of the approximating Hamilton-Jacobi equations (4.19), it
will be important that the extended non-linearity Hg : RY - R be Lipschitz continuous and non-decreasing.
The main result of this section is the definition of a uniformly Lipschitz continuous and non-decreasing
non-linearity Hg : RY - R which agrees with C on the intersection of the cone C and a large enough ball.
Recall the definition of a non-decreasing function in (2.69), and the notation < for the partial order defined in
(2.70). First, these properties are verified locally on the cone for the original non-linearity (4.56). It will be

convenient to note that for all x € Rgo,

1
kel < MGl - (4.57)
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Lemma 4.6. The non-linearity (4.56) is locally Lipschitz continuous with respect to the normalized-¢"* norm,

1
— (UM 7T ) =51 (4.58)

IC(»)-C(H)I<

forally,y' €C.

Proof. Fix y,y’ €C with y=Gx and y’ = Gx’ for some x,x" ¢ R%,. The symmetry of G and the Cauchy-Schwarz
inequality imply that

IC) = CONNKIGE =) +]G =) T < (Il + 1)y =31l -

It follows by (4.57) that
CI I I M ) =M -

3=

ICy) -CONI<
This completes the proof. [ |
Lemma 4.7. The non-linearity (4.56) is non-decreasing.

Proof. Fixy,y’ €C withy —ye Rgo, and let x,x’ € R‘;O be such that y = Gx and y’ = Gx’. Observe that
2C(y)=Gx-x=y-x<y -x=Gx'-x=Gx-x' =x"-y<x’'-y = Gx’-x' =2C(y").

This completes the proof. [ |

Extending the non-linearity (4.56) to R? while preserving these two key properties requires some care.
For each R > 0, a non-decreasing function Hg : R? - R which is uniformly Lipschitz continuous with respect
to the normalized-¢"* norm and agrees with the non-linearity (4.56) on the intersection of the cone (4.55)
and the ball Bg := Bg(0) defined in (4.23) will be introduced. The definition of this extension is inspired by
Proposition 6.8 in [83] and Lemma 2.5 in [33].

Proposition 4.8. For every R > 0, there exists a non-decreasing non-linearity Hg : R? — R which agrees with
C on Cn B and satisfies the Lipschitz continuity property

8RM
Hr () =HrOOI < — =l =3l (4.59

forall y,y' e R,

Proof. The proof proceeds in two steps. First, the non-linearity C is regularized by defining a non-decreasing
and uniformly Lipschitz continuous function which agrees with C on C n Bg, and then this regularization is
extended to RY.

Step 1: regularizing C. By Lemma 4.6, the non-linearity (4.56) satisfies the Lipschitz bound

4R
€O =CONI<—lly =l

for all y,y" € Cn Byg. With this in mind, let L:= * and define the regularized non-linearity Cr:C—R by

m’

max(C(y),C(O)+2L(|||y|||17*—R)) if y e CnBag,

ER()’) =
C(0)+2L(|||y|||1’*—R) if y € C\ Bag.
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To see that Cg agrees with C on C n Bg, observe that for any y € C N Bg,
C(0)+2L(JI¥ll; . ~R) < €(0) =0< C(),

where the last inequality uses the non-negativity of the components of G. It will also be convenient to note that

by Lipschitz continuity of C on C N Byg,
C(0) +2L([lylll, » —R) = C(0) +2LR = C(0) + L[yl . > C(»)

for any ye CndByg. This shows that ER is continuous. To establish the non-decreasingness of ER, fix
y,¥' € C with y<y'. If y,y’ € Bog, then the non-decreasingness of C in Lemma 4.7 implies that C(y) < C(y').
Combining this with the fact that [||y[[, , <[[ly'[l; , reveals that Cr(y) <Cg(y"). On the other hand, if y € Byg
and y' € C \ Byg, then '

C() <C0) + LIl . < CO)+LIY My + LY Iy, ~2R) = Cr (),

and
C(0)+2L([I¥l; .. ~R) < C(0)+2L([Iy'lll . ~R) = Cr(¥')-

Once again Cg(y) <Cg(y’). Finally, if yeC Bg, then 2R < Illly « <IYlll; « s0 ¥ €C N Bag, and clearly
Cr(y) < Cgr(y'). This establishes the non-decreasingness of the regulairized non-linearity Cg. It is now shown
that this non-linearity is uniformly Lipschitz continuous. The reverse triangle inequality implies that the
map y~ C(0) + 2L(H|y|||17* —R) is Lipschitz continuous with Lipschitz constant at most 2L. Recall that the
maximum of two Lipschitz continuous maps with Lipschitz constants at most L; and L,, respectively, is
Lipschitz continuous with Lipschitz constant at most max(Ly, L, ). This means that Cris Lipschitz continuous
with Lipschitz constant at most 2L when it is restricted to C nBag or C \ Bag. For y,y’ € C with y € Bog and
y' € C~ Byg, two cases are distinguished. On the one hand, if Cg(y) = C(0) +2L(|Hy|\|]’* —R), the reverse

triangle inequality shows that

[Cr () = CrON[ < 2LfIM o = 1My o] < 220y =¥l -

On the other hand, if Cz(y) = C(y), then the reverse triangle inequality reveals that

Cr(y) = Cr(Y) <C0) + Ll . = €C0) = 2Ly = R) < Llly=¥"lly o + LR =1l ) < LIy =¥l

while the lower bound Cg(y) = C(y) > C(0) + 2L(|||y|||1,* —R) yields

Cr(") = Cr() = 2L(IY" My =M1l ) < 2Ll ="l -

This shows that Cg is a non-decreasing function which agrees with C on C nBg and satisfies the Lipschitz

continuity property
~ ~ 8R
[Ce() = CrGN < —ly=¥"ll (4.60)

for all y,y" € C.

Step 2: extending to RY. To extend the regularization of the non-linearity (4.56) to RY, define the function
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Hg :R? > R by
Hr(y) ::inf{ER(w) |[weC WithWZy}. (4.61)
Let1:=(1,...,1) e R? and observe that the vector v := % belongs to the cone C and satisfies the bounds
1 M
— << —— 4.62
g SVkS o (4.62)

for 1 <k <d. In particular, the infimum in (4.61) is never taken over the empty set. Moreover, the non-
decreasingness of Cr and the fact that this function agrees with C on CnBg imply that Hg also agrees
with C on CnBg. To see that Hg is non-decreasing, fix y,y’ € R? with y’ >y, and let w € C be such that
w>y'. Since w >y, the definition of Hg gives Hg(y) < Cr(w), and taking the infimum over all such w shows
that Hg(y) <Hg()"). To establish the Lipschitz continuity of Hg, fix y,y’ € R? and let z:= [[[y—)’||; ,v € C.
Recalling (4.62) reveals that for any 1 <k <d,

1
WSy =y oo = Sy =5l <Rl =57l = 2

This means that z > y—y'. In particular, if w € C is such that w > y’, then w +z € C with w+z > y. It follows by
(4.60)-(4.62) that

~ ~ ~ 8R 8RM
He(») - Ca(w) < Caw+2) = Ca(w) < = llell o € = 5 ly= Il o
Taking the infimum over all such w and reversing the roles of y and y’ completes the proof. [ |

This result allows one to use solutions to the projected Hamilton-Jacobi equation (4.19) with non-linearity
defined on Euclidean space as opposed to the Hamilton-Jacobi equation (4.18) with non-linearity defined on
the projected cone (4.16) to establish a well-posedness theory for the infinite-dimensional Hamilton-Jacobi
equation (4.6). However, this first requires a well-posedness theory for Hamilton-Jacobi equations of the form
(4.19) on positive half-space. Notice that the well-posedness theory developed in Section 2.4 cannot be applied
directly as the non-linearity and the initial condition are not necessarily Lipschitz continuous with respect to
the Euclidean norm, but rather relative to the normalized-¢"* and normalized-¢' norms, respectively.

4.2.2 Revisiting Hamilton-Jacobi equations on positive half-space

To alleviate notation and strive for generality, instead of establishing the well-posedness of the extended
approximating Hamilton-Jacobi equation (4.30), a non-decreasing non-linearity H: RY — R that is locally
Lipschitz continuous with respect to the normalized-¢!"* norm, and an initial condition v : Rgo - R that
is Lipschitz continuous with respect to the normalized-¢' norm are fixed, and the well-posedness of the
Hamilton-Jacobi equation

9, f(t,x) =H(Vf(t,x)) on RyoxR%, (4.63)

subject to the initial condition f(0,-) = y(-) on ]Rgo is established. Just like in Section 2.4, no boundary
condition has to be imposed for this equation since the non-linearity “points in the right direction” in the sense
that it is non-decreasing. The notion of solution adopted for the Hamilton-Jacobi equation (4.63) is that of
viscosity solution discussed in Definition 2.8. The well-posedness of the Hamilton-Jacobi equation (4.63)
will be established over the space £,,r of uniformly Lipschitz continuous functions defined in (4.33). In

analogy to Section 2.4, the main well-posedness result for the Hamilton-Jacobi equation (4.63) is established
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by analyzing the Hamilton-Jacobi equation
O f(t,x) =H(Vf(t,x)) on RyoxRY, (4.64)

subject to the initial condition f(0,-) = w(-) on R‘;’O, and showing that solutions to these two equations agree.

Proposition 4.9. If y: Rgo — R is an initial condition that is Lipschitz continuous with respect to the
normalized-0' norm, and H:R? - R is a non-decreasing non-linearity that is locally Lipschitz continuous
with respect to the normalized-0'* norm, then the Hamilton-Jacobi equation (4.63) admits a unique viscosity
solution f € Lynir with

Sll:g”'f(tv')'”up,l = IWlllLip,1- (4.65)

Moreover, if u,v € Lynir are a continuous subsolution and a continuous supersolution to (4.63), then

sup (u(t,x)-v(t,x)) = sup (u(0,x) -v(0,x)). (4.66)

d d
RZOXR;O R;O

To be more specific, given & > 0, introduce the Lipschitz constants

H(p") -H(p)|
L:=max (sup|lu(t,)lip,1,up V(2. llLip, 1) and V = Sup{, Pl P M <L+ S0 g
>0 >0 llp _P|||1,>+
(4.67)
then for every R € R and M > 2L, the map
(t,x) = u(t,x) —v(t,x) - M(||lx]|, + Vt —R)+ (4.68)

achieves its supremum on {0} x R%,.

Proof. The proof follows Section 2.4, and proceeds in four steps. First, a comparison principle is obtained for
the Hamilton-Jacobi equation (4.64). Then, the Lipschitz bound (4.65) is established for any of its viscosity
solutions, assuming these exist. Subsequently, the Perron method is used to prove the existence of a viscosity
solution to the Hamilton-Jacobi equation (4.64). Finally, the monotonicity of the non-linearity is leveraged to
prove that solutions to the Hamilton-Jacobi equations (4.63) and (4.64) coincide. The proof closely resembles
those in Section 2.4, so instead of providing full details, only the key differences are highlighted. The reader
interested in full details is referred to Appendix A in [48].

Step 1: comparison principle for (4.64). Let u,v € £, be a viscosity subsolution and a viscosity supersolution
to the Hamilton-Jacobi equation (4.64). The purpose of this step is to show that for every Re€ R and M > 2L,
the map

(t,x) = u(t,x) —v(t,x) - M(||lx]|, + Vt _R)+ (4.69)

achieves its supremum on {0} x R;’O. Suppose for the sake of contradiction that there exists 7 > 0 with

sup (u(t,x) —v(t,x) - (p(t,x)) > sup (u(O,x) -v(0,x) - (p(O,x))7
[0,7]xRe, d

20

where ¢(t,x) := M(||lx|||, + V- R)+. The only additional difficulty in the present context relative to that in

Proposition 2.12 is that the normalized-#' norm is not differentiable. To overcome this issue, given & € (0, 1)
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to be determined, introduce the smoothed normalized-¢! norm,
1 & o 3
¥l g = = > (i +€0) > (4.70)
d iz
Arguing as in Step 1 of Proposition 2.12 with the functions ®, d, and ), redefined to have the Euclidean norm

replaced by the smoothed normalized-¢' norm,

5
D(t,x) =MO(||x]ll, o, +V-R),  d(x):= inf y-x, and xa(r,x):= ——+8"||x[l; 4.
(bl ) vl =1 d(x) heo

d
yeRZ()

it is possible to show that for &, €,€’,8,8" > 0 small enough,

sup (u—v-x1—-x2)> sup (u-v-x1-x2)- 4.71)
[0,7]xRZ, {0}xRZ,

For each a > 1, define the function W : [0,T] xRZ) x [0,T] xRE) xRE) > Ru{-o0} by

o
Wo(t,2,0' 2, y) 1= u(t,0) v (1) = - (fe = [ =2l g + b=l g ) = 20 (1) = 22 (1,)

Arguing as in Step 2 of Proposition 2.12, it is possible to find a sequence of quintuples (¢, Xq, Xty Vo) a>1 With
the property that ¥, achieves its supremum at (¢, Xq,l5Xe, Ve )> and that o, 25, € (0,T) and x¢, Xl , Ve € ]Rfo
for ¢ large enough. With this in mind, fix o > 1 large enough, and introduce the functions ¢, ¢’ € C*=((0,T) x
R‘io;R) defined by

o 2
O (1,x) = v(1g,xq) + §(|t_t<,x| b= 3Gl gy + = valll )+ 21 (2.x) + 22(. 7).
o
¢ (', x) = u(ta, xa) 5(‘/ —taf* + ||’ =xallly ¢+ lIF¥a —yoc|||1,eo) = X1(tasxa) = 22(ta, Yo )-

Arguing as in Step 3 of Proposition 2.12, it is possible to contradict the inequalities

(99 ~H(V9))(ta,xa) <O and (99" ~H(V9"))(1g,x5) >0,

and conclude that the map (4.69) achieves its supremum on {0} x ]R‘;O.

Step 2: Lipschitz bound for for solutions to (4.64). Let f € £ be a viscosity solution to the Hamilton-Jacobi
equation (4.64). The purpose of this step is to show that

SI‘>1(1)3|||f(t»')|||Lip,1 =[11£C0, Mlip,1- (4.72)

Let L := [|£(0,)ll.p,, denote the Lipschitz semi-norm of the initial condition, and suppose for the sake of

contradiction that there exists 7 > 0 with

sup  (f(t,x) = f(e.2") = Lllx=2[];) >0> sup  (£(0,x) = f(0,x) = Lflx=x]])- (4.73)

d  Rd d pd
[O,T]><]R>O><1R>0 RS xRSy
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Arguing as in Step 1 of Proposition 2.13 with the constant V and the function ® redefined to be

V::sup{m(p')—H(pn

7 =7l ||||P||||,*,|||p'|||1,*<L+5o} and  ®(1,x) = &0 (|llx]l; ¢, + VI -R),
1,

it is possible to show that for R > 0 large enough and &y, €, &’ > 0 small enough,

sup (f(tax)_f(tvx,) —L|HX—X,|||1’£0 X1 (ta-x) _XZ(tax,))
[O,T]xRioxR‘;o

>0> sup  (f(0,%) = f(0.x") = Lflx =2l ¢, ~ x1(0,%) - 22(0,x)).

d d
RZOXRzo

For each o > 1, define the function W : Ry x Rgo xRyp x R‘;o —>Ru{-oc0} by

o
‘Pa(t,x,t',x') = f(lvx) _f(tlvx,)me_x/ml,gO - E|t _t/|2 -X1 (tvx) _XZ(IIax/)'

Arguing as in Step 2 of Proposition 2.13, it is possible to find a sequence of quadruples (f¢,Xq,/5Xe ) a1 With
the property that ¥, achieves its supremum at (f4,xq,/4x ), and that 74,2, € (0,T) and x4 * x, for o large
enough. With this in mind, fix o > 1 large enough, and introduce the functions ¢,¢’ € C*((0,T) x R%;R)
defined by

o
0(1,%) = f (36 + Ll =2l g, + =16+ 201 (1.2) + 22 (16,36,

o
¢'(t'x) = f(tasxa) ~ LI = xalll g = = I’ ~ta|* = 1 (tasxa) = 2t x').
£ 9
Arguing as in Step 3 of Proposition 2.13, it is possible to contradict the inequalities

(8,¢ - H(V¢))(ta»xa) <0 and (atq)/— H(ng'))(t{x,xfx) 20,

and establish the Lipschitz bound (4.72). The comparison principle in (4.66) now follows by arguing as
in Corollary 2.14, and the uniqueness of solutions to the Hamilton-Jacobi equation (4.64) is obtained as in
Corollary 2.15.

Step 3: existence of solutions to (4.64). The purpose of this step is to use the Perron method to prove the

existence of solutions to the Hamilton-Jacobi equation (4.64). Fix a positive constant

d .
K >sup {[H)I |y R with [yl <llWlllLip, -

and define the continuous functions u, : Ry x Rgo - R by uy(2,x) := w(x) + K. Arguing as in Section 2.4.2,
it is possible to show that the function f : Ry x R‘;O — R defined by f(¢,x) := sup,,. g u(t,x) for the set

S:= {u 1Ry x Rgo —R|u- <u<uy and % is a subsolution to (4.64)}

is a viscosity solution to the Hamilton-Jacobi equation (4.64) which belongs to the solution space £yyir-

Step 4: equivalence of solutions to (4.63) and (4.64). The purpose of this step is to show continuous
subsolutions and supersolutions to the Hamilton-Jacobi equations (4.63) and (4.64) coincide. The argument
for viscosity subsolutions and viscosity supersolutions being almost identical, the focus is exclusively on the
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case of viscosity subsolutions. Arguing as in Proposition 2.21, it suffices to consider a continuous viscosity
subsolution to the Hamilton-Jacobi equation (4.63) and deduce the subsolution criterion for the Hamilton-
Jacobi equation (4.64) at a boundary point (#,x) € R x 8R‘2’0. To be more precise, fix a smooth function
¢ € C°(Rsp x R‘;O;R) with the property that u — ¢ has a strict local maximum at (¢*,x*) € R, x 8Rg0, and
aim to show that (d,¢ —H(V¢))(¢*,x*) <0. This is done as in the proof of Proposition 2.21 with the functions
d and y; redefined to be

. " _ __&
d(x)~=mym?f:1y-x and  We(s,y) = u(s,y) = 0(s,y) i0)’

d
yERZO

and the function W 5 ¢ : O, x O, — R redefined to be

e 2M, , 2M,
Wes.0(t,x,5,y) =u(t,x)-¢(s,y) - a0) - 92" |t —s|” - 92” |||x_)’|||1,eo +68:(s,y)
for M, := sup (1)< |u(,x)|. Together with the previous three steps, this completes the proof. [ |

To study the sparse stochastic block model, it will also be important to know that whenever the gradient
of the initial condition ¥ lies in a closed convex set, then so too does the gradient of the solution to the
Hamilton-Jacobi equation (4.63) at all future points in time. This is first established for closed convex cones
and then extended to arbitrary closed convex sets. Given a set D € R?, recall from Corollary A.3 that a
Lipschitz function 4 : D — R has its gradient in a closed convex cone K if and only if it is C*-non-decreasing.

A function h: D — R is said to be K*-non-decreasing if, for all x,x" € D,
X-xeK* = h(x)<h(x). (4.74)
Here K* denotes the dual of the cone /C,
K*:={xeR?|x-y>0forall ye K}. (4.75)

Notice that a function is non-decreasing in the sense defined in (2.69) if and only if it is (Rgo) *-non-decreasing.
To show that the gradient of the initial condition stays in a closed convex cone it therefore suffices to prove
that the Hamilton-Jacobi equation (4.63) preserves the monotonicity of its initial condition. This will be done
through a doubling argument similar to those used in the proof of Proposition 4.9. It will be convenient to
adapt the distance-like function (2.106) to the normalized-¢' and normalized-¢"* norms by redefining it to be

d(x):= inf y-x. (4.76)
Vil =1
yeRgo

The basic properties of this function stated in Lemma 2.11 still hold with the appropriate modifications. In
particular, property (iii) reads that d is Lipschitz continuous with respect to the normalized-¢! norm, and

property (v) states that the normalized-¢!-* norm of any element in the superdifferential is at most one.

Lemma 4.10. Fix a closed convex cone K, an initial condition y : R‘;O — R that is Lipschitz continuous with
respect to the normalized-0' norm, and a non-decreasing non-linearity H: R? > R that is locally Lipschitz

continuous with respect to the normalized-0"* norm. Denote by f € Lt the unique viscosity solution to the
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Hamilton-Jacobi equation (4.64) constructed in Proposition 4.9. If y is K*-non-decreasing, then for all t >0,

the function f(t,-) is also K*-non-decreasing.

Proof. Let L:=|||y|;,, be the Lipschitz semi-norm of the initial condition. Introduce the closed set
Qi={(x,x") eRLy xRy | & —x e K*},
and suppose for the sake of contradiction that there exists 7 > 0 with

sup (f(t.x)=f(t,x"))>0> sup (£(0,x)-£(0,x)). (4.77)

[0,T]xQ

The proof proceeds in three steps. First (4.77) is perturbed, then a variable doubling argument is used to obtain

a system of inequalities, and finally, this system of inequalities is contradicted.

Step 1: perturbing. Let 8 >0, x* e R% and y* € K* with x* +y* e RY be fixed, and let 8 € C*°(R;R) be an

increasing function such that, for every r € R,
(r-1)4<0(r)<ry and |6'(r)|<1.

Recall the definition of the smoothed normalized-¢' norm in (4.70), and for a constant R > 0 to be chosen and

the local Lipschitz constant

H(p") ~H(p)|

el ol *<L+50},
o=l P el

V= sup{

introduce the function
D(t,x) := 506(|||x|||1760 +Vt—R)

defined on Ry x R?. For small parameters €,0,6’ > 0 to be determined, introduce the functions

000 = B(e0) s 7w )= hr g ad 600 = 705+ Dbl

defined on Ry x Rgo, ]R‘io X Rgo, and Rgo, respectively. Choosing R > 0 large enough and €,€, 8,8’ > 0 small

enough ensures that

sup (f(t,%) = f(t,x") =1 (1,0) = 2 (x,x") = 23 (x) = 3 (x))
[0,7]xQ

>0 sgp (f(O,x) —£(0,x") = x1(0,x) = x2 (x,x") = x3(x) —)@(x')). (4.78)

This is the perturbed version of the hypothesis (4.77) that will be used to reach a contradiction.
Step 2: system of inequalities. For each a > 1, define the function Wy : [0,7] x [0,T] x Q x ]R‘;O X Rgo -
Ru{-o0} by

ot xx",yy) = f(1.0) = (1 x") = 30 (1.0) =22 (x.x") = () — (V)
ot —t'P = albe-yl g~ 0l Yl g 479
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It is now argued that the function W, achieves its supremum at a point (¢, 15, Xa, X0, Ya Yy ) Which remains
bounded as « tends to infinity. To do so, write C < +oo for a constant whose value might change throughout
the argument, and which may depend on &, L, R, T, V, and [ f]o. For every x € RZ with [Ilx[lly g, >R+ 1 and
a > 1, the bound (#,x) > So([[[x[[[; ,, + V7 - R~ 1) reveals that

2
o (t,t'x,x',y,y") <[flo(t+1") + Ll =2l - (2, x) = € [lx = [l ¢, = 8"l ¢, = "Il

2
<Lk =x'llly ¢, = €'ll =21l ¢, = Sollbelly ¢, = "1l 1.¢, = 8"l & +C-

Observe also that the supremum of (4.79) is bounded from below by ¥ (0,0,x*,x* +y*,x*,x*), which does
not depend on . This implies that xg, x},, yo and y,, remain bounded both with respect to the normalized-¢ !
norm and its smoothed counterpart (4.70) as ¢ tends to infinity, and that

Ly J + J
T-tg d(ye) d(ye)

2
ot~ 14+ atllxa = yall, o, + e =il ey <C. (480)
It follows that, up to the extraction of a subsequence, there exist 7y € [0,7] and xo,x6 € Rgo such that 7o, — 1,
1o = 10, Xo = X0, Xg = X{), Yo = Xo and yg, — x{) as & — +oo. By (4.80), property (ii) in Lemma 2.11, and the
fact that Q is closed, it must be that 79 € [0,7"), xo,x(, € RZO and x(, —xo € K*. On the other hand, the continuity
of f, x1, X2 and x3 together with the bounds

sup (f(t,x) = f(1,.27) =1 (1,%) = 22 (x,2") = )3 (%) - x3(x"))
[0.T]xQ

< \Pa(faaf&axa’x&ayaa)’:x) Sf(l‘OHXOC)_f(tll]ux:)t) - Xl (tavxa) _xz(xa7x:1)_x3(ya) _X3(y:x)

imply that the supremum on the left side of (4.78) is achieved at (fy,xo,x,). It must therefore be that
1o € (0,T). This means that (f,l},Xa, X0, Ya, Yy )a>1 18 & sequence such that ¥y, achieves its supremum at
(fots s Xaus Xigs Vs Vo )» and with 2, € (0,T) and X, Xpy, Var, Vi € RY for @ large enough. With this in mind,
fix @ large enough, and introduce the functions ¢,¢’ € C*((0,T) x RgO;R) defined by

2
9(t,x) 1= f(tgxg) + 21 (t,%) + 22 (x,x0) + 23 (Yar) + 13 (Vo) + @t = tg|” + tlllx = yally g, + @l =yl g,
' (t' ') = fta,Xa) = 20 (taXer) = X2 (¥ X' ) = 23 (yar) = 43 (V) — @t ~ 1> = @t ~vally g~ o[l —y:x|||1,go-
Since (tg, 4 Xas Xl Yas Ve ) Maximizes Wy, the function f — ¢ achieves a local maximum at the point (¢g,x) €

(0,T) x R4, while the function f - ¢’ achieves a local minimum at the point (#},,x},) € (0,T) xR%. Tt follows

by the definition of a viscosity subsolution and supersolution that

(00 -H(V9))(ta,xa) <O and (9,9’ —~H(V9")) (2}, x},) >0. 4.81)

This is the system of inequalities that will be contradicted.

Step 3: reaching a contradiction. Define the function n : Rgo - ]R‘;O by n(x) := V/|lx[[l; ¢, A direct computation

shows that

(019 —H(V9))(ta,xa) = € +20(te 1) + O P(ter, Xar) + 5 —H(V¢(ta,xq)) (4.82)

€
(T-ta)
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and
(00" —H(V)) (ty,x%) =20 (te — 1) —H(V' (4, x5,) ). (4.83)

To compare these two quantities, the non-decreasingness and local Lipschitz continuity of the non-linearity H
will be used to replace the gradient

VO (to,Xe) = VO (te,xe ) + 2 n(xg — x5 || Xq —)cfx|||1’80 +an(xg—ya) (4.84)

by the gradient
VO (tgrxg) = 2€ n(xa = xg) [IXa = Xgl; ¢ — an(xg —ya)- (4.85)

With the definition of V in mind, it is first shown that

Ve (tasxo)lly » <L and [V’ (15, %0 )l ., <L (4.86)

Fix zeR? and 7 > 0. Since f — ¢ achieves a local maximum at (fg,xy) € Rsq X ]Rio, and f is uniformly

Lipschitz continuous with Lipschitz constant L by Proposition 4.9,

O (to, X +N2) = (1, xa) 2 f(to; X +N2) = f(ta, Xa) 2 _nL|”Z|”1-

Dividing by 1 and letting 1 tend to zero reveals that
VO (ta,xa) 22 Ll

Choosing zx := —dsgn(dx, ¢ (ta, X)) gives the first inequality in (4.86); the second inequality is obtained
identically. These bounds would be sufficient if the terms on(xq —yo) and an(xj, —y;,) could be made
arbitrarily small. To overcome this issue, the non-decreasingness of H will be leveraged. Since the function
¥ Wo (ta, 1l Xa, X, ¥, ) achieves its maximum at yq € R, properties (v) and (vi) in Lemma 2.11 imply
that

1 ! 4
5d(ya)2(0€n(ya—m) +8'n(ya)) €9d(ye) and  d(ya)’llan(va—xa)+8'n(ye)ll. < 6.

Decreasing & if necessary and setting po := 6'n(yy) gives a vector pq € Rio with [||pall|; , < 0" as well as

%

Po—an(xq =~ ya) ERgo and  ||pa _O‘”()‘m—yoz)|||1,yr < 5

The symmetry n(x) = n(—x) of the function n has been used implicitly as well as the fact that (yy)g>1 is
uniformly bounded away from zero by property (ii) in Lemma 2.11 and its convergence to yg € R‘io. A similar

argument gives a vector pj, € RSy with [[[pj|[l, , < 8" as well as

P —an(xl—ys) €RYy and |[[[pf - an(xy =yl , <

m.\g)

Remembering (4.84) and (4.85), and combining the non-decreasingness of the non-linearity H with the

previous two displays yields

H(V§ (ta.xa)) SH(VY (15:X0) + pa+ P+ VR(ta,Xa) ) SH(V O (1g,x5) ) +2V 8 + V[V (10, xa ) -
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The second inequality implicitly uses that by (4.84)-(4.86),

V9’ (16, %%) + Pa+ Pe + V(ta, x|l . <1V (tasxa)llly « + [1Pa = @n(xe = ya)llly « + 1P — @n(xg =ye )l .
<L+ 6.

It follows by (4.82) that
(010 —H(V9))(ta,xa) > €+20(te —ty) + P (ter,xa) — H(V ' (t5,,x5,) ) -2V & ~VIIVe(tas Xl -
A direct computation shows that V|[|[V®(ta,xa )|l . < dP(ta;xa), so in fact

(8t¢ —H(V(])))(ta,xa) >e+20(tg—ty) - H(v¢’(z(’x,x:x)) —ovs’
= (39" ~H(V9")) (10, %) +e-VS'
>e-V§,

where (4.83) and the second inequality in (4.81) have been used. Choosing &’ < €’/V contradicts the first
inequality in (4.81) and completes the proof. ]

Proposition 4.11. Fix a closed convex set IC, an initial condition y : Rgo — R that is Lipschitz continuous with
respect to the normalized-0' norm, and a non-decreasing non-linearity H: R? - R that is locally Lipschitz
continuous with respect to the normalized-0"* norm. Denote by f € Lt the unique viscosity solution to the
Hamilton-Jacobi equation (4.64) constructed in Proposition 4.9. If y has its gradient in IC, then for all t >0,
the function f(t,-) also has its gradient in K.

Proof. Define the set A := {(v,c) e R¥*! | x-v>cforall xe K and |v| = 1}, and recall from Proposition A .4

that IC = {x e R? | x-v > ¢ for all (v,c) € A}. For each (v,¢) € A introduce the closed convex cone
H, = {xeR? |x-v>0}

and the function g, .(#,x) := f(¢,x) —cx-v on Ry x R‘;O. Define the non-linearity H(p) := H(p+cvt) on R,
where 1:= (1,...,1) e RY, and observe that &v,c satisfies the Hamilton-Jacobi equation

8,g(t,x):ﬁ(Vg(t,x)) on R>ong0

subject to the initial condition {(x) := y(x) —cx-v. Moreover, this initial condition is H-non-decreasing.
Indeed, the bi-duality result in Proposition A.1 implies that 7.} = Rv, and for any x,x’ € R‘;O with x" - x = tv for

some f € R,

re(X) —gue(x) =y (x) —y(x) —c(x"-x)-v2tc—tcev-v=0.

The fact that (x' —x) -z > tc for all z € K and the characterization of ¥ having its gradient in the set K given in
Proposition A.2 have been used. It follows by Lemma 4.10 that g, . is #; -non-decreasing. At this point, fix
x,x" e RZ) with the property that for all z € K, one has (x' —x) -z > c. Define

!
X —x ¢
and ¢ :=

- |x" — x| - Ix" - x|’

A%
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and notice that (v,c”) € A. This means that g, . is #;-non-decreasing, and therefore
@, x") = f(t,x) = guer (x4 =x]v) = gy (£,%) + ' x|y v > c.
Invoking Proposition A.2 shows that f has its gradient in KC and completes the proof. ]

Combining Propositions 4.8, 4.9, and 4.11, it is now possible to prove Theorem 4.1.

Proof of Theorem 4.1. Denote by Hg g the extension of the non-linearity Cx constructed in Proposition 4.8.
By Proposition 4.9, the Hamilton-Jacobi equation (4.30) satisfies the comparison principle and admits a
unique viscosity solution f,gK) e Lunif subject to the initial condition I/I(K ). Moreover, this solution satisfies the
Lipschitz bound

K
sug|||f,§ 2@ g = 1Sl < [WlLipv, 4.87)
1>
where the second inequality follows from (4.29). That the function f,gK) has its gradient in the set K} x is

immediate from assumption (H3) and Proposition 4.11. This completes the proof. ]

4.2.3 Establishing convergence of the approximating solutions

With the well-posedness of the extended approximating Hamilton-Jacobi equation (4.30) at hand, it is now
possible to prove the convergence of its solutions as stated in Theorem 4.2. In the notation of Theorem
4.1, given an integer K > 1 and some R > 0, write fIgK) € Lunir for the unique solution to the Hamilton-Jacobi
equation (4.30) subject to the initial condition l//(K ). Recall that f,gK) has its gradient in the set IC;) x> and
satisfies the Lipschitz bound

K K
suplfe (Mg =19 i < W v (4.88)
t2 :
To prove the existence of the limit

fr(t,p) = lim ) (1) (), (4.89)

the arguments in Section 3.2 of [86] and Section 3.3 of [32] will be appropriately adapted. Given two integers

ZDOK' - RfOK defined by

K’ > K, it will be convenient to introduce the projection map PEK) R
pKK) ::x(K)( N;SK )) (4.90)
as well as the lifting map L&K") : RPk  RPx’ given by

LEKD = (%) (4.91)

keDg’

K'-K
where % = (x,...,x¢) € R . A key observation in proving the existence of the limit (4.89) is that

pEK) (KK _ (4.92)
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It will also be helpful to remember that by Proposition A.4, any closed convex set K may be written as the

intersection of the closed hyper-spaces that contain it,
K={xeR¥|x-vxcforall (vc)e A} for A:={(v,c) eR™ |v-x>cforallxeand||v], =1}. (4.93)

The following technical lemmas will also play their part. The first two translate non-differential properties of a
non-differentiable function into differential properties of a smooth function at any point where the difference
of these functions is locally maximal. The third analyzes the transformation of the pairs (v,c) € A by the
projection map (4.90), and the fourth shows that these pairs can be used to quantify the distance from a point

to the closed convex set they define.

Lemma 4.12. Let u € Lyni¢ be a uniformly Lipschitz function, and let L:=sup,,ol[lu(t, )|l iy <+oo. If
PpeC™ (R>o X RZO;R) is a smooth function with the property that u— ¢ has a local maximum at the point

(t*,x%) e Ryg x RY, then ||V (1*,x*) .« < L. An identical statement holds at a local minimum.

Proof. Since u— ¢ has a local maximum at (+*,x*) € R, x R?, for every € > 0 small enough and x € Rgo’
O™ x" +ex) -t x") > u(t” ,x" +ex) —u(t™,x*) > —eL|||x]];.
Dividing by € and letting € tend to zero reveals that
Vo) x> Ll

Choosing x; := —d sgn (8Xk(])(t* ,x ))ek for each 1 < k < d completes the proof. [

Lemma 4.13. Let K be a closed convex set, and let u : Ry x ]Rgo — R be a Lipschitz function whose gradient
is in K. Any smooth function ¢ € C*™ (R>0 X R‘io;R) with the property that u— ¢ has a local maximum at

(t*,x*) e Ryg x RY is such that V§ (t*,x*) € K. An identical statement holds at a local minimum.

Proof. Recall the representation (4.93) of the closed convex set /C as the intersection of the closed and affine
half-spaces which contain it, and fix (v,c) € A. Since u— ¢ has a local maximum at (t*,x*) € Rog x R, for

every € >0 small enough,
O, x" +ev) -0 (" X)) 2 u(t” ,x" +ev)—u(t”,x*) > ec.

The second inequality combines the characterization of u having its gradient in XC given in Proposition A.2
with the fact that x- €v > ec for all x € . Dividing by € and letting € tend to zero reveals that

Vo', x") vz

for all (v,c) € A. It follows that V@ (¢+*,x*) € KC. This completes the proof. ]
Lemma 4.14. Let K’ > K be two large enough integers, and let A be the set associated with IC;_ g inits
representation (4.93). For every (v,c) e Aand y € K, x,

PEKD 5 oo (4.94)

2K/2°
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Proof. Fixye K, g, and find vectors uK) e Rfo’( and w(&) ¢ RPX with

1
y=GHFu® 1w ® S <a and W, < Tk
Consider the vector D
&) Pl )y 4 ey
Dk

in RPx’, and for each k' € Dk, write k for the unique dyadic k' e Dx with k' € [k’, K +27K ). Observe that

PUK = pUK) GO () | pUK) () oy (G (K 4 (KDY | pKD, ()

for the vector k") ¢ RPx’ defined by

1
o V= Y () - (k) S
|DK’| k’e'DKI

Since G y(K') ¢ IC!, ¢+, the defining property of v, the fact that ||[v[||, = 1, and Holder’s inequality give the

lower bound |

PRy > = et o

L=l - (4.95)

where it has been used that H|P(K'K,)v|||1 <|vll, and [lw®)||, , <275/, The mean value theorem reveals that

1, 3 l 2K
Substituting this into (4.95) and taking K large enough completes the proof. [ |

Lemma 4.15. Let K be a closed convex set, and let A be the set associated with IC in its representation (4.93).
Ifx € R? and & > 0 are such that x-v > ¢ — € for all (v,¢) € A, then there exist y € K and z € R? with x = y+z and
llzlll . < &.

Proof. Lety € KC denote a projection of x € RY onto the set XC with respect to the normalized-¢'"* norm. More
precisely, let y € K be any minimizer of the map y’ ~ [[[y’ = x|, , over points y" € K. The existence of such a
projection is guaranteed by the fact that /C is closed. If y = x, then the desired conclusion is immediate, so from
now on assume that y # x. Introduce the set

T:= {ksd | dxi—yi| = |||X—Y|||1,>«}

of indices at which [[x—y|[, , is achieved, and define the vector v e RY by

d
k= i sgn(yx —x){k e Z}.
It is now shown that (v,c¢) € A for ¢ :=v-y. By construction [||v|[|, = 1, so suppose for the sake of contradiction
that there exists y’ € K with (y' —y)-v=y"-v—c < 0. This means that

Z (v —y1.) sgn(yx —x¢) > 0.

(y-y)-v
|I| ke
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In particular, a coordinate k* € Z at which the quantity (yi —y;)sgn(yx —xx) is maximized over k € 7 must

satisfy
(Ve = Ve ) sgn(ygs —x3+) > 0.

At this point, fix ¢ € (0, 1) small enough so that sgn(yx —xx +7(y;, —yx)) = sgn(yx —xx) for every k € Z. For such

a value of 1 > 0,

Iy =x+2(y" =)y . = d e = xas +1 (Vs =312 )) sgn (e =230 ) <[le=llly .-

Since the point y”’ = y+£(y' —y) is a convex combination of y,y’ € K, it must lie in the convex set K. This
contradicts the fact that y minimizes the map y” ~ ||y —x||, , over points y” € K’, and shows that (v,c) € A.
It follows that

ezc-xv=v-(y-x) ==yl ,-
Setting z = x —y completes the proof. [ |

Proof of Theorem 4.2. To alleviate notation, until otherwise stated, fix R > |y||rip,rv and keep all depen-
dencies on R implicit. The existence of the limit (4.89) will be established by showing that the sequence
(5 (£,x%) (1)) gs1 is Cauchy. With this in mind, fix K’ > K, and introduce the function

P (120 = 10 (1, PKK ) (496)

defined on Ry x Rfo’('. Since x) (1) = PK) 1K) (1), the Cauchy condition may be expressed in terms of

this function as

PO (10 1)) = £ (0 () = ) (1.6 () -/ EFO (B ). @)

The right side of this expression is controlled in two steps. First f (KK") is shown to be an approximate
viscosity solution to the Hamilton-Jacobi equation (4.30) satisfied by f (K/), and then the comparison principle
in Theorem 4.1 is leveraged. The final step of the proof is to show that the limit does not depend on the choice

of R> | yLipTv.

Step 1: showing f (KK is an approximate viscosity solution. Consider a function ¢gs € C* (R>0 X RZ)’(';R)

. 1 . . D .
with the property that f(5-K") — ¢, achieves a local maximum at (1*,x*) € Ryq x R>0K'. To be more precise,

suppose that
sup (fEHKD) =) = (FEKD = ger ) (1 17,

BK/ (r)
where
B (r) = {(z,x) eRyox R;’(' [e=1" ]+ [lx=x"|; < r}
is the ball of radius r > 0 centred at (#*,x*). Decreasing r > 0 if necessary, assume without loss of generality
that
Dyr
BKI(I’) c R>0 XR>O .

Assume also that @/ 6C°°(R>() XRDK’;R); this can be ensured by replacing @gs with n@gs for some
nec*® (RDK’;R) which is identically one on Bgs(r) and vanishes outside RQ)’('. With these simplifica-
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tions at hand, introduce the smooth function
Ok (1,y) 1= O (1,x* + LKD)y - [ (KKD p(RKT) 1

defined on R x RZ)K. It will now be shown that the function ¢x admits a local maximum at (t*,P(K oK) xx ).

It will be convenient to notice that by (4.92), for any y € RQ)’(,
pEKD (x* +L(K’K/)y —L(K’KI)P(KJ(,)X*) = p(KK") p* +y—P(K’KI)x* =ye¢ RQK. (4.98)
To simplify notation, let y* := PK-K) x* ¢ Rfo" , and introduce the ball
Bx(r) = {(1.9) € Roo xR [ |17+ ly ="l <} € Rop xRIE

of radius r > 0 centred at (¢*,y"). Given (¢,y) € Bk (r), let z, := x* +LEK)y (KK p(KK) p* i such a way
that by (4.98),
PO (5) = 9rc(5,3) = 150 (12) = 0 (1,22)-

Observe that
o=l =2y =l = |+ LSy = LEEO 5 = =y =y ) <
so (t,zy) € Bgr(r). It follows that

sup (F4)—gx) < sup (55D —ggr) = (FUKD — g ) (170" = (S - k) (*57)
Bk (r) Byr(r)
which means that ¢x admits a local maximum at (¢*,y*) € Ry x R?OK . Since £ is a viscosity subsolution
to the Hamilton-Jacobi equation (4.30) and its gradient belongs to the closed convex set IC;’ x> Lemma 4.13

implies that
Vor(t*,y") € IC;K and (8,¢K - HK(V(PK))(I*,y*) <0.

To write this expression in terms of the original test function ¢, notice that

_ |Dk/|

D] PEEDIG o (1%, x).

at¢K(t*vy*):at¢K’(t*7X*) and V¢K(t*vy*)

This means that

Dy ! o
MP(&K)va(t*,x*)elC;,K and a’(pK'([*’x*)_HK(lK'

|’D[(‘ P(K’K )V¢K1(l‘*,x*)) <0.

The first of these conditions gives vectors u(K) ¢ ]Rfo" and w(K) e RPX with

Dy ! * % 1
i p 9900 1*,5°) = GO ) O] <, and Ol < h @99)
|D[(| ’ 2/
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Observe that

1
et 2K/2"

Dy
16O, , < PR G0 (1 2l + s < 00

1
Dk 2K/2

Since f(K’K/) — ¢g+ achieves a local maximum at (#*,x*), Lemma 4.12 and (4.88) imply that

IV ore (2,2l < IWlLip -

Recalling that R > | y/|LipTv, and taking K large enough ensures that GB)uK) ¢ Cx N Bg. Tt follows by the
Lipschitz continuity of Hg established in Proposition 4.8 that

|Dk|
|Dk|

8RM < 8RM
2K/2p2 = 2K[22°

i (1,2 ) = Cie(GHIu®) ) <9y e (1) —Hig ( PEKD) G0 (1% ,x ))+

At this point, introduce the vector u®) e sz " defined by

in such a way that

Cor(GEIUKD) = S o) = Ce(GEuk),

|DK| kk'eDg

and therefore,
8RM

2K/2p2"

It is now shown that, up to an error vanishing with K, the term GEDuE) in this expression may be replaced

s (1,3 ) = Cer (GKD UKD ¢ (4.100)

by Vg (t*,x*). This is where Lemma 4.14 will play its part. Let A be the set associated with ' ok INits
representation (4.93), and fix (v,c¢) € A. The characterization of f (K) having its gradient in X/ ok glven in

Proposition A.2 and Lemma 4.14 imply that for every € > 0 small enough,
* * * * * 4 * 4 * ! * 2
O (17, x" +ev) — o (7, x )>f(K)(t ,P(K’K )x* + gp(KK )v)—f(K)(t ,P(K"K )x )2 S(C—W)
Dividing by € and letting € tend to zero reveals that Vg (1*,x*)-v>c— K /2 Invoking Lemma 4.15 gives
o) e RD¥ and B e RPx* with

Vg (17,x*) = G&) oK) +ﬁ(K')’ |||o¢(K’)|||l <a, and H|ﬁ(K,)|||17* < % (4.101)

At this point, fix k € Dg and k’ € [k,k+27X). The mean value theorem implies that

(GEIUED) 9y, s (1% 27| = S g(KK"Yulh) Doy, ¢ (1, x7)

D
|DK | K"eDg

I == e,

<|IDl(Gut™), ~ Dyl 0 (1 ) [+ =

Remembering (4.99) and (4.101), noticing that |Dg| = 2K+1 and using the mean value theorem once again
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shows that
ok'-K_;
* Kk K
|DK|(G(K)M(K))k:|DK| > O, Prr(t7x )—\DK|W]E )
=0 zKl
KK K -K
Dkl * 57 oK) I (K)
= k+ — k"o, ' +|D ) _|Delw
De & kéﬂg( 2K ) k |Dk| Z(:) ﬁku% D |wy

K -k /

|DK| 2 -! 1o (K Hg,HL°°|||a(K)|”1 3

= gk, 7+ 0Oy +
PP % i, ‘ 2K KD

7 7 4
= |DK/|(G(K )(X(K ))k’ +O(2K/2)

* * 5
=[Dgr| 0y, P (7, x )+O(21</2)'

The third equality used that |[| 3 (") [y + [w( . <3 -27K/2_ while the fourth equality used that [|jor(K") I, <a
and increases K if necessary. Together with the fact that [|u®)|||, < a, and increasing K if necessary, this

implies that
5 alges 6

IGE WK g0 (1 5 < 5+ T <

Combining this with the Lipschitz continuity of Hg established in Proposition 4.8 and with (4.100) reveals

that
56RM

2K/2p2°

!
In particular, the function (¢,x) — fX&7) (1, x) — Ext is a viscosity subsolution to the Hamilton-Jacobi equation

O (t*,x*) —Hgr (Vs (t*,x*)) <€k for the error term  Ex :=

(4.30) satisfied by f (X)), An identical argument shows that (7,x) — f (K.K') (r,x) + Ekt is a viscosity supersolu-
tion to the Hamilton-Jacobi equation (4.30) satisfied by f (&,

Step 2: leveraging the comparison principle. Using (4.88) and (4.29), it is readily verified that f (KK') and

!
f &) are uniformly Lipschitz continuous in the spatial variable relative to the normalized-¢' norm with
Dy

Lipschitz constant at most L := |y Tv. Indeed, for any 7 >0 and all x,x" e R ",

FEED (1,2) = F O (1) < ip e IIPEF D= PEFD <y ip vl =2
If V:=||Hk]lLip.1 . then the comparison principle in Theorem 4.1 implies that for any R’ € R, the map
(' %) > FEED (@ )= FED (¢ ) = 2L+ D ()], +Vi'-R') - &’ (4.102)

achieves its supremum on {0} x Rfo’('. SetR' := |||x(K’) (u)|ll; +Vt and distinguish two cases. On the one hand,
if ' =0and |[x'[||; > (2L+ 1)R’, then (4.102) is bounded by

2Ll = 2L+ D (RNl = R') = R = [[lx'lll; <0, (4.103)

where it has been used that f(:K") (0,0) = f(K’)(O,O). On the other hand, if #' = 0 and ||x[||, < (2L+1)R’,
then (H4) implies that (4.102) is bounded by

w5 () =y S PEELD <yl L W (1S B 60, )- (4.104)
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To estimate this Wasserstein distance, fix a Lipschitz function 4 : [-1,1] - R with |||, < 1 and observe that

21(’71(71
(K) () / Ly
‘/ ho)d(u PKK) 1 (y)‘ |DK/|keD Z(:) T h(k+2K’) h(k)‘
K —K-1
R e 4
Dl ke 120 kb e 2K 50K

Taking the supremum over all such % and recalling (4.104) shows that (4.102) is bounded by

| WlLipw 2L+ R’
2K

(4.105)

whenever t' = 0 and ||[x|||, < (2L+1)R’. Combining this with (4.103) reveals that the map (4.102) is uniformly
bounded by (4.105). Choosing ¢’ =¢ and x” = <& )( ), and recalling the choice of R’ yields

’ / ’ / HIII”LI i (2L+1) v
FER (1,68 () =9 (0250 () « 2= (IO ()l + Vi) + Eer.

Together with (4.97) and an identical argument with the roles of f (KK") and f (k") reversed, this implies that

' ' | wllipw (2L +1)
P (008 ) = 1) 1,50 ()« LI 2EED) 1y ) e
Since V = [|[Hkl[lp 1 » is independent of K by Proposition 4.8 and £k tends to zero as K tends to infinity, the
sequence (£ (z,xX)(1)))ks is Cauchy. This establishes the existence of the limit (4.89) for each fixed

R > ||y LipTv. All that remains is to show that this limit is independent of R.

Step 3: establishing independence on R. To show that the limit (4.89) is independent of R, fix R > R > |y Lip.Tv
as well as K > 1 large enough. The idea will be to show that, up to an error vanishing with K, the function

(K) satisfies the Hamilton-Jacobi equation defining f, () The equality of the limit (4.89) associated with
R and R’ will then follow from the comparison principle in Theorem 4.1. Consider ¢ € C* (R>0 X ]R>0K ,R)
with the property that fR — ¢ achieves a local maximum at the point (#*,x*) € Ry x R>0 . Since fR )isa

viscosity subsolution to the Hamilton-Jacobi equation (4.30) associated with the non-linearity Hx g,

(ar(i) —HK,R(V(/’J))(t*,x*) <0.

The fact that fng) has its gradient in the set K; x together with (4.88), Lemma 4.12 and Lemma 4.13 implies
that

Vo(*x") ek and [[VO(e*xT)ly . <[wiLipTv-

It is therefore possible to find u € ]RSOK and w € RPX with
Vo x) = GFurw, |ull, <a, and Il , < 5

Observe that

NG ully o <HTS G+l < HWHLIPTV+2K/2’

so increasing K if necessary, it is possible to ensure that G® e CxnBg < Cx N By . It follows by the Lipschitz
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continuity of Hg g established in Proposition 4.8 that

(9 H * * <a * * C (K) 8R,M
(09 —Hgr (V9)) (", x*) <09 (t*,x*) - Cx (G ”)+2K/2m2
« « S(R+R)M
(a9 -Hea()0" )+ SELEM g
for the error term
) 8(R'+R)M
EK.:W

In particular, the function (¢,x) — fX (t,x) — Ext is a viscosity subsolution to the Hamilton-Jacobi equation
(4.30) defining f%. An identical argument shows that (t,x) ~ fx (t,x) + Et is a viscosity supersolution to the
Hamilton-Jacobi equation (4.30) defining f,f,. It follows by the comparison principle in Theorem 4.1 that for
every L € M, andt >0,

A (125 (1)) - 159 (1,25 ()| < &gt

Letting K tend to infinity completes the proof. [ |

In addition to this well-posedness result, to recover the variational formula for the limit mutual information
in the disassortative sparse stochastic block model stated in Theorem 1.7, a Hopf-Lax variational formula for
the unique solution to the infinite-dimensional Hamilton-Jacobi equation (4.6) with convex non-linearity will

be required.

4.3 Revisiting the Hopf-Lax formula

The Hopf-Lax variational formula for the infinite-dimensional Hamilton-Jacobi equation (4.6) stated in
Theorem 4.3 will be obtained by first establishing an approximate Hopf-Lax variational formula for each of
the extended approximating Hamilton-Jacobi equations (4.30), and then letting the dimension parameter K > 1
tend to infinity. The approximate Hopf-Lax formula for the Hamilton-Jacobi equation (4.30) will be obtained
in Section 4.3.1 by combining the arguments in Section 2.4.4 with the comparison principle in Proposition 4.9,
while the limiting argument leading to the infinite-dimensional Hopf-Lax formula will be presented in Section

4.3.2, and will rely on Theorem 4.2.

4.3.1 Approximate Hopf-Lax formula for approximating Hamilton-Jacobi equations

To alleviate notation and strive for generality, the approximate Hopf-Lax formula for the approximating
Hamilton-Jacobi equation (4.30) will be discussed in the context of Section 4.2.1. More precisely, fix a
symmetric matrix G € R”*¢ whose components satisfy the bounds (4.54), and recall the definition of the cone
C in (4.55), and of the non-linearity C in (4.56). Given R >0, denote by Hg : RY — R the extension of the

non-linearity C constructed in Proposition 4.8. For each a > 0, in analogy to (4.21), define the set
Ka={GxeRY|xeR? and ||x|, < a}. (4.106)

Assuming that the original non-linearity C is convex, an approximate Hopf-Lax formula will be established for

the extended Hamilton-Jacobi equation

O f(t,x) =Hg(Vf(t,x)) on RyoxR% (4.107)
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subject to an initial condition y : Rgo — R that is Lipschitz continuous with respect to the normalized-¢! norm
and has its gradient in the set /. In this context, an approximate Hopf-Lax formula means a variational
formula whose difference with the solution to the Hamilton-Jacobi equation (4.6) constructed in Theorem 4.2
vanishes as the dimension d tends to infinity. The convexity of the non-linearity C will be encoded by the
additional assumption that the matrix G is non-negative definite. It will be convenient to introduce the bilinear
form

(x,y)g:=Gx-y (4.108)

associated with the non-negative definite matrix G, as well as its induced semi-norm

IxlG =/ (x,x)6- (4.109)

In this notation, the non-linearity (4.56) may be written as

C(Gx) = L Gwox- l||x||%;. (4.110)
2 2
In particular, the non-linearity (4.56) is a convex function. Together with the fact that by Proposition 4.11 the
gradient of the solution to the Hamilton-Jacobi equation (4.107) stays in the set K/, and therefore that this
solution should be close to that of the Hamilton-Jacobi equation (4.107) with the non-linearity Hg replaced by
the non-linearity C, this suggests that an approximate Hopf-Lax formula should hold.
To motivate this Hopf-Lax formula, suppose temporarily that the matrix G is invertible. The non-linearity

C then admits a natural convex extension C : R? > R defined by

~ 1

Cr)=5G"yy. 4.111)
A direct computation reveals that C*(z) = %Hz”zG forall ze R‘;O. The Hopf-Lax formula in Proposition 2.10
therefore suggests that the unique solution to the Hamilton-Jacobi equation (4.107) with the non-linearity Hg

replaced by the non-linearity C should be the function f: Ry x R‘;O — R defined by

7 o _ (YY) - _w
f(t,x):=sup| y(x+y)-tC (t) =sup| w(x+y) 5 ) (4.112)

y20 y20

Since the gradients of the solutions to the Hamilton-Jacobi equations (4.107) with non-linearities Hg and C
are expected to remain in the set X/, by Proposition 4.11, and these non-linearities agree on the set K, the
solutions to these equations should be close. This suggests that the function f should define an approximate
Hopf-Lax formula for the solution to the Hamilton-Jacobi equation (4.107). Of course, this argument is merely
formal since the assumptions of Proposition 2.10 are not satisfied by the initial condition y, and the matrix
G is not invertible. Nonetheless, it motivates the introduction of the Hopf-Lax function fyr : Ry Rio -R
defined by
- NE
fun(t,x) = sup (w(x+y) =9 ). 4.113)

d 2t

)ER>0
This function will now be shown to give an approximate Hopf-Lax formula for the Hamilton-Jacobi equation
(4.107).

Proposition 4.16. Let y: Rgo — R be an initial condition that is Lipschitz continuous with respect to the
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normalized-0' norm and has its gradient in the set K!. Given R > W llip,i» denote by f:Rsox RZ) — R the

unique solution to the Hamilton-Jacobi equation (4.107). If the matrix G € R%*?

Sorall (t,x) e Ryg x R;lo’

is non-negative definite, then

Lf(t,x) = fur (2, %)] < (4.114)

RM
(R+a+8 )

m2

7

The proof of this result closely follows that of the Hopf-Lax formula in Proposition 2.10. First, it is
shown that the convex dual of the norm function y %H y|% is the non-linearity C. Then, it is verified that
the Hopf-Lax function (4.113) satisfies the right initial condition and that the supremum in its definition is
attained. Subsequently, it is shown that the Hopf-Lax function satisfies a semigroup property from which it
is deduced that it belongs to the solution space £,;if. Finally, it is shown that, in a sense to be made precise,
the Hopf-Lax function is an approximate solution to the Hamilton-Jacobi equation (4.107). The comparison
principle in Proposition 4.9 is then leveraged to establish Proposition 4.16. It will be convenient to note that

for every z € Rgo,

d
2, m 2
Izl > 7 22z =mlll- (4.115)
kk'=1

Lemma 4.17. If G e R™ is non-negative definite, then for every z € C,

_ _ble
C(z) = sup |yz . (4.116)

2
yeR‘;O

Moreover, the supremum is attained at any point x € R¢ So with z = Gx.

Proof. Given z€C, let x ¢ Rgo be such that z = Gx. Using that G is non-negative definite, appeal to the

Cauchy-Schwarz inequality to assert that

1 2 1 2
y-Gx= (96 < Ixle il < 5 I3+ 5 13

It follows that
c Iz Y
(G2) = 3 el > sup (v Gx- 5
yGR
For the converse inequality, simply test the supremum with y = x. [ |

Lemma 4.18. Under the assumptions of Proposition 4.16, the Hopf-Lax function (4.113) satisfies the right
initial condition,

SuL(0,-) = w("). 4.117)

Proof. For t =0, the definition of the Hopf-Lax function is interpreted as

fur(0,x) =sup{y(x+y) |y e RSy with |y|c =0} (4.118)

Recalling (4.115), it becomes apparent that the only y € R‘;O with |y|g =0 is y = 0. Together with (4.118), this

completes the proof. [ |

Lemma 4.19. Under the assumptions of Proposition 4.16, for any (t,x) € Ryq x R’;O, there exists y € Rgo with

H)’HG

faL(t,x) = y(x+y) - (4.119)
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Proof. Combining (4.115) with the Lipschitz continuity of y reveals that

Iy1Z

m
yr+y) =5 C <y@) + il (1l - 511 ).

The supremum in (4.113) can thus be restricted to the set of y’s in RY, that satisfy [[y[[, < %|||l//|||Lip71. Since a

continuous function is now being optimized over a compact set, it is clear that the supremum is achieved. =

Lemma 4.20 (Semigroup property). Under the assumptions of Proposition 4.16, for every pairt > s> 0 and
Xe€ ]Rio,

2

y

faL(t,x) = sup (fHL(s,x+y)— 2” lo ) (4.120)
yERgO (t - S)

Proof. The proof is identical to that of Lemma 2.25. The reader interested in the details is referred to Lemma

4.5 in [48]. ]

Lemma 4.21. Under the assumptions of Proposition 4.16, the Hopf-Lax function fyr, belongs to the solution
space Lynis with

2
< Wil

SUpl|l A (1, Mlip, 1 <MWl and - [fiaJo < === (4.121)
>0 m

Proof. The spatial Lipschitz continuity of the Hopf-Lax function is established exactly as in Lemma 2.26. The
reader interested in the details is referred to Lemma 4.6 in [48]. To obtain Lipschitz continuity in time, fix

X€ R’io as well as 7 > s > 0. The semigroup property in Lemma 4.20 with y = 0 implies that
JaL(2,x) 2 fi (5,x). (4.122)
Using Lemma 4.20 in combination with (4.115) and the first inequality in (4.121) gives

2
m|Iyll;
2(t—s)

2
IWllip,
m

2 (I—S),

fo (1:6) < fua(s5) + sup (||w|||up,1|||y|||l - ) < fr (1) +

yeR‘io

where it has been used that r — r— %ar2 achieves its maximum at r = 1/a. Combining this with (4.122)

completes the proof. [ |

Proof of Proposition 4.16. Denote by £, an error term that will be defined in the course of the argument. The
proof proceeds in three steps. First, it is shown that the function f (#,x) := fu.(¢,x) + E4t is a viscosity super-
solution to the Hamilton-Jacobi equation (4.107), then it is verified that the function f_(7,x) := fur(¢,x) - Egt
is a viscosity subsolution to the Hamilton-Jacobi equation (4.107), and finally the comparison principle in

Proposition 4.9 is leveraged to conclude.

Step 1: showing f. is a viscosity supersolution. Consider a smooth function ¢ € C*° (R>0 X RZO;R) with the
property that f; — ¢ has a local minimum at (#*,x*) € Ry x Ri()' Using Proposition A.2, it is readily verified
that fyr has its gradient in K, as y does. It follows by Lemma 4.13 that V@ (r*,x*) € K/,. It is therefore
possible to find u € RZ and w € R? with

1
VO, x") =Gu+w, |lull, <a, and Wl <—=.

S
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On the one hand, if s > 0 is sufficiently small that z* — s > 0, then
Fr( =s,x" +su)—@(t* —s,x" +su) 2 fr (17, X)) - (£7,x7).
On the other hand, taking su € R‘;O in Lemma 4.20 reveals that

JulZ
>

S (", x") > fun (7 =5,x" +su) -5

It follows that

2
X)) -0 (t —s,x" +su +s% e
2

Dividing by 0 < s <¢* and letting s — 0 yields

2

8t¢(t*,x*)—u~v¢(t*,x*)+%—Ed >0.
Recalling that V¢ (r*,x*) = Gu+w and using Lemma 4.17,
o9 (t*,x*)-C(Gu)—u-w-&;>0.

By Lemma 4.12 and Lemma 4.21,

lIGullly . <lIVeC™x .+ <R,

1 1
— < in1T = <
\/E |||W|||L1p,1 \/g
so the Lipschitz continuity of the non-linearity Hg established in Proposition 4.8 implies that

8RM se,_ 4 8RM
ma~ A A

This shows that f, is a supersolution to the Hamilton-Jacobi equation (4.107) provided that

(99 ~Hr(V9))(r*,x™) > Eq = lullyIwll . -

8RM
€d>i+

Vd m*d

Step 2: verifying f- is a viscosity subsolution. Consider a smooth function ¢ € C*° (]R>0 X RZO;R) with the
property that f— — ¢ has a local maximum at (r*,x*) € Ry x RZO. Recall that fyy, has its gradient in K, as y
does. It follows by Lemma 4.13 that V@ (1*,x*) € KC/.. It is therefore possible to find u € Rgo and w € R with

vo(",x*) = Gu+w, |lull, <a, and

1
w {—=.
lIwllly Nz

Suppose for the sake of contradiction that there exists 6 > 0 with

(019 —Hr(V9))(1*,x*) > 8>0.
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Arguing as in the previous step, this implies that

8RM

_mZ\/E'

By Lemma 4.17, this may be recast as the assumption that for all y € R‘;O,

20 (t* x*) - C(Gu) > &

Iyl% 8RM
GOt ,x )=y -Gu+—=>6- .
t¢( ) y 2 mz\/g

By continuity, of d,¢ and V¢, up to redefining § > 0, it is in fact possible to assume that for all y € R‘;O and
(¢',x") sufficiently close to (z*,x*),

bl | 5 8RM
IG5 5 - wil .-
382 8l

0(t' X -y-vo(t' x')+ (4.123)
Recalling Lemma 4.20, and arguing as in the proof of Lemma 4.19, it is possible to find R > 0 such that, for
every s > 0 sufficiently small, there exists y; € R%, with [|ys]||, <Rs and

|ys1Z
fHL(t*,x*) :fHL(I*—S,x*+yS)— ‘ ZSLG

If u(r) := (¢ + (r—1)s,x° + (1-r)yy), then it follows by the fundamental theorem of calculus and the absurd
assumption (4.123) with y = 2 € R‘;o that

1
0 ) =0 =55 +3) = [ Lot ar

1
:/0 (50,0 —ys- Vo) (u(r)) dr

2
555 sl BRM

sl

* % * * SRM R
> L (5, x") = fan(tF —s,x +ys)+s(6— )

m2d d
Rearranging shows that for s sufficiently small,

SRM _i
m2/d d

This contradicts the fact that f — ¢ admits a local maximum at (#*,x*) provided that

fo (" =s,x" +y5) =0 (" —s5,x" +5) 2s(5— +Ed) +fo(" X)) —o (17, x").

i+ S8RM
Vd m2Vd

Ei>

Step 3: comparison principle. Define the error term &; by

1 SRM
gd = \/E(R'Fa'i' ]/nz)
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Combining the previous two steps shows that f; is a viscosity supersolution to the Hamilton-Jacobi equation
(4.107) while f_ is a viscosity subsolution to this equation. Together with Lemmas 4.18 and 4.21, and the
comparison principle in Proposition 4.9, this implies that for (#,x) € Ry x Rgo, one has | fi (¢,x) - f(7,x)| < Egt
as required. [ |

This result is now applied to the projected Hamilton-Jacobi equation (4.30) in the setting when the matrix
G in (4.14) is non-negative definite. Denote by f (K) ¢ Lunif the unique solution to the Hamilton-Jacobi
equation (4.30) provided by Theorem 4.1, and observe that the Hopf-Lax function (4.113) becomes

= sup (w(yﬁK)+v)—W), (4.124)

ve/\/IErK>

() 0y, 4Ky L)

. (7,%) = sup (W (.ux +Hy )_t)
ye]Rg)K

where the first equality uses the relationship (4.13) between the projected initial condition l//(K ) and the initial

condition y as well as the relationship (4.17) between the projected non-linearity Cx and the non-linearity

Coo, and where the second equality leverages (4.9) and (4.10) to parameterize the Hopf-Lax formula using the

space (4.8) of projected measures. The approximate Hopf-Lax variational formula in Proposition 4.16 implies

in particular that for any measure y € M.,

FE >, xB(u)) = sup (l//(u +V) - Q’°(GV)) +O(1|Dk[71?). (4.125)

veMS_K) !

Together with Theorem 4.2, this will give the Hopf-Lax variational formula stated in Theorem 4.3 for the

infinite-dimensional Hamilton-Jacobi equation (4.6).

4.3.2 Hopf-Lax formula for infinite-dimensional equations

A Hopf-Lax variational formula for the solution to the infinite-dimensional Hamilton-Jacobi equation (4.6)
constructed in Theorem 4.2 is now obtained by letting the dimension parameter K > 1 tend to infinity in the
approximate Hopf-Lax variational formula (4.125). A proof of the remaining parts of Theorem 4.3 is then
provided.

In the context of Theorem 4.3, in addition to the assumptions (H1)-(H4), the kernel g:[-1,1] > R is
assumed to be non-negative definite in the sense that it satisfies (HS). This assumption is equivalent to the
non-negative definiteness of each of the matrices (4.14), and therefore to the convexity of each of the projected
non-linearities (4.17). In particular, Proposition 4.16 implies that the unique solution f (&) : Ryo x RP¥ > R to
the projected Hamilton-Jacobi equation (4.30) provided by Theorem 4.1 satisfies the approximate Hopf-Lax
variational formula (4.125). Using Theorem 4.2 and a simple continuity argument to let K tend to infinity in

this expression shows that for any measure pt € M.,

veM veM

1 1
F(t)= sup (w(wv)—zlt / le<y>dv<y>)= sup (w(wv)—; / 1Gv(y>dv<y>). (@.126)

The second of these expressions follows from the first by setting v/ = ¢v. To establish Theorem 4.3, it remains
to verify that the supremum in (4.126) is achieved at some v* € M, and that Gy« = D, (L +1v*,-) whenever
the initial condition admits a Gateaux derivative at the measure p +¢v* with density x — D,y (i +1v*,x)

in Cs. Putting aside the constraint that the optimizers in (4.126) must be non-negative measures, this latter
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property is clear from the first-order conditions on a maximizer. The following two technical lemmas will be
used to rigorously complete the proof of Theorem 4.3. The first establishes the existence of a maximizer to the

variational problem (4.126), and the second is a Cauchy-Schwarz inequality for the kernel g(x,y) := g(xy).

Lemma 4.22. For everyt >0 and |1 € M, there exists v* € M with

1
Flo ) = i) -5 / G () V). 4.127)

Proof. Fix a probability measure v € Pr[-1, 1] and a positive constant A > 0. The Lipschitz continuity (H2) of
the initial condition implies that

W+ Atv) <y(p) + [WlLipvTV(0,A1v) <y(u) + 221 [y|Lip Ty

On the other hand,

1 1,
[ 600 a0 =22 [ [ s avis) avi > a2
Combining these two bounds reveals that

t [ A2tm
W)= [ Gu) dv0) < W) + 2 plupry -5

The supremum in (4.126) can therefore be restricted to measures in M, with bounded total mass. The
existence of a maximizer is now an immediate consequence of Prokhorov’s theorem (Theorem A.20 in
[50]). Indeed, if (V;)ns1 S M. denotes a maximizing sequence, one may assume that each measure in this
sequence has total mass bounded by the same constant. It follows by Prokhorov’s theorem that this sequence
is pre-compact, and therefore admits a subsequential limit with respect to the weak convergence of measures.

By continuity of the functional being maximized in (4.126), this weak limit must be a maximizer. [ ]

Lemma 4.23. [f g satisfies (H5) and 1, v € M are signed measures, then

(/_llcv(x)du(x))zs(/_llcu(x)du(x))(/_l1 Gv(x)dv(x)). (4.128)

Proof. This is the Cauchy-Schwarz inequality for the non-negative definite kernel g(x,y) := g(xy), and can be

proved in a standard way. Indeed, for every ¢ € R, let

1 1
Py= [ | / ) () () A+ 1))
1 1 1
:/_lGu(x)du(x)+2t/_le(x)du(x)+t2/_le(x)dv(x).

This polynomial is non-negative by (HS). In particular, its discriminant cannot be positive. This means that

22(/_1Gv(x)du(x))2—4(/_llGu(x)du(x))(/_in(x)dv(x))SO.

Rearranging completes the proof. ]
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Proof of Theorem 4.3. Fix t >0 and u € M. Combining Theorem 4.2 with (4.126) shows that the unique
solution to the infinite-dimensional Hamilton-Jacobi equation (4.6) admits the Hopf-Lax variational represen-
tation (4.38). Moreover, Lemma 4.22 ensures that the supremum in (4.126) is achieved at some v* € M. To
establish the final statement in Theorem 4.3, suppose that the initial condition y admits a Gateaux derivative
at the measure p +¢v* with density x = Dy y(u +1v*,x) in Co. For any measure 1 € M., the Gateaux

derivative of the functional |

vey(u +tv)—%/_1 Gy(y) dv(y)

at the measure v* in the direction n —v* is

1l
D”w(uﬂv*;t(n—v*))—t/_l/_lg(xy) d(n-v*)(x)dv*(y). (4.129)

For every € € [0,1], the measure v* +&(n — v*) belongs to M., and is thus a valid candidate for the
optimization problem in (4.126). As a consequence, the quantity in (4.129) must be non-positive. Using also
the definition of the Gateaux derivative density in (4.5) reveals that for every € M,

1 1
t/il (Dyl//(u +tv*,x)—[]g(w)dv*(y))d(n—v*)(x)<0. (4.130)

The assumption that the density x — D,y (1 +1v*,x) belongs to the cone Co, gives a measure * € M, with
Gp+(x) =Dyy(u+tv*,x). Applying (4.130) to the measure 1) = n* gives

1 1
/_1 /_lg(xy) dn*-v*)(y)d(n*-v*)(x) <0.

Remembering the assumption (HS), this inequality is in fact an equality. Applying the Cauchy-Schwarz

inequality in Lemma 4.23 to the signed measures 11 — v* and 8, for some x € [-1,1] shows that

1 1
/_ ) -v)0) - / 02) (" V) () d8(2) =0,

Rearranging gives Gy« (x) = Gp»(x) = Dy (1 +1v*,x). Since x € [~1,1] is arbitrary, this completes the
proof. ]

4.4 Extending to more general infinite-dimensional equations

To study the sparse stochastic block model, it will be important to extend Theorems 4.1 - 4.3 to the setting
where the kernel g does not satisfy the positivity assumption (H1). This assumption will be replaced by the
stronger constraint (H3’) on the gradient of the projected initial conditions, and it will lead to Theorems 4.4
and 4.5. Fix b € R large enough to that the modified kernel g in (4.45) is strictly positive. Recall the definition
of the modified initial condition ¥, in (4.50), and of the modified Hamilton-Jacobi equation (4.49). In the
spirit of (4.14), (4.16), (4.17) and (4.21), introduce the symmetric matrix

~&) . L o~ DyxD
Gy = |DK|2(gb(kk'))k’k,6DKeRK K (4.131)
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the projected cone
Cox = {éf}K)x(K)(u) eRPK e MSK)} = {(N?,EK)x eRPK |xe Rfo"}, (4.132)

the projected non-linearity E,% K: CN;, x — R defined by

= [ ~(K 1~k 1 —
Cb,K(G,(7 )x) = EGl(v )x-x = DR kaD gb(kk’)xkxk/, (4.133)
K €DK

and the closed convex set
Keapk = {Gyx e R | xe RDK and |||, = a}. (4.134)

To prove Theorem 4.4, it will first be verified that, under the assumptions of this result, the kernel g, and the
initial condition {, satisfy (H1)-(H4). Together with Theorems 4.1 and 4.2, this will ensure that the function
fp in (4.51) is well-defined. The comparison principle in Theorem 4.1 will then be used to show that this
function is independent of b. Invoking the Hopf-Lax formula in Theorem 4.3 will give the Hopf-Lax formula

in Theorem 4.5.

Lemma 4.24. Under the assumptions of Theorem 4.4, the kernel gj, in (4.45) and the initial condition ¥, in
(4.50) satisfy (H1)-(H4). Moreover, each projected initial condition ITIISK) has its gradient in the closed convex
set ié:a,b,K-

Proof. The kernel g, satisfies (H1) by the choice of b, while the initial condition ¥, satisfies (H2) by the

triangle inequality and the bound

1 1
‘ab/ d/.L—ab/ dv‘<a|b||u[—1,1]—v[—1,1]|<a|b|TV(u,v).
-1 -1

An identical argument shows that the initial condition ¥, satisfies (H4). To verify (H3), introduce the closed

convex set
Rap k= {Gyx e R | x e R and ||, <a},

and fix ¢ € R as well as x,x" ¢ RPX with (x’ —x) -z > ¢ for every z € IAC';_bﬁK. Given y € KL, ¢, represent it as

y=G®u+w for some u e R and w € R? with [|u[[|, = a and lIwlll; . < 27K/2 Define 7 := GéK)u+w €KL,y

and observe that |
2= GOy b|ul| 1k +w =y +abig

for the vector ik := (|Dg|™ keny € ]Rg)’(. Since z € E,:a,b,K <K,k
(X' =x)-y=("-x)-z—- (X' —x)-abig > c - (x' —x) -abik.
The assumption (H3”) and Proposition A.2 therefore imply that
v ) =y (x) > e - (& —x) -abik.
Noticing that x- tx = [|x||, and rearranging reveals that

70 -0 ) > e
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Invoking Proposition A.2 establishes (H3). Observe that this argument only uses the assumption that (x’ —x)-z >

¢ for every z € I’Cv:a’b’K, so it also shows that ITIISK) has its gradient in I’Cv:a’b’K. This completes the proof. [ ]

Together with Theorems 4.1 and 4.2, this result ensures that the function f}, in (4.51) is well-defined.
Indeed, fix R > || ¥/||Lip,Tv, and denote by AH},’K’R :RPk - R the extension of the non-linearity AC'M( given by
Proposition 4.8. Invoking Lemma 4.24, Theorem 4.1, and Proposition 4.11 ensures that the Hamilton-Jacobi
equation

8,]7(’() (t,x) = ’|:|b7K7R(Vf(K)(t,x)) on Rygx RE)’( (4.135)

subject to the initial condition 7K (0,-) = Yp(+) admits a unique viscosity solution f;_llg) € Lynir which satisfies
the Lipschitz bound
K)o _ 157K
supll R, = 1Tl (4.136)

and has its gradient in the the closed convex set K’ , . Appealing to Theorem 4.2 also guarantees that the
function

Foltowy= tim 70 (1,600 (), (4.137)
on Ryp x M, is well-defined and independent of R. In fact, it is the solution to the infinite-dimensional
Hamilton-Jacobi equation (4.49). Using the comparison principle in Theorem 4.1, it will now be shown that
the limit defining the function f} in (4.51),

a*bt

folt.11) (f;’;) (12 () = bl () ] - ) (4.138)

= lim
K—+o00 2
is independent of b, thus establishing Theorem 4.4. The Hopf-Lax formula in Theorem 4.5 will then be

obtained from the Hopf-Lax formula in Theorem 4.3.

Proof of Theorem 4.4. Let b,b’ € R be such that the kernels g, and g, are positive on [-1,1], and fix
R > max (| ¥p||Lip, v, | Wp |Lip,7v ). The idea will be to show that the function

a*(b-b")t

1385 05 = 7000 —ao-0) el - =55

satisfies the Hamilton-Jacobi equation defining ]?If,K ) up to an error that vanishes with K. The dependence on R
has been omitted and will be omitted throughout this proof, since R will remain fixed. The equality of f; and
[ will then follow from the comparison principle in Theorem 4.1. Consider ¢ € C*° (R>0 X ]R?OK ;]R) with the
property that fb(f;,) — ¢ achieves a local maximum at the point (#*,x*) € Ry x RZ)" . Since f;(K) is a viscosity

subsolution to the Hamilton-Jacobi equation (4.135),

a*(b-b")

> +9,¢(t*,x*) ~Hpk(a(b-b")ig + Vo (r*,x*)) <0

for the vector g := (|Dk| ™ kepy € RQ)’(. The fact that JA‘ZK) has its gradient in /E;GM together with (4.88),
and Lemmas 4.12 and 4.13 implies that

a(b-b ) +Vo(t* . x") e KLk and  [la(b-b)1g+ VO™ ")y, < | W lLipv-
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It is therefore possible to find u € RQJK and w e RPX with

* % ~(K 1
a(b=b )+ Vo) = G urw, lully=a. and [l . < S5

Observe that

~(K * %k = 1
IG5 ull,, <lla(e =Yk + oG 5y o < 19 Juipry + 5i75-

so increasing K if necessary, it is possible to ensure that G}EK)M €C, xNBg. It follows by the Lipschitz
continuity of ’l:|b7 k established in Proposition 4.8 that

a*(b-b")

v e = SRM
(1 x )-Cox(Gu) <

S oK[2p2"

Notice that

~ ~ 1~ 1 1 1~ 1 ~ ~ 2(b-b'
C;,_K(GISK)M) = fGl()K)u-u =-GPyu+ fb|||u|||% = fG,(?,K)u-u+ —(b-b")a* = Cy K(G,(],K)u) + M,
’ 2 2 2 2 2 ’ 2
so in fact SRM
* _*\ =(K)(~(K)
a9 (t*,x )—Cb, (Gb, u) < Ky

To replace 51(7{()14 by Vo (t*,x*) observe that

Gu=GFu+ (b -b)ilull, = alb-b" )ik + VO (t* 5 ) ~w+a(b' -b)ig = VO(r* x*) - w,

and leverage the Lipschitz continuity of ﬁhf, x established in Proposition 4.8 to deduce that

16RM

(5’t¢—Hb',K(V¢))(f*aX*)<5K for the error term &k := Y

In particular, the function (t,x) = fX,,(t,x) — Et is a viscosity subsolution to the Hamilton-Jacobi equation
defining fX. A similar argument shows that (¢,x) = fX,, (¢,x) + Ext is a viscosity supersolution to the Hamilton-

Jacobi equation defining fgf. It follows by the comparison principle in Theorem 4.1 that for every u € M,

[ (10 () = 135 (1,650 ()] = |55 (1,650 () = T8O (1,5 () )| < .
Letting K tend to infinity completes the proof. [ |

Proof of Theorem 4.5. Recall the definition of the set M, , of measures with mass a, and of its image cone of
functions Cy 0. Fix b > 0 large enough so the kernel g, is positive on [—1,1] and satisfies (H5). Lemma 4.24
and the Hopf-Lax representation formula in Theorem 4.3 imply that for any 7 >0 and pu € M,

1
= s (wwem)-4 [ Gamave) @.139)
veM -1

Since the Gateaux derivative density x +— Dy, y(u +1v) belongs to the set Cy oo by assumption, there exists a
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measure 1) € M, with Dy y(p +1v,-) = Gy. This means that

1 1
DuTh (i +1v.) ~Dyy(u1v.a) vab= [ gl an)vab= [ ) dno).
-1 -1
so another application of Theorem 4.3 implies that the supremum in (4.139) is achieved at some v* € M with
Gy = DuT(H+1v*.) = Gy,

Evaluating this equality at x = 0 reveals that

1 1
2(0) / AV () =5(0) / An0) =7 (0)e

Since g5, (0) > 0 by the choice of b, this means that v* € M, , and
-~ r ol
= sup (Bo(uom)- 5 [ G ave))
veMg + -1

It follows by (4.51) that

1 1 a2
fo(t, ) = sup (leb(LHIV)—;/]@,v(y)d\’(y)—ab/1 du—bt)

veMg + 2

1 1 1l 2
= sup (1//(/,L+tv)+abt/ dv—z/ Gv(y)dv(y)—g/ / dvdv—abt)
veMu s -1 2/ 2 /)4 2

1
sup (w(wv)—;/_lcv(y)dv(y)).

veMg +

This completes the proof. [ |

At the end of Chapter 3, two main obstacles stood in the way of asserting that the limit of the enriched
free energy (3.30) should satisfy the infinite-dimensional Hamilton-Jacobi equation (3.91) subject to the
initial condition (3.92). The first was that infinite-dimensional Hamilton-Jacobi equations of this form had
not been well-studied in the literature, so making rigorous sense of this equation was not possible, and the
second was that the concentration (3.75) of the multioverlaps (3.41) was not expected to hold for all choices
of parameters. The first of these issues has been resolved in this chapter, where a well-posedness theory for
infinite-dimensional Hamilton-Jacobi equations has been discussed. It will be shown in Lemma 6.1 that this
theory is general enough to handle the Hamilton-Jacobi (3.91). The second of these issues will be addressed in
the next chapter, where a finitary version of the multioverlap concentration result in [15] will be established.



Chapter 5

Multioverlap concentration

In this chapter, a finitary version of the main result in [15] regarding the concentration of the multioverlaps
(3.41) is established. To alleviate notation and strive for generality, instead of focusing on the concentration of
the multioverlaps associated with the Hamiltonian (3.29) in the stochastic block model, the general setting of
optimal Bayesian inference is considered. Extending to this level of generality presents no additional difficulty,
and the author suspects that the finitary restatement of the multioverlap concentration results in [15] provided
in this chapter will be useful for the analysis of other statistical inference models. The general setting of
optimal Bayesian inference is described in Section 5.1, where the main multioverlap concentration results
of this chapter are also stated. In Section 5.2, the Franz-de Sanctis identities are introduced, and it is shown
how these can be enforced through a small perturbation of the Hamiltonian that does not affect the limit of the
free energy. The Franz-de Sanctis identities may be thought of as the Ghirlanda-Guerra identities of optimal
Bayesian inference. A random probability measure that satisfies the Ghirlanda-Guerra identities must have an
ultrametric support; a deep insight that leads to the appearance of the Poisson-Dirichlet probability cascades
in many spin-glass models [50, 95]. The Franz-de Sanctis identities enforce a much simpler and more rigid
structure on a random probability measure: all its multioverlaps must concentrate. This is discussed in Section
5.3, where a finitary version of the multioverlap concentration result in [15] is established. The most notable
difference between this finitary multioverlap result and that in [15] is that it is uniform over an appropriate
class of probability measures, and that multioverlap concentration is shown for any perturbation parameter
satisfying a condition that may be verified in practice. The result in [15] holds for a given probability measure,
and establishes multioverlap concentration on average over the set of perturbation parameters. This uniformity
over random probability measures and additional control on the choice of perturbation parameters is essential

in the proof of Theorem 1.6. This chapter is taken from Appendix C in [49].

5.1 Bayesian inference, perturbations, and key concentration results

The general optimal Bayesian inference problem is described following [15]. Consider a ground-truth
signal 6* € Ly := {~1,+1}" with independent coordinates each generated from a distribution P*. The prior

distribution P* of the model is thus the product law

o ~P :=]]P". 3.1

134
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Data D :="D(c*) is sampled conditionally on the unknown signal ¢* from a probability distribution Py,
D~ Poy{-l0"}, (5.2)

and the inference task of the statistician consists of recovering the signal ¢* as accurately as possible given the
data D, the likelihood Py, and the prior P*. In this setting, the posterior of the model can be written explicitly
using Bayes’ formula as the Gibbs measure, or posterior distribution,

" expHy(o)P*(do
Gy(do) :=P{oc edc|D}:f P ]\;1(( ) P(* d) ) (5.3)
-, expHy(7)P*(d7)
associated with the Hamiltonian, or log-likelihood,
Hy(0) :=logPou{D|c* = c}. (5.4)

Since the posterior distribution and all the hyperparameters of the model are known to the statistician, one
speaks of optimal Bayesian inference. In addition to working in the context of optimal Bayesian inference,
it will be assumed throughout this chapter that the Hamiltonian (5.4) satisfies symmetry between sites. This
means that for any permutation p of the spin indices,

P{c* e do|D} £ P{p(c*) € do|D}, (5.5)

where £ denotes equality in distribution. Notice that both the sparse stochastic block model (3.13) and its
enriched version (3.29) fall into the setting just described. For instance, in the enriched stochastic block model,
one has P := Ber(p) and D := DHI=LILE where the data D'** was defined in (3.25).

The concentration of the multioverlaps associated with the Hamiltonian (5.4) will be enforced through a

small perturbation which will not affect the limit of its associated free energy,
_ 1 .
Fy:= —Elog/ expHy (o) dP”. (5.6)
N Ty

Fix an integer K > 1 which will be kept implicit throughout this chapter, and write 4 := (g, A1,...,Ak, ) fora
perturbation parameter with A; € [27%~!,27¥] for 0 <k < K. Given a sequence (&y)y>1 with &y := N¥ for some
-1/8 < y<0, and a standard Gaussian vector Zy := (Zy 1,...,Zo ) in RY, introduce the Gaussian perturbation
Hamiltonian

Hﬁauss(o_’)lo) i=Ho = Z (/’l()SNGi* O; +\/ A()(CJNZO.,iGi) 6.7

iN

associated with the task of recovering the signal 6* from the data

YEUSS .= \/Apen o™ + 2. (5.8)
Notice that
1>ey—>0 and Negy— +oo. 5.9

Similarly, consider a sequence (sy)ys1 with sy := N7 for 4/5 <1 < 1 in such a way that

N0 and XL S tco. (5.10)
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Fix a sequence of i.i.d. random variables (7 )x>1 with Poi(sy) distribution as well as a sequence e := (i) jk>1

of i.i.d. random variables with Exp(1) distribution. For every j < 7, sample i.i.d. random indices i j; uniformly

from the set {1,...,N}, and define the exponential perturbation Hamiltonians by
Ae i Oiy, exp
Hi= ) (log(1+ 40y, ) -——— | and HYP(0,A):= 3 My (5.11)
j<m 1+ ;chijk 1<k<Ky

Observe that H;,XP is the Hamiltonian associated with the task of recovering the signal c* from the data

€k
) e L 5.12
Jk 1+)Lk6f ( )
ljk
for j < m and k > 1. Introduce the perturbed Hamiltonian
Hy(0,A):=Hy(0)+Hy "™ (0,h)+Hy " (0,1), (5.13)

where the randomness of each Hamiltonian is independent of the randomness of the other Hamiltonians.

Denote by
— 1
(A = NElog/ expHy(o,A) dP* (o). (5.14)

Iy
its associated free energy, and by (-} its associated Gibbs measure. This means that for any bounded measurable

function f = f(o',...,0") of finitely many replicas,

fzyvf(ol,...,o”)HK,,epoN(G”,/l) dP* (o)

1 AN
(f(o',...,0")): (fZNepoN(Gal)dP*(G))n

(5.15)

Just like in the settings of the symmetric rank-one matrix estimation problem and of the sparse stochastic
block model, this Gibbs measure is a conditional expectation in the sense of (3.32), and therefore satisfies
the Nishimori identity (Proposition 2.2). As previously stated, an essential property of the perturbation
Hamiltonians (5.7) and (5.11) is that they do not affect the asymptotic behaviour of the free energy (5.6).

Lemma 5.1. The free energy (5.6) and the perturbed free energy (5.14) are asymptotically equivalent,

lilll 1 - F = V. 5.1
P’ Oof: A dlreCt Computatlon re\/eals that

_ _ 5 !
FR" ) =Tl < G ma 15 (0. 0) |+ B max 17 (0. ).

For any spin configuration ¢ € Xy,

[HE" (6, 20)| < Ne +v/&n Y|Zo;] and  [HEP(0,2)|< 3 2(1og(1+xk)+f‘kefk).
i<N 1

<k<K' j<my

Since these bounds are uniform in o, it follows that

’—pen

Fy (/l)—FN‘<8N+\/5EZO1+S*NZ(10g(1+/1k)+ A )
TN =2
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The third term was obtained by taking the expectation with respect to the randomness of e, and then with
respect to the randomness of (7 );»1. Leveraging (5.9) and (5.10) to let N tend to infinity completes the
proof. [ |

In the context of the sparse stochastic block model, this result will imply that studying the free energy
associated with the enriched Hamiltonian (3.29) or its perturbed version is equivalent for the purpose of
computing the asymptotic mutual information. The advantage of studying the model associated with the
perturbed Hamiltonian is that, for almost all perturbation parameters, the multioverlaps

1 ¢
Riyotn= zljvci L. (5.17)
i<

can be shown to concentrate in the large-volume limit. Here, (Gé) ¢>1 denotes a sequence of i.i.d. replicas
sampled from the Gibbs measure (5.15).

To establish the concentration of the multioverlaps (5.17), the arguments in [15] will be followed closely. At
this point, the reader may wonder why the results in [15] are not simply used directly. In [15] the concentration
of the multioverlaps (5.17) is obtained for some perturbation parameter A by showing that it holds on average
over the set of perturbation parameters. In the proof of Theorem 1.6 it will be important to obtain multioverlap
concentration for a specific perturbation parameter, so the existence of a perturbation parameter for which
concentration holds does not suffice. However, following the strategy in [15], the main result of this chapter
will propose a verifiable condition on a perturbation parameter A which ensures the concentration of its
associated multioverlaps, and this condition will be readily verified for the perturbation parameter of interest
in the context of the sparse stochastic block model. The condition proposed is the asymptotic concentration of

the quantities

HI . O-'Z()
Lo=—2, where Hj=0d H"(0,4)=¢ (G'G*Jf )’ (5.18)
0 Ney 0= Hy  ( ) = én 2/ Zon
Lom 5 here My =0, HIP(0,4) = 3 cl-.k( L e 2) (5.19)
SN i T\ 1+ Ao, (1+/lkcl.jk)

for 0 < k < K. More precisely, the concentration of the multioverlaps (5.17) will be established up to a small

error for any sequence of perturbation parameters (AY)ys such that

Nl_i)erE«ﬁk ~E(Ly))?) =0 (5.20)
for 0 < k< K,. Through a slight abuse of notation, the Gibbs average (5.15) associated with the perturbation
parameters (A")y>1 has been denoted by (-). If necessary, this average will be written as (-)y to emphasize its
dependence on N.

The concentration of the multioverlaps (5.17) associated with a sequence of perturbation parameters
satisfying (5.20) will be obtained in two stages. In Section 5.2, it will be shown that the condition (5.20)
implies the Franz-de Sanctis identities, and in Section 5.3 the concentration of the multioverlaps associated
with any probability measure that satisfies an approximate version of the Franz-de Sanctis identities will be
established.

To state the Franz-de Sanctis identities, it will be convenient to fix a uniform index i € {1,...,N} and an

exponential random variable e ~ Exp(1) independent of all other sources of randomness, and to introduce the
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random variables

yikG,-Z

¢ £ ! i
0y =log(1+A40;) - 4yio;, and dy:= W

e
s 5.21
Yik 1+ A0/ (5-21)

for 1 < k < K. The main result of Section 5.2 reads as follows.

Proposition 5.2 (Franz-de Sanctis identities in inference). For any 1 <k < K, and any function f, of finitely

many spins on n replicas and of the signal 6* with | f,| 1= <1,

1

E((R -E(R1)) <y E((Ri2-E(Ri2)%) <4E((Lo-E(Lo)?),  (522)
(fndilkexp(zesneik”_ M ( B 5 16)1/2
‘E (exp(6x))" e ey | <\ 2B+ o) (5.23)

Applying this result along a sequence of perturbation parameters (AV)ys; satisfying (5.20) reveals that

(fadjexp (Te<n 04))
(exp(6))y

(dixexp(8x) )n

N
~E(f,)NE (exp(6))n

im =0 (5.24)

for any 1 <k <K, and any function f, of finitely many spins on n replicas and of the signal 6* with | f; ||, < 1.
Observing that the denominators {(exp(6;;))n do not depend on the signal 6*, it is possible to use the Nishimori
identity to replace all occurrences of the signal 6* in (5.24) by another replica. For convenience of notation,
this new replica will be denoted by o° to distinguish it from the signal 6* and at the same time not occupy

any specific index. The equations in (5.24) now read

d) ex 0!
lim E]Eo<f” ik p(Z“"n )
N—+oo (exp(6ix) )y

(dixexp(Op) v |

N
BN Gy |

(5.25)

where E, denotes the Gibbs average with respect to the replica 6° 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 ¢, and, with some abuse of notation, for 1 <k < K,

0
Yik O;

0 l l 0
Gik = log(l +)‘k6i ) —)ka,'kci s and dik = 1 +},k6i°

e
k= 5.26
Yik 1 +A«k6io ) ( )

where A := l,ﬁv . The expression (5.25) is now simplified for functions f; that do not depend on the spin
coordinate indexed by 1. Introduce the collection of functions
F,:= {functions fn of finitely many spins Gf, o’ with2<i<N

of the n standard replicas (6*) <, and the special replica ¢° with | f, |z < 1}, (5.27)

and the quantities

‘

e ¢ ¢ ¢ ¢ YkOp
=———— 0 :=log(1l+A.07) - Ay0 d dj=——7— 5.28
Tk 1+ Mop i :=log(1+4c01) - Aeyior,  an 1+ Mof (5-28)

For functions f;, € F,, the symmetry between sites (5.5) and the fact that i € {2,...,N} with overwhelming

probability in the limit, allow the replacement of the uniform random index i € {1,...,N} by the index 1. The
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Franz de-Sanctis identities together with assumption (5.20) therefore have the following important implication.

Corollary 5.3 (Asymptotic Franz-de Sanctis identities in inference). If (5.20) holds, then for every 1 <k < K

and all functions f, € F,,

Jim E((Ri~E(Ri)n)?), =0, i E((Ry 2 ~E(Ri2)v)*) =0, (5.29)
. <fndll €Xp ( Yt<n elf) >N (dk exp(@k))N

1 EE, —-EEq(fu) NEE, —————|=0. 5.30

i (exp (80T} e (B 30

To establish multioverlap concentration, this result will essentially be complemented by the observation
that the multioverlaps associated with any probability measure that satisfies the Franz-de Sanctis identities
must concentrate. As previously mentioned, to study the stochastic block model, it will be important that this
result be uniform over an appropriate class of random probability measures now described. For each integer

N > 1, consider the set of random probability measures on Ly thought of as a subset of {—1,0, 1}N ,
Gy = {G | G is a random probability measure on Xy x {O}N}, (5.31)
and introduce its subset
Gn = {G € Gy | G satisfies symmetry between sites }. (5.32)

A measure G € Gy is said to satisfy symmetry between sites if, for any sequence of i.i.d. replicas ( o’ )es1
sampled from G, any permutation p; on the finite set {1,...,N}, and any permutation p, of finitely many
indices

(Gié)i.[?l d (GPM)

o) Jisst (5.33)

where £ denotes equality in distribution. Notice that each Gibbs measure Gy defined by (5.3) can be thought
of as an element of Gy by setting 6; =0 when i > N for any replica ¢ € £y sampled from Gy. In this way, the
symmetry between sites in (5.33) and (5.5) coincide, so in fact Gy € Gy;. This identification also suggests that

the appropriate notion of the multioverlap (5.17) for a random probability measure G € Gy should be

1 ¢
Riyt= ZNC% Lo, (5.34)
i<

where (6%)ss denotes a sequence of i.i.d. replicas sampled from the Gibbs measure G. Denoting by (-)g the

average with respect to the random probability measure G, the main result of Section 5.3 reads as follows.

Proposition 5.4. For every € > 0 there exists § > 0 such that the following holds. Let N > |8~ | and G € Gy be
such that for all 1 <k <K, := 87| and f, € F,,

E((Ri ~E(R1)6)*),; <8, E((Ri2-E(Ri2)6)*), <86, (5.35)

(fudy exp( Te<n 6f)) {diexp(6i))a |

G
By, el e | S

EE,

(5.36)

The reader eager to return to the study of the sparse stochastic block model may consider taking Corollary

5.3 and Proposition 5.4 for granted on first reading, and turning directly to Chapter 6 where they are applied.
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5.2 Deducing the Franz-de Sanctis identities

To show that the asymptotic concentration (5.20) of the quantities £; defined in (5.18) and (5.19) implies
the Franz-de Sanctis identities as stated in Proposition 5.2, the concentration of the magnetization R and of
the overlap R > will be established first. The concentration of the magnetization will be immediate from the
Nishimori identity (Proposition 2.2) while the concentration of the overlap will follow from the Gaussian

integration by parts formula (see Theorem 4.6 in [50]).

Lemma 5.5. For any integer N > 1,

1
E((Ri —E(R1))*) < —. (5.37)
N
Proof. Applying the Nishimori identity reveals that
> 1 " a2 1
E((Ri-E(R)))*) = — > E(0; -Ec/") < —.
N= iy N
This completes the proof. ]
Lemma 5.6. For any integer N > 1,
E((R12-E(Ri12))*) <4E((Lo-E(Lo))?). (5.38)

Proof. The proof is taken from the Appendix of [15], and it consists in testing the concentration of the overlap
Ry = G'TG* against the Hamiltonian £y using the Gaussian integration by parts formula. Recalling (5.18)

reveals that

E((Rl,* —E(R]Y*))(ﬁo (ﬁo))) (Rl *(Rl % E(Rl)*>)>+ ]E(R]Y*(G~Z0—E(G'Zo))). (539)

1
2N~/ AoN
The Gaussian integration by parts formula and the Nishimori identity imply that
E(c-Z)=N\/Aon(1-E(R;.)) and E(Ri.0-Z)=N\/2on(E(Ri ) -E(Ri)?).
Substituting these two equalities into (5.39) gives
(R« ~E(R10)) (€o - E(LoD) = 3E( (Rt~ (Ri) )+ 3 (R~ BURLD2).

(There seems to be a sign error in equation (5.2) of [15].) It follows by the Nishimori identity that

((Rl 5 — E(Rl 2)) )

l\)\'—‘

E((R1,« ~E(R1,4)) (Lo ~E(Lo))) >
Invoking the Cauchy-Schwarz inequality and the Nishimori identity completes the proof. [ |

The main hurdle in establishing Proposition 5.2 is proving the Franz-de Sanctis identity (5.23). This is

done similarly to the Ghirlanda-Guerra identities, by testing the concentration of the quantities

~ 1 Ci € jk
Ek = —r -

-— (5.40)
SN j<m, (1+;Lk6 )2
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defined for 1 < k < K against an arbitrary function of finitely many spins and the signal 6*. Notice that Ly is
the second term in the sum defining each £ in (5.19). The reason for focusing only on this second term is that
the first term concentrates automatically by the Nishimori identity. This is the content of Proposition 3.4 in
[15] which is reproduced here for completeness. A slightly simpler proof than that in [15] is presented. This
proof was kindly shared with the author by Dmitry Panchenko.

Lemma 5.7. For any 1 <k <K, and every large enough N 2 1,

- ~ 2 16
E((Zx-E(Ly)) ><2E((£k—E(£k))2)+a. (5.41)
Proof. Introduce the quantity
Oi
8o, ) = —
( ) jgk 1+Akcijk

in such a way that £ = s,(,l g(o,m) — L. 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,
Var(Zk) < Z(Var(ﬁk) + sizVar(g)). (5.42)
N

By the Nishimori identity and a direct computation,

o* 2 o’ 2
Var(g(c,ﬂk)):IE( 3 fk) —(E 3 f") . (5.43)

* *
jm 1+ lkcrl.jk jam 1+ 7Lko'ijk

Recalling that the coordinates of the signal ¢* are i.i.d., and averaging with respect to the randomness of the

indices (iji)jx>1 reveals that

* 2
" 1 1 N>-N o/o;
]E j) = —E + E 1 Y2
(j;k 1+;Lk6ij‘k N jJ’ZS:ﬂk (1+Ak61*)2 N deS:ﬂk (1+;chr)(1+lk62*)
2 *
< AT +IE7r2(IE671)
SN N\ oy

2

where it has been used that 67 = 1 and A; < 1/2. Similarly,

2

(IE 5 G’:")Z: (Enk)z(EL) .

* *
jm 1+ /Ikcijk 1+ X0,

Substituting these two bounds into (5.43), recalling (5.10), and choosing N large enough yields

AR m? oF  \2
V. o, M) ) < k¢ Var(m)(E——) <8sy.
ar(g(0. 7)) or(m) (B ) <8
Together with (5.42), this completes the proof. ]

Proof of Proposition 5.2. The proof follows that of Theorem 3.3 in [15]; full details are not provided, and

instead, the interested reader is encouraged to consult [15]. The Cauchy-Schwarz inequality and the fact that
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| fnllze> < 1 imply that

E{fuLi(6")) B E(L (o)) <E((fu— (1)) PE((Ze-EAE0)") T <E{(Ze-EAL1)?)
By Lemma 5.7 it therefore suffices to prove that

(f"dilk €xp ( 2tgn 95}))
(exp(6i))"

(dixexp(Oi))
(exp(6i))

Since m; is independent of all other sources of randomness, taking the expectation with respect to this random

E(f,Li(c"))=E and E(Z;(0))=E (5.44)

variable first shows that

s;\,—l
-1

(r

exp(—sn)E(f,D1) (5.45)

ﬂk=r7

E(f,Li(c")) = Zl

1 ._ 1
where Dy, = O,

averages will be isolated. It will be convenient to introduce the quantities

e/ (L+ 407 )2. To simplify this expression, the first replica ¢! appearing in each of the

Aké"kdé
0 / I -1/ 0y ._ 14
®jk ._IOg(1+AkGijk)_Tko';k and H}Z (G )-— Z ®jk
J

2<j<r

as well as the partially perturbed Hamiltonian

Hy(o):=Hy(o)+Hy " (0)+ > Hp, (5.46)
1<k’<Ky
K +k

where H;, is defined in (5.11). Denoting by (-);rk:r the Gibbs measure corresponding to the Hamiltonian
Hy(0)+H; ' (c") shows that for each r > 1,

(faD1exD ( X1<n Ot )) s

((exp(©1)) g =r)" (5.47)

E(an%kL,k:r = EEilkEelk

Since the uniform random variable i1; and the exponential random variable e; no longer appear in the Gibbs

A
T=r?

variable e ~ Exp(1) independent of all other sources of randomness as in the statement of the result. To

average (-) they may be replaced by a uniform random variable i € {1,...,N} and an exponential random
emphasize this change, the random variables D!, and @f , are also replaced by d := 6l'e/(1+X0;7)? and
6}, :=log(1+A0;) - iole/(1+Ao;), respectively. Notice that this matches the definitions in (5.21). In
this new notation (5.47) reads

<fl1dilk exp ( Zéén 91'(;;)>;rk=r
((exp(6ix) ) 7,=)"

IE(f,,D}k)ﬂk:r =E

Substituting this into (5.45) and making the change of variables m = r — 1 reveals that

~ m (fudiexp (rcn 05 ) Ve st
E(f,C I st _ E i snVik) I m=m+
(f k(G )) n%:()m! CXP( SN) ((exp(eik));;;k:m+1)n

Notice that whenever 7 = m+ 1, the Hamiltonian defining the Gibbs average (-);rkzm +

| is given by HJ, (o) + H}! (o).



CHAPTER 5. MULTIOVERLAP CONCENTRATION 143

This Hamiltonian has the same distribution as the Hamiltonian (5.13) defining the original Gibbs average
(-)z.=m- It follows that

~5 1 _ ﬁ _ <f"dzlk exp(ZZSn 01%())”47(:”1 _ <f"dzlk exp(ZZSn 95())
E(f.Li(c")) _m%:om! exp(—sy)E (exp (O o) =E exp(60)"

This is the first equality in (5.44). The second equality in (5.44) is obtained by taking n =1 and f] = 1 in the
first equality. [ |

Arguing in the same way as after the statement of this result, the asymptotic Franz-de Sanctis identities
stated in Corollary 5.3 are established. It is now shown that these identities imply the concentration of the

multioverlaps (5.17).

5.3 Establishing finitary multioverlap concentration

The finitary version of the multioverlap concentration result stated in Proposition 5.4 is uniform over the class
Gy of random probability measures defined in (5.32). Its proof proceeds by contradiction and closely follows
Sections 3.5 and 3.7 of [15]. Suppose for the sake of contradiction that there exists some € > 0 such that no
matter the choice of § > 0, it is always possible to find some integer N = N(§) > [§~'| and some random
probability measure G = G(8) € G}, such that for all 1 <k< K, =|87"] and f, € Fp,

E((R -E(R1)c)*), <6, E((Ri2-E(R12)6)*), <8, (5.48)
{fud} eXP(Zésn 9;5))0 (drexp(6k))c
EE, —EEo(fn)GEEe —————| <0, 5.49
(exp(60) Un)oEe T b (8o (649
and for which there exists some 1 <m=m(8) <|e!]| with
E((R1,..m~B(R1__m)G)*),, > €- (5.50)

Applying the Prokhorov theorem (Theorem A.20 in [50]) on the compact metric space {—1,0,+1 }Nz, and
noticing that there are only finitely many choices for m = m(8), it is possible to find a subsequence with § — 0
along which the distribution of the array (6} ); s> under the averaged Gibbs measure E(-)g(s) converges in
the sense of finite-dimensional distributions, and along which (5.48) - (5.50) hold for every £ > 1 and a fixed
1<m<|e™!]. Since N(8) — +oco and G(8) € Gy, in the limit, the distribution of spins will be a measure
on {-1,+1 }N2 which will inherit the symmetry between sites (5.33). By the Aldous-Hoover representation
(Theorem 1.4 in [95]), this symmetry implies the existence of some function & : [0,1]* = {~1,+1} with

(Gié)iJZI i (G(Wau@viaxi,f))ugp (551)

where w, (u)¢s1, (vi)iz1 and (x;¢);¢s1 are i.i.d. uniform random variables on [0, 1], and where 2 denotes
equality in distribution. Since o takes values in {—1,+1}, the distribution of the array (O'f )ie>1 is encoded by

the function

1
G (w,u,v) :=Ey ,o(w,u,v,xi0) = / o(w,u,v,x) dx. (5.52)
' 0
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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 G(w,u,v). To clarify this further, let du and dv denote

Lebesgue measure on [0, 1], and define the random probability measure

G =Gy = duo(ur(w,u,")) " (5.53)

on the space of functions of v € [0, 1],
H:=1*([0,1],dv)n{|T|r~ <1}, (5.54)

equipped with the topology of L2([0,1], dv). As described in Section 2 of [94], 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.i.d. sequence o= G (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 &' (v;) = &(w,ug,v;);

(iv) use the random variables (x;¢); ¢»1 to generate (Gf) i¢>1 by flipping a coin with expected value E[(vi),

—l
1 .
o = 21{x,-7@< “’Z(V‘)}—l. (5.55)

This suggests that the asymptotic Gibbs average (-) should be the average with respect to the random variables

(u¢)¢1 and (x;¢);¢»1 that depend on the replica indices,

()= B 0x0)- (5.56)

It also suggests that the asymptotic multioverlap should be

1
Ry 0, (ws (ug;) jen) = E,[]o(w, up;,v) = [To(w, ug;,v) dv. (5.57)

77777 j<n 0 j<n

This intuition is confirmed by the two following results adapted from Section 3.5 and the Appendix in [15].

Lemma 5.8. For any finite set of n replicas and every collection {C;} <, of finite indices,

im ETT([] of)c(a) =B, [1{TT o) (5.58)

80y tiee, U<n ieCy

Proof. LetC:={(i,f)|£<nandieCs}. By the weak convergence of finite-dimensional marginal distributions,

imEH(HGf)G(S):Iim]E( [1 of) =B [T o(wuevixie) =By [1(IT0),

1 =
8=0 1<n Viec, 5=0 ‘e 9 (e I<n ieC
where the notation (5.56) has been used. [ ]

Lemma 5.9. For any collection of sets {L;}i»1 only finitely many of which are not empty,

tim E( [T R, ) E.([1RZ)- (5.59)

6-0 Vil G(9) i>1
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Proof. Write N >| 87| for the unique integer with G(8) € Gy, and suppose without loss of generality that the
sets £; for i < j are not empty while the sets £; for i > j are empty. From (5.34),

1 YA l;
E R»Ci = — E O_]O'j .
182 v 2 <elgl oo, ot
The number of terms in this sum for which at least two of the indices iy,...,i; are equal is of order N J=1 and is
therefore negligible in the limit. Moreover, the symmetry between sites (5.33) implies that whenever iy, ...,i;
are all distinct,
4 4 ‘ £ ‘
E H H G.(/l---G»,j =K H H oo/’ -E HHG. .
<‘1€51 LjeL R >G(5) (€1€£1 LjeL; ! >G(5) ( izl (el l >G(5)

(This seems to fix a small typo in the second-to-last display of the Appendix in [15]). Combining these two
observations shows that

(131_r)r(1)E< il}REi)G(ﬁ) = Ew,(u/) EEW [I;cliEx,-)[G(Wa M[,V,’,X,',/g) = EW,(M[) gRﬁi'

This completes the proof. ]

In the notation of (5.56) and (5.57), the asymptotic version of (5.48) and (5.49) therefore reads that for
any k> 1 and f, €F,,

E((R?)%) = (B(RT)),  B((R{:)?) = (E(RS))’, (5.60)
(fud} exp (e 0F)) (drexp(6y))
e @y e en) (o0

while the asymptotic version of (5.50) becomes that for some 1 <m < |e7!],

E((RY® ., —E(RY.,))%) > €. (5.62)

The two most important consequences of the identities (5.60) and (5.61) that will lead to multioverlap
concentration are now derived. On the one hand, the concentration of the overlap implies that the system lies in
a “thermal pure state”, and that the function & (w,u,v) is therefore almost surely independent of u. The proof
of this fact is taken from Theorem 3.1 in [91]. On the other hand, the asymptotic Franz-de Sanctis identities in
(5.61) imply a decoupling property of the asymptotic Gibbs measure. This is lemma 3.5 in [15].

Lemma 5.10. IfE((RT% 2y = (E(R‘l’f’z))z, then for almost all u,v,w € [0,1],
o (w,u,v) =E,6(w,u,v). (5.63)
Proof. Denote by - the inner product on the Hilbert space (5.54),

5!.6°=E,5! (w,u, \/)Ez(w7 up,v) =R7%,
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and observe that
oo 2 oo oo —1 =2
0= Ew,(u(;) (R1,2) - IE:w,(u;)Rl,ZR3,4 = IEWVar(u()o-1 ‘0.

It follows that for almost all w € [0, 1], the inner product G 6% 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. [ |

Lemma 5.11 (A decoupling lemma). Fix A € {A | k> 1}. If e1,e; are independent Exp(1) random variables
and, for j=1,2,

_ ¢ o N Ay o Yjo;j
v 0;:=log(1+A0;)~Ay;0;, and d;: i (5.64)
then
EE (di exp(61)drexp(62)) _ (d1exp(61)) (dzeXP(Gz)). (5.65)
(exp(61)exp(62)) (exp(61)) (exp(62))

Proof. The proof follows Lemma 3.5 in [15]. Fix M > 1 large, and consider the set A := {e; |0 < ey <M} on
which the random variable e; is bounded by M. On this set, one has |6;] < M, for some constant M, < +oco, s0

the denominator on the right side of the expression

(d1exp(61)drexp(62)) _ (d1exp(61)drexp(62))/(exp(61))
(exp(61)exp(62)) {exp(61)exp(62))/{exp(61))

lies in the interval I := [exp(-3M,, ),exp(3M; )]. At this point fix € >0, and use the Weierstrass approximation

(5.66)

theorem (Exercise A.6 in [50]) to find a polynomial P(x) := ) _,¢,x" that uniformly approximates the function
x~ 1/x on the compact interval I, within error €. Observing that d;, d», 0}, and 6, are bounded on A by some

constant that depends on M reveals that

(d1exp(6y)drexp(6,))
(exp(61)exp(62))

1{62 EA} =

(d1exp(01)d2exp(6,)) [ (exp(61)exp(62)) .
<eXp(61)) P( (exp(91)> )1{62 A}+O(8)

", (diexp(6;)daexp(6,)) [ (exp(6))exp(62)) )" c
LT (axp(0)) ( (exp(61)) )1{"’2 A}+0Ce)

(dl exp (X rcns1 0] )dz exp( Xrcns1 92))
{exp(6y))*!

1{6‘2 EA} + 0(8)

Applying (5.61) for each 0 < n < r to the function fj,41 := dzl exp( Yorcntl Gf) for a fixed e,, and then averaging

over the randomness of e, gives

(dyexp(6)daexp(62)) - (dexp(6y))
EE, oxp(81)oxp(62)) l{ezeA}—EEOWEEO(dZeXp(Gz))P((exp(@z)))l{ezEA}+C’)(£)
(diexp(6y)) (daexp(6,)) CAl+
“exp(B0) T (exp(8r)) 2 EATTOE),

where the second equality uses that P uniformly approximates x — 1/x on the compact interval I, within error
€, and that dy,d,, 61, 6, are bounded on A by some constant that depends on M. Letting € tend to zero, and
then letting M tend to infinity completes the proof. [ |

The second identity in (5.60) therefore implies that, instead of the equality in distribution (5.51), it is
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actually the case that
¢ d
(61)151 = (00w visxi0)), s (5.67)

for any function o :[0,1]3 - {~1,+1} such that fol 6(w,v,x) dx =0 (w,v). In particular, the Gibbs average
(5.56) simplifies to
(-)= E(xir[) (5.68)

while the multioverlap (5.57) becomes

1

Ry 4, (w)=E, [[o(wy)= EV(E(W, v)") = / o (w,v)" dv. (5.69)
' j<n 0

The absurd hypothesis (5.50) may now be contradicted, thus establishing Proposition 5.4. The calculations are

very similar in spirit to those in [93, 94], and are taken from Theorem 2.2 in [15].

Proof of Proposition 5.4. The proof follows that of Theorem 2.2 in [15]; full details are not provided, and
instead, the reader is encouraged to consult [15]. Recall from (5.67) that 6; = 6(w,v;,x;) and 67 = 6 (w,v;,x% ).

Since all random variables indexed by j = 1,2 are independent, denoting by E,, = E ) (v o the conditional
J

)Xjx
expectation given w, and introducing the random variable

(exp(61)) ‘W1+AGI° (exp(6y)) ’

Y(w) =E, {d1exp(61)) yi (oiexp(61))

which depends implicitly on A through y; and 6y, transforms (5.65) into

(d1exp(6))) {daexp(62))\ _(p{d1exp(61))p (d2exp(2))\ v pey
B ope) ) E toxpt@n) )~ B oxpten) )& texp(a) )~ EVarmt () =0

This means that ¥ = [EY almost surely. To exploit this fact, through a slight abuse of notation, write ¢ for o}
and observe that conditionally on o,

~ +oo (o(1+10)exp(-Ayo))
V) =By [ (exp(-oy) PIEIINRE ve() ay

Using the analyticity of both

(o(1+y0)exp(~yyo))
((1+yo)exp(-yyo))

+oo
gurre s (=B [ (ex(yoy) yexp(-) dy
for a fixed w as well as its w-expectation Eg,,(7), it is possible to deduce that ¥ (w) = EY for all A in a small
neighbourhood of the origin. With this in mind, introduce the random variable

Z(w) = ]E‘w/o <>c>(cr(l +A0)exp(-Ao))yexp(-y) dy

which is deterministic by the first identity in (5.60). This implies that the random variable

Z(w)-Y(w) :E|W/+M(Gexp(—ly0)) (c(1+A0)exp(-Ayo))
A 0

X(w):= ((1+Ao)exp(-Ayo))

yexp(-y) dy

is deterministic for all A in a small neighbourhood of the origin. In particular, all its A-derivatives are also
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independent of w. It will now be deduced from this observation that all multioverlaps concentrate. 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 . pr2Ee(e—1)",

where e is an Exp(1) random variable. Since Ee(e—1)" =E(e—1)"*! + 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

oo
l,..,n+2°

the multioverlap R If along the way a derivative of A is applied to any factor other than the denominator,
this will not create a new replica, so all those terms will produce a linear combination of multioverlaps on
strictly less than n+2 replicas which by induction is assumed to be independent of w. This establishes the

concentration of all multioverlaps and contradicts (5.50), thus completing the proof. [ |

At the end of Chapter 3, two main obstacles stood in the way of asserting that the limit of the enriched free
energy (3.30) should satisfy the infinite-dimensional Hamilton-Jacobi equation (3.91) subject to the initial
condition (3.92). The first was that infinite-dimensional Hamilton-Jacobi equations of this form had not been
well-studied in the literature. This was resolved in Chapter 4. The second was that the concentration (3.75) of
the multioverlaps (3.41) was not expected to hold for all choices of parameters. This has been addressed in
this chapter. The Hamilton-Jacobi approach can now be applied to the sparse stochastic block model to prove
Theorems 1.6 and 1.7.



Chapter 6

A Hamilton-Jacobi approach to the

sparse stochastic block model

In this chapter, the Hamilton-Jacobi approach is finally used to analyze the sparse stochastic block model
and establish Theorems 1.6 and 1.7. In Section 6.1, the well-posedness result in Theorem 4.4 for infinite-
dimensional Hamilton-Jacobi equations of the form (4.6) is leveraged to make sense of the Hamilton-Jacobi
equation (3.91) derived in Chapter 3 for the sparse stochastic block model. The solution to this infinite-
dimensional Hamilton-Jacobi equation is therefore defined as the limit of the solutions to a family of projected
Hamilton-Jacobi equations each posed on a positive half-space as the dimension parameter tends to infinity.
The key step in proving Theorem 1.6 is to show that an adequately projected version of the finite-volume
free energy in the sparse stochastic block model is an approximate solution to each of these projected
Hamilton-Jacobi equations in a sense similar to that in Proposition 2.27. The error term in this approximate
Hamilton-Jacobi equation is controlled using similar arguments to those in Lemma 2.29, and, in particular,
requires a result on the concentration of the free energy in the sparse stochastic block model. This concentration
result is established in Section 6.2. In Section 6.3, this concentration result is combined with the multioverlap
concentration results in Chapter 5 to show that an adequately projected and perturbed version of the enriched
free energy in the sparse stochastic block model is an approximate solution to each of the projected Hamilton-
Jacobi equations. Together with the comparison principle in Theorem 4.1, this leads to an upper bound on
the limit of the free energy, and therefore a proof of Theorem 1.6. In Section 6.4, this upper bound on the
limit of the free energy is combined with the infinite-dimensional Hopf-Lax formula in Theorem 4.5 and
a simple interpolation argument to determine a variational formula for the limit of the free energy in the
disassortative sparse stochastic block model, thereby proving Theorem 1.7. Finally, in Section 6.5, a brief
discussion on the relation between the results of this thesis and other works in the literature is provided. Some
of the author’s perspectives on the hurdles that still need to be overcome before tackling the matching upper
bound in Theorem 1.6 and closing Conjecture 1.4 are also given. This chapter parallels Section 2.5 of Chapter

2, and its contents rely heavily on Sections 4 and 5 of [49].

6.1 Revisiting the stochastic block model Hamilton-Jacobi equation

In Chapter 3, it was argued that the limit of the enriched free energy (3.30) in the sparse stochastic block
model should be the unique solution to the infinite-dimensional Hamilton-Jacobi equation (3.91). At that

149
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point, this statement made little rigorous sense since it was still very unclear what it means to be a solution
to the infinite-dimensional Hamilton-Jacobi equation (3.91). Using the results of Chapter 4, and specifically
Theorem 4.4, this can now be clarified by verifying that the initial condition (3.92) in the sparse stochastic
block model satisfies assumptions (H2), (H3”), and (H4). It will be convenient to recall the definition of the
kernel g in (3.68), of the closed convex set K_, x in (4.21), and of its neighbourhood IC’Za’ & in (4.22).

Lemma 6.1. The initial condition v defined in (3.92) satisfies (H2), (H3’), and (H4) with a = 1.

Proof. Recall that Lemma 3.9 implies the existence of a constant C < +oco which depends only on ¢ and A such
that for every integer N> 1, e M, and £ >0,

IDuFy(t,u,x)|<C and |9,DyFy(t,pt,x)|<C. (6.1)

To establish (H2), notice that for every integer N > 1 and it,v e M.,

W () -y (v) = /Dm(vw(u V)i -v) //ﬁ(x)du v)(x) dr

for the continuously differentiable function f;(x) := D, l//N(v +t(u-v) 7x). To bound this integral by the total
variation distance, let 1 := it — v € M, and use the Hahn-Jordan decomposition (Theorem 3.4 in [57]) to
write n =N+ —n~ for measures n*, N~ € M, with the property that for some measurable set D ¢ [-1,1] and
all measurable sets E € [-1,1], one has n*(E) =n(EnD) >0 and n™(E) = -n(EnD°) > 0. The triangle
inequality and the first bound in (6.1) imply that

() -y (V)] < ‘/01/_11‘:(36)dn+(X)‘+‘/Ol/_ifz(X)dn’(X)‘ <C(n*[-11]+n [-1.1])

<2CTV(W,v).

Using Proposition 3.12 to let N tend to infinity establishes (H2). To prove (H3”) with a = 1, notice that by
(4.12) and (3.65), for every y € RQ)K , there exists some probability measure p* € Pr[—1, 1] with

9xk1/fff)(y)-— Dy (1 k) = () +O(N7Y).

|Dk| ErG

If ug = N((If()) (") € MSK) denotes the projection of u* onto MSK), then the mean value theorem implies that

k27K

G -Gl 3 [ latk) - g(at) au () < =

k’EDK k

where it has been used that (k") = u* [k',k’ +27K) for every dyadic k’ € Dg. This means that

2, v (y) = B |G (k) +0(27K)+0 (N 1) = BB () + 0 (27K) + O (N7)
so, for K large enough, one has V‘V]S/K) ) = w+(9(N_1) for some we K., . At this point fix c € R
and x,x’ e R? with (x —x)-z> ¢ for every ze K. 1.x- The fundamental theorem of calculus reveals that

(K) - q/(K) (x)2c+O(N” ) Using Proposition 3.12 to let N tend to infinity and invoking Proposition

A.2 gives (H3’) with a = 1. Finally, (H4) is a consequence of Lemma 3.10 and Proposition 3.12. [ ]
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Together with Theorem 4.4, this result establishes the well-posedness of the infinite-dimensional Hamilton-
Jacobi equation (3.91) stated in Theorem 1.5. To establish the lower bound on the mutual information in
Theorem 1.6, it will be important to unwrap this well-posedness result and express the unique solution f to the
Hamilton-Jacobi equation (3.91) as a limit of solutions to projected equations as in Theorem 4.2. Fix b >0
large enough so that the modified kernel

8p(2):=g(2)+b (6.2)
is strictly positive, and introduce the shifted initial condition ¥, : M, — R defined by

1

Wo(w) = y() +b / Ay 63)

as in (4.50) with a = 1. In the spirit of (4.131) - (4.134), introduce the symmetric matrix

s 1o DxD
G, = |DK|2(gb(kk'))k’k,6DKeR x*Dk (6.4)

the projected cone
Cpx = {G’l‘,’()x eRPK |xe ng}, (6.5)

the projected non-linearity Eb7 K: CN;, x — R defined by

~ ~ 1~ 1 -
Cox(Gx) = G xx= 5 Y (kK ), (6.6)
2 2|Dk| kk'eDg
and the closed convex set
Kotk = {Gyx e RP¥ | xe RDK and ||, = 1}. (6.7)

Recall the notation By g in (4.23) for the ball of radius R centred at the origin in Dx with respect to the
normalized-¢'* norm. Invoking Proposition 4.8 gives a uniformly Lipschitz continuous and non-decreasing
non-linearity AH},’K’R which agrees with AC'I,,K on @,K N Bk r. Theorem 4.4 ensures that the Hamilton-Jacobi
equation

8,f(K)(t,x) = HbK’R(Vf(K)(t,x)) on Ry XR%K (6.8)

subject to the initial condition f(5)(0,.) = V7;§K)(') defined according to (4.13), admits a unique solution
f;_llg) € Lunif Which satisfies the Lipschitz bound

~(K ~
=17 <1Foluipv, 69)

K)o,
St1>l(1)?|||fb,R (t7 )|||Lip.,1

and has its gradient in the closed convex set K=17b7k. It also guarantees that, provided R > || {||Lip,Tv, the

solution to the infinite-dimensional Hamilton-Jacobi equation (3.91) is given by

. b
)= i (T8 0a%00) - ol - ) (6.10)

and that this limit does not depend on b or R.
To establish Theorem 1.6, the idea will be to show that an adequately projected, perturbed, and shifted
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version of the enriched free energy (3.30) is an approximate viscosity subsolution to the Hamilton-Jacobi
equation (6.8). This will be achieved by deriving an approximate Hamilton-Jacobi equation for this quantity
similar to that in Proposition 2.27. Controlling the error term in this approximate equation will require a

concentration result for the perturbed free energy in the sparse stochastic block model.

6.2 Establishing the concentration of the free energy

The concentration of the free energy will be combined with the finitary multioverlap result in Chapter 5 to
establish Theorem 1.6. This will mean that the concentration result required is for the perturbed enriched
free energy (3.30). Fix an integer K, > 1 that will be chosen large enough in the course of this chapter, and
write A := (A9, A1,...,Ak, ) for a perturbation parameter with A € [27%~1,27%] for 0 < k < K. Fix a sequence
(en)n>1 with gy := N7 for some —1/8 <y < 0 as well as a sequence (sy)ns1 with sy := N for some 4/5<1n <1,
and observe that these sequences satisfy (5.9) and (5.10). Recall the definition of the Gaussian perturbation
Hamiltonian H]%,auss(o, Ao) = Ho in (5.7) and of the exponential perturbation Hamiltonians ; and H ;,XP(G, A)
in (5.11), and introduce the perturbed Hamiltonian

Hy(o,A) = H;\}“(G) +HY" (0,4) +Hy P (0,1), 6.11)

where the randomness of each of the Hamiltonians in the sum is independent of the randomness of the other
Hamiltonians. Just like in the settings of the symmetric rank-one matrix estimation problem and of the sparse
stochastic block model, the Gibbs measure (5.15) associated with this perturbed Hamiltonian is a conditional
expectation in the sense of (3.32), and therefore satisfies the Nishimori identity (Proposition 2.2). Arguing as
in Lemma 5.1 shows that the perturbed free energy associated with the Hamiltonian (6.11) is asymptotically
equivalent to the enriched free energy (3.30) in the sparse stochastic block model. Through a slight abuse of

notation, it will therefore be convenient to write

Fy(t,pu,A) = %log/ expHy(o,A)dPy(o) and Fy(t,u,A):=EFy(t,u,A) (6.12)

Iy

for this perturbed free energy and its average. The main result of this section is that for each even p > 2, the

concentration function
._ = P k-1 ~—k
v p 1= sup {EJFy(t,1,) = F(e, 1, M| | A € [2771, 274 for all k> 0} (6.13)

is of order N"P/2. For simplicity of notation, the spatial component (3.20) of the enriched Hamiltonian
(3.29) will be dropped, and the concentration of the free energy will instead be established for the perturbed
Hamiltonian

Hy(o,1):=Hy(0)+HS" (0,A) +Hy " (0,1). (6.14)

This means that the free energy

1
Fy = —log/ expHy(0,1) dPy (o) (6.15)
N N
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will be shown to concentrate about its average

— 1
F;V:NIElog/ expHy(0,A) AP (0). (6.16)
b

N

More precisely, for each even p > 2, the concentration function
r_ 1P —k-1 ~—k
vy p = sup{ E[Fy = Fy|" | A e [2771 27 ] forall k> 0 (6.17)

will be shown to be of order N?/2. A bound on the more general concentration function vy, » can be obtained
identically, but the notation becomes too cumbersome for comfort. The main tool to establish the concentration
of the perturbed free energy will be the generalized Efron-Stein inequality (Theorem 15.5 in [20]) stated here

for convenience.

Lemma 6.2 (Generalized Efron-Stein inequality). Let X := (Xi,...,X,) and X" := (X{,...,X,) be two inde-
pendent 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(Xy,..., Xi-1, X!, Xis1,---. Xn). If
q > 2, then there exists a constant C < +oo that depends only on q such that

q
E|Z-EZ|’ <CE Z]EX,(z—z;)z‘z. (6.18)

i<n

It will often be useful to make the dependence of the perturbed Hamiltonian (6.14) on one of its sources of ran-
domness 6*, T, Zy := ik, ji)k<ry,» G 1= (G}, ke, €= (eju), IU = (M )rz00 o = (i) jerr» and Z = (Zo,i)isn
explicit. Through a slight abuse of notation, it will be convenient to write Hy,(X) when the dependence on the
source of randomness X wants to be studied. 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 H},(X"),

max |Hy (X) - H{ (X")| <Y, (6.19)
oely

gives a control by the possibly random Y on the difference of the free energy functionals Fy, (X) and Fy,(X")
associated with these Hamiltonians, v
|Fy(X) - Fy (X)) < 5 (6.20)

The key concentration result on the perturbed free energy is the following.

Proposition 6.3. For every even p > 2, there exists a constant C < +oo that depends only on p, ¢ and A such
that
(6.21)

Proof. To alleviate notation, write C < +oo for a constant that depends only on p, ¢, and A whose value might
change during the argument. 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 6.2 and the fact
that

E=E¢EzEmEz, E En Ez, Ego+ -
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To break down the proof into steps, introduce the averaged free energy functionals
Fy=EnEz,Egoe+Fy and Fy=EzEwEgEFy
in such a way that
P =1 7= \P
E(Fy-Fy)" <C(B(F-F)" +E(Fy - Fy) +E(Fy-Fy)"). (6.22)

The proof now proceeds in three steps, each showing that one of the terms in this sum is of order N -r/2,
Step 1: proving E(Fy, —F;(,)p =0 ((t/N)”/z). The first term in (6.22) is bounded from above by

C(B(F - Eglo+ Fi)” +E(Egjor Fyy ~ Bz, Bglo Fy)” + B(Ex, Egion Fy — Fy)") =t C(I+ 11 +111),  (6.23)

and each of the terms I, /T and /1] is now bounded individually. By the generalized Efron-Stein inequality

p/2

)

2

E| 3 Egooe (Fi(9) - Fi(6))

(<T1,

where (éfi) )

i,j>1
are bounded by one,

is an independent copy of (Gl.(i.))i ISt Since |A| < ¢ and all spin configuration coordinates

+Ao;, 0
1 (9) = Hi(9V)] < |10g(C+AG,[G“)||G% i~ G, N|+‘log( M)“Gu Je Gi Je
<C’Gw Je Glei J(|
It follows that
¢ : 2712 C 2N\ w 1yP/2
I< mE| Z EQ(MG* Gi,jk mu| | IE /;,((I_N)Gf’ ”+N)|

o8 2 el s )

By the Poisson colouring theorem (Proposmon A.16), conditionally on ¢* and Z;, the random variable
ct+Ao)
eIl fh j, 1s Poisson with mean EIT, N[ It Invoking the Poisson moment bound in Lemma A.14 yields

C , CPl?
EIT"/ <

1< —
NP5 SN2

(6.24)

Another application of the generalized Efron-Stein inequality gives

217/2

ZZ E 1(1)(EQ\G*FN(II) EQ\G*FN(I(E)))
<0

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

Hlog C+A615611)|+‘1 Gl( Je ‘log(l—w)‘ \C(|G’[ ”|+%)'

(@) <o} o

it,Je
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This means that |H}(Z,) - H,(Z (6))| <C(|Gl[ il |G | ) and therefore
2 C e
(0
(EQ\G*FI\,/(II)_EQ\G*FA’/(I1 )) < ﬁ(ng ive| +Eglo* Gz' ol ) Sy
It follows that n n
C p2  CtP Cz"
1< WEH’ < NP NP/2 (6.25)

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

p/?
I < E[Ery Bz, Bgjgs Fy (T1,) - B, Egj+ Fy (IT)) ) ‘
where IT] is an independent copy of II,. Slightly abusing notation and redefining IT] to be the maximum

between I1; and Ht' , it is readily verified that

C+A6ik0jk )‘)

|H1(/(H,,)—H1(/(Ht)|< Z (|Gtwk||10g(C+AGiko_jk)|+|1_ ’k/k||lo( N

T, <k<TT,

<C % (I6hl )

IT; <k<TT]

It follows that

1 C
|EIIEQ|G*FN(Ht) EIlEQ\G*FN(Ht)| EIIEQ|G* Z ( lk7jk|+ ) ﬁm{—ﬂ,\,
HszSH{

and by Jensen’s inequality and the Poisson moment bound in Lemma A.14,

| sz C crl? Cﬂ’/ 2

C / 2 p
I < WE|EH;|HZ—H,| < WIEHL—EHA <N Sy (6.26)

Combining (6.23)-(6.26) reveals that E(Fy,— Fy )" = O ((/N)P/?).
Step 2: proving E(Fy, —fl(,)p =0 (N‘P/z). The second term in (6.22) is bounded from above by
C(B(FYEE) +E(BoFy ~Ex,EoFy) + E(Eq, B Fy - EnEr,Eofy ) + E(En Eg, EFy - Fy)")
= C(I+H+I1I+1V), (6.27)

and each of the terms /, I1, I11, and IV is now bounded individually. By the generalized Efron-Stein inequality

2|P/2

E[> > Ean (FN(e Fy(e (]k)))

k>0 j<m

where ¢(/%) has an independent copy e;.k of e at the jk’th coordinate but otherwise coincides with e. Since

|40 | A
[Hy (e) —Hyy (e9)| < \ITM*” k= ‘f’]k|<1_7k,1k|ejk‘e}k’




CHAPTER 6. A HAMILTON-JACOBI APPROACH TO THE SPARSE STOCHASTIC BLOCK MODEL 156

and Ay e [27%1 27,

1 2(P/2

C
I< 2k 2k ZE ’elk eﬂ<’|

S NP

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

1< S BY (3 5 Eales-eil)" < WEZ g T,

k=0 j<m, k0272 j<m,
Recalling that e ~ Exp(1) while j; ~ Poi(sy), and invoking the Poisson moment bound in Lemma A.14
gives
C

1 SN p/2
1< = Exf <o)< S (6.28)
w7 2o <C(5z)

Similarly, by the generalized Efron-Stein inequality,

R R 2 p/2
E|Y. Y E uo (EeFI\ll(IZ)_EeFI\,/(IZ(j )))

k=0j<m, "2

where Iz(j “) has an independent copy i;.k of ij; at the jk’th coordinate but otherwise coincides with Z,. By the
mean value theorem,
Gi;k

1 +lkcri 1 + A0
Ji /1\

’H](](Iz) _Hl(/(Iz(jk))’ < |10g(1 +2,k0'ijk) —log(l +z.]<Gl-//k)| + lkejk‘
< Clk(l +€jk).

It follows once again by two applications of Holder’s inequality and the Poisson moment bound in Lemma

A.14 that
C

p/2
S (1+eje)? C(Nz) <o (6.29)

pl
11<ﬁEZ kp k

k=02 JE<m

Another application of the generalized Efron-Stein inequality yields

(P2
I < CE| Y o (B, B (1) - EL B, (1Y) )

k=0

where IT"(®) has an independent copy ] 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, it is readily verified that
/ ! / 1(k) )’ke/ko-ijk

|, () - H (TP < T ‘log(l F MO )

LA S A

+ *
1 )vk O ik

C/lkz)

+Clk2)

k€ jkOijy

A
< Z (‘)ukcijk - 1 +a/k6i7>;k +

oGk
< ()Lk‘l 1+ A0

m<j<m, jk

l—e:
<A Z (MM<+C7L/().

LA S A 12
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It follows by two applications of the Cauchy-Schwarz inequality that

I < EZ kp( > (WWCM))
M

k20272 \m<j<n]
C 1 . [1-er|+ A b
SﬁEZ o 1= | Y (1]7L+C7Lk
k=027 << — M
C 1
< pz — Elm - mP.
N k>022

Since E|m; — m|? < CE|m - Emy [P < sﬁ/ ? by the Poisson moment bound in Lemma A. 14, this implies that

SN p/2 C
mgc(ﬁ) <o (6.30)

A final application of the generalized Efron-Stein inequality gives

217/2

IV <CE

> B0 (EnszzEf,Q(Z) -EpEzE, F]\,/(Z(i)))
i<N

where Z() has an independent copy Z 0 of Z; o at the i’th coordinate but otherwise coincides with Z. Combining

Holder’s inequality with the bound

|HY(Z) - Hy(2D)| < VAoen|Zio - Z

reveals that

C
NP2

E|ZE2()|Z,0 z,0|| —N§—12E|z,0 Zl|" <
i<N

V< ()“)EN) 631)

Together with (6.27)-(6.30), this shows that E(Fy, - Fy)” = O (N712).

Step 3: proving E(FI\'J —F;V)p =0 ((tz/N)”/z). Controlling the final term in (6.22) requires more care since
FX, depends on ¢* both through F}, and through the conditional expectation Eg|+. To simplify notation, write
E’ = EzEEz, E.En,Ez, in such a way that by the generalized Efron-Stein inequality

- , 21P/2
E(Fy-Fy)’ <C

[ZEG*@)(E Eglo Fy(0") ~E'Eg|5e.0 Fy (0™ (Z)))
<N

—

ZZ Ege () (E'Eglo Fi(6™) - E'Egjg Fyy (0
<N

2[’/2

+CE

zZE"*(“(]E]EQ\G*FN(G ©O)-EEgig i Fi(c™"))
<N

= C(I+1I), (6.32)
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where 6*/() has an independent copy 6, of o/ at the £’th coordinate but otherwise coincides with 6. Since

2%26-;(
<28N+ Z Z (l_ij)z,

k>1 jii =t

Bl (o) - Hy (6" D) < Aogwlaillor 87|+ ) 3 | HROL - Areino

k>1 jii =t

1+ Ao/ - 1+ 46

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

2ey 1 202
E'Eglor i (67) ~E'Eglo- Fy (67 )| < =X+ —Ep S, K B, |[{j1ig = £}
| g|6 N g|5 N( )’ N N ]; (1 _)“k)z 2
2 1 222 2 sy 3
<+ —Ep Y —F _mcg=+2 <=,
N N2 “,;(1—7Lk)2 “SNTNN
It follows that N o c
P

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

c+Ao, "o} c+Ac, "o
P (G) = Gk(]\f K ) +(1 —Gk)(l S T )

N
c+Ac"or c+Ac, Mot
B (G) isz(Aﬁl")Jr(l—Gk)(l—]élk),
c+A(o™)? c+A(o™)?
P} (G) ::Gk((N[))+(1—Gk)(l—(N[)),

where 6,7 := (1 -u)o} +uG; . Write ¢** for the configuration with ¢’th coordinate ¢, which otherwise

coincides with o*, and introduce the sets

T} :={k|ix=1and ji #1}, I = {k|ix = ji =1},
T? = {k|ix 1 and ji =1}, T = {k| i #1# ji}.

Let G := (gk)kd?, ¢W® =G\ G, G:= (Gk)kez‘l‘ and G := G\ Gy, and define the interpolating free energy

pw)= 3 F(0"V.G)P{G=Clo"}- [T RH(6) [T RH(G) T RH(OG)

Ge{0,1} keT! keT? keZ}

in such a way that ¢(1) = ]Eg|6*F1(,(G*"(€)) and ¢(0) = Egio=0) FI(,(G**(/’)). By the product rule,

o= 3 F(c"?,G)P{GW=6®|c""}(26,-1)
keUa T} Ge{0,1}10

(A(&[ -0/ ) (o} H{keZ{} + 0, 1{keT}} +20';’“1{kel'13}))
N

5 DkA(&;—o;)a;; y DkA(&;-o;)o,; y Dsz((l—u)o;+ua';)(a';—o;)
N N X N
kel’l
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for Dy := Eg(k)lc*.uF]&(G*’(a,g(k),gk = l) —]Eg(k)‘o,nuFA,/(G*’(Z),g(k),gk = O) Since

C+Ao-ikcjk )‘ <C
N )

(6,6 =1) - Hy (6, G = 0) < [log(e + Avi,05) ~log (1- ——

one has |Dy]| < %, so the fundamental theorem of calculus yields

* % C
[Bgio (0™ ) ~Egio- (o) < sup lof (] < 3 (I + 1+ 1)
ue (0,

It follows by the basic properties of the binomial distribution that

2 ¢ 2 C IL\2 Cf?
’ 1% (0 T/ N ARG -~ i _ = ot =
(EEgio+ Fi (0" ) ~E'Egiguc Fi(0™ 1)) < 15 ls%(H—EHJI”) i K,Z-Q(E“’N) <
and thus n
NS e
1< C(N2 ) = o (6.34)

Combining (6.32)-(6.34) reveals that E(E\’, —E’V)p =0 ((t2/N)p/2). Together with (6.22) and the previous

two steps, this completes the proof. [ |

This concentration result for the perturbed free energy, or more precisely its extension establishing that
the concentration function vy, in (6.13) is of order N -rl?, may finally be combined with the multioverlap
concentration results in Chapter 5 and the derivative computations in Chapter 3 to prove the lower bound on

the mutual information in Theorem 1.6.

6.3 Proving the free energy upper bound

In this section, the limit of the perturbed and enriched free energy (6.12) in the sparse stochastic block model is
shown to be bounded from above by the unique solution to the infinite-dimensional Hamilton-Jacobi equation
(3.91). Remembering that the perturbation does not affect the limit of the free energy, and recalling the
relationship (3.17) between the free energy and the mutual information, this will give the lower bound on the
mutual information stated in Theorem 1.6.

The upper bound on the free energy will be established by showing that a suitably projected and shifted
version of the perturbed and enriched free energy (6.12) is an approximate subsolution to the Hamilton-Jacobi
equation (6.8). For every integer K > 1,120, x ¢ R?O" , and perturbation parameter A, define the projected
version of the perturbed and enriched free energy (6.12) by

O (12, ) = (6,18 2) and FYO (1,x6,4) = EESO (1,x,1). (6.35)

In the same spirit as (6.10), given b € R such that the kernel g, defined in (6.2) is positive on [-1, 1], introduce

shifted versions of the perturbed and enriched free energy functionals (6.12),

1
F&(t,u,x):FN(r,u,/l)w/ du% and  Fy(r,u,A) = EF{(,1,1), (6.36)
-1
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and for every integer K> 1,120, x € Rgf , and perturbation parameter A, denote by
Fi® 4 x2)=F(tuf ) and FOO(6,x,0) =B (1,x,2) (6.37)

their finite-dimensional projections. Similarly, write

— _ bt
N (10 =F(n®) and Ty (1,0 =F (1) + bl + (639)

for the finite-dimensional projections of the enriched free energy (6.36) and its translation according to (6.10).
Combining Lemmas 3.2, 3.5, and 3.7 with the Arzela-Ascoli theorem, it is possible to extract a subsequential
limit F&) from the sequence defined by the second term in (6.38) for varying N. Passing to a further

subsequence, and using a diagonalization argument, it is also possible to ensure that for all (z,x) € R x RQ)" ,

F® (1,%) = limsupFi " (1,x). (6.39)
N—>+oo
The key to establishing Theorem 1.6 will be to show that, in some sense, the subsequential limit F (%) is an
approximate subsolution to the Hamilton-Jacobi equation (6.8) for some R > | W ||Lip.v + [ 85|20 + |8, [ oo + 1
which will remain fixed throughout this section.
Consider a smooth function ¢ ¢ C“(R>0 ><]R>OK ,R) with the property that F (&) _ ¢ achieves a local
maximum at some point (fs0,Xoo ) € Rsg x R>0 . Recalling that the index K controls the number of terms in

the exponential perturbation Hamiltonian (5.11), introduce the parameter

(1,271,272, 27K ) ¢ (271272 273 27K )

Aoo = 6.40
) (6.40)
as well as the smooth function
G(1,5,A) = 0 (£,x) + (1o ) + X = Xoo|* +|A = Aoo|*. (6.41)

It is clear that (z,x,A) ~ F®&)(z,x)-¢(¢,x,1) has a strict local maximum at (foo,Xoo,Ac ). Arguing as
in the proof of Lemma 5.1 shows that (7,x,A1) — FN (t x,A) converges to (1,x,A) ~ F&) (7 x) locally
uniformly. Using Lemma 2.7, it is therefore possible to find a sequence (tn,xN, An )N>1 Which converges to
the point (fo0,%c0, Aco ) and has the property that (¢,x,1) — F (t x,A) - ¢(t,x,A) attains a local maximum
at (#y,xn, Ay ). More precisely, it is possible to find a constant C < +oo which is allowed to depend on K, K,

o> Xoo, and the function ¢ such that
(FX™ ) (o ) =sup { (FN™) = 3) (0.0 A) [ =tnl + -] + 2 - 2| <71} (6.42)

The constant C < +oco will be used at various places in this section, and it is understood that its value may need
to be increased as the argument proceeds; the important point is that it does not depend on N. The choices
of Aoo in (6.40) and xoo € R?OK ensure that when N is large enough (Ay )i € (27%°1,27%) for 0 < k< K,, and
Xy € ]R?OK . Increasing C < +oo if necessary, it is therefore possible to guarantee that for N large enough, the
supremum on the right side of (6.42) is taken over triples (7,x,4) with >0, x € R>OK ,and A e [27%1 277 for
1 <k<K,. It follows that

"(K)

3z( 7 Eﬁ)(tN,xN,)LN):O, Vi (FN )(fN,XN,/IN)=07 (6.43)
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and
—(K) —1(K)  ~
Va (FI(V )_ ¢)([N,)CN,/’LN) =V, (FAE )_ ¢)(IN;XN7A’N) =0. (6.44)
The majority of this section will be devoted to leveraging the second equality in (6.44) and the multioverlap
concentration results in Chapter 5 to establish the concentration of a finite but very large number of the multi-
overlaps (3.41). This finitary multioverlap concentration result will then be combined with the computations

in Chapter 3 to deduce the following approximate Hamilton-Jacobi equation for the projected free energy.

Lemma 6.4. Fix R> |, |LipTv + |8l + |8}, |z + 1. For every € >0, there exists a choice of integer K, > 1
in the perturbed Hamiltonian (6.11) with the property that for any integer K > 1, it is possible to find a constant
Ee x With

timsup (47N ~Fpx (VTN ) ) oo M) < Eek 6.45)

N—+oo

and limg_)o ]im[(_,+oo 5£.K =0.
For the time being, Theorem 1.6 is proved assuming Lemma 6.4.

Proof of Theorem 1.6 assuming Lemma 6.4. Given € >0, invoke Lemma 6.4 to find an integer K, > 1 in the
perturbed Hamiltonian (6.11) with the property that for any integer K > 1, it is possible to find a constant & g
with

timsup| (47N ~Fip (VTN ) ) oo M) < Eek (6.46)

N—+oo
and limg_,olimg_, 400 &k = 0. Given an integer K > 1, the idea will be to show that the test function
PpeC™ (R>0 x R?O’( ; ]R) introduced above satisfies the subsolution condition for the non-linearity ﬁlx k.,r at the
contact point (fs0,%c0 ) Up to the small error & g. This will mean that the subsequential limit F&) of the
modified free energy (6.38) is a viscosity subsolution to the Hamilton-Jacobi equation (6.8) up to a small error.

The proof proceeds in two steps. First it is shown that the function
E(K) = F&) ~tEe k (6.47)

is a viscosity subsolution to the Hamilton-Jacobi equation (6.8), and then the comparison principle in Theorem
4.1 is leveraged to obtain an upper bound on the limit superior of the enriched free energy (3.30) by the
solution f to the infinite-dimensional Hamilton-Jacobi equation (3.91) constructed in Section 6.1. The lower
bound on the limit inferior of the mutual information then follows from the relationship (3.17) between the

free energy and the mutual information.

Step 1: proving f’e(K) is a viscosity subsolution. Since xy — Xo, assume without loss of generality that
(xw)ws1 € REE. Tt follows by (6.43) that

~ ~ ~ —1(K) —1(K
(00 —Hpx r(Vx9)) (tn,xn, ) = (8tF1,\§ - Hb.mR(Vsz,\g )))(IN7XN>AN)7
so letting N tend to infinity and combining the definition of a with (6.46) yields

(3za—ﬁh,K,R(an))(l‘oo,xoo) <Eek-

This shows that the function (6.47) is a viscosity subsolution to the Hamilton-Jacobi equation (6.8).
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Step 2: comparison principle. The comparison principle in Theorem 4.1 gives the upper bound
F® (1) < 0 (1.0) +1€e k. (6.48)

It has implicitly been used that F (%) and f;]lg) are continuous and have the same initial condition by Proposition
3.12. Tt has also been used that they both belong to the solution space £yif by the discussion in Section 6.1,
the derivative computations (3.39) and (3.60), and a simple application of the mean value theorem. With (6.48)
in mind, fix a finite measure u € M, and introduce the discrete measure
(K) ._ ;&)
=B (1)

defined in (4.9). It is readily verified that ﬁ(’() — 1 with respect to the Wasserstein distance (3.85). Moreover,
an identical argument to that in Lemma 3.10 leveraging the second bound in (3.87) gives a constant C’ < +00
that depends only on ¢ such that

Fu(t,p) <Cu[-1,1W (715 %) + L (1.5 ().

The letter C’ is used instead of C to emphasize that the constant C' does not depend on K. Letting N tend to
infinity, recalling (6.38) and (6.39), and leveraging (6.48) yields

. — S K bt
limsupFy (1, ) < C'u[ -1, W () + 733 (16 () bl ® )l = 5 + e
Invoking Lemma 6.4 and remembering the definition of the solution f to the infinite-dimensional Hamilton-
Jacobi equation (3.91) given in (6.10) to let K tend to infinity and then € tend to zero establishes the upper
bound

limsup Fy (t,1) < f(t,10)- (6.49)

N—+oo
Recalling that the free energy (3.14) in the sparse stochastic block model is given by F = Fy(1,0), where

0 denotes the zero measure, and leveraging the relationship (3.17) between the free energy and the mutual

information completes the proof. ]

The rest of this section is devoted to the proof of Lemma 6.4 which will be established by combining the
computations in Chapter 3 with the multioverlap concentration results in Chapter 5. For any perturbation
parameter A, let

Ao = EnAo, (6.50)

and recall the definition of the quantities Lo in (5.18) and £ in (5.19). The importance of these quantities in

the present context stems from the fact that for 1 <k < K,

2

1 , 1 , , £

by (1.x.0) = (M), R x2) = S ({0 - (46)%) - ~Sp(0)-20). (65D
0,N

1 ! 1 I ! 144

9 FS) (1,x,2) = ~ (M), RS (1,2,1) = N(((Hk—(Hk))2)+(Hk ), (6.52)
while for0< j#k<K,,
1 li l4 l4 l4

Fhaay PN (1.2.0) = T ((HHL) — () (H1)). (6.53)
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Here, and for the remainder of this section, the Gibbs average (-) will always be associated with the perturbed
Hamiltonian (6.11) evaluated at a triple (¢,x,A) which will be clear from the context. It will also be convenient
to record that for 1 <k < K.,

HY = HYP(0,2) =

*
( 1 Gij Gi_fk €jk
J<m

_ + " and |E(#))| < Csy. (6.54)
(1+ X403, )? (1+lk65,-k)3) Sy

The key step in the proof of Lemma 6.4 is to obtain the concentration of the multioverlaps (3.41) from
Propositions 5.2 and 5.4 by establishing the concentration (5.20) of the quantities £; for the Gibbs measure
with parameters given by the contact point (¢y,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. The concentration of the free energy FISK) about its average F](VK)
established in Proposition 6.3 will also play its part. Due to the constraint on the Hessian at the contact point,
it will be possible to extend the concentration result on the free energy into an estimate on the concentration
of its gradient. The argument is decomposed into a series of four lemmas. The first two essentially bound
the Hessian of the perturbed free energy (6.35) from above and from below as in Steps 1 and 2 of the proof
of Lemma 2.29. The third leverages the free energy concentration result in Proposition 6.3 to estimate the
uniform L”-distance between the quenched and averaged free energies (6.35) as in Lemma 2.28. Finally, the
fourth extends this to a control on the gradient of the free energy as in Step 3 of the proof of Lemma 2.29.

Lemma 6.5. For any perturbation parameter A with |A| < C™!,
fz(vK) (tn,xn, AN+ A) —FI(\IK) (tn, 2N, An) = A - vAf](vl() (tv,xn, An ) <CIAP. (6.55)
Proof. Fix a perturbation parameter A with |A| < C~!, and notice that (6.42) gives
FrS (i, Ay + ) = (1,00, Ay ) < @ (a6, Ay + ) = § (e A ).
On the other hand, Taylor’s formula with integral remainder implies that

F (w4 1) ~F (1 oxevs )

1
:x-vﬁgﬁ’()(w,xmﬂw)+/ (1-9A-2FE (g oy Ay +s0)A ds, (6.56)
0

and similarly,
a(rNaxNv;{’N +A) - a(tNaxN;A—N)
1
:)L'V;Lfﬁ(tN,xN,ANﬁ/ (1-5)2-92 § (1, x, Ay + sA) 2. ds.
0

Combining (6.43) with the chain rule shows that A -V ¢ (ty,xy,Ay) = A -V ;ijly() (tn,xn, Ay ), and therefore

1 1
/0(1—s))L-Vif;éK)(tN,xN7lN+s7L)ldss/o (1-5)A-V3 ¢ (ty,xn, Ay +sA)A ds <CJA|S
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Substituting this into (6.56) gives

FI(VK)(IN;XN,AN"’)*) FN (INJCN,)»N) FN (’N»xNv Av+A)- F (tN’xN’)‘N)
S/’Lov;f;v (tN7xN,7LN)+C|7L|2
= A-VAFY (tv.aws Aw) + CIAR,

and completes the proof. [ ]

Lemma 6.6. There exists a random variable X with EX? < C such that, for all perturbation parameters A\
with |A|<C71,

FS (o, A+ A) = FS (0w, A ) = A - V2 FS (a0, Aw) > =X AP 6.57)

Proof. Since ty and xy remain fixed throughout, write FA(,K) (1) for FA(,K) (tn,xn,A). Introduce the function

h(A) = F (1) - VAONZlZo,H— S Y (8A2ej—log(1-4)). (6.58)

i<N N i<k, j<m
Leveraging (6.51) and Holder’s inequality, one can see that

€2

1 , , /
8%011(1) :N«'Ho_(?'lo))z) )1:13/2( )-Z 3 5 Z|ZOt| ( <H0>)2>.
N iN
Using (6.52) and (6.54) reveals that for 1 <k <K,
1 1 1 O-lkcl € jk 1
97 h(A) = —((H; - (H, 2+< - L 16-+>.
M ( ) N<( k ( k)) ) N jszygk( (1+2'kcijk)2 (1+7Lk6 )3 € jk (l_lk)Z)

Since A < 1/2 and all spin configuration coordinates are bounded by one, it is actually the case that
1
2 2
h(2) > S{(Hi= (Hi))°)-

Together with (6.53), this shows that Vih is positive definite and therefore % is convex. It follows that for any
perturbation parameter A with [A| <C~!,

h(An+A) 2 h(AN) + A -V h(AN).

Remembering the definition of /4 in (6.58), this shows that the left side of (6.57) is bounded from below by

1 (Vo0 - Gvion - (AN>0N),<ZN'°"
1

i~ ¥ Z8e,k((/1N)k+2xk(aN)k-((xN)k+xk)2)

N 1<k<Ky j<my

1 1—(lN)k—lk) Ak )
+ — lo + .
N 1<§K+j§k( g( 1-(An)k 1-(An)k
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Increasing C if necessary, Taylor’s theorem with differential remainder gives a perturbation parameter 2 with

T € [27%=127K] for 0 < k < K, whose value might not be the same at each occurrence such that

Aon __ ()-O,N)2
(AN)on 8137/13
)2+ 22 )i = (o )i+ ) = A2

1— (A )i — Ak A A 2
log( = (s )+1_ 27;.

\/(KN)O,N +AoN - \/(AN)O,N 5 > —VenAd > -A¢

= — 2 —
ANk 2(1-2)?
It follows that the left side of (6.57) is bounded from below by

)L2
Sz L S A2 Y Bep+2) > XIAP
N ’ le

i<N k<Ky  j<m

for the random variable . .

Xi=< YlZoil+— 2o ) (8ej+2).
N i N 1k, i<z,

Using the Cauchy-Schwarz inequality, taking the average with respect to the randomness of (e ) j x>1 before

the average with respect to the randomness of (7 )51, and remembering (5.10) shows that

e« S(e(smi) + ¥ B3 o))

i<N I<k<Ky  j<m

<5 (NE|Zos |+ (N - N)EIZo1Zoal+ Y, Eme Y (8eji+2)?)

1<k<Ky j<m

2

V/aN
Zla 2o

(N?+53 +sv) <C.

This completes the proof. [ |

Lemma 6.7. For every M > 0 small enough, p € [1,+00), and € >0, there exists a constant C < +0o not
depending on N such that

1

. P

(]E sup ‘(Fl\gk)—F](\,K))(tN,xN,lN+/'L)|p) <CN™I¥E, (6.59)
2] oo

Proof. Let 0 <M < 1/2 be small enough so that (Ay + 2 ) € [27¥1,27%] for 0 < k < K, whenever |4 <M,
and for each perturbation parameter A introduce the random variable

1
Y=y Y Il
0<k<Ky
where the Gibbs average is associated with the perturbed Hamiltonian (6.1 1) evaluated at (fy,xy,Ay +A). The
relevance of these random variables stems from the fact that by the mean value theorem, (6.51), and (6.52), for
every A,A’ in the £*°-ball of radius M,

S (i, Ay +2) = FS) (i ,xw A+ A1)| <€ sup Y() |2 =41

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

FS (v ows Ay +A) = F§ (v, v + A <E - sup Y ()| -A"]
11loo<h

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

E sup ‘(FA(,K) (K))(IN,XN,QLN+A)| <Esup|(F(K) ji,K))(tN,xN,lN+7L)‘q
4] co <M

+CelE sup Y (L)Y,
12 ][0 <M

for the set Ag 1= €Z!"%+ N {|| 1] o < M}. Indeed, every A is at most at distance (K, + 1) from an element 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 6.3 shows that

E sup ‘(FA(,K)— )(tN,xN,),N+A)| <ClAg|N™ 2+CquEI sup [Y(A)1. (6.60)
4] oo <M AlloosM

To bound the moments of sup | <y[Y (4)], fix 1 <k <K, and observe that Holder’s inequality and (5.19)
reveal that

q

1 €k

E sup (H)?<E su + J
nM\iMK ¢l wmpw f;rkl—(’lN”L)k (1= (A +A)e)?
Z 4(1+€Jk) <Ex q 1 Z Z 4(1+€jk)
J<m (1- 2M J<m j<my (1- ZM)z

< CEnk ,

where the last inequality is found by averaging over the randomness of (e i) j x>1. Similarly (5.18) and Holder’s

inequality give

Z 1 29E| 6 - Zy|?
E sup [(Ho)|?<elE sup |lo-c”| 7 lo-Z| SCS;\’,(N‘1+/2|GO|)
12 lloo <M 12 lloo <M 2€01((An)o + Ao )42 2817 (1-2M)1
4
<CeyN1.

Combining these two inequalities with the Poisson moment bound in Lemma A.14, and recalling the properties

(5.9) and (5.10) of the sequences (&y)y>1 and (sy)y>1 shows that

E sup |[Y(A)]?<C. (6.61)
4] eo<M

Substituting this into (6.60) and noticing that |A| is of order £~ (X++1) yields

E sup ‘(FA(]K) (K))(tN,xN,lN+/1)| <C 8 ~(Ket1) - 2+€q)
4] oo <M
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. . - # .
Taking 1/q’th powers and choosing € := N 2(¢*K++1) gives

1

— o\ L

(IE sup ‘(FA(,K)_F,(\,K))(IN,XN,),N+A)|) <CN ™ @Ky |
(4] o <M

Notice that the power on the right side can be made arbitrarily close to —% by taking g large enough. Invoking

Jensen’s inequality completes the proof. [ ]

Lemma 6.8. For every € >0, there exists a constant C < +oo not depending on N such that
E[va (B -FR ) oo, )LN)‘ <CN73*e (6.62)
Proof. Given u € [0,C™'], consider the random perturbation parameter

T (FO T v v )

(RO -F) v )|

Combining Lemma 6.5 and 6.6 shows that

(B -FN) v +2) = (B F) (1w )

> 1]V (B -F5 )ty v 2)| - (CH XD AP

Rearranging, squaring, and taking expectations yields

W[V (R 7K ))(tN,xN,lN)‘ZsC(E sup |(R° - ¥ ))(tN,xN,AN+/1)|2+u4),
AlowsC!

where it has been used that EX? < C and |A| = u. Invoking Lemma 6.7 gives
E‘v F0 _pK ))(t A )|2<C b e
( viN) N N N1_2£IJ,2 +:u' :

Optimizing over u leads to the choice y := N -1+3 , and completes the proof. [ ]

Lemma 6.9. For any 1 <k <K, there exists a constant C < +oo not depending on N such that

E((Lo-F(Lo))?) <CN™%  and E((Lr-E(Ly))*) <CN™. (6.63)
Here, the Gibbs average (-) is associated with the perturbed Hamiltonian (6.11) evaluated at the contact point
(N, XN AN).-
Proof. A direct computation using (6.51) shows that
2
N2eRE((Lo~E(L))?) = E{(Hg - (H0))*) + E((Ho) - E(Hs))
2

8 —(K 2
N3} F\S (tN,xN,;LN)+4/13/2@((;).zo+1\/2]E(a%(p151<>_F§V ))(,MN,;LN)) .
0,N
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It follows by Lemmas 6.5 and 6.8 that for any € > 0,

C 3 1
_ 2 2 2—5+€ 2|y]-1 3]y]-1 2|y7|+e-5
E((Lo-E(Lo)) )\N 8§}(N+N8N N2 ) c(vt Ny z).
Remembering that —1/8 < ¥ < 0 gives the first bound in (6.63). To establish the second bound, fix 1 <k < K.
A direct computation using (6.52) yields

SVE((Le~E(L))?) = B((H - (H)?) +E((H)) ~E(H}))*

—(K
= N3 Fy (vow Aw) ~E(HY) + N2E( 9y, (EV ~F3 Y awov A )
Invoking (6.54), and Lemmas 6.5 and 6.8 reveals that for any € > 0,

¢ (N+sN +N2+£) C(Nl_z’7 +NT +N%+8_2”).

E((Li—E(Lk))*) < <z
N

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

This result implies the fundamental assumption (5.20) in Chapter 5. Combining this with Proposition 5.2
and Corollary 5.3, and fixing € > 0, it is possible to find d > 0 so the statement of Proposition 5.4 holds. In
particular, setting K, := | '] in the perturbed Hamiltonian (6.11) ensures that for 1 <m < |e7!],

E((Rpmy - E(R[1))?) <& (6.64)

This multioverlap concentration can be combined with the computations in Chapter 3 to finally give a proof of
Lemma 6.4.

=(K)

Proof of Lemma 6.4. To alleviate notation, it will always be implicitly assumed that 5, * and its derivatives
are evaluated at the contact point (zy,xy,Ay). The definition of the modified free energy in (6.36), and
Corollary 3.3 reveal that

=/(K)

oFy ;(chAm ) log( c)+f > - A/C)HE<R%" )—7+ +O(NY). (6.65)

n>2 (n_l)

On the other hand, the duality relation (4.12), the definition of the modified free energy in (6.36), and Corollary
3.6 imply that for any k € Dk,

an—/(K)

1 (-A/c)" -1
Dx| ((C+Amk) log(c) +an>:2 1) E(R[ )K" —c+b | +O(NT").
Denoting by p* := L({0;)) the law of the Gibbs average of a uniformly sampled spin coordinate, the Nishimori
identity (Proposition 2.2) and the definition of g in (6.2) imply that this may be rewritten as

—/(K)

9y Fy " D |/ 2y (ky) dp*(y)+O(N).
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The mean value theorem shows that

e iy . o A
Dk % (ky) du* () - G () < 19 (ky) =2 (kK )| d ™ (v) < 2223,
Dkl /-1 k'eDg 7K 2

which means that

(K) =~ I8, HL _
9.y -GSO ® (), < ko).

In particular, for N large enough,

A

7(K) - ~ -
.+ 22+ O(N) < @i e + 18 le= +O (V) <R

NG ® (), <[V Fy

Remembering that ﬁb’ kg coincides with Eb7 K on (ffvb’ k N Bk r, and leveraging the Lipschitz continuity of ﬁb’ K.R

in Proposition 4.8 gives

H F 8RM, oo
Fiosca(7F3") -G (G020 @) < %W(W’),

where M, := max[_y 1§ and my, := min[_; 11 &, > 0. Another application of the mean value theorem shows that

|Eb,K(§}()K)x(K)(“ / / S(xy) dp* (y) dpu* (x )‘ HngL ’

while a direct computation using the Nishimori identity reveals that

D (=Afe)"

(n-1) (E(R[,ﬂ))z— % + g

1
%/_1§b(xy) du*(y)dp*(x) = 5 (C+Am )log(6)+§

nz2

It follows by (6.65) that, up to an error vanishing with N,
7K > (- A/ )

‘ 8RM, |8}, | > L& e
2 nx2 n - 1)

2K mi 2K

AFy

)<

ﬁKR(Vx ( R[n E(R[n]))2>|+

Invoking the multioverlap concentration (6.64), noticing that the multioverlaps are bounded by one, and using

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

. 2 8RMy |18} = &'~
oF l( )_H (k) sigc + < Alfe)" + blob L
HE KR(VX )| 2(c—|A]) 2@%_1](' /e) 2Km? 2K

Defining & k to be the right side of this expression completes the proof. [ |

In the disassortative sparse stochastic block model, it turns out that the non-linearity in the Hamilton-Jacobi
equation (3.91) is convex, so the upper bound (6.49) on the limit of the free energy established in the proof of
Theorem 1.6 may be combined with the infinite-dimensional Hopf-Lax formula in Theorem 4.5 to obtain the

variational formula for the limit mutual information stated in Theorem 1.2.
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6.4 Deducing the disassortative free energy variational formula

The limit of the mutual information in the disassortative sparse stochastic block model, A <0, is well-
understood [ 14, 38], and admits the variational formula stated in Theorem 1.2. The key difference between
the disassortative and assortative sparse stochastic block models that makes the former much simpler to
study than the latter is essentially the presence of convexity. Indeed, in the disassortative sparse stochastic
block model, the non-linearity in the infinite-dimensional Hamilton-Jacobi equation (3.91) is convex. More
precisely, for b large enough, the kernel g;, in (6.2) is convex in the sense of (HS). This allows one to invoke
the infinite-dimensional Hopf-Lax formula in Theorem 4.5 to transform the upper bound (6.49) on the limit of
the free energy into a variational upper bound that matches the one in Theorem 1.2. A simple interpolation
argument taken from [14] can then be used to obtain the matching lower bound. Remembering the relationship

(3.17) between the free energy and the mutual information leads to a proof of Theorem 1.7.
Lemma 6.10. If A< 0 and b is large enough, then the function g, : [-1,1] - R defined in (6.2) satisfies (H5).

Proof. By a simple approximation argument, it suffices to establish (4.37) for a discrete signed measure of the

form |
M= X O
|DK| kéZD](

for some x € RPX . For such a measure,

/ / Zp(xy) dp(x)du(y) = |DK|2k S & (kk Y =x G(K)

k'eDg

so (4.37) is equivalent to the non-negative definiteness of each of the matrices 515K). Observe that for any
k,k' € Dk,

B 1 ~ 1 A c n
(GEK))kkngb(kk’)‘ |Dx |z(b+01°g(c) c+Akk’10g(c)+CZ( )

n>2 1 )

(kk')”).

With this in mind, introduce the vectors k := (k)xep, and t := (1)gep, as well as the matrix

C -A/c)" n
G}(ﬁ}: Dr |2((b+clog(c) c)ll +Alog(c)kk” + 2<%<:M 1(1(”{1)) (kkT)G> ),

where ®n denotes the n-fold Hadamard product on the space of Dk x Dk matrices. In this notation,

» (AJE)" oy
Gl()) Dx |2((b+c10g(c) cyul +A10g(c)kkT+nZ>:2 n(n-1) (kkT) ):MI_I)TOOGI(;A/;

)

Choosing b > 2c|log(c)| + ¢ ensures that the first two matrices in the sum defining G( by AT NON- negative
definite. Using that A <0 and leveraging the Schur product theorem (Theorem 5.2.1 in [64]) reveals that the
matrix G’éﬁ is a positive linear combination of non-negative definite matrices, and is therefore non-negative
definite. Noticing that the limit of non-negative definite matrices is again non-negative definite completes the

proof. ]
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Proof of Theorem 1.7. Introduce the functional P : Ry x M, x M, — R defined by

1
Pltv) =) 3 [ Gu() AV0). (6.66)

Combining Lemma 6.10 with the infinite-dimensional Hopf-Lax formula in Theorem 4.5 reveals that the unique
solution to the infinite-dimensional Hamilton-Jacobi equation (3.91) evaluated at the pair (¢,1) € Ryg x M

admits the variational representation

f@,u)= sup P(t,u,v). (6.67)
vePr[-1,1]

Together with the upper bound (6.49) on the limit of the free energy obtained in the proof of Theorem 1.6, this
implies that

limsupFy < £(1,0)=  sup P(1,0,v). (6.63)

N—+oo vePr[~1,1]
It has been used that the free energy (3.14) in the sparse stochastic block model is given by Fy = Fy(1,0),
where 0 denotes the zero measure. The proof now proceeds in three steps. First, the supremum on the right
side of (6.68) is restricted to probability measures v € M, with mean 7, then the functional (6.66) is replaced
by the functional P : M, — R defined in (1.18), and finally the matching lower bound is established.

Step I: restricting to measures v € M,,. Fix b > 1 large enough so the kernel g, defined in (6.2) is strictly
positive on [-1,1]. In the same spirit as (4.46) and (4.50), for each integer N > 1, define the function
Gpy:[-1,1] > R and the initial condition ¥,y : M, - R by

| 1
G (x) ::/_lg,,(xy)dv(y) and P v(1):= wN(u)+b/_1dH>

and introduce the functional 73;7,,\, :Rygx My x M, - R defined by

1
~ - t ~
Pror(t..9) = B (1) =5 [ Goal) 4.

Invoking Theorem 4.5 gives a probability measure V € Pr[-1, 1] which maximizes the right side of (6.68). It
follows by Proposition 3.12 that

~ b ~ b
sup  P(1,0,v)= lim P,n(1,0,v)— = <limsup sup Ppn(1,0,v)-~. (6.69)
vePr[-1,1] N—+oo 2 Notoo veM, 2

An identical argument to that in Lemma 4.22 gives a sequence of maximizing measures (Vy)ns1 € M with

sup Ppn(1,0,v) =Py (1,0, vy). (6.70)
veM,
By Corollary 3.6 and the approximate equality (3.73), the Gateaux derivative density of the initial condition
Yy at the measure Vy is given by Dy Y, (V) = 5;,7\,; +0 (N_l) for some measure vy € M,,. Up to adding
errors of O(N~!) throughout, the proof of Theorem 4.3 applies and reveals that each maximizer vy € M,
satisfies the approximate first-order condition

Dy n(vn,-) = Gy () +O (N7,
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This means that
ab,v;,(') =Dy n(Vn,) +O (N_l) = Gb,VN(-) +0 (N_l).

Together with the definition of g, in (6.2), this implies that

1 n ol
(b+clog(c)—c)/_ va(y)+Alog(c)/ yva(y)x+cZ;( /Cl)) Y dvy(y)x"
(=Afo)"

= (b+clog(c) —c) +Alog(c)mx+cZ; )

Y dvy ()X +O(NTh).
Since b > 1 and clog(c) — ¢ > —1, it must be that for all n > 2,

1 1 1
/ dvy(») =1+O(N") and /y”va(y):/ Vv +O(N).
-1 -1 .

It has been used that without loss of generality A # 0, since this case is trivial as it corresponds to the situation
where the graph Gy and the assignment vector o* are independent. The possibility that ¢ could be equal
to one has been accounted for. Applying the Prokhorov theorem (Theorem A.20 in [50]), and passing to a
subsequence if necessary, it is therefore possible to ensure that the sequences (Vy)n>1 and (V)1 converge
weakly to probability measures v € Pr[—1,1] and v* € M, such that for all n # 1,

/lly"dV(y)=/jy"dV*(y)~

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 theorem (Theorem A.10 in [50])
implies that v = v* € M,. Arguing as in the proof of Lemma 6.1, it is readily verified that there exists a
constant C < +oo that depends only on ¢ with

| Wov (Vn) = B (V)| < | Ty (Vi) = Ty (V)| + | Ty (Vi) = Ton (V)| + [T (V) = T (V)|
< CTV(VN,VN) +CW(VN, V*) + |IT/;,7N(V*) - 1[7/,(\/*)|.

Recalling that the Wasserstein distance (3.85) metrizes the weak convergence of probability measures on
[-1,1], observing that TV (v, V) = |1 - vy [-1,1]],
to let N tend to infinity in (6.69) shows that

and using Proposition 3.12 as well as the equality (6.70)

~ b, . 1 . b
sup P(I,O,v)<limsup’Pb7N(1,0,vN)—f:y/b(v )_7/ Gb.v*(y)dv (y)_*S sup P(I,O,V).
vePr[-1,1] N—+oo 2 2/ 7 2 vem,

Substituting this upper bound into (6.68) gives the upper bound (6.68) with the set of probability measures
Pr[-1,1] replaced by the set of probability measures M, with mean .

Step 2: replacing the functional (6.66) by the functional (1.18). Fix v € M, and denote by x; and x, two
independent samples from the probability measure v. The definition of g in (3.68) implies that

P(170’v):W(V)+§—%(C+Am2)log(c) Z( A/C ( n) '

255 n(n-
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A Taylor expansion of the logarithm shows that

(-4/c) (Ex")z =E(c+Axx;)log(c+Axixp) - (c+Am2) log(c) - A% 6.71)
n>2 n(n_ 1)
It follows that
c 1 AT
P(l,O,V) = W(V) + E - EE(C‘FAXNQ)IOg(C‘FAXl.xz) + T = ,]D(V)7

where the functional P on the right side is defined in (1.18). Together with the previous step, this gives the

upper bound
limsupFy < £(1,0) < sup P(V).

N—+o0 veM,,

Step 3: establishing the matching lower bound. Given a measure vV € M, introduce the interpolating free
energy (1) := Fy(t,1-1,V) for the free energy Fy defined in (3.24). The derivative computations in Corollary
3.3 and Lemma 3.4 together with a computation identical to that in Corollary 3.6 imply that
(P/(t) = atﬁN(l‘a 1 —[,V) _aSFN(tﬂ 1-1¢ V)
c_1 (=Afe)" (=4/e)"
:,_,(“_Am )log(c)+fz ]E(R[n]) ey, E(Rp,) ) Ex].

2 2 2 55n(n-1) =5 n(n—1)
- S g leramog() - § 33 LI ) £ 5 vy - ).
n>2 1 n>2

It follows by (6.71) that

c Am
2

o'(t) = >+ fIE(c+Ax1x2)log(c+Ax1x2) Z (“4/c)" E((Rpay -EX})?).

n>2 ( - 1)
Since the final term in this equality is non-negative, the fundamental theorem of calculus reveals that

A2
Fy2yy(v)+ = ¢ A fE(c+Ax1x2)log(c+Ax1xz),
where it has been used that ¢(1) = Fy and ¢(0) = yy(Vv). Using Proposition 3.12 to let N tend to infinity
gives the lower bound
A2

liminfFy > y (v)+C+T—7E(C+Ax1xz)log(c+Ax1x2) P(V).
—+00

Taking the supremum over all measures v € M,,, and remembering the relationship (3.17) between the free

energy and the mutual information completes the proof. [ |
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6.5 Relation to other works and future perspectives

This thesis closes with a brief discussion on the relation between the Hamilton-Jacobi approach and other
recent approaches to determining the limit mutual information in the sparse stochastic block model. Future
perspectives on Conjecture 1.4, and possible alternatives to this conjecture, are also touched upon. It will
facilitate the discussion to point out that the proof of Theorem 1.7 also yields that when A < 0, the limit of the
free energy Fy(t, ) can be identified, for every ¢ >0 and p € M, as

1
lim Fy(tu)=f(p)=  sup (w(u -5 [ 6 dv<y>), ©.72)
N—+eo vePr[~1,1] 2/

and that this identity also remains valid if the supremum is taken over all v e M. This alternative representation
is at times convenient to operate with variables that can vary freely inside a cone.

The series of recent works [4, 61, 66, 79, 82, 107] described in Section 1.2.2 share strong connections with
the Hamilton-Jacobi approach discussed in this thesis. Recall from Remark 3.8 that it is possible to identify a
mapping I": M. — Pr[~1,1] such that for every yt € M., one has Dy y(u,-) = Gr(yy. This mapping is closely
related to the BP operator described in Section 1.2.2. Let 6* be sampled according to P*, and conditionally on
c*, let II(u) denote a Poisson point process with intensity measure (¢ +Ac*x) dit(x). Then the probability
measure I'(1) is defined to be the law of the random variable

f):l Gexp(—AGf_llxdy) erH(u)(c+AGx) dP*(G)
le exp(—AGf_llxd,u.) [ieri(u) (¢ +Aox) dP* (o)

(6.73)

Notice that the condition for the measure v to be a critical point in the variational problem on the right side of
(6.72) can be written as
Gy=Dyy(u+tv,-). (6.74)

At least when A < 0, the mapping v — Gy, is injective, so the relation (6.74) can be equivalently written as
v=L(u+tv). (6.75)

Restricting to the case of (¢,1t) = (1,0), this boils down to finding fixed points of the mapping I. That there is
a connection between the variational formula in Theorem 1.7 and some BP fixed point equation has already
been observed in [38, 44] and elsewhere. The less classical question is to relate this to the Hamilton-Jacobi
equation (3.91) for arbitrary A. In finite dimensions, Hamilton-Jacobi equations can be solved for short times
using the method of characteristics — see Section 3.5 in [50] for a detailed discussion of this. 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 the present context, the characteristic line emanating from a measure v € M. is the
trajectory

t' (', v-t'T(v)), (6.76)

for ¢’ varying in Ryg. As long as characteristic lines emanating from different choices of v do not intersect
each other, the value of the solution along each characteristic line can be calculated using the equation and the
fact that the gradient of the solution remains constant along each line. The condition (6.75) turns out to be
equivalent to asking that the characteristic line emanating from g +¢v passes through the point (¢, ), since

the latter condition can be written as 4 = £ +¢tv —tI'(it +¢v). In other words, for each fixed (¢, 1), there is
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a simple one-to-one correspondence between the fixed points to (6.75) and the characteristic lines that pass
through (¢, ). The formula for prescribing the value of the solution along a characteristic line starting from
W +1tv is the supremum (6.72). As long as ¢ is sufficiently small that the equation (6.75) has a unique solution
for each u, this gives a clear procedure for computing the solution to (3.91). Once characteristic lines start to
intersect, the viscosity solution to (3.91) aggregates these conflicting trajectories in a physically reasonable
way, and Conjecture 1.4 corresponds to the idea that the free energy F is tracking this aggregation in the
limit of large N. As such, the Hamilton-Jacobi approach may be a way to circumvent the difficulties that arise
in [4, 61, 66, 79, 82, 107] when the BP operator admits multiple fixed points by, in a certain way, selecting the
right fixed point.

It is of course not clear that the right fixed point in the BP operator is selected, since only one bound
in Conjecture 1.4 has been established. Although the author believes this to be the right conjecture, some
alternatives were considered before landing upon it. In particular, the author’s original hope was that a
variational formula could be found to describe the limit mutual information in the sparse stochastic block
model. More precisely, the author hoped that the variational formula (6.72) would remain valid in the case of
general A. It seems difficult to identify the exact range of validity of this formula; however, the author would
be surprised if it holds for arbitrary measures P*. The author is also fairly convinced that this formula will not
generalize to settings with more than two communities.

To see this, return momentarily to the problem of identifying the limit of the free energy in the dense
stochastic block model studied in Chapter 2. In this setting, central-limit-theorem effects take place, and
one can equivalently study the symmetric rank-one matrix estimation problem, a fully-connected model with
Gaussian noise. Such models have been studied extensively [12, 13, 16, 28, 31, 35, 36, 65, 68, 70, 72, 73,
75,77, 84, 85, 98, 99], and it is known that the limit of their free energy admits a formula analogous to
(6.72) provided that their associated non-linearity is convex; however, in general, this formula needs to be
modified into a “sup-inf” formulation. Possibly the simplest example in which this happens is for the problem
in which a rank-one matrix of the form XY T plus noise is observed, where X and Y are two vectors with i.i.d.
coordinates. In this setting, the non-linearity Co, in the Hamilton-Jacobi equation (3.91) is replaced by the
non-convex mapping (x,y) + xy, and the functional to be optimized over as in (6.72) is W (xo +1x,y0 +1y) — %xy
Finding counter-examples to the formula with only a supremum over y is made relatively easy by considering
candidates with, say, x = 0; in this case, the counter-term xy vanishes, so the parameter y can be chosen 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 Section 6.2 of [86].

Coming back to the sparse stochastic block model, this observation can be leveraged to demonstrate that the
formula (6.72) would also be invalid in general. To give a concrete example, consider the following scenario,
which can be thought of as a problem with four communities, or as a bipartite version of the two-community
problem. First colour the N nodes in red or blue, say with groups of sizes about N/2, and think of this
colouring as fixed, e.g. the red nodes are the first | N/2| indices in {1,...,N}, and this is perfectly known to
the statistician. Next, attribute +1 labels to each node independently, possibly with different biases according
to the colour of the node. Finally, draw links between nodes i and j according to the formula (1.14), with the
additional constraint that only links between nodes of different colours are allowed. The task is to study the
asymptotic behaviour 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 ¥ contain the +1 labels of

the red and blue nodes respectively. Using the results of [45, 68] to justify the large-degree approximation, or
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possibly even directly, the author is confident that counter-examples to the formula (6.72) can be produced.
For fully-connected models with possibly non-convex non-linearities such as the XY T example, the limit
of the free energy was identified in the form of a “sup-inf” formula; see [36] for the most general results.

Translating this result into the present context would suggest that the limit free energy might be given by

1 1
s int (v [ G0 aw-n0)+ [ 6:0)a00)) ©77)
peM, VeM -1 2/,

The key ingredient for showing the validity of the corresponding formula in the dense stochastic block model
is the convex selection principle discussed in Section 2.6. In particular, this relies on the observation that
the enriched free energy is a convex function of its parameters. In the context of the sparse stochastic block
model, the question would translate into whether the mapping (¢, 1) = Fy(t, 1) is convex. However, it was
shown in [67] 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 in Section 2.7, which the author had originally
hoped to carry through to the sparse regime; in fact, it can be leveraged to assert that the quantity (6.77) can
not be the limit of the free energy in this case. Indeed, the expression in (6.77) is a supremum over p of affine
functions of (¢, 1), so the whole expression is convex in (t, ). By [67], it is therefore not possible that the
expression in (6.77) be the limit of the free energy.

To sum up, if the aim is for a formula that is robust to model changes, then both (6.72) and (6.77) can be
ruled out. The author is not aware 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 [86].

Another non-variational alternative to Conjecture 1.4 would be that the limit of the free energy is the
maximal value one gets by plugging every possible solution of the fixed-point equation (6.75) into the
functional inside the supremum in (6.72). However, in view of the discussion in the previous paragraph,
counter-examples to the variational formula in (6.72) seem to produce counter-examples to this possibility as
well.

This apparent lack of a variational formula for the limit of the free energy in the sparse stochastic block
model makes the Hamilton-Jacobi approach so appealing. Indeed, at the very least, this approach allows one
to phrase a conjecture for the limit of the free energy. Unfortunately, without access to the convex selection
principle, the lower bound in Conjecture 1.4 remains open, and little progress has been made on this lower
bound since the publication of [49, 67].



Appendix A

Basic results in analysis and probability

In this appendix, five elementary topics in analysis and probability are discussed. In Section A.1, various
representations of convex sets are established. The first is the classical result that a closed convex cone
coincides with its bi-dual, the second is a non-differential characterization of a Lipschitz function having its
gradient in a closed convex set, and the third is a representation of a convex set as the intersection of all the
closed and affine half-spaces that contain it. These results are essential in the study of the sparse stochastic
block model. In Section A.2, the classical Fenchel-Moreau theorem is extended to the setting of positive half-
space. This result plays an important role in establishing the Hopf-Lax variational formula for Hamilton-Jacobi
equations on positive half-space in Section 2.4.4. In Section A.3, the subdifferential of a convex function is
discussed. More precisely, it is shown that a convex function is differentiable if and only if its subdifferential
consists of a single point, and that, unlike the derivative of a general function, the subdifferential of a convex
function is amenable to taking limits. These results are fundamental when establishing the convex selection
principle in Section 2.6. In Section A.4, the basic properties of semi-continuous envelopes are discussed.
These are leveraged in the Perron argument for proving the existence of solutions to Hamilton-Jacobi equations
on positive half-space in Section 2.4.2. Finally, in Section A.5, some basic properties of Binomial and Poisson
random variables are discussed. More specifically, moment bounds for the Poisson distribution are established,
the Binomial-Poisson approximation theorem is proved, and the Poisson colouring theorem is shown. The
moment bounds for the Poisson distribution are used in Section 6.2 to obtain the concentration of the free
energy, the Binomial-Poisson approximation theorem is used in Section 3.2 to show that the free energy
in the sparse stochastic block model can be modified without changing its limiting value, and the Poisson
colouring theorem is used in Section 3.4 to compute the limit of the enriched free energy at the initial time.

For completeness, a proof of any result used directly in the main body of the thesis is provided.

A.1 Representations of convex sets

A convex set K € RY is said to be a cone if, for all x € KC and A >0, one has Ax € IC. The dual of convex set
is the closed convex cone
IC*:{xeRd|x-y>0forallyelC}. (A.1)

It is clear that any convex set K is always a subset of its bi-dual C**. Since K** is a closed cone, a necessary
condition for this containment to be equality is that /C be a closed cone; it turns out that this is also a sufficient
condition.

177
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Proposition A.1. If K cRY is a non-empty closed convex cone, then K = IC**.

Proof. This is essentially Exercise 2.14 in [50]. It is clear that /C € K**. Suppose for the sake of contradiction
that there exists x € K** N\ . The supporting hyperplane theorem (Theorem 2.2 in [50]) gives a non-zero
vector v € R? with

v-x>sup{v-y|yeK}. (A2)

Given x € K, which exists as K is not empty, the assumption that K is closed implies that 0 = limy o Axg € K.
Together with (A.2), this implies that v-x > 0. If there were yq € K with v-yg > 0, the fact that /C is a cone would
imply that v-x > Av-yg for all A >0, and letting A tend to infinity would give a contradiction. It follows from
(A.2) that v-x >0 =sup{v-y|ye K}, where the fact that 0 € XC has been used. The lower bound implies that
—v e K* while the upper bound gives x- (-v) < 0. This contradicts the assumption that v € ** and completes
the proof. [ ]

This result implies that one can verify whether a point x € R? belongs to the convex cone K ¢ R? by
inspecting the sign of x-v for every v € K*. In the context of the sparse stochastic block model, it will be
important to have a similar criterion to determine whether the gradient of a Lipschitz function that is not

necessarily differentiable everywhere belongs to a closed convex set.

Proposition A.2. If K c RY is a closed convex set and v :R? R is a Lipschitz function, then Vy € K if
and only if the following holds. For every c € R and x,x' € R? with the property that for every z € K, one has
(X' =x)-z>c, then y(xX') - w(x) > c.

Proof. This is Proposition B.2 in [48]. To begin with, suppose that Vy € K, and fix c € R and x,x’ € RY with
the property that for every z € K, one has (x"—x)-z > ¢. If y were differentiable almost everywhere on the
line joining x and x’, the fundamental theorem of calculus could be applied to the one-dimensional Lipschitz

function ¢ ~ y(x+#(x' —x)) to conclude that

1
l//(x')—l//(x):/0 Vy(x+t(x'-x))-(x'-x)dt > c.

Although v could fail to be differentiable almost everywhere on the line joining x and x’, it will now be shown
that, given € > 0, it must be differentiable almost everywhere on some line joining some point x, € B¢ (x) and

some point x, € B¢(x"). Denote by
H:= {yeRd ly-(x"=x) :0} > R4

the hyperplane perpendicular to the line segment joining x and x’, and write Ag , := B¢ (x) N (x+H) for the
cross-section of Bg (x) through x and perpendicular to the line segment joining x and x’. Denote by L the set
of line segments between points in A , and points in A, ,» which are parallel to the line segment joining x

and x'. For each y € Ag ., write ¢, € £ for the unique line segment in Ag , through y, and introduce the set
Dy :={z ey | y is not differentiable at z}

of points on ¢, at which y is not differentiable. If, for every y € A ,, the set D, were of positive one-

dimensional Lebesgue measure m; (Dy) >0, then the d-dimensional Lebesgue measure of the set of points in
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Uye A, £y at which y is not differentiable would have positive measure,

/‘ mi(Dy) dy>0.
Ae x

This would contradict Rademacher’s theorem (Theorem 2.10 in [50]) on the almost everywhere differentiability
of Lipschitz functions. It is therefore possible to find x¢ € Ag , with m;(Dy, ) = 0. Writing x;, € A .+ for the

right endpoint of /,,, the fundamental theorem of calculus implies that

1
CARRE) :/0 V‘I/(Xe +1(xg —Xe))'(x,—x) dr>c.

Letting € tend to zero shows that w(x') — w(x) > ¢ as required. Conversely, suppose that for every ¢ € R and
x,x" e RY with the property that (x’ —x)-z > ¢ for every z € KC, one has w(x) - y(x) > c. Assume for the sake
of contradiction that there exists y € RY with Vy(y) ¢ K. The supporting hyperplane theorem (Theorem 2.2 in
[50]) gives a non-zero vector v € R? and § > 0 with

v-Vy(y)+06<inf{v-z|ze K}.

It follows that
v(y+ev)-y(y) 2e(v-vy(y) +8).

Dividing by € and letting € tend to zero reveals that Vy/(y)-v > v-Vy(y) + 8. This contradiction completes
the proof. [ |

In the special case when the convex set K is a cone, this result implies that the gradient of a Lipschitz
function v : R? - R belongs to the closed convex cone K if and only if v is K*-non-decreasing. Recall
from (4.74) that the function V is said to be K*-non-decreasing if, for all x,x’ e R? with x’ —x € K*, one has

y(x')-y(x)>0.

Corollary A.3. If K is a non-empty closed convex cone, and y :R¢ - R is a Lipschitz function, then Vy € K
if and only if v is K* -non-decreasing.

Proof. On the one hand, if Vy € K, then Proposition A.2 applied with ¢ = 0 shows that y is *-non-decreasing.
On the other hand, if v is K*-non-decreasing but there exists y ¢ R? with Vy/(y) ¢ K, then the supporting
hyperplane theorem (Theorem 2.2 in [50]) gives a non-zero vector v € R with

v-Vy(y) <inf{v-z|ze K}.

Observe that v € K£*. Indeed, if this were not the case, there would exist z € C with v-z < 0. Since K is a
cone, this would mean that v- Vy/(y) < Av-z for all A >0, which would lead to a contradiction upon letting
A tend to infinity. Notice also that 0 = limy g Axp € KC, where x( denotes any point in /. It follows that
inf{v-z|z€ K} =0, and therefore that v- Vy(y) <0. Since v € £*, the K*-non-decreasingness of y implies
that

v(y+ev)-y(y)20.

Dividing by € and letting € tend to zero leads to a contradiction that completes the proof. [ ]
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Proposition A.4. If IC is a closed convex set, then
K={xeR?|x-v>cforall (v,c)e A}, (A.3)

where A:={(v,c) e R | x-v>c forall xe K and |v| = 1} is a representative of the set of closed hyper-spaces

containing K.

Proof. This is Corollary 4.2.4 of [62]. To alleviate notation, let C:= {x e R? | x-v > ¢ for all (v,c) € A}. By
definition of A, it is clear that K < C. Suppose for the sake of contradiction that there exists x € C\ IC. The
hyperplane separation theorem (Theorem 2.2 in [50]) gives § > 0 and v e RY with |v| = 1 such that

v-x+6<inf{v-y|yeK}.

This means that (v,v-x+8) € A. Since x € C, it follows that x-v > x-v+ 8. This contradiction completes the

proof. ]

A.2 The Fenchel-Moreau theorem on positive half-space

The convex dual of a proper function f:RY - Ru{+co} is the function f; : R? - Ru{+oo} defined by

fe(A) = sup(A-x=f(x)). (A4)
xeRd
If f. is proper, then this operation can be iterated to obtain the convex bi-dual of f, which is the function
fex :RY > RU{+00} defined by

Jex (%) 3= (fi )« (x) = sup (x-A = f(1)). (A.S)
AeRd

A classical result in convex analysis is that a function f: R? - Ru {+o0} is convex and lower semi-continuous
if and only if it is the supremum of its affine minorants (Proposition 2.4 in [50]). The Fenchel-Moreau theorem

refines this result by identifying an explicit set of affine minorants of f whose supremum is f.

Proposition A.5 (Fenchel-Moreau on Euclidean space). If f :R? - R is convex and lower semi-continuous,

then it is equal to its convex bi-dual,

S =Fen (A.6)
Proof. See Theorem 2.5 in [50]. [ ]

In Section 2.4.4, when establishing the Hopf-Lax variational formula for Hamilton-Jacobi equations
on positive half-space, it will be desirable to have a version of this result for functions defined on positive
half-space. With the appropriate interpretation of the convex dual, and under the additional assumption of
non-decreasingness, the Fenchel-Moreau theorem extends to the setting of positive half-space. The convex
dual of a proper function f : ]R‘io — Ru{+00} is the function f* : R;’O - Ru{+00} defined by

FH(A) = sup (A-x— f(x)). (A7)

d
xeR>0
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If f* is proper, the convex bi-dual of f is the function f** : Rgo - Ru{+0o} defined by

F7) = ()" (x) = sup (x-A-f*(2)). (A8)

i
AGR;O

Recall from (2.69) that a function f': Rgo — R is said to be non-decreasing if, for all x’,x € R‘;O withx'—x ¢ R’io,

one has f(x) < f(x').

Proposition A.6 (Fenchel-Moreau on positive half-space). If f : R‘;O — R is convex, lower semi-continuous,

and non-decreasing, then it is equal to its convex bi-dual,

f=f* (A.9)

Proof. For each x € RY, denote by ¥'¢ RY, its symmetrization, ¥:= (¥1,...,%;) := (|x|1 e |x|d), and define the
symmetrization f:RY - R of the function f by f(x) := f(%). The proof proceeds in two steps. First, it is
shown that f = fx on RY, and then that f. = f** on R‘;O.

Step 1: f: ﬁ* on RY. By the Fenchel-Moreau theorem on Euclidean space, it suffices to show that the
symmetrization f of f is lower semi-continuous and convex. The lower semi-continuity of f is immediate

from that of f. To establish convexity, fix o € [0,1], t,t' >0and x,x" € R4, By non-decreasingness of f,
flar+(1-a) ,ax+(1-a)x") < f(ar+ (1 - )t ,ax+(1- a)X'),
and by convexity of f,
flar+(1-a) ,ax+(1-a)x") <af(t,%)+(1-a) f('¥) = af(t,x) + (1-a)f(¢' x).
It follows by the Fenchel-Moreau theorem on Euclidean space that the symmetrization fis equal to its convex

bi-dual, f = fax.

Step 2: fux = f** on Rgo. Fix A € RY, and for every x e R?, let x; := (x;sgnl,...,x;sgnAy). By symmetry
of f,
FeA) = sup (x-A = F(x)) = sup (¥2-A = F(x2)) = sup (x-A - F(x)) = i (R).
xeRd xeRd xeRd
It follows that for every x € Rgo,

fex(x) = sup (x%—ﬁ()t)): sup (xl—ﬂ(z)) = sup (x-l—ﬂ(l)), (A.10)

AeRd AeRd AeRgO

where the final equality uses that x- A < x-A for every A € R, To simplify this further, observe that for A € R‘;O,

Fe)=sup (y-A-F(y)) = sup (y-A-f(3)) = sup (y-2-f(»)) =f*(A),

yeRd yeRd yeRiO

where the penultimate equality uses that y-A <5-A for all y e R?. Substituting this into (A.10), and invoking

the previous step completes the proof. ]
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A.3 The subdifferential of a convex function

The differentiability of a convex function f: R? - Ru {+oo} at points of its effective domain,
dom f:={xeR?| f(x) < +oo}, (A.11)

is best studied through the notion of subdifferential. The subdifferential of a convex function f:RY - RuU{+00}
at a point x € dom f is the set

df(x):={peR?| f(y) > f(x)+p-(y-x) forall y e R*}. (A.12)

It turns out that a convex function is differentiable at a point x in the interior of its effective domain if and only
if its subdifferential at x consists of a singleton. To prove this, it will be convenient to observe that a convex
function is differentiable at a point in the interior of its effective domain if and only if its directional derivative
is a linear function of the direction. The directional derivative of a convex function f:R? - Ru {+oo} at a

point x € int(dom f) in the direction v € R is the function

Dy f(x) = lim L&V =)

A.l
N0 t ( 3)

The convexity of f implies that the difference quotient defining the directional derivative is a decreasing
function of 7, so the directional derivative is well-defined as a monotone limit. In general, the linearity of the
directional derivative does not suffice to characterize the differentiability of a function; however, it does suffice
for locally Lipschitz continuous functions, and therefore for points in the interior of the effective domain of
a convex function. Indeed, a convex function is locally Lipschitz continuous on the interior of its effective

domain (Proposition 2.9 in [50]).

Lemma A.7. A convex function f:R? - RuU{+o0} is differentiable at x € int(dom f) if and only if the map
v e Dy, f(x) is linear. In this case, one has Dy f(x) =V f(x)-V.

Proof. This is Lemma 2.12 in [50]. On the one hand, if f is differentiable, then for any direction vector v € R¢,
one has Dy f(x) = Vf(x) - v. Conversely, suppose that v ~ Dy, f(x) is linear, that is, there exists a € R? such
that Dy f(x) = a-v for every v e RY. Assume for the sake of contradiction that f is not differentiable at x. Let
(Vi)ns1 with |v,| =1 forall n> 1 and (#,),31 € R be a sequence converging to 0 such that the error term
R(x, vy = [LEH V) =)
In
does not converge to zero. Up to passing to a subsequence, assume that (V,),>1 converges to some V in the
unit sphere. Remembering that a convex function is locally Lipschitz continuous on the interior of its effective
domain (Proposition 2.9 in [50]), denote by L > 0 the Lipschitz constant of f around x. The triangle inequality
implies that
R(x, V1) <R(x,Vo,t,) + (L+]a|)|V, — Vo)

Leveraging the assumption that Dy, f(x) = a- vy to let n tend to infinity contradicts the absurd hypothesis that

the sequence (R(x, Vy,#,))n>1 does not converge to zero. This completes the proof. [

Proposition A.8. Ler f:R? > Ru {+00} be a convex function. For every point x € int(dom f), the subdiffer-
ential d f(x) is not empty.
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Proof. This is Proposition 2.11 in [50]. Consider the convex set C:= {(y,u) e R xR | f(y) > u}, and fix
xedomf. Since (x,f(x)) ¢ C the supporting hyperplane theorem (Theorem 2.2 in [50]) gives a non-zero
vector (v,b) € RY xR with

O<v:(y=x) +b(u-f(x)).

for every (y,it) € C. Since u can be arbitrarily large, it must be the case that b > 0. If it were the case that b =0,
then 0 < v-(y—x) for all y in a neighbourhood of x € int(dom f), which is not possible since (v,b) is non-zero.

This means that b > 0 so the vector p := —v/b is well-defined and satisfies

u=f(x)+p-(y—x)

for all (y, 1) € C. Letting i tend to f(y) reveals that p € d f(x), which means that the subdifferential d f(x) is
not empty. This completes the proof. [ ]

Proposition A.9. A convex function f:R? - RuU{+oo0} is differentiable at a point x € int(dom f) if and only
if df(x) consists of a singleton. In this case, one has d f(x) = {Vf(x)}.

Proof. This is Theorem 2.13 in [50]. The forward direction is established first. Recall from Proposition A.8
that the subdifferential d f(x) is not empty. Fix p € d f(x). By definition of the subdifferential, for every v € R
and A >0,

S(x+Av)=f(x) 2 Av-p.

Dividing by A and letting A tend to zero shows that (V f(x)—p)-v > 0. Choosing v:= p— V f(x) reveals that
p=Vf(x),s0df(x)={Vf(x)}. Conversely, suppose that the subdifferential is a singleton d f(x) = {p}, and
fix a direction vector v € R?. The convexity of f and the definition of the directional derivative imply that for
all A € R,

S(X)+ADy f(x) < f(x+AV).

This means that the convex sets
C:={(x+Av,f(x)+ADy,f(x)) | A R}
and int(epi f) are disjoint. Recall that the epigraph of f is the convex set
epif:= {(x,/l) eRIXR| f(x) < l}.

It follows by the Hahn-Banach separation theorem (Theorem 2.3 in [50]) that there exists a non-zero vector
(a,b) e R xR? with
a(f(x)+ADyf(x))+b-(x+AVv)<a+b-y (A.14)

for all (y,ut) € int(epif) and A € R. Taking A = 0 shows that
af(x)+b-x<ap+b-y (A.15)

for all (y,u) €int(epif). Since i can be arbitrarily large, it must be the case that a > 0. If it were the case that
a=0, then 0< b-(y-x) for all y e R, which is not possible since (a,b) is non-zero. Dividing through by a
and letting i tend to f(y) in (A.15) shows that —b/a € d f(x), and therefore b/a = —p. Combining this with
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(A.14) and letting i tend to f(y) in the resulting bound gives
J)+ADyf(x)=p-(x+AV) < f(¥)-p-y

for all y e R? and A € R. Taking y = x reveals that A(Dy f(x) - p-v) <0 for all A € R, which implies that
Dy f(x) = p-v. In particular, the map v — D,, f(x) is linear. Invoking Lemma A.7 completes the proof. =

In the context of the Hamilton-Jacobi approach, one has a sequence (Fy)ys of differentiable and convex
free energy functionals defined on Ry x R‘;O, and one is interested in the differential properties of the possibly
non-differentiable convex limit f: Ry x R‘;O — R. This requires understanding how the subdifferential interacts

with limits.

Proposition A.10. Let f:RY = RU{+0c0} be a convex function, and let (x,, pp)ns1 be a sequence of points
in dom f x RY with p, € d f(x,) for each n > 1 that converges to some point (x,p) € dom f xR If f is lower

semi-continuous at x € dom f, then p € d f(x).

Proof. This is Proposition 2.14 in [50]. Fix y e R? as well as n > 1. Since p, € df(x,),

FO) 2 f(xn) +pn- (v =)
Letting n tend to infinity and using the lower semi-continuity of f at x completes the proof. [ |

Remark A.11. If the point x in Proposition A.10 belongs to int(dom f'), the continuity of f at x is automatically
satisfied since a convex function is locally Lipschitz continuous on the interior of its effective domain
(Proposition 2.9 in [50]).

Proposition A.12. For each integer n > 1, let f,:R? - RuU {+oo} be a differentiable convex function. If
(fu)nz1 converges pointwise to some function f :R? - RU{+00} and x € int(dom f) is such that the sequence

of derivatives (V f,,(x))ns1 converges to some vector p € R%, then p € 3 f(x).

Proof. This is Proposition 2.15 in [50]. Fix ye R? as well as n> 1. Since f, is differentiable at the interior point
x € int(dom f), one has V f,,(x) € d f,,(x) by Proposition A.8. It follows by definition of the subdifferential that

Jo(¥) 2 fu(9) + V fu (6) (y = %)

Letting n tend to infinity and using the pointwise convergence of f, to f completes the proof. [ |

A.4 semi-continuous envelopes

Fix a set X ¢ R? endowed with a norm |-|. A function u: X — R is said to be upper semi-continuous at a point
xeXif
u(x) > limsupu(y) := lin(l)sup{u(y) |yeX with |y—x| < r}, (A.16)
y—x ™\

and it is said to be lower semi-continuous at a point x € X if

u(x) <liminfu(y) := linéinf{u(y) |y eX with |y—x| < r}. (A.17)
y—=x r\
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Moreover, the upper semi-continuous envelope of u is the function # : X — R defined by

u(x) :=limsupu(y) = linésup{u(y) |yeX with [y—x| <r}, (A.18)
rN

yox
while its lower semi-continuous envelope is the function u : X — R defined by
u(x) :=liminfu(y) = liminf {u(y) | y € X with [[y—x| <r}. (A.19)
y—x ™0
The following proposition collects the basic properties of semi-continuous envelopes. This result is used in

Section 2.4.2 with X := Ry x RZ, and | (¢,x)] := || + |x].

Proposition A.13. The semi-continuous envelopes of a locally bounded function u: X — R satisfy the following

basic properties.
(i) u(x)<u(x)<u(x)forallxeX.

(ii) u(x) =min{v(x) | u < v and v is upper semi-continuous} for all x € X. In particular, u is upper semi-

continuous.

(iii) u(x) = max{v(x) | v <u andv is lower semi-continuous} for all x € X. In particular, u is lower semi-

continuous.
(iv) u is upper semi-continuous at x € X if and only if u(x) =u(x).
(v) u is lower semi-continuous at x € X if and only if u(x) = u(x).
Proof. This is Proposition B.3 in [48]. To deduce the properties of the lower semi-continuous envelope from

the corresponding properties of the upper semi-continuous envelope the observation that

u(x) =liminfu(y) = —lims)lclp(—u(y)) =—(=u)(x) (A.20)

y—ox y—

will be leveraged.
(1) This is immediate from the definition of the semi-continuous envelopes in (A.18) and (A.19).
(i) If v is an upper semi-continuous function with u < v, taking the limsup as y tends to x on both sides of the

inequality u(y) < v(y), and leveraging the upper semi-continuity of v reveals that

u(x) =limsupu(y) < limsupv(y) < v(x).

y=x yx

This implies that

u(x) <inf{v(x) |u <v and v is upper semi-continuous}.

To show that this infimum is achieved and that this inequality is, in fact, an equality, it suffices to prove
that u is itself upper semi-continuous. Fix x € X as well as € > 0, and find r > 0 with

u(x)+&>sup{u(y) |yeX with |y-x| <r}.
The triangle inequality reveals that for any z € X with ||z—x| <r,

u(x)+€>sup{u(y) | yeX with [y—z| <r-|x—z|} >u(z).
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It follows that limsup,_, #(z) <u(x), so u is upper semi-continuous at x. Since x is arbitrary, this

establishes the claim.

(iii) Combining the previous part with (A.20) shows that
u(x)=-(=u)(x) = max{ —-v(x) | —u<vandvis upper semi—continuous}.

Observing that v is upper semi-continuous if and only —v is lower semi-continuous establishes the claim.

(iv) If u is upper semi-continuous at x, then

u(x) =limsupu(y) < u(x).
yo>x
Together with the inequality u(x) <u(x), this shows that u(x) =%(x). On the other hand, if %(x) = u(x),
then
limsupu(y) = u(x) = u(x) <u(x)

y—=x

SO u is upper semi-continuous at x.

(v) Observe that u is lower semi-continuous at x € X if and only if —u is upper semi-continuous at x € X. The
previous part implies that this is the case if and only if —u(x) = (=u)(x). Invoking (A.20) completes the
proof. [ ]

A.5 Binomial and Poisson random variables

A random variable X is Bernoulli with probability of success p € (0,1), denoted by X ~ Ber(p), if it takes
values in {0, 1} and is equal to one with probability p,

P{X=1}=p. (A21)

A random variable Y is Binomial with probability of success p € (0,1) and number of trials n € N, denoted by
Y ~Bin(n, p), if it is the sum of n independent and identically distributed Bernoulli random variables (X; )<,
with probability of success p, that is, ¥ = Y, X;. This means that ¥ takes values in {0,1,...,n}, and for any
ke{0,1,...,n},

P{Y =k} = (Z)pk(l —p)k, (A22)

A random variable IT is Poisson with mean A >0, denoted by IT ~ Poi(4), if it takes values in the natural

numbers including zero, and for any k € {0,1,2,...},

k
P{[1=k}= % exp(-2). (A.23)

Jensen’s inequality ensures that for any integer k > 1, one has the lower moment bound AX = (EH)" <EIF. It
turns out that the converse bound holds up to a multiplicative constant provided that IEIT > 1.

Proposition A.14. [fT1 ~ Poi(A) is a Poisson random variable with a mean larger than one, A > 1, and k > 2
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is an integer, then there exists a constant Cy < +oo such that
AF<ENF<CA* and E(IT-EI)F < cAl?l, (A.24)

Proof. This is Lemma B.2 in [49]. Denote by { } 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,

m* Zk:{ }(m)l7 (A.25)
Jj=0

where (m); =m(m—1)---(m— j+1) is the falling factorial. Combining (A.25) with the basic properties of the
Poisson distribution reveals that

ZZ{ }(m)JexP( -1) Z{ }?LJZ exp( A)= Z{ }M<max(1/l )B,

m>0 j<k Jj<k m>J Jj<k

where By, := Z];:o { 1;} denotes the k’th Bell number. This establishes the first bound in (A.24). It is now shown
by induction that for each k > 2, the function My (2 ) := E(IT-EIT)* is a polynomial of degree |k/2|. The base
case holds since M, (1) = Var(IT) = A, so assume the result holds for all 2 < i < k. By the product rule

ml

M{(A)=->" k(m—l)k_lgexp(—l)+ S (m=2) m

m=0 : m=0

- exp(=2) -Mi(2)

ml

= kM (M) + 3 (m= A )k (m - ;Lm)

m=0

= —kMk_l(l) + Z(Mk_,_](ﬂ,) +A,Mk(l)) —Mk(l)

- exp(=2) - Mi(2)

1
=_kMk—l(l)+sz+l(k)-

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

The Binomial and Poisson distributions are intimately related. Indeed, a classical approximation theorem
in probability theory is that, in the appropriate regime, the Poisson distribution can be approximated by the
Binomial distribution. This result is known as the Binomial-Poisson approximation, and it can be obtained
by controlling the total variation distance between a Poisson distribution and an approximating Binomial
distribution. Given a separable metric space S, the fotal variation distance between two probability measures
P,Q € Pr(S) is defined by

TV(P,Q) :=sup{|P(A) -Q(A)|| A is a measurable subset of S}. (A.26)

Approximating any measurable function with values in S by a sequence of simple functions, one can verify

that the total variation distance admits the dual representation

1 1
TV(P,Q) - p{] [ s@azw- [ rwaee

| f:S—[0,1] measurable}. (A27)
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Using the Hahn-Jordan decomposition (Theorem 3.4 in [57]), it is also possible to show that
TV(P,Q) =inf{P{X #Y} | X ~Pand Y ~ Q}. (A.28)

This is the representation of the total variation distance that will be used to establish the Binomial-Poisson
approximation theorem. More precisely, it will be applied to discrete probability measures supported on the
set of natural numbers. In this case, it can be established using the Kantorovich-Rubinstein theorem (Theorem
4.15 in [90]).

Proposition A.15 (Bernoulli-Poisson approximation). Consider independent Bernoulli random variables
X; ~Ber(p;) fori<n, and let Ay := Yi_y pi. If Yy := i, Xi and I1,, ~ Poi(Ay,), then

V(Y. IL,) < Y. pi- (A.29)

i<n

Proof. This is Theorem 2.4 in [90]. Temporarily fix i < n, and for each k > 0, introduce the constant
k l’
e

Define the random variables X; and X;* on [0, 1] endowed with the Borel o-algebra and the Lebesgue measure
P by

+00
Xi=1(1_p,1) and X = Zkl(ck—hck]
k=1

in such a way that X; ~ Ber(p;) and X;* ~ Poi(p;). Since 1 — p; <e™i = ¢y, the random variables X; and X;* can

only fail to be equal on the intervals (1— p;,co] and (cy,1]. This means that
P{Xl‘ in-*} $C()—(1 _pi)+ 1-c; =pi(l—€_pi) <Pi2.

At this point, construct pairs (X;,X;" )i, on separate coordinates of the product space [0,1]" endowed with the
product Borel o-algebra and the product Lebesgue measure, thus making them independent. Since the sum of
independent Poisson random variables is again Poisson with parameter given by the sum of the individual

parameters, the random variable S, := 3°;, X" is equal in distribution to IT,. It follows by the union bound that

n n
TV(Y,,IL) <P{Y, S5} < Y P{Xi X} < Y pi-

i=1 i=1
This completes the proof. [ |

Another result that highlights the strong connections between the Binomial and Poisson distributions is
the Poisson colouring theorem. To motivate this result, consider N balls each of which is painted red with
probability p € (0,1) and blue with probability 1 — p. The number of red balls N, is Binomial with probability
of success p and number of trials n, while the number of blue balls N;, is Binomial with probability of success
1 — p and number of trials n. The Poisson colouring theorem considers this same problem when, instead of
having a deterministic number of balls N, the number of balls N is Poisson with mean A. In this case it turns

out that N, is again Poisson with mean A p while N, is Poisson with mean A (1 - p).

Proposition A.16 (Poisson colouring). Let N ~Poi(A) be a Poisson random variable with mean A >0, and
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let (X;)i»1 be independent and identically distributed random variables independent of N taking values in
{1,....k} with P{X; = j} = pj for 1 < j <k. If Nj denotes the number of random variables among (X;)i<n
taking value je{1,...,k}, then (N;) < are independent Poisson random variables with Nj ~Poi(Ap;) for
1<j<k

Proof. This is Exercise 1.2.9 in [90]. Fix non-negative integers ny,...,n; >0, and let n:=ny,...,n; be their

sum. Bayes’ formula implies that
P{Ni=ny,....;Ne=m } =P{N1 =ny,...,Ne =y | N =n}P{N =n}

Since the random variables (X;);»1 are independent of N, conditionally on the event {N = n}, the random
vector (Ny,...,Ni) is multinomial with probabilities of success py, ..., pr and number of trials n. It follows
that

n! Ate K AMieTAri .
P{N,=ny,....Ny=np} = ———pt...p* = 7
(M=, Ne =i} nl!...nk!pl P Ijl n;! Pj
This shows that Ny, ..., N are independent Poisson random variables with means A p1,...,A py, and completes

the proof. ]



Bibliography

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

[9]

(10]

(11]

[12]

(13]

(14]

Emmanuel Abbe. “Community detection and stochastic block models: recent developments”. In:
Journal of Machine Learning Research 18.1 (2017), pp. 6446—6531.

Emmanuel Abbe, Afonso S. Bandeira, and Georgina Hall. “Exact Recovery in the Stochastic Block
Model”. In: IEEE Transactions on Information Theory 62.1 (2016), pp. 471-487.

Emmanuel Abbe and Andrea Montanari. “Conditional random fields, planted constraint satisfaction,

and entropy concentration”. In: Theory of Computing 11 (Dec. 2015), pp. 413-443.

Emmanuel Abbe et al. “Stochastic block model entropy and broadcasting on trees with survey”. In:
Proceedings of Thirty Fourth Conference on Learning Theory. Vol. 134. PMLR, 2021, pp. 1-25.

Dimitris Achlioptas, Assaf Naor, and Yuval Peres. “Rigorous location of phase transitions in hard
optimization problems”. In: Nature 435 (7043 2005), pp. 759-764.

Lada A. Adamic and Natalie Glance. “The Political Blogosphere and the 2004 U.S. Election: Divided
They Blog”. In: Association for Computing Machinery (2005), pp. 36—43.

Edoardo M. Airoldi et al. “Mixed Membership Stochastic Blockmodels™. In: Journal of Machine
Learning Research 9.65 (2008), pp. 1981-2014.

Luis Alvarez et al. “Axioms and fundamental equations of image processing”. In: Arch. Rational Mech.
Anal. 123.3 (1993), pp. 199-257. 1SSN: 0003-9527.

Luigi Ambrosio and Jin Feng. “On a class of first order Hamilton-Jacobi equations in metric spaces”.
In: Journal of Differential Equations 256.7 (2014), pp. 2194-2245.

Brian Ball, Brian Karrer, and M. E. J. Newman. “Efficient and principled method for detecting

communities in networks”. In: Physical Review E 84.3 (2011).

Jean Barbier, Chun Lam Chan, and Nicolas Macris. “Mutual Information for the Stochastic Block
Model by the Adaptive Interpolation Method”. In: 2019 IEEE International Symposium on Information
Theory. IEEE Press, 2019, pp. 405-409.

Jean Barbier and Nicolas Macris. “The adaptive interpolation method: a simple scheme to prove
replica formulas in Bayesian inference”. In: Probability Theory and Related Fields 174.3-4 (2019),
pp. 1133-1185.

Jean Barbier, Nicolas Macris, and Léo Miolane. “The layered structure of tensor estimation and its
mutual information”. In: 2017 55th Annual Allerton Conference on Communication, Control, and
Computing (Allerton). IEEE. 2017, pp. 1056-1063.

Jean Barbier and Dmitry Panchenko. “Free Energy in the Stochastic Block Model In Sparse Regime:

Disassortative case”. In: Personal communication ().

190



BIBLIOGRAPHY 191

(15]

[16]

(17]

(18]

(19]

(20]

(21]

(22]

(23]

(24]

[25]
(26]

(27]

(28]

[29]

(30]

(31]

(32]

(33]

Jean Barbier and Dmitry Panchenko. “Strong replica symmetry in high-dimensional optimal Bayesian
inference”. In: Communications in Mathematical Physics 393 (2022), pp. 1199-1239.

Jean Barbier et al. “Mutual information for symmetric rank-one matrix estimation: A proof of the
replica formula”. In: Advances in Neural Information Processing Systems (NIPS). Vol. 29. 2016,
pp. 424-432.

M. Bardi and I. Capuzzo-Dolcetta. Optimal Control and Viscosity Solutions of Hamilton-Jacobi-
Bellman Equations. Modern Birkhduser Classics. Birkhduser Boston, 2008.

Béla Bollobds, Svante Janson, and Oliver Riordan. “The Phase Transition in Inhomogeneous Random
Graphs”. In: Random Struct. Algorithms 31.1 (2007), pp. 3—-122.

Ravi B. Boppana. “Eigenvalues and graph bisection: An average-case analysis”. In: 28th Annual

Symposium on Foundations of Computer Science. 1987, pp. 280-285.

Stéphane Boucheron, Gdbor Lugosi, and Pascal Massart. Concentration inequalities. Oxford University
Press, Oxford, 2013, pp. x+481.

T. N. Bui et al. “Graph bisection algorithms with good average case behavior”. In: Combinatorica 7.2
(1987), pp. 171-191.

Irineo Cabreros, Emmanuel Abbe, and Aristotelis Tsirigos. “Detecting community structures in Hi-C

genomic data”. In: Conference on Information Science and Systems. 2016, pp. 584-589.

Francesco Caltagirone, Marc Lelarge, and Léo Miolane. “Recovering Asymmetric Communities in the
Stochastic Block Model”. In: IEEE Transactions on Network Science and Engineering 5.3 (2018),
pp. 237-246.

P. Cardaliaguet and M. Quincampoix. “Deterministic differential games under probability knowledge

of initial condition”. In: International Game Theory Review 10.1 (2008), pp. 1-16.
Pierre Cardaliaguet. Notes on mean field games. Tech. rep. 2010.

Pierre Cardaliaguet and Anne Souquiere. “A differential game with a blind player”. In: SIAM Journal
on Control and Optimization 50.4 (2012), pp. 2090-2116.

Hong-Bin Chen. “Hamilton-Jacobi equations for nonsymmetric matrix inference”. In: arXiv e-prints,
arXiv:2006.05328 (2020). arXiv: 2006.05328.

Hong-Bin Chen. “Hamilton-Jacobi equations for nonsymmetric matrix inference”. In: Ann. Appl.
Probab. 32.4 (2022), pp. 2540-2567. ISSN: 1050-5164.

Hong-Bin Chen and Jiaming Xia. “Fenchel-Moreau identities on convex cones”. In: arXiv e-prints
(2020). eprint: arXiv:2011.06979.

Hong-Bin Chen and Jiaming Xia. “Hamilton-Jacobi equations for inference of matrix tensor products”.
In: arXiv e-prints, arXiv:2009.01678 (2020). arXiv: 2009.01678.

Hong-Bin Chen and Jiaming Xia. “Hamilton-Jacobi equations for inference of matrix tensor products”.
In: Ann. Inst. Henri Poincaré Probab. Stat. 58.2 (2022), pp. 755-793. ISSN: 0246-0203.

Hong-Bin Chen and Jiaming Xia. “Hamilton-Jacobi equations from mean-field spin glasses”. In: arXiv
e-prints, arXiv:2201.12732 (2022). arXiv: 2201.12732.

Hong-Bin Chen and Jiaming Xia. “Hamilton-Jacobi equations with monotone nonlinearities on convex
cones”. In: arXiv e-prints, arXiv:2206.12537 (2022). arXiv: 2206 . 12537.


https://arxiv.org/abs/2006.05328
arXiv:2011.06979
https://arxiv.org/abs/2009.01678
https://arxiv.org/abs/2201.12732
https://arxiv.org/abs/2206.12537

BIBLIOGRAPHY 192

[34]

[35]

[36]

(37]

(38]

(39]

(40]

[41]

[42]

[43]

[44]

[45]

[40]

[47]

(48]

[49]

(50]

Hong-Bin Chen and Jiaming Xia. “Limiting free energy of multi-layer generalized linear models”. In:
arXiv e-prints, arXiv:2108.12615 (2021). arXiv: 2108.12615.

Hong-Bin Chen and Jiaming Xia. “Limiting free energy of multi-layer generalized linear models”. In:
Preprint arXiv:2108.12615 (2021).

Hongbin Chen, Jean-Christophe Mourrat, and Jiaming Xia. “Statistical inference of finite-rank tensors”.
en. In: Annales Henri Lebesgue 5 (2022), pp. 1161-1189.

Jingchun Chen and Bo Yuan. “Detecting functional modules in the yeast protein-protein interaction
network”. In: Bioinformatics 22.18 (2006), pp. 2283-2290.

Amin Coja-Oghlan et al. “Information-theoretic thresholds from the cavity method”. In: Advances in
Mathematics 333 (2018), pp. 694-795.

Michael G. Crandall, Hitoshi Ishii, and Pierre-Louis Lions. “User’s guide to viscosity solutions of
second order partial differential equations”. In: Bulletin of the American Mathematical Society 27
(1992), pp. 1-67.

Michael G. Crandall and Pierre-Louis Lions. “Hamilton-Jacobi equations in infinite dimensions. I.

Uniqueness of viscosity solutions”. In: Journal of Functional Analysis 62.3 (1985), pp. 379-396.

Michael G. Crandall and Pierre-Louis Lions. “Hamilton-Jacobi equations in infinite dimensions. II.

Existence of viscosity solutions”. In: Journal of Functional Analysis 65.3 (1986), pp. 368—405.

Michael G. Crandall and Pierre-Louis Lions. “Hamilton-Jacobi equations in infinite dimensions. III”.
In: Journal of Functional Analysis 68.2 (1986), pp. 214-247.

Michael G. Crandall and Richard Newcomb. “Viscosity Solutions of Hamilton-Jacobi Equations at the
Boundary”. In: Proceedings of the American Mathematical Society 94.2 (1985), pp. 283-290.

Aurelien Decelle et al. “Asymptotic analysis of the stochastic block model for modular networks and
its algorithmic applications”. In: Physical Review E 84 (2011), p. 066106.

Yash Deshpande, Emmanuel Abbe, and Andrea Montanari. “Asymptotic mutual information for the
balanced binary stochastic block model”. In: Information and Inference: A Journal of the IMA 6.2
(2016), pp. 125-170.

Yash Deshpande and Andrea Montanari. “Information-theoretically optimal sparse PCA”. In: IEEE
International Symposium on Information Theory. 2014, pp. 2197-2201.

Tomas Dominguez. “The ¢”-Gaussian-Grothendieck problem with vector spins”. In: Electronic Journal
of Probability 27 (2022), pp. 1-46.

Tomas Dominguez and Jean-Christophe Mourrat. “Infinite-dimensional Hamilton-Jacobi Equations
for Statistical Inference on Sparse Graphs”. In: arXiv e-prints, 2209.04516 (2022). arXiv: arXiv:
2209.04516.

Tomas Dominguez and Jean-Christophe Mourrat. “Mutual information for the sparse stochastic block
model”. In: arXiv e-prints, 2209.04513 (2022). arXiv: arXiv:2209.04513.

Tomas Dominguez and Jean-Christophe Mourrat. “Statistical mechanics of mean-field disordered
systems — A Hamilton-Jacobi approach”. In: arXiv e-prints, 2311.08976 (2023). arXiv: arXiv:
2311.08976.


https://arxiv.org/abs/2108.12615
https://arxiv.org/abs/arXiv:2209.04516
https://arxiv.org/abs/arXiv:2209.04516
https://arxiv.org/abs/arXiv:2209.04513
https://arxiv.org/abs/arXiv:2311.08976
https://arxiv.org/abs/arXiv:2311.08976

BIBLIOGRAPHY 193

[51]

(52]

(53]

[54]

[55]

[56]

[57]

(58]

[59]

(60]

[61]

[62]

[63]

[64]
[65]

[66]

[67]

[68]

[69]

M.E Dyer and A.M Frieze. “The solution of some random NP-hard problems in polynomial expected
time”. In: Journal of Algorithms 10.4 (1989), pp. 451-489.

Ahmed El Alaoui and Florent Krzakala. “Estimation in the spiked Wigner model: a short proof of the
replica formula”. In: 2018 IEEE International Symposium on Information Theory (ISIT). IEEE. 2018,
pp. 1874-1878.

L.C. Evans. Partial Differential Equations. Graduate studies in mathematics. American Mathematical
Society, 2010. ISBN: 9780821849743.

Jin Feng and Markos Katsoulakis. “A comparison principle for Hamilton-Jacobi equations related to
controlled gradient flows in infinite dimensions”. In: Archive for Rational Mechanics and Analysis
192.2 (2009), pp. 275-310.

Jin Feng and Thomas G. Kurtz. Large deviations for stochastic processes. Vol. 131. Mathematical
Surveys and Monographs. American Mathematical Society, Providence, RI, 2006, pp. xii+410.

Stephen E. Fienberg, Michael M. Meyer, and Stanley S. Wasserman. “Statistical Analysis of Multiple
Sociometric Relations”. In: Journal of the American Statistical Association 80.389 (1985), pp. 51-67.

G.B. Folland. Real Analysis: Modern Techniques and Their Applications. Pure and Applied Mathemat-
ics: A Wiley Series of Texts, Monographs and Tracts. Wiley, 1999.

Wilfrid Gangbo, Truyen Nguyen, and Adrian Tudorascu. “Hamilton-Jacobi equations in the Wasser-
stein space”. In: Methods and Applications of Analysis 15.2 (2008), pp. 155-183.

Wilfrid Gangbo and Andrzej Swicech. “Optimal transport and large number of particles”. In: Discrete
and Continuous Dynamical Systems. Series A 34.4 (2014), pp. 1397-1441.

Prem K Gopalan and David M Blei. “Efficient discovery of overlapping communities in massive
networks”. In: Proc. Natl. Acad. Sci. USA 110.36 (2013), pp. 14534-14539.

Yuzhou Gu and Yury Polyanskiy. “Uniqueness of BP fixed point for the Potts model and applications
to community detection”. In: (Preprint, arXiv:2303.14688).

J.B. Hiriart-Urruty and C. Lemaréchal. Fundamentals of Convex Analysis. Grundlehren Text Editions.
Springer Berlin Heidelberg, 2004. ISBN: 9783540422051.

Paul W. Holland, Kathryn Blackmond Laskey, and Samuel Leinhardt. “Stochastic blockmodels: First
steps”. In: Social Networks 5.2 (1983), pp. 109-137.

Roger A. Horn and Charles R. Johnson. Topics in Matrix Analysis. Cambridge University Press, 1991.

Jonathan Kadmon and Surya Ganguli. “Statistical mechanics of low-rank tensor decomposition”. In:
Advances in Neural Information Processing Systems. 2018, pp. 8201-8212.

Varun Kanade, Elchanan Mossel, and Tselil Schramm. “Global and local information in clustering
labeled block models”. In: IEEE Transactions on Information Theory 62.10 (2016), pp. 5906-5917.
Anastasia Kireeva and Jean-Christophe Mourrat. “Breakdown of a concavity property of mutual
information for non-Gaussian channels”. In: (Preprint, arXiv:2304.05129).

Marc Lelarge and Léo Miolane. “Fundamental limits of symmetric low-rank matrix estimation”. In:

Probability Theory and Related Fields 173.3 (2019), pp. 859-929.

Thibault Lesieur, Florent Krzakala, and Lenka Zdeborova. “Phase transitions in sparse PCA”. In: IEEE
International Symposium on Information Theory. 2015, pp. 1635-1639.



BIBLIOGRAPHY 194

[70]

[71]

[72]

(73]

[74]

[75]

[76]

[77]

(78]

[79]

(80]

[81]

[82]

[83]

[84]

[85]

[86]

Thibault Lesieur et al. “Statistical and computational phase transitions in spiked tensor estimation”. In:
2017 IEEE International Symposium on Information Theory (ISIT). IEEE. 2017, pp. 511-515.

Greg Linden, Brent Smith, and Jeremy York. “Amazon.com Recommendations: Item-to-Item Collabo-
rative Filtering”. In: IEEE Internet Comput. 7 (2003), pp. 76-80.

Clément Luneau, Jean Barbier, and Nicolas Macris. “Mutual information for low-rank even-order
symmetric tensor estimation”. In: Information and Inference: A Journal of the IMA 10.4 (2021),
pp. 1167-1207.

Clément Luneau, Nicolas Macris, and Jean Barbier. “High-dimensional rank-one nonsymmetric matrix
decomposition: the spherical case”. In: 2020 IEEE International Symposium on Information Theory
(I1SIT). IEEE. 2020, pp. 2646-2651.

Laurent Massoulié. “Community Detection Thresholds and the Weak Ramanujan Property”. In:
Proceedings of the Forty-Sixth Annual ACM Symposium on Theory of Computing. Association for
Computing Machinery, 2014, pp. 694-703.

Vaishakhi Mayya and Galen Reeves. “Mutual information in community detection with covariate
information and correlated networks”. In: 2019 57th Annual Allerton Conference on Communication,
Control, and Computing (Allerton). IEEE. 2019, pp. 602-607.

M Mézard, G Parisi, and R Zecchina. “Analytic and algorithmic solution of random satisfiability
problems”. In: Science (New York, N.Y.) 297.5582 (Aug. 2002), pp. 812—-815. 1SSN: 0036-8075.

Léo Miolane. “Fundamental limits of low-rank matrix estimation: the non-symmetric case”. In:
Preprint, arXiv:1702.00473 (2017).

Elchanan Mossel, Joe Neeman, and Allan Sly. “A Proof of the Block Model Threshold Conjecture”.
In: Combinatorica 38.3 (2018), pp. 665-708.

Elchanan Mossel, Joe Neeman, and Allan Sly. “Belief propagation, robust reconstruction and optimal
recovery of block models”. In: The Annals of Applied Probability 26.4 (2016), pp. 2211-2256.

Elchanan Mossel, Joe Neeman, and Allan Sly. “Consistency thresholds for the planted bisection
model”. In: Electronic Journal of Probability 21 (2016), pp. 1-24.

Elchanan Mossel, Joe Neeman, and Allan Sly. “Reconstruction and estimation in the planted partition
model”. In: Probab. Theory Related Fields 162.3-4 (2015), pp. 431-461. 1SSN: 0178-8051.

Elchanan Mossel and Jiaming Xu. “Local algorithms for block models with side information”. In:
Proceedings of the 2016 ACM Conference on Innovations in Theoretical Computer Science. 2016,
pp- 71-80.

Jean-Christophe Mourrat. “Free energy upper bound for mean-field vector spin glasses”. In: Annales
de U'Institut Henri Poincaré, Probabilités et Statistiques 59.3 (2023), pp. 1143-1182.

Jean-Christophe Mourrat. “HamiltonJacobi equations for finite-rank matrix inference”. In: The Annals
of Applied Probability 30.5 (2020), pp. 2234-2260.

Jean-Christophe Mourrat. “HamiltonJacobi equations for mean-field disordered systems”. In: Annales
Henri Lebesgue 4 (2021), pp. 453-484.

Jean-Christophe Mourrat. “Nonconvex interactions in mean-field spin glasses”. In: Probability and
Mathematical Physics 2.2 (2021), pp. 61-119.



BIBLIOGRAPHY 195

[87]

[88]

[89]

[90]
[91]

[92]

(93]

[94]

[95]

[96]

[97]

(98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

Jean-Christophe Mourrat. “The Parisi formula is a Hamilton-Jacobi equation in Wasserstein space”.
In: Canadian Journal of Mathematics 74 (Jan. 2021), pp. 1-23.

Jean-Christophe Mourrat and Dmitry Panchenko. “Extending the Parisi formula along a Hamilton-
Jacobi equation”. In: Electronic Journal of Probability 25 none (2020), pp. 1-17.

M E J Newman, D J Watts, and S H Strogatz. “Random graph models of social networks”. In: Proc.
Natl. Acad. Sci. USA 99 (2002), pp. 2566-2572.

Dmitry Panchenko. Lecture notes on probability theory. 2019.

Dmitry Panchenko. “On the replica symmetric solution of the K-sat model”. In: Electronic Journal of
Probability 19.67 (2014), pp. 1-17.

Dmitry Panchenko. “Spin glass models from the point of view of spin distributions”. In: The Annals of
Probability 41.3A (2013), pp. 1315-1361.

Dmitry Panchenko. “Structure of 1-RSB Asymptotic Gibbs Measures in the Diluted p-Spin Models”.
In: Journal of Statistical Physics 155.1 (2014), pp. 1-22.

Dmitry Panchenko. “Structure of Finite-RSB Asymptotic Gibbs Measures in the Diluted Spin Glass
Models”. In: Journal of Statistical Physics 162.1 (2015), pp. 1-42.

Dmitry Panchenko. The Sherrington-Kirkpatrick model. Springer Monographs in Mathematics. Springer,
New York, 2013, pp. xii+156. ISBN: 978-1-4614-6288-0; 978-1-4614-6289-7.

Raj G. Patel and Tomas Dominguez et al. “Application of Tensor Neural Networks to Pricing Bermudan
Swaptions”. In: (2023). arXiv: 2304.09750 [g-fin.CP].

Raj G. Patel and Tomas Dominguez et al. “Quantum-Inspired Tensor Neural Networks for Option
Pricing”. In: (2022). arXiv: 2212.14076 [gq-fin.PR].

Galen Reeves. “Information-theoretic limits for the matrix tensor product”. In: IEEE Journal on
Selected Areas in Information Theory 1.3 (2020), pp. 777-798.

Galen Reeves, Vaishakhi Mayya, and Alexander Volfovsky. “The geometry of community detection
via the mmse matrix”. In: 2019 IEEE International Symposium on Information Theory (ISIT). IEEE.
2019, pp. 400-404.

Tom Richardson and Riidiger Urbanke. “An Introduction to the Analysis of Iterative Coding Systems”.
In: Codes, Systems, and Graphical Models (2001), pp. 1-37.

C. E. Shannon. “A mathematical theory of communication”. In: The Bell System Technical Journal
27.3 (1948), pp. 379-423.

Jianbo Shi and Jitendra Malik. “Normalized Cuts and Image Segmentation”. In: /[EEE Trans. Pattern
Anal. Mach. Intell. 22.8 (2000), pp. 888-905.

T Segrlie, C M Perou, et al. “Gene expression patterns of breast carcinomas distinguish tumor subclasses
with clinical implications”. In: Proc. Natl. Acad. Sci. USA 98.19 (2001), pp. 10869-10874.

P. E. Souganidis. “A Remark About Viscosity Solutions of Hamilton-Jacobi Equations at the Boundary”.
In: Proceedings of the American Mathematical Society 96.2 (1986), pp. 323-329.

Yuchung J. Wang and George Y. Wong. “Stochastic Blockmodels for Directed Graphs”. In: Journal of
the American Statistical Association 82.397 (1987), pp. 8—19.


https://arxiv.org/abs/2304.09750
https://arxiv.org/abs/2212.14076

BIBLIOGRAPHY 196

[106] Harrison C. White, Scott A. Boorman, and Ronald L. Breiger. “Social Structure from Multiple
Networks. I. Blockmodels of Roles and Positions”. In: American Journal of Sociology 81.4 (1976),
pp. 730-780.

[107] Qian Yu and Yury Polyanskiy. “Ising Model on Locally Tree-like Graphs: Uniqueness of Solutions to
Cavity Equations”. In: (Preprint, arXiv:2211.15242).



	Introduction
	The community detection problem and the stochastic block model
	Mutual information in the stochastic block model
	Main contributions of this thesis
	Organization of this thesis

	The dense stochastic block model
	From statistical inference to statistical mechanics
	A symmetric rank-one matrix estimation problem
	A matrix estimation Hamilton-Jacobi equation
	Hamilton-Jacobi equations on positive half-space
	Revisiting the matrix estimation Hamilton-Jacobi equation
	Leveraging convexity to identify viscosity solutions
	Another Hamilton-Jacobi approach to matrix estimation

	A Hamilton-Jacobi equation for the sparse stochastic block model
	From statistical inference to statistical mechanics
	Modifying and enriching the sparse stochastic block model
	Differentiating the sparse stochastic block model free energy
	A sparse stochastic block model Hamilton-Jacobi equation

	Well-posedness of infinite-dimensional Hamilton-Jacobi equations
	Projections, assumptions, and key well-posedness results
	Establishing well-posedness of infinite-dimensional equations
	Revisiting the Hopf-Lax formula
	Extending to more general infinite-dimensional equations

	Multioverlap concentration
	Bayesian inference, perturbations, and key concentration results
	Deducing the Franz-de Sanctis identities
	Establishing finitary multioverlap concentration

	A Hamilton-Jacobi approach to the sparse stochastic block model
	Revisiting the stochastic block model Hamilton-Jacobi equation
	Establishing the concentration of the free energy
	Proving the free energy upper bound
	Deducing the disassortative free energy variational formula
	Relation to other works and future perspectives

	Basic results in analysis and probability
	Representations of convex sets
	The Fenchel-Moreau theorem on positive half-space
	The subdifferential of a convex function
	semi-continuous envelopes
	Binomial and Poisson random variables

	Bibliography

