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Abstract

This doctoral dissertation is concerned with the study of static and dynamical observ-
ables of random graphs, with a particular attention to concentration phenomena and
phase transitions. The thesis is divided in two parts.

The first part of the thesis is devoted to the asymptotic analysis of two types of
static graph observables. In the first chapter, we analyze the edge-triangle model, a
random graph exhibiting dependence among edges. We prove concentration of the tri-
angle count and, for some approximations of the model, we obtain more refined results
including standard and non-standard central limit theorems, depending on the value of
the parameters. In a mean-field setting, our results are supported by simulations. The
results rely on large deviation principles and the analyticity properties of the free energy
of the model. In the second chapter we consider a family of inhomogeneous directed ran-
dom graphs, which includes the Chung—Lu directed graph and stochastic block models,
and we consider their adjacency matrices. We establish the existence of eigenvalues out-
side the bulk of their spectrum, for which we prove Gaussian fluctuations. The results
are based on the trace method and a perturbative analysis.

In the second part of the thesis, we consider the simple random walk (SRW) on
directed random graphs, we characterize its mixing properties and we give particular
emphasis to the cutoff phenomenon. In the third chapter we analyze the SRW on the
Chung-Lu directed graph. For this dynamics we prove the occurrence of the cutoff
phenomenon at entropic time. We characterize the size of the cutoff window, in which
the total variation profile converges to a universal Gaussian shape, independent of the
parameters. Finally, the fourth chapter is concerned with the mixing properties of the
SRW on a directed graph exhibiting a community structure, corresponding to a directed
version of the stochastic block model. For this model we show the occurrence of a mixing
trichotomy, related to the strength of the community structure. In particular, we identify
three mixing regimes, where the cutoff survives to the bottleneck perturbation or is
substituted by an exponential relaxation, and we provide a first-order characterization
of the total variation profile. A substantial part of the analysis is given by a control on
the homogenization of the random environment.
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Sommario

Questa tesi dottorale si occupa dello studio asintotico di osservabili statiche e dinamiche
nei modelli di grafi aleatori, con particolare attenzione ai fenomeni di concentrazione e
alle transizioni di fase. La tesi ¢ suddivisa in due parti.

La prima parte & dedicata all’analisi asintotica di due tipi di osservabili su grafi. Nel
primo capitolo analizziamo il modello edge-triangle, un grafo casuale che presenta dipen-
denze tra gli archi. Dimostriamo la concentrazione del numero di triangoli e, per alcune
approssimazioni del modello, otteniamo risultati piu raffinati, che includono teoremi di
limite centrale, sia standard che non standard, a seconda del valore dei parametri. In un
contesto di tipo mean-field, i nostri risultati sono supportati da simulazioni. L’analisi
si basa su principi di grandi deviazioni e sulle proprieta di analiticita dell’energia libera
del modello. Nel secondo capitolo consideriamo una famiglia di grafi casuali diretti in-
omogenei, che include il grafo di Chung-Lu e lo stochastic block model, e ne studiamo
la matrici di adiacenza: dimostriamo la presenza di autovalori al di fuori del nucleo
principale, per i quali otteniamo fluttuazioni Gaussiane. I risultati si basano sul metodo
della traccia e su un’analisi perturbativa.

La seconda parte della tesi riguarda ’evoluzione della passeggiata aleatoria semplice
su grafi casuali diretti. In particolare, ne caratterizziamo le proprieta di mescolamento,
dando enfasi al fenomeno del cutoff. Nel terzo capitolo analizziamo la passeggiata
aleatoria semplice sul grafo diretto di Chung-Lu. Per questa dinamica dimostriamo
l’occorrenza del cutoff a tempo entropico. Caratterizziamo inoltre la dimensione della
finestra di cutoff, all’interno della quale il profilo della variazione totale converge a una
forma gaussiana universale. Infine, il quarto capitolo riguarda le proprieta di mescola-
mento della passeggiata aleatoria semplice su un grafo diretto con comunita, corrispon-
dente a una versione diretta dello stochastic block model. Per questo modello, mostriamo
I’esistenza di una tricotomia nel comportamento di mescolamento, legata all’intensita
della struttura di comunita. In particolare, identifichiamo tre regimi distinti, in cui il
cutoff sopravvive alla perturbazione oppure cede il posto a un rilassamento esponenziale,
e forniamo una caratterizzazione al primo ordine del profilo della variazione totale. Una
parte sostanziale dell’analisi ¢ data da un controllo sull’omogeneizzazione dell’ambiente
casuale.
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Introduction

Complex networks represent a ubiquitous and modern tool for modeling real-world sys-
tems. They are natural to describe, and they are perfect for applications in biological,
social sciences, computer science, and economics. The enormous list of available ex-
amples includes collaboration or social networks, webpage and internet architectures,
microscopical structures describing proteins and polymers, transport and energy grids
(see the reviews Albert and Barabdsi [2002], Newman [2003]). All these instances are
given by a finite but large number of elements. More remarkably, although they come
from completely different environments, they often share relevant common features, such
as inhomogeneity, scale-freeness, and small-world properties.

These common tendencies have led to the possibility of modeling a large class of net-
works through simplified probabilistic models. In this sense, random graphs represent a
young and versatile field of research that occupies a central role in the modern mathe-
matical framework. In the last three decades, there has been an explosion in the number
of contributions in this field, and its growth rate has been substantially stable in recent
years. Many models have been designed to reproduce various asymptotic features as the
size of the network grows. For example: Stochastic Block Models exhibit community
structures and are used for community detection purposes (see Abbe [2018]); Chung-Lu
graphs (see Chung and Lu [2002b]) and other inhomogeneous graphs provide networks
with huge hubs; preferential attachment models describe small worlds (see Albert and
Barabdasi [1999]); exponential random graphs exhibit prescribed expected local densi-
ties and capture clustering (see Strauss [1986]). See the books Bollobés [2001], van der
Hofstad [2016, 2024], Newman [2010] for an introduction to random graphs.

A crucial aspect for most of these models lies in the dependence on external param-
eters, which can originate many non-trivial and interesting behaviors. In fact, the large
size of random networks allows them to exhibit an important feature, called complexity.
A system with a finite number of agents is said to be complex if, despite a simple formu-
lation, the behavior of its macroscopic observables does not depend linearly on external
parameters and cannot be easily determined as the number of agents grows. In partic-
ular, in the thermodynamic limit, where the ”volume” of the systems diverges, slight
variations in the parameters can produce huge qualitative and quantitative changes.
Such thresholds in the nature of a system are referred to as phase transitions, and in
the literature, there are plenty of probabilistic models that present such behavior. Their
study has become a great source of mathematical problems, giving birth to an actual
branch of discrete mathematics lying at the interface between probability and theoretical
physics. Among the most famous examples in statistical physics, it is worth mentioning
lattice systems such as the Ising model and percolation. Analogous threshold phenom-
ena arise naturally in the context of random graphs regarding global properties, such as
the size of connected components component, typical distances, local features, such as
the density of certain substructures, and even dynamical observables.
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Useful notation

In general, a random graph is a sequence of random variables, say (G, ),en, defined on
a common probability space (€2, F,P). For each n € N, G,, takes values in a suitable space
Gy, of graphs with n vertices and satisfies suitable consistency conditions. Equivalently,
a random graph can be seen as a choice, for every n € N, of a probability distribution
on G,. This also defines a probability measure P,. Graphs can be simple or have multi-
edges, they can be undirected or oriented, and the right specification of the graph set
allows random graphs to cover a wide range of applications.

Although a rigorous formalism is more than satisfactory, it is sometimes more intu-
itive to define random graphs via algorithmic stochastic procedures. The easiest example
of arandom graph is the Erdés—Rényi random graph. In this model a parameter p € [0, 1]
is fixed and edges are included in an empty graph with vertex set [n] := {1,2,...,n},
independently and with probability p. This procedure results in a given simple graph G
with |E| edges with probability p!l(1 — p)(g)_‘E . Although very simple to define and
interesting to study, the Erd6s—Rényi model constitutes a pure mathematical abstraction
rather than a physically descriptive model.

Firstly, the Erdés—Rényi graph exhibits edge independence. This property facilitates
the achievement of exact limit statements, but it is not present in real-work networks.
This can be easily motivated, for example, in the context of social networks; if two
people share a common friend or interest, it is more likely that they form a connection
themselves. Exponential random graphs, which are part of the contents of this disserta-
tion, go beyond this constraint, allowing edge dependence and allowing the probability
density associated with the graph to depend on prescribed fixed subgraph densities.

Secondly, the Erdés—Rényi graph is a homogeneous random graph, which is another
unrealistic property for most networks. For this reason, many generalizations of this
model have been defined over the years, which keep the independence of edges. An
example, which will be central in this thesis, is the Chung—Lu random graph, which was
proposed and analyzed in Lu [2002] and Chung and Lu [2002b,c, 2003, 2006a,b], and
which is defined as follows. Given a sequence of positive weights (W )ye[y), corresponding
to the choice of expected degrees, two distinct vertices z,y € [n] are connected by an
edge, independently and with probability

(cL) _ ,(CL) _ wxiu% Al
Pry Pyz Zze[n] W,
This choice allows to model inhomogeneity, since weights correspond to the degree
tendency of vertices. The model is easily adapted to a directed framework, which is
more suitable for applications to the World Wide Web. Here, two sequences (w0, ),en);
(@;{)xe[n] with equal sum are taken, and the connection probability is set to

wrw;,
p(DCL) Ty a1

Y Zze[n] {Ej— .

In this dissertation, we present some contributions to the study of random graphs
and the convergence to the equilibrium of random dynamics in such environments. The



Useful notation

thesis is articulated in two parts that tackle problems related to scaling limits, static
and dynamical phase transitions of random graphs. Both parts are preceded by an in-
troduction and each chapter is self-contained. Although the main mathematical objects
have a consistent notation in the whole manuscript, we warn the reader that there may
be some changes and adaptations from chapter to chapter. For instance, this will be the
case for the notation of the Chung—Lu directed graph.

Part I is focused on the asymptotic properties of the two above generalizations of the
Erdés—Rényi random graph, which are shaped by two different constraints specifications.
In both cases, we are interested in the study of the asymptotics of relevant observables.

In Chapter 1, we consider a model belonging to the family of Exponential Random
Graphs. These graphs generalize the Erdés—Rényi graph by introducing a dependency
between edges, which is modeled by a Gibbs distribution. In this setting, the proba-
bility of a specific graph display is a parametric function of certain subgraph counts.
This corresponds to fixing the expected value of certain subgraph densities and making
certain local structures more or less probable. For this model, we study the asymptotic
behavior of the triangle density, providing a law of large numbers. Then, we consider two
approximations of the model, exhibiting the same phase diagram, for which we prove a
central limit theorem for the triangle density.

In Chapter 2 we consider a family of inhomogeneous directed random graphs, which
includes the Chung-Lu directed random graph and stochastic block models. For these
models, in a non-sparse setting, we study the spectrum of the adjacency matrix, estab-
lishing the presence and the typical scaling the eigenvalues outside the bulk. Then, we
provide a CLT for their fluctuations.

In Part II we are interested in studying random dynamics on random graphs. In
particular, we analyze the mixing properties of simple random walks on random digraphs
(i.e., directed graphs).

In Chapter 3, we study the mixing time of the simple random walk on the Chung—Lu
directed graph. In this setting, we prove that with high probability, the simple random
walk exhibits a cutoff. Moreover, we determine the presence of a window with Gaussian
shape. Both statements hold uniformly in the starting position, namely for the worst-
case and best-case scenarios.

In Chapter 4, we study the mixing time of the simple random walk on a directed
stochastic block model. This random graph is inspired by the classical stochastic block
model and exhibits a community structure. Building on the results coming from Chapter
3, and some technical analysis of the first community jump time, we establish a mixing
trichotomy, namely the existence of three mixing regimes. In particular, depending on
the strength of the community structure, there is a fast mixing phase where the random
walk exhibits a cutoff at entropic time, a slow mixing phase, where the random walk has
a limit profile with exponential shape, and a critical phase, where the two mechanisms
enter in competition.
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Useful notation

We conclude the introduction with a few comments on the chosen regimes.

The specification of exponential random graph that we consider is suitable for the dense
setting. The graphon formalism and the overall approach that will be used later is
meaningful for graphs such that parameters and average edge densities are bounded
away from zero. Sparse instances of this model may be considered by letting parameters
vanishing as the number of vertices grows, or passing to a micro-canonical setting with
a conditioned number of edges. However, these are typically harder to study.

For the analysis of the directed Chung—Lu model, we consider a non-sparse regime where
the average degree grows at least polylogarithmically in the size of the graph. This of
course includes the dense regime. This condition is required for the appearance of outliers
in the spectrum of the adjacency matrix and to provide a control on error terms, in
accordance with the undirected setting. For what concerns the mixing analysis, a dense
regime would constitute a huge speeding factor, since the random walk is expected to
mix in a constant number of steps. On the other side, to have a well defined problem,
the simple random walk has to be irreducible, and in a directed setting this happens
when average degrees are at least logarithmic, which is our assumption.
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Introduction to Part 1

Given an instance of a large real-world network, identifying the best theoretical model
that captures its features is a crucial task. Understanding the asymptotic properties of
a random graph is then very useful for applicative purposes.

As their size grows, graph statistics, despite their discrete nature, can converge to
continuous limits, and there is high interest in establishing their existence and features,
and the same can happen for graphs themselves. For instance, dense graphs can converge
to graphons, namely functions g : [0,1]%> — [0,1], which can be endowed with a metric
structure (see Borgs et al. [2008, 2012] and Lovész [2012]), while sparse ones are well
described by local weak limits, which make use of rooted infinite trees to describe the
neighborhood of a fixed vertex in the limiting structure (see Benjamini and Schramm
[2001] and van der Hofstad [2024]).

Concerning graph observables, many issues can be considered and examples involve:
metric properties, such as diameter and typical distances; combinatorial properties, re-
lated to chromatic numbers and matching issues; global properties, linked to connected
components, expansion, and bottlenecks (which can influence dynamics); local prop-
erties, such as degree distributions, clustering coefficients, and subgraph counts. The
interest is usually quantifying their asymptotic order and the nature of their fluctu-
ations around the mean. Laws of large numbers, Central limit theorems, and large
deviation principles constitute the main target of the analysis. Sometimes, some graph
properties do not hold asymptotically almost surely. In that case, we may be interested
in proving that a statement holds with high probability. Given, for every n € N, a subset
Ay, C Gy, we say that a family of events, or simply an event, (A4, )n,en happens with high
probability (shortly w.h.p.) if

P(G, € ALYy —— 0,

n—-4o00

where A% denotes the complement set. In Part I we will analyze spectral observables
and subgraph densities in two different random graph ensembles.

Phase transitions in random graphs

As mentioned, the study of limit properties of networks constitutes an extremely wide
research area, where phase transitions are very likely to take place. The most famous
example is, with no doubt, the one undergone by the connectivity properties of the
Erdés—Rényi graph. In that setting, a relevant scale for the connection probability is
given by the choice p = n™%, for a > 0. Certain values of a > 0 have been shown to be
thresholds for certain (monotone) properties. In particular, a = 1 has been shown to be
the threshold for the presence, with high probability, of triangles and cycles. Moreover,
in the regime p = A/n, where A > 0 is constant, A = 1 has been shown to be a threshold



Introduction to Part I

for the existence, with high probability, of a connected component of linear size Erdds
and Rényi [1960]. See Frieze and Karonski [2016], van der Hofstad [2016] for a description
of this probabilistic threshold.

A large deviation principle (LDP), is one of the tools that can reveal the presence
of a phase transition. A LDP corresponds to the determination of a functional, called
rate function, which provides exponential asymptotics for the probability of a family of
events. Studying the minima of the rate function, it is possible to achieve information
on typical realizations. Changes in the number of minima, or their form, are a sign that
a threshold has been attained. See Chatterjee [2016] for an introduction to LDPs for
random graphs. An important contribution in this direction has been given in Chatterjee
and Varadhan [2011], where a LDP for the Erdés—Rényi random graph is derived. Here,
as a byproduct, a LDP for the number of triangles is provided, and the presence of a
double transition for the minima of the rate function can be read. We also mention
other instances of notable LDPs: in Andreis et al. [2021, 2023] a LDP for the empirical
measure of the size of connected components in sparse random graphs is derived; in
Chakrabarty et al. [2022] a LDP for the largest eigenvalue of a dense inhomogeneous
Erdés—Rényi graph is given.

Subgraph densities in exponential random graphs

One question among sociologists is to understand how local communities can affect the
overall network structure. For this reason, the study of subgraph densities constitutes
a usual target in the context of random graphs, which provides good insights on the
network. For example, a high number of triangles implies a high local density and that
the network is clustered. The presence of other structures, such as squares without
diagonal elements, could be typical of more regular lattice geometries.

Exponential random graphs (ERGs) provide a framework where expected subgraph
densities are controlled by external parameters, leading to a flexible modeling. In this
class of random graphs, introduced in Strauss [1986], the probability measure over the
state space is designed to enhance or decrease the probability of certain structures,
biasing their occurrence. Following a statistical mechanics approach, the bias is encoded
by a function called Hamiltonian, contained in an exponential term, and the probability
measure is then a Gibbs distribution. In particular, let G, denote the set of simple graphs
with n vertices. For a fixed number k € N of simple graphs Hjy, ..., Hi and a vector
of (possibly negative) parameters 3 = (B1,...,0;) € RF, the associated exponential
random graph has law given by a probability distribution on G,, defined by

k
P, (G) = P,.5(G) o exp <n2 ZB,-t(Hi, G)> , G € Gy,

i=1

where for i = 1,...,k, t(H;,G) is the homomorphism density of H in G (see Subsection
1.1.1). Due to their versatility, exponential random graphs are widely used for the anal-
ysis and modeling of social multi-layered networks (see Caimo and Gollini [2023], Harris
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[2013], Lusher et al. [2012]). However, statistical estimation is a difficult theoretical
problem. See Fischer et al. [2025], Xu and Reinert [2021], based on Reinert and Ross
[2019], where Stein’s method is employed to this aim. Many important and rigorous
results have been obtained on this model so far in Chatterjee and Dey [2010], Chatterjee
and Diaconis [2013], sometimes imposing constraints on subgraph densities Kenyon and
Yin [2017], Neeman et al. [2023]. In particular, in Chatterjee and Diaconis [2013] the
authors derive a LDP for the model, showing that in a certain regime of parameters,
called "replica symmetric regime”, minimizers of the rate function are given by constant
graphons. Using this result, Radin and Yin [2013] characterized the phase diagram of
the model, showing the presence of a parametric curve, ending in a critical second-order
point, where the rate function admits two different minima.

There is an active line of literature that is concerned with proving limit theorems for
sums of dependent variables. In the the framework of ERGs, a Central Limit Theorem
(CLT) for the edge density was first established in Mukherjee and Xu [2023] for the
two-star model, a class of ERGs in which edge dependencies arise from the presence of
two-stars (i.e., subgraphs consisting of three vertices with two edges sharing a common
vertex). For this model, correlation inequalities have been derived in Bianchi et al. [2022].
Subsequently, Bianchi et al. [2024] obtained the first CLT for the edge-triangle model, a
specific class of ERGs whose Hamiltonian depends exclusively on the edge and triangle
densities. Their approach employs the analyticity properties of the free energy density.
A LLN and a CLT for the edge density were derived, together with a non-standard
CLT at the critical point for a mean-field approximation of the model. Their result was
later strengthened in the work of Fang et al. [2025a], which not only generalizes, via
Stein’s method (see Stein [1972]), the result of Bianchi et al. [2024] to a broader class of
ERGs, but also makes the CLT quantitative in terms of both the Kolmogorov and the
Wasserstein distance. In the latter, the authors apply Stein’s method Stein [1972] to
prove a CLT for general subgraph counts. This is a powerful technique, also used for spin
systems in Ellis and Newman [1978], Eichelsbacher and Lowe [2010], which provides a
normal approximation to the distribution of dependent random variables. This approach
often requires higher-order concentration inequalities for controlling the error terms. The
analysis was initially restricted to a specific parameter regime known as Dobrushin’s
uniqueness region, and was only recently extended to include the so-called subcritical
regime, or high-temperature regime (see for instance Bhamidi et al. [2011], at the very
end of Subsec. 1.1 for a precise definition of this regimes). The work Winstein [2025]
goes further, covering the supercritical regime, or low-temperature regime, including the
critical curve, albeit with certain caveats applying exclusively along that curve. Both
works restrict to the case where the coefficients of subgraph densities (other than the
edge density) are nonnegative. We also point out the very recent work of Fang et al.
[2025b], which studies the asymptotic distribution of the number of two-stars in a model
of ERG where the number of edges is conditioned to satisfy some constraint. Chapter
1, is concerned with the asymptotics of the triangle density in edge-triangle models.
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Overview of chapter 1:
Density of triangles in edge-triangle models

This chapter contains the results of the works Magnanini and Passuello [2025a,b]. We
consider the edge-triangle model, where k = 2, H; corresponds to a single edge, and H»
corresponds to a triangle, and two related models.

The models are presented in Section 1.1. In Subsection 1.1.1 we introduce the expo-
nential random graph family and we recall results present in the literature, highlighting
that in the dense setting, the free energy density of the model can be written in terms
of a one-dimensional maximization problem. In Subsection 1.1.2 we specialize to the
edge-triangle model. The Hamiltonian in this case can be expressed, for a given simple

graph G € G, as

T, (G
Hosan(G) = a?i ) LB G,

where a and h are real parameters and T,,(G) and E,(G) represent, respectively, the
number of triangles and the number of edges in G. We describe the phase diagram
of the model in the replica symmetric regime, where there exists a curve ending in
a critical point, where the variational problem describing the free energy admits two
distinct solutions. Subsection 1.1.3 is devoted to the mean-field approximation of the
model. In Subsection 1.1.4 we fix the notation and show how the model can be seen
as system of interacting spins. In Subsection 1.1.5 we define an approximated model,
where the integer part of the triangle count is considered.

In Section 1.2 we state the results. The main result for the edge-triangle model is
a strong law of large numbers (SLLN), Theorem 1.4, valid for the triangle density. In
the mean-field setting, we consider an approximated triangle count, for which we can
prove a SLLN, a phase coexistence result at the critical curve, Theorem 1.8, a standard
CLT out of criticality, Theorem 1.9, a non-standard CLT at the critical point, Theorem
1.10, and a result on the rate on these convergences. These results hold also on the
critical curve if we consider some conditional measures, as Theorem 1.14 states. Finally
in Subsection 1.2.3 we consider the integer part model, for which we state a standard
CLT out of criticality, Theorem 1.18, valid for the triangle density. Our results allow
the parameters of the model to be negative.

Section 1.3 is devoted to the proofs. In Subsection 1.3.1, we provide some prelim-
inary background on the graphon formalism. Subsection 1.3.2 focuses on the proof of
Theorem 1.5, which provides a concentration result valid on the critical curve. Here
the known LDP for the Erd6s—Rényi graph is employed, after having noticed that the
probability measure of the edge-triangle model can be represented as a tilted measure
on the space of graphons. This is later used to prove Theorem 1.4. Subsections 1.3.3—
1.3.7 are devoted to the mean-field model. In particular, in Subsection 1.3.3 we present
some additional helpful notation and we state Lemma 1.23, which provides a very useful
expression of the partition function of the model in terms of tractable Riemann sums.
In Subsection 1.3.8, the proof of Theorem 1.18 is given. This is based on the possibility
to express the partition function of the model as a polynomial, which implies uniform
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convergence for the derivatives of the free energy.

Finally, in Sec. 1.4 we outline why we expect that the fluctuations observed for the
approximated triangle density should also hold for the original triangle density in the
edge-triangle model, supporting our heuristic argument with simulations.

Spectra of random graphs

Other statistics that are useful to investigate the connectivity structure of a graph con-
cern its spectrum. The spectrum of the adjacency matrices of a graph can give informa-
tion on the number of its connected components, or reveal the presence of a community
structure. The eigenvalues of its associated Laplacian matrix highlight the presence of
bottlenecks. Moreover, the normalized Laplacian of undirected graphs provides infor-
mation on the convergence rate of Markov dynamics.

The study of spectral properties of large matrices has been a central theme in prob-
ability theory and mathematical physics for decades, motivated by applications to the-
oretical physics and data analysis. Given a n x n matrix A,, for large n, one of the
typical object of interest is its empirical spectral distribution (ESD), defined by

1
= - Oy,
HA, n ; Ai(An)>s

where (\;(Ay))i<n represents the set of eigenvalues of A. In the classical Hermitian set-
ting, under quite general hypotheses, the ESD of random matrices converges to limits
that do not depend on the specific random matrix realization nor on the specific model.
The most famous result in this direction is the celebrated Wigner semicircular law, ob-
served for the first time in Wigner [1955]: symmetric random matrices with i.i.d. entries
and bounded second moment, when rescaled by n~'/2 have ESD converging to the so-
called semicircular distribution with density (2m)~'v/4 — 221_ 9 (z) dx. The analysis
can also regard the edge of the spectrum, which is usually Tracy-Widom distributed
Tracy and Widom [1993, 1996]. See the books Mehta [1991], Anderson et al. [2009] and
Erdés and Yau [2017] for an introduction to random matrices.

A strong interest relies in studying the spectrum of low-rank perturbation of random
matrices Baik et al. [2005], Benaych-Georges and Nadakuditi [2011], Pizzo et al. [2013],
Tao [2013]. For instance, in a homogeneous Erdés—Rényi graph with appropriate scaling,
almost all eigenvalues of the adjacency matrix A, lie near the semicircular bulk, except
the largest one, that is typically closely tied to the average degree Erdds et al. [2013]. In
this setting, the matrix E[A,] corresponds to a rank-1 perturbation added to the matrix
A, — E[A,], which constitutes a centered i.i.d. noise.

In real-world networks, edge probabilities are inhomogeneous, varying across vertex
pairs. Recent works have characterized the spectrum of an inhomogeneous Erdés—Rényi
graph. Chakrabarty et al. [2021] identified the limiting ESD of the adjacency and Lapla-
cian matrix, and Chakrabarty et al. [2020] analyzed the eigenvalues outside the bulk
(outliers) in such model. These studies confirm that connection probabilities exhibiting
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low-rank deterministic structures can lead to a handful of eigenvalues straying away from
the bulk of the spectrum. In Cipriani et al. [2025], the limiting adjacency ESD for a
kernel-based generalization of scale-free percolation is characterized.

Regarding general inhomogeneous random matrices, we mention Brailovskaya and
van Handel [2024], where a general universality principle for extreme singular val-
ues is proved. Extreme eigenvalues for rectangular arrays were studied in Gotze and
Tikhomirov [2023] where sparse i.i.d. matrices with a logarithmic number of non-zero
entries are studied and in Dumitriu and Zhu [2024], where inhomogeneous matrices are
considered. The largest eigenvalues of directed graphs with fixed degrees have been
studied in Bordenave [2020] and Coste [2021].

Overview of chapter 2:
Spectral properties of the directed Chung—Lu graph

In this chapter, we present the results of an ongoing work by the author and R. S. Hazra.
We consider a directed inhomogeneous Erdoés—Rényi graph. We study the spectrum of
its adjacency matrix A,, focusing on its largest eigenvalues. In particular, we consider
two models, the directed Chung—Lu graph, and a more general model with higher (but
finite) rank. In this setting, connection probabilities are given in additive form as the
sum of rank one matrices, corresponding to eigenvectors of E[A,].

In Section 2.1 the setup is described. In Section 2.1.1 the objects of the analysis are
introduced. Subsection 2.1.2 is devoted to the definition of the models. In Subsection
2.1.3 the results are stated. We prove that the eigenvalues of the random matrix A,
correspond to small perturbations of those of E[A,]. In particular, provided that the
average degree uniformly grows as a sequence s,, = Q(log(n)*), their distance from their
deterministic counterparts is at most O(4/s,,). This implies the existence of outliers at
the scale of s,,, stated in Theorems 2.5 and 2.7. In Theorem 2.6 we provide a similar result
for the transition matrix of the simple random walk. Theorems 2.8 and 2.9 provide a
refinement of the previous theorems: we show that outliers exhibit Gaussian fluctuations
around their mean. Subsection 2.1.4 contains a discussion of the methods.

In Section 2.2 we study the outlier problem for the rank-one model. We use Bauer—
Fike Theorem (Subsection 2.2.1) to provide a bound on the spectral norm of the matrix
A, — E[A,] (Subsection 2.2.2). We then repeat the analysis for the transition matrix
(Subsection 2.2.3). after that fluctuations of the outliers, are characterized (Subsection
2.2.4). This is done by identifying, via concentration inequalities, a fixed-point equation
satisfied by the outlier with very high probability, and invoking Lindeberg CLT.

Section 2.3 contains the adaptation of Section 2.2 to the higher-rank framework. In
particular, Subsection 2.3.1 employs again Bauer—Fike Theorem in a different fashion,
to prove the bound on the spectral norm of the centered matrix, and Subsection 2.3.1
introduces a r X r matrix whose eigenvalues are exactly the outliers of A,, and then
establishes the desired convergence in distribution.

In Section 2.4 we prove some technical lemmata and finally, in Section 2.5 we state
a conjecture regarding the limiting empirical spectral distribution of the matrix \[1 A,

Sn
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Chapter 1

Density of triangles in

edge-triangle models

Exponential random graphs (ERGs) are a widely studied class of models that aim to
incorporate typical tendencies, such as clustering, commonly observed in real networks.
As a generalization of the Erdds-Rényi model Erdds and Rényi [1961], ERGs allow
for dependencies between edges. Their probability distribution is obtained by tilting
the Erd6s-Rényi measure by an exponential weight that contains different subgraph
densities. This is done by introducing an Hamiltonian, parametrized by real coefficients,
to bias the probability measure over the space of graphs, enhancing or penalizing the
density of specific subgraph counts. From a statistical mechanics perspective, ERGs can
be interpreted as finite spin systems, where each edge corresponds to a spin in {0, 1}.

In this chapter, building on Bianchi et al. [2024], we consider the edge-triangle model
and study two approximations. We first consider a mean-field approximation, where the
triangle density in the Hamiltonian is substituted by a normalized power of the edge
density, and then a model, where number of triangles per vertex is substituted by its
integer part. Both models share the same free energy of the original model, whose
analytical expression and phase diagram are known, in a region of parameters called
replica symmetric regime Chatterjee and Diaconis [2013].

As a main advantage, the mean-field approximation allows for exact computations.
Indeed, the Hamiltonian can be expressed as a function of the edge density, which plays
the same role as the magnetization in the Curie-Weiss model. For an approximated
triangle density, we prove a standard CLT out of criticality and a non-standard CLT at
criticality. We are driven by the belief (supported by simulations) that such approxima-
tion asymptotically behaves the same as the original model.

On the other hand, the integer part model allows for a polynomial expression of
the free energy. Then, the theory developed in Lee and Yang [1952] provides a uniform
convergence of its derivatives, which is the crucial point to prove, for the triangle density,
a standard CLT out of criticality.
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1.1 Models and background

1.1.1 Exponential random graphs

Given H and G in G,, let |hom(H, G)| denote by the number of homomorphism of H
in GG, namely mappings ¢ : H — G that are edge-preserving: if u,w are adjacent in H,
then p(u), p(w) are adjacent in G. For example, if H is a triangle, then |hom(H,G)| =
67, (G), where T;,(G) denotes the number of triangles in G. If H is a two-star (or wedge)
and G is a triangle, then [hom(H,G)| = 3 - 22; indeed, there are three copies of H in
G (one for each root) and for each of them 4 possible homorphisms. We define the
homomorphism density as

_ |hom(H, G)|
t(H,G) = 7|V(G)UV(H)|’
where the notation V'(-) denotes the vertex set of a graph. For a fixed k € N, we consider
Hy, Hy, ..., Hy pre-chosen finite simple graphs (such as edges, stars, triangles, cycles,
..) weighted by a collection of real parameters contained in the vector 8 = (841,.. ., Bk).

The Hamiltonian is a function H,.3 : G, — R defined as

k
Mnip(G) =02 Bit(H;,G), for G € Gy, (1.1)

i=1
As probability measure on the space G, we take the Gibbs probability density

exp (Hn,8(G))

anﬁ(G) = Z IB ?

with Zng:= Y exp (Hnip(G)), (1.2)
GeGn

where the normalizing constant Z,,.g is called partition function. Random graphs whose
distribution is a Gibbs measure of the form (1.2) are called exponential random graphs.
We will denote the related Gibbs measure and average by IP,,.3 and E,.g, respectively.
Two crucial functions for studying the model are the finite-size and infinite-size free

energy:
1
fng = ﬁann;'B and fg = lim f,.3.

n—-+o0o
An explicit expression of this function has been obtained in Chatterjee and Diaconis
[2013] when the vector of parameters 3 lies in a specific region called replica symmetric
regime (term borrowed from spin glasses theory). As stated in [Chatterjee and Diaconis,
2013, Thm. 4.1], if 52, ..., Bk are non-negative, then

= sup (Zﬁ uPUR)N 2 (u)), (1.3)

0<u<1

where |E(H;)| denotes the number of edges in H; and I(u) := ulnu + (1 — u)In(1 —
u). Despite this result covers only non-negative values of the parameters, the replica
symmetric regime can be slightly extended including (not too big) negative values of

9
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Ba, ..., Bk (see Chatterjee and Diaconis [2013], Thm. 4.2). More precisely, (1.3) holds
whenever (o, ..., 0 are such that

k
Z |Gl E(H)[(|E(H;)| — 1) < 2. (1.4)

Notice that the quantity above does not depend on the number of edges |E(H;)| and
if we are not interested in considering the density of edges as a relevant statistics, it
suffices to take 51 =0 .

1.1.2 Edge-triangle model

The edge-triangle or Strauss model Strauss [1986] is obtained by considering only the
contribution of edges and triangles in the Hamiltonian (1.1). By convention we assume
H, to be a single edge and Hs to be a triangle. More precisely, by setting 83 = --- =
Br =0in (1.1), we get

Hnp(G) = n? [Bit(Hy, G) + Bot(H2, Q)] G €Gy.

Let E,(G) (resp. T,(G)) denote the number of edges (resp. triangles) in G. By recalling
the definition of homomorphism density, we have
2E, (G
t(H1,G) = (&) and t(Hz,G) =

n2

675,(G)

n3

(1.5)

Therefore, by performing the change of variable h := 231; « := 682, we can equivalently
consider

Moo (G) = %Tn@) +hE,(G) with a,h € R. (1.6)

We will denote by P,,., ; the Gibbs measure related to this Hamiltonian, and by E,.. 4
the corresponding expectation. Notice that in this setting condition (1.4) reads |o| =
6|P2| < 2, and, therefore, the replica symmetric regime coincides with the region o > —2,
h € R. The free energy (1.3) reduces then to

— 2 3 ﬁ _} _g *\3 ﬁ *_1 *
fa,n = sup <6u —|—2u 2I(u)> = 6(u) —|—2u 2I(u )s (1.7)

where I(u) is defined below (1.3) and u* = u*(a,h) is a maximizer that solves the
fixed-point equation
eau2+h

A numerical investigation of the optimizers of the free energy when « is negative and
|a| is large has been done in Giardina et al. [2021]. Equation (1.8) can admit more than
one solution at which the supremum in (1.7) is attained, and this denotes the presence
of a phase transition inside the replica symmetric regime. When the parameters «, h
are chosen in this region, the edge-triangle model, when n goes to infinity, becomes

10
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Rofememmeeeeeees ‘

Figure 1.1: Tllustration of the phase in replica symmetric regime taken from Bianchi et al.
[2024]. The curve M"* (1.9) represents the region of («, h) where the optimization problem (1.7)
admits two solutions. Inside the blue region, that includes the critical point (a., h.), the scalar
problem (1.7) admits a unique solution.

indistinguishable from an Erdds-Rényi graph with connection probability u* (we refer
the reader to Sec. 1.3.1, where these notions are made precise). This remains true even
when the supremum is not unique; in this case the parameter u* is randomly chosen
according to some (unknown) probability distribution on the set of solutions of (1.7)
(see Chatterjee and Diaconis [2013], Thm. 4.2). The effect of the phase transition is
then a jump between very different values of the edge density u* of the limiting object.
We refer to this as a phase transition as it entails a lack of analyticity of the free energy,
even though the qualitative structure of the limiting object remains the same.

Phase diagram. We recall that the limiting free energy f,; is well defined on the
whole replica symmetric regime o > —2, h € R. However, the fixed point equation (1.8)
can admit more than one solution, and this is strictly related to the loss of analyticity
of fo . It has been proved (see [Radin and Yin, 2013, Prop. 3.2]) that (1.7) has exactly
one optimizer on the whole replica symmetric regime except for a certain critical curve
M’ that starts at the critical point (a., he) = (%7,1112 — %) and that can be written
as h = q(«) for a (non-explicit) continuous and strictly decreasing function g:

M :={(a, h) € (e, +00) X (—o0,he) : h =q(a)}. (1.9)

It is worth noting that along this critical curve, the scalar problem (1.7) admits
multiple maximizers (precisely two), as the notation M" is meant to suggest. The free
energy is analytic on the region U™ \ {(ac, h.)}, where

U™ = (=2, +00) x R)\ M.

Here, in contrast, we use the notation U"® to denote the region where the scalar problem
(1.7) has a unique maximizer. Moreover, at the critical point (ag, h.) the second order
partial derivatives of f, j diverge (see Radin and Yin [2013], Thm. 2.1), while along the
curve M"? the first order partial derivatives of f, have jump discontinuities. Fig. 1.1
provides a qualitative representation of the phase diagram.

11



Chapter 1. Density of triangles in edge-triangle models

1.1.3 A mean-field model

As a consequence of the convergence of the ERG to the Erdds-Rényi graphon with
parameter u* (which holds in probability w.r.t. the so-called cut distance, see [Chatterjee
and Diaconis, 2013, Thm. 4.2]), we can heuristically approximate the triangle density
(as well as other graph-statistics) in the large n limit. The Erdés-Rényi random graph
with parameter u* and n vertices has, on average, u*?’(g) triangles and u* (g) edges. We

observe that
u*3 n ~ i U* n s
3) 7 3n3 2 '

What we expect is that the same holds, within the replica symmetric regime and when
n is large, for the ERG. Thus, we introduce the approximated count of triangles

4 _

T, (G) ~ @EH(G)?’ = T, (G). (1.10)
We can equivalently say that we approximate the number of triangles T,,(G) = %

(see (1.5)) with T,(G) = M. Definition (1.10) leads to the following mean-
field approximation, originally introduced in Bianchi et al. [2024], of the edge-triangle
Hamiltonian (1.6):

Hn;a,h(G) = ETn(G) + hEn(G) , for G € Qn (111)

We borrow this terminology from statistical mechanics, due to the similarities with the
Curie-Weiss model (see e.g. [Friedli and Velenik, 2017, Chap. 2]), which we are going to
highlight further in the next paragraph. The big advantage of Hamiltonian (1.11) is that
it is just a function of the one dimensional parameter t(Hy,G) = %;G), taking values
inl, = {0, %, T %}, as it is for the Erdés—Rényi graph. We denote by Pn;a,h and
Ey:q,n the corresponding measure and expectation, respectively. Moreover, as usual, we
define the finite size free energy as

_ 1
fn;a,h = In Zn;a,h~
mn

A crucial property of this approximated model is the following (see [Bianchi et al., 2024,
Thm. 8.2]). Let (o, h) € (—2,+00) x R and let f, as in (1.7). Then

im  foan = fan- (1.12)

n—-+o0o
In other words, the edge-triangle model and this mean-field approximation share the
same infinite volume free energy; this result will be extensively used in the proofs.
1.1.4 Notation and preliminaries

We denote by &, the edge set of the complete graph on n vertices, with elements la-
beled from 1 to (;) and we set A, := {0,1}¥". We observe that there is a one-to-one

12
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correspondence between A, and the set of n x n symmetric adjacency matrices with
zeros on the diagonal and the graphs in G,,. As a consequence, to each graph G € G,, we
can associate an element © = (z;);ce, € A, where x; = 1 if the edge i is present in G,
and z; = 0 otherwise. With an abuse of nomenclature, we can write E,(z) = E,(G),
Tn(z) = T,(G) and T, (z) = T,(G) whenever € A, is the adjacency matrix of a
graph G € G,,. This representation allows for the following equivalent formulation of the
Hamiltonians (1.6)—(1.11), as functions on A,:

Hnan(r) = % Z xixixy +h Z Zi, (1.13)
{i,3,k}€Tn i€En
Hyan () = %( > :ci)S +h> @, (1.14)

i€En i€€n
where 7, = {{i,j,k} C &, : {i,j,k} is a triangle}. The Gibbs probability Pp.qn

(resp. Py 5) will act consequently on A,,.

Remark 1.1. The sequence of measures (Pp.qn)n>1 (as well as (Pp.an)n>1) satisfies
proper consistency conditions allowing for the application of Kolmogorov Existence The-
orem (see, for example, Appendiz A.7 in Ellis [1985]). As a consequence, there exists a
unique probability measure Py, j, on the space ({0, 1N B({o, 1}N)) with marginals corre-
sponding to the measures Pp.o 1, for alln € N (here B denotes the Borel c—algebra).

Remark 1.2. Note that Hamiltonian (1.13) has the same form of the energy function
typically used in the field of interacting particle systems. We can think of an ERG as
a system where each edge is a particle having a spin (0 or 1), which interacts with its
neighbors. For instance, as observed in Mukherjee and Xu [2023], the two-star model
can be thought as an of Ising model on a d-regular graph with n(n — 1)/2 nodes, where
d = 2(n — 2). The notion of “neighbor” depends on the specific choice of the subgraphs
Hy, ..., Hy; for the edge-triangle model, two edges are neighbors if they are adjacent.
This interaction is not global, however, if we ignore the relative position of edges, we
recover (1.14):

41’j1‘k
E LT = E ZT; E a:jxk;w E T E 3n3 y

{3,5,kYET7 i€En  jkEEn: i€En  §kCER
{i,3,k}€Tn

where the factor 4 appears when we replace the number of wedges roughly with (% Ziefn xi)z,
and adjusting the normalization in accordance with the choice x = (x;)ics, = 1. The
factor 1/3 avoids overcounting.

We are interested in understanding the asymptotic behavior of the number of tri-
angles inside the replica symmetric regime. We prove classical limit theorems for the
sequences (Tp)n>1 = (Th(X))n>1 and (T)n>1 = (Tn(X))n>1, where X = (X;)iee, € Ay
is a random adjacency matrix, whose law will be specified case by case. The core of our
results is concerned with the sequence (7},),>1 under the mean-field distribution, since

13
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the approximation encoded by the Hamiltonian (1.14) allows for explicit computations.
This quantity is in principle not related to the number of triangles, but we believe that
it captures the correct limiting behavior of triangle density.

Definition 1.3. For each n € N, we define

6En;a,h (%)

d  2(a,h) = 0um>(a, h).
3 and v, (a, h) = oy, (a, h)

mA (o, h) =

It is easy to see that ]E"anihg(m = 8afma,h and W = aafn;a,h-
Therefore, mﬁ(a, h) = Gﬁafn;mh and @ﬁ(a, h) = 68aafn;a’h (and the same holds for the
edge-triangle model, replacing fn;a,h with fp.q4). In the rest of the paper we will use the
following notation to distinguish the optimizer(s) of the scalar problem (1.7), sometimes

dropping the dependence on («, h) to the sake of readability:

ug (e, h) if (o, h) € U™\ {(ee, he)}
ui(a, h) and u(a,h) if (a,h) € M™,
% if (o, h) = (ae, he)

1.1.5 An integer part model

The Hamiltonian (1.6), can be modified as follows, taking into account only the integer
part of the normalized number of triangles:

Fian(G) 1= o | 1 J+hEn(G). (1.15)

We denote by fin.qn the associated Gibbs probability density and by I@’n;ayh the related
measure, with normalizing partition function Z,,. n, and expectation K., . Finally, we
indicate by

R 1. . . .
fn;a,h = In Zn;a,h and fa,h = lim fn;a,h (116)
n n—-+o0o

the finite-size and the limiting free energy, respectively. Importantly, fa,h = fa,n- This
immediately follows from the decomposition

L(O) |5 {10,

n n n

where {-} € [0,1] denotes the fractional part. This model amounts to a minimal per-
turbation of the edge-triangle model, which will turn to be analytically tractable. Its
partition function can be expressed in a polynomial in the variable z = e® and this will
be used to prove standard CLT for the density of triangles.
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Chapter 1. Density of triangles in edge-triangle models

1.2 Main results

1.2.1 Edge-triangle model
Theorem 1.4 (SLLN for T},). For all (o, h) € U"®,
61n,  as

n3 n—r—+0o0

uz, if (a,h) = (ac, he)

c)
ug, otherwise

w* (o, h) w.r.t. Py p,

where u* = { solves the mazximization problem (1.7).
Theorem 1.5. For all (o, h) € M™ and for all sufficiently small € > 0, there exists a
constant T = 7(g;, h) > 0 such that if

J(e) == (u (o, h) — e, ut* (o, h) + ) U (ub(a, h) — e, ub>(a, h) + €),

then, for large enough n
67,
Pr.ah <3n € J(E)) >1— 6_7"2,
n

where uf(a, h) and ui(a, h) are the two mazimizers of the scalar problem (1.7).

Remark 1.6. Our proof of Thms. 1.4 and 1.5 follows the approach of Bianchi et al.
[2024], and strongly relies on the LDP proved in Chatterjee and Varadhan [2011], and
on [Ellis, 1985, Thm. II1.7.2]. Consequently our techiniques differ from those used in
[Radin and Sadun, 2023, Thm. 6], where an analogous result to Thm. 1.5, for a model
with subgraph densities subject to hard constraints, has been proven.

After having proved a SLLN, it would be natural to investigate the fluctuations of the
triangle density around its mean value. In Sec. 1.4 we perform simulations and sketch
some heuristics, also based on the mean-field investigation of Sec. 1.3, which suggest
that this result holds. In order to establish it, a powerful tool is the Yang-Lee theorem
[Lee and Yang, 1952, Thm. 2], implies uniform convergence of the derivatives of the free
energy. This is applicable to our case if the partition function of the model admits a
polynomial representation in z := e®. The results for the integer part model, stated in
Subsection 1.2.3, follow this approach. Another tool which could be useful for proving
the central limit theorem, is the Griffiths, Hurst and Sherman inequality Griffiths et al.
[1970], which allows for the interchange of limits and derivatives in spin systems; for the
broader class of exponential random graphs this result has not been proven (although it
was recently established for the two-star model Bianchi et al. [2022])

1.2.2 Mean-field approximation

Theorem 1.7 (SLLN for T,). For all (o, h) € U™,
6Tn a.s.

*3 ™
—— u (o, h w.r.t. P
Tl3 s too ( ) ) a,hy

15



Chapter 1. Density of triangles in edge-triangle models

solves the mazimization problem (1.7).

where U* — { co Zf (CK h) (aC7hC)

ugy, otherwise

Theorem 1.8. For all (a,h) € M",

K. 13(a,h) + (1 B K)éugg’(a,h) w.r.t. IFDn;oc,ha

where uj, uy solve the mazimization problem in (1.7), and

J@—muwfu—uﬂ_l
\/[1 — 20 (u})’ (1 - )| Ty \/[1 —2a(wi)? (1 —w)|

Theorem 1.9 (CLT for T},). If (o, h) € U™\ {(cte, he)},

n)-
- %mﬁ(a h) 4
n

n——+00

R =

S5

V6 N(©0,58 (e, h))  w.rt. Poan,

where N'(0,05 (v, h)) is a centered Gaussian distribution with variance

4
5 h
B (a, h) = M0 (1) (1.17)
400
. 1—2afuf (a,h)]2[1—uf (a,h
being co = co(a, h) = 4u%(%5,h)[¥—ig(a?l§)] Iy
Theorem 1.10 (Non-standard CLT for T},). If (a, h) = (e, he),
3 n? — A
ﬁ - ?mn (aC7 hC) d </ M
6 Y P Y wrt Pua.nes
38

whereY is a generalized Gaussian random variable with Lebesgue density (¢(y) o e —pray’

Proposition 1.11. For all (a,h) € U™\ {(c, he)},

. ] 6T, . )
im0 B (|55 - )] ) = (X)), (1.15)
where X is a centered Gaussian random variable with variance 61)0 (o, h) = 9u026(?’h),

1-2afug (a,h)*[1-ug (a,h)]
4ud (o,h) [1—uf (o, h)]

being co = co(a, h) = > 0. Moreover, at the critical point

) =BV,

where Y is a generalized Gaussian random variable with Lebesgue density (€(y) o e ~3mY .

6T,
lim \/> En sac,he < Tgn —u 3(0507]10)

n—-+00
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Chapter 1. Density of triangles in edge-triangle models

Corollary 1.12. For all (a, h) € U™\ {(ace, he)}, we have

lim - (m4(a,h) —ud* (o, h)) =0, (1.19)

n——+0o
while for (o, h) = (a, he)
lim /7 - (M5 (e, he) — u*> (e, he)) = 0. (1.20)

n—-4o0o
Remark 1.13 (Generalization to a clique graph). As we approximated the number of
triangles T, with Ty, we can similarly approzimate the number of cliques K, with £ > 3
vertices by

) 2B, \ (&) pt 23 e X (2) 0
K"‘:<n2) a:(nz) Tk
Using the techniques from Thms. 1.7, 1.8, 1.9, and 1.10, similar results can be derived
for the approximated clique density. Specifically, within the uniqueness region, the al-
most sure limit of €\ K, /n® will be (uf(a, h))(g), where u(c, h) solves the maximization
problem in (1.7). In this region, one can further prove both Gaussian and non-Gaussian
fluctuations, respectively for the terms

\/E% — En;a,h(%) and 0 n[é(f2 - Emac,hc (nfff?)

n n3/2

Conditional measures. When (o, h) lies in the multiplicity curve M", where the
solution of (1.8) is not unique, we can still characterize the limiting behavior of the
triangle density in the mean-field approximation, provided that we constraint the edge
density to be close to one of the maximizers of the scalar problem (1.7). To this aim,
we consider a conditioned model, as follows. For (a, h) € M", let u} (o, h) (i =1,2) be
the solutions of the scalar problem (1.7). For n € N and any fixed § € (0, 1), consider
the event

2F, _
By = Byz(n,9) = {a; €A, : ‘ n2(x) — uf(a,h)‘ <n 5}, (1.21)
and define the conditional probability measures
PO () =B () =P (- [Bur(n,0)),  fori=1,2. (1.22)

We denote the corresponding averages by ]I:I,S)a 5 and we set mif)(a, h) = ES,)Q h (67%”)
The next statements represent the analog of the results presented in Subsec. 1.2.2, when
the parameters belong to the multiplicity region M". The next statements are valid for

every § € (0,1) and for this reason the dependence is omitted.

Theorem 1.14 (Conditional SLLN and CLT). Fori = 1,2 and for all (a,h) € M",

Tn a.s (2
0 ——— u(a,h)  w.rt. P

n3 n—+00 n;ash?

(1.23)
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Chapter 1. Density of triangles in edge-triangle models

and _ .
n - i (a,h) g

n n—-+oo

N(0,52(a, b)) w.rt. PO

neon b (1.24)
where N'(0,02(a, b)) is a centered Gaussian distribution with variance v (a,h) =
3ut” (a,h) 1—2afuf (o, k)2 [1—u (o,h)]

4c; 4uf (a,h)[1—uf (a,h)]

, being ¢; = c¢i(a, h) =

Proposition 1.15. Fori = 1,2 and for all (o, h) € M"¥,

. ~ (7 6T 3 — .
ngr—ir-loon'ES}a:h < nir;_ui (Oé,h)') :]E<‘X(Z) ) ’
— . * 4
X s a centered Gaussian random variable with variance 602 (ar, h) = guingh) , being

_ 1—2afu} (a,h)]?[1—uf (o, k)
¢i = ci(a,h) = Tur (o) [I—ul (a,h)]

Corollary 1.16. Fori = 1,2 and for all (o, h) € M, we have

tim n- () (o, h) = (o, h)) =0,

n—-+o0o

where we recall that mS)(a, h) = ESL » (67%)
Remark 1.17 (Beyond the edge-triangle model). Theorems 1.4 and 1.5 can be easily
extended to the Gibbs measure Pg, 5,, whose associated Hamiltonian is obtained by setting

Bi =0 for alli # 1,k (with k > 2) in (1.1), i.e.
M0 (G) = 0 [Byt(Hy, G) + Pit(H1, Q)] ,  for G € Gn,

where Hy, which takes the place of Ha, is a simple graph with p > 3 edges. The limiting
free energy is given by the scalar maximization problem (1.3) and the replica symmetric
region is defined by the condition B > 0 combined with (1.4). The phase diagram has
been fully characterized in [Radin and Yin, 2013, Prop. 3.2] and is completely analogous
to those illustrated in Fig. 1.1 for the edge-triangle model. More precisely, in the replica
symmetric regime, there is still a region U™ where the solution to the maximization
problem (1.3) is unique, and a critical curve M"*, ending in the critical point (55, Bf) =
%(%,log(p —-1) - (;%1))7 where the maximization problem (1.3) has two distinct
solutions.

1.2.3 Integer part model

Theorem 1.18 (CLT for T), w.r.t. Pp.op). For all (a,h) € U™\ {(cte, he)}

Tn/n — By (Tn p
\/é /TL n,a,h( /n) d N(07 @OA (a7 h)) w.r.t. Pn;a,h»
n

n——400

where 95 (v, h) = 3u%, 0pu? ,, and N'(0,95 (a, h)) is a centered Gaussian distribution.
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Chapter 1. Density of triangles in edge-triangle models

Extension to three parameters. The above theorem immediately extends to a 3-
parameter setting. Assume that Hi is a single edge, Ho has p edges, and Hj3 has q
edges, with 2 < p < ¢ < 5p — 1. Let fg, g, 3, the limiting free energy arising from the
Hamiltonian (1.1) by setting S = 0 for all & > 4. Such function, inside the domain
D¢ .= {(p1,P2,03) : B2 > 0,03 > 0,51 € R} (again, by [Chatterjee and Diaconis, 2013,
Thm. 4.1]) exists and equals '

1 . . « L.
J81,82,8s = Sup <,83uq + Bou® + Biu — I(u)) = Bsu*? + Pou? + fru* — —I(u"),
0<u<1 2 2

where u* solves
e2B3qui™ +2B2puP 1 425

“= 1+ e203quid=14+202puP=14-26; (1~25)

In this setting, the phase diagram, studied in [Yin, 2013, Thm. 1], is also known. The
free energy fg, g, 5, is analytic in D"® except for a certain continuous surface S which
includes three bounding curves C, Cs, and (3, and that can be characterized as follows:

e the surface S approaches the plane 51 + 82 + 83 = 0 as 81 — —o00, (9, 83 — o0;
e the curve (] is the intersection of S with the plane {(/51, 52, 83) : B3 = 0};
e the curve (s is the intersection of S with the plane {(f51, 52, 83) : B2 = 0};

e the curve Cj is a critical curve, and is given parametrically by

1 u 1 pu—(p—1)
A = T L T - D —w T2 - - D0 -
Bofur) = qu—(g—1)

2p(p —1)(p — @)uP~1 (1 — u)?’
B(u) = pu=lp =)

 29(g —1)(g — p)urH(1 —u)?’
where we take pp%l <u< % to meet the non-negativity constraints on (o, 33.

Consider now the 3-parameter Hamiltonian obtained from (1.1) by taking H; a single
edge, Hy a triangle, and Hs a simple subgraph with ¢ € [3, 14] edges, and setting S = 0
for all £ > 4. Similarly to what we did for the edge-triangle case, we denote by

Honif o, (T) = Bsn’t(Hz, x) + Bo| n*t(Ha, )] + fin’t(Hy, x), (1.26)

and by I@)n;ﬁl,ﬁ%ﬁg the associated Gibbs measure. Then, the following generalization of
Thm. 1.18 holds.

1We stress that, from [Chatterjee and Diaconis, 2013, Thm. 6.1], D"* is actually a subset of the region
where the free energy is known. However, the phase diagram is characterized only to that restriction.
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Theorem 1.19 (CLT for T}, w.r.t. P,.5, 5, 8,)- For all (81, 52,83) € D™\ S

A

Tn n — En Tn n d ~
\/6 / ”16;1”62’53( / ) /N(O,U(ﬁl,ﬂg,ﬁg)) w.r.t. Pn;glﬁ%&,

n——+00

where v(P1, Be, B3) := 18u2‘§7627638,32u21’52753 and u* solves (1.25).

Note that, unlike in the definition of a,h (see below (1.13)), this generalization
retains a constant factor within the homomorphism density. This explains why the two
variances in Thm. 1.19 and Thm. 1.18 differ by a factor of 6.

Remark 1.20. Some remarks are in order.

1.

Based on the result valid for the mean-field version of the edge-triangle model, we
3“‘2‘,1h

conjecture that the variance 95 (a, h) in Theorem 1.18 is , where ¢y as in

Theorem 1.9.

4co

The choice of including triangles in the statistics of (1.15) and (1.26) is crucial,
as it allows us to connect the expectation of |Tn/n| and hence the scaled cumulant
generating function defined in (1.73) below, to the derivative of the finite-size free
energy. This will be a key step in the proof of Thm. 1.18.

The integer part of the nmormalized triangle count plays a crucial role when we
represent the partition function as a polynomial (see Subsec. 1.5.8). The other
subgraph counts collected in the Hamiltonian (see e.g. (1.26)), can be taken without
such integer value, as they contribute only to the coefficients of the polynomial, and
do not affect the validity of the representation.

Our main theorem covers the replica symmetric regime (except for the critical
curve), without any further restrictions. Moreover, unlike the setting considered in
[Fang et al., 2025a, Cor. 3.1] or [Winstein, 2025, Cor. 1.2], our framework allows
the parameter controlling the triangle density to take slightly negative values.

The technique of Thm. 1.18 can be easily extended to other subgraph counts but also,
in principle, to more general families of ERGs, provided that the phase diagram of
the free energy is known.

1.3 Proofs

We first we provide a short overview of the main notions and results on graph limits
theory, relevant to the proof of Thm. 1.5. We refer the reader to Borgs et al. [2008,
2012], Lovész [2012] for a thorough description of these concepts.
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Chapter 1. Density of triangles in edge-triangle models

1.3.1 Key results on graph limits

Let (G)n>1 be a sequence of simple, dense graphs whose number of vertices tends to
infinity; the limit object of this sequence is a symmetric measurable function on the
unitary square called graphon. A crucial step for understanding where this definition
comes from, is to introduce the notion of checkerboard graphon Lovasz [2012].

Yy
3 2 1 /
5 s
6 :
1 1 : |
3 :
6 :
2 |
5 6 3 :
1 :
6 :
0 1 2 3 4 5 1 x
6 6 6 6 6

Figure 1.2: Graph H with m = 6 vertices on the left and its checkerboard graphon g on the
right. The gray regions are constantly equal to one, whereas the white regions are constantly
equal to zero (example from den Hollander et al. [2018]).

Let H be a finite simple graph H with vertex set [m]. The checkerboard graphon
g, corresponding to H, is defined by

Y

" [ 1 if{[ma], [my]} is an edge in H
9" (2,y) = { 0 otherwise

where (z,y) € [0,1]2. In other words, g/ is a step function corresponding to the ad-
jacency matrix of H (see Fig. 1.2). It is important to stress that any finite simple
graph admits a graphon representation, therefore the sequence (Gy)n>1 can be equiva-
lently turned into a sequence of checkerboard graphons (g%"),>1. Very intuitively, if we
imagine to assign a black pixel to each block constantly equal to 1 appearing in the step
function g (and conversely a white pixel to each block constantly equal to 0), then, as n
gets large, pixels become finer and finer and the density of black pixels can be expressed
as a number between 0 and 1. Tt is then more natural to see that the limit of (¢%"),>1
can be represented by a measurable and symmetric function g : [0,1]2 — [0,1] (called,
indeed, graphon). The set of all graphons is denoted by W; also notice that checker-
board graphons allow to represent all simple graphs as elements of the space W. The
definition of convergence is formalized by making use of the notion of homomorphism
density t(H,G)y) and its continuous analog, the so-called subgraph density

t(H,g) := / H g(xs, ) dxy ... da,, (1.27)
0™ i jyee )
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where £(H ) denotes the edge set of H and we recall that m is the number of vertices of
H. A sequence of graphs (Gj,)n>1 is said to converge to the graphon g if, for every finite
simple graph H,

lim ¢(H,G,)=t(H,g).

n—-+0o

Any sequence of graphs that converges in the appropriate way has a graphon as limit, and
vice-versa every graphon arises as the limit of an appropriate graph sequence. Intuitively,
the interval [0,1] represents a continuum of vertices and g(z;,z;) corresponds to the
probability of drawing the edge {z;,z;}. For instance, the limit of a sequence of dense
FErdés-Rényi graphs is represented by the function that is constantly equal to p on the
unit square. In order to take into account the arbitrary labeling of the vertices when
they are embedded in the unit interval, one needs to introduce an equivalence relation
on W. Let ¥ be the space of all bijections o : [0,1] — [0,1] preserving the Lebesgue
measure. We say that the functions gi,g9o € W are equivalent, and we write g1 ~ ¢o,
if go(z,y) = g1(o(x),0(y)) for some o € ¥. The quotient space under ~ is denoted by
W and T : g — g is the natural mapping associating a graphon with its equivalence
class. The space W can be equipped with the so-called cut distance that turns W into a
compact metric space (see Lovdsz and Szegedy [2007], Thm. 5.1). On the space (W, dn)
a large deviation principle for the sequence of measures (ng)nzl of a dense Erddés-Rényi
random graph has been proved by Chatterjee and Varadhan in Chatterjee and Varadhan
[2011]. Here PE}; denotes the probability distribution on W induced by the Erdés-Rényi
graph G = G(n,p) via the mapping G — g% — §¢. We report below the large deviation
principle:

Theorem 1.21 (Chatterjee and Varadhan [2011], Thm. 2.3). For each fized p € (0,1),
the sequence (Pﬁlg)nzl satisfies a large deviation principle on the space (W, dn), with
speed n? and rate function

1 1
L@ =5 [ [ Blate.w) deds,

where g is any representative element of the equivalence class g and, for u € [0,1], we

set Ip(u) = uln 3 + (1 —u)ln%.

We will strongly rely on Thm. 1.21 for the proof of Thm. 1.5.

1.3.2 Exponential convergence for the edge-triangle model

Proof of Theorem 1.5. The proof consists in showing that the sequence of the laws of
the triangle density w.r.t. the measure P,., is exponentially tight; this is made by
representing the measure IP,., , as a tilted probability measure on the space of graphons,
that has as a priori measure the Erdés-Rényi one. Let Hy be a triangle. Note that the

homomorphism density is then t(Hs, G) = %&G). An important property that we are

going to use is that ¢(-,G) = t(-,g), where g is the image in W of the checkerboard
graphon ¢ of G and t(-,§) is the subgraph density (1.27). This allows us to extend
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the edge-triangle Hamiltonian H,,., 5 to the space w replacing homomorphism densities
with subgraph densities. Indeed, for all G € G,

]P)n;a,h(G) exXp (/Hn;oc,h(G)) _ e&Xp (/Hn;a,h(g)) ]l(gG € @ ’ (1.28)

- 2597\, ZGe[g}n exp (Hn;a,n(G)) B Z?;GVNV 119 ]n|exp (Hn;a,n(9))

where [G], := {G € G, : ¢¢ € g} and | - | denotes the cardinality of a set. Notice that
thanks to the fact that we can replace the homomorphism density with the subgraph
density, the internal sum .5, in the second term of (1.28) simply reduces to the
cardinality of the set [g],. Since for p = % the Erdés-Rényi measure becomes uniform
on G, we can equivalently write |[g],| = 2~/ 21@5%([5]@ As a consequence, from
(1.28), we obtain ’

9—n(n—1)/2 ) N 1(C eca
P n(G) = exp (Hnsa,n(9)) L(g™ € 9) (1.29)

dew exp (,Hn;a,h(g)) ﬁgg ({g})

We now express the Hamiltonian in terms of homomorphism densities; to do so, we
introduce the function

Uan(G) = %t(H, G) + Lt(H1, G),

so that Hp.an(G) = n?Ua 1 (G). For each n > 1 and each Borel set AC W, we define
the probabilities

T aan
e 2 Gevw eXP (n2Uan(9)) PER (9) |

&
=
<

S
Nl

=

s d
=
S

Since U, p, is a continuous and bounded function on the metric space (W, 0n) (see Borgs
et al. [2008, 2012]), by [Ellis, 1985, Thm. I1.7.2], the sequence {Qy.q.5 }n>1 of probability
measures satisfies a large deviation principle with speed n? and rate function

Ton(@) = T1(§) ~ Uan(@) — inf {T2(5) ~ Uan(@) } (1.31)
2 gew 2

The function Z: is lower semicontinuous (see [Chatterjee and Varadhan, 2011, Lem. 2.1]),
and, therefore 2)Ioé,h is lower semicontinuous as well, as it is the sum of lower semicon-
tinuous functions; thus it admits a minimizer on the compact space W. In particular,
for (a,h) € M"® the minimizers of (1.31) are given by the set C* = {&*, a3}, where @}
and u; are the constant graphons in W with density given by the solutions uj,u3 to
the scalar problem (1.8) (we know that they are exactly two thanks to [Radin and Yin,
2013, Prop. 3.2]). For all sufficiently small € > 0, we define the open interval

J(e) = W —e,u® +e) U (ub® —e,ul’ +¢)
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and we consider the sets

Cr={GeW:t(Hy,j) ¢ J(e)} and CF:= {Gegn:fﬁgf)géﬂs)}.

It is important to observe that, due to (1.29) and (1.30), @nah(ég) = Pp.an (CF).
Moreover, 5’: does not contain any element of 5’*, indeed, for the constant graphons
uf,i € {1,2}, it holds t(Hs,u}) = u® € J(e) = C* N C* = (. Hence, since C* is
closed and does not contain any minimizer of the rate functional (1.31), Thm. I1.7.2(b)
in Ellis~[1985] guarantees that, for sufficiently large n, there is some positive constant

7 = 7(CZ) > 0, corresponding to the infimum of the rate functional on 5’;, such that
Qnian(C?) < e~"°T. The thesis follows since

67}, ~ s _
Pn;a,h <n3 S J(€)> =1- Qn;a,h(ce) > 1—e n*r . O

When (a, h) € U™, namely we work in the uniqueness regime, the proof above can be
carried out exactly in the same way, and it gives exponential convergence of the sequence
(6Tn/n3)n>1 to u*3 (being u* = u} or u* = u, depending on (a, h)). Indeed in U™, the
set of minimizers of (1.31) coincides with the singleton C* = {u*}, where @* is the image

in W of the unique solution u* to the scalar problem (1.7). As pointed out in [Bianchi
et al., 2024, Thm. 1.5], as a byproduct of this proof, we obtain an LDP for Q.o p:

Remark 1.22 (Bianchi et al. [2024], Rem. 7.5). The sequence (@n;a,h)nZl obeys a large

deviation principle on the space (W, 6n), with speed n? and rate function Lo
We are now ready to prove the strong law of large numbers stated in Thm. 1.4.

Proof of Theorem 1.4. The thesis immediately follows as a consequence of Borel-Cantelli
lemma, since exponential convergence provided by Thm. 1.5 implies almost sure conver-
gence (see Ellis [1985], Thm. I1.6.4). We stress that this almost sure convergence holds
w.r.t. a probability measure PP, ;, on the space ({0, 1Y B({o, 1}N)), with marginals cor-
responding to the measures Py, 5, for all n € N (see Rem. 1.1). O

1.3.3 Preliminaries for the mean-field analysis

We start from some preliminaries that are preparatory to the proofs of this section.
First, we observe that the Hamiltonian H,,.q 5 (given in (1.14)), which is defined on A,,,

is actually a function of the edges density m = m(x) = 2E,(x)/n?, = € A,, taking

values in the set I'), := {O, %, %, n%, e, 1= %} In particular, for all z € A,, such that

2En (x)

==l = m, we have
n

-/ I/ h
Pl () = Fns () = 1 (?fm?» + Qm) |
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As a consequence, we can also write, with a little abuse of notation,

e h
— N en2(6m3+§m)
Pran(A) =Y = , for ACT,, (1.32)
Y Zn'a h
meA 3y
n(n—1)
where N, := (n<n31>m) coincides with the number of adjacency matrices in A, with
nn—1)m

edge density m. From representation (1.32) arises another important function, that we
call energy function; for any (a, h) € R?, it is defined as
a h I(m)

Ga,n(m) := Em?’ tom= =, for m € T',. (1.33)

The first two terms coincide with the exponent in (1.32), whereas the entropic term
I(m) =mlnm+ (1—m)In(l —m), defined below (1.3), comes from the Stirling approx-
imation of the binomial coefficient N,. Let f, , be the infinite volume free energy of
the edge-triangle model, as given in (1.7), and let u}, ¢ = 0,1,2, or u} be a solution of

(1.8), depending on the range of («, h). We stress that, by construction, ga»(u)) = fa.n
1f (O[, h’) # (OCC, hc)? a‘nd gamhc(uz) = famhc'

Neighborhoods of the maximizer(s). Fix 0 < § < 1. We will mainly work in the
following neighborhoods of the maximizer(s) (whose definition was anticipated in (1.21)):

By: = By:(n,8) ={m €Ty ¢ Im—uf| <n ™%}, i=0,1,2 (1.34)
Bus = Byr(n,8) = {m €Ty, ¢ |m —u}| <n~°} (1.35)

making extensive use of the following Taylor expansions from Bianchi et al. [2022]:

gan(m) = gan(uf) = —ci(m —uf)? + ki(m —ui)®  if (o, h) # (o, he)

(1.36)
Gan (M) = gan(ug) = =5 (m — uf)* + ke(m — uf)®  if (a,h) = (ac, he),
where
Ionwl) 1 —20(u¥)2(1 —u?)
7 = — 2 = 2 2 s 1
¢ 2 wwi—u) (1.37)
ki = gl (@) /6, ke =g\, (i) /5, (1.38)

~ ~ ~ * —5 ~ * —5
for some @, i, such that |u; — u}| < n™°, |G, —u}| <n~°.

Lattice sets. As a result of suitable changes of variables, obtained as fluctuations of
m € I'y,, we will need to consider the following integration ranges:

)

n _ _ 2
RZ((S) — (_nl 3 pl 5) N {—nuf,—nuf + E,...,—nuf + (n— 1)}, (1.39)

2 -1
R} = (—nt = n3 =) 0 {—mz, Vg + g, =g+ n} , (1.40)
] ,n/i \/ﬁ
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Chapter 1. Density of triangles in edge-triangle models

where i = 0,1,2. The following lemma shows how the main contribution to Zn;mh is
given by sums over these sets.

Lemma 1.23 (Bianchi et al. [2024], Lemma 8.1). Let (a, h) € (—2,400) x R and let
fa,n e the infinite volume free energy of the edge-triangle model given in (1.7).

Fiz 6 € (0,1). If (o, h) # (ce, he) and ¢, ki as in (1.37)—(1.38), let

g2 ki3
2 eclm—l—nx

(n) .
D, = — , fori=0,1,2. (1.41)
v " +5) (1= = 2)

Fiz § € (0,2). If (a, h) = (cc, he) and ke as in (1.38), let

DM .= 2 c : (1.42)
xg%%%) n3/2 \/(UZ + %) (1 —uf — %)

Then, as n — 400,

en2fa,h

T =5 7= (D™(a,n) (1 + 0(1)), (1.43)
where
Dg” if (0, h) € U™\ {(ae, he)}
D™ (a,h) :={ D™ + DS if (o, h) € M
VD if (a,h) = (e, he)

Remark 1.24. Lem. 1.23 directly proves (1.12).

Remark 1.25. The quantities defined in (1.41)—(1.42) are Riemann sums with volume
elements respectively given by 2/n and 2/n3/2. Indeed the points x € R(n), 1 =20,1,2
(resp. inside R )) are evenly spaced with gaps of length 2/n (resp. 2/n3/2). It is pos-
sible to show that on the ranges RZ(’&) it holds e=¢i%*+ nlmg < e~ (cimkin™ 9% which is in

turn bounded by ¢ 0-99ciz? for sufficiently large n. With this domination and point-wise
convergence, we get (similar bounds can be done at criticality),

Dl(n) _notoo, D, = 2\/ [1 —2a(u ) (1—u) - , i€{0,1,2} (1.44)
DM I2EX, b= / —51" dy ~ 3.63 1.45
NG (1.45)

where for (1.45) we used u’ = % These terms will play the role of normalization weights.
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Chapter 1. Density of triangles in edge-triangle models

1.3.4 Phase coexistence on the critical curve and SLLN

Proof of Theorem 1.7. In this part, we denote by u* both terms ug or u, indistinguish-
ably (recall that the region (a, h) € U includes the critical point (a,hc)). Fix € > 0
and set K(¢) := {m €', : [m —u*| > ¢/3}. We prove almost sure convergence via the
exponential convergence of 67%? to u*3 (similarly to [Ellis, 1985, Thm. IV.4.1]). Indeed,

_ 2(a,,3 1 h
B 6T, .3 N, e (gmP+3m)
n;a,h F —Uu

Z€>§ > _

Y
mekK (e) niosh

3 _n2(fa,h_maxm K(e) ga,h(m)) 2ﬁ
< Cn’e € DO (a, h) (1+o0(1))

— 3 —n? min,, (@(fa,h*ga,h(m))i
Cne - Do (a,m) W)

where in the second inequality we used (1.43), together with the following Stirling ap-
proximation (see [Friedli and Velenik, 2017, Chap. 2, Eq. (2.11)]):

en~te= T IM < AL < COne= T M) (1.46)

where ¢ and C are positive constants. As stated in [Radin and Yin, 2013, Prop. 3.2], when
(a, h) € U™ and for sufficiently small e, the function f, j,—ga,»(m) is positive, convex and
admits u* as unique zero. Therefore, the minimum appearing at the exponent is strictly
positive, and we obtain the exponential convergence. Finally, almost sure convergence
follows as a consequence of Borel-Cantelli lemma (Ellis [1985], Thm. 11.6.4). O

Proof of Theorem 1.8. We will determine the limit of

IEn;oz,h [90 (6Tn/n3)] )

for any continuous and bounded real function . First we observe that, since m =

m(x) = %Q(x), we obtain T, (x) = "3?3. Then, using (1.32), we get:
_ 67, N e (gmP+5m)
En;a,h |:gp <n;>:| = Z SO(’I?’LB) m = . (147)
n;a,h

mely,

We split the sum in (1.47) over the sets By:, By given in (1.34), and C = C(n,d) :=
)\ (Buaf U Bu%)’ considering the three contributions separately. First we observe that
whenever we work inside the sets By, ¢ = 1,2, the bounds in (1.46) can be made more
precise, because n=2 < m < 1—n"2 and, consequently, n?m — oo and n?(1—m) — oo,
as n — 0o. Hence, the following Stirling approximation is valid

Np=—C2 " (14 o1)). (1.48)

ny/mm(l —m)
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Chapter 1. Density of triangles in edge-triangle models

This, together with Lem. 1.23, yields the following representation:

7’12 (fa,h_ga,h(m))

(1+0(1)),

g Nope (6 +3m) e

me B, D mEB,,x Dgn) + Dén)

where i € {1,2} and g, is the energy function defined in (1.33). By performing the
change of variable x = n(m — u}), and using the Taylor expansion (1.36), we obtain:

2 & * 2 ﬂ 3
> p(m )N me G = ’ p((u +37)°) e (1+0(1))
P Z \/u +£ 1_u*_£) (n) (n)
mEB x niuh seR™ n i ) Dy + Dy

n—-+o0o %3 Dz
s )
) B by

where D; is defined in (1.44) and RE?, given in (1.39), represents the range of values of
xz. To conclude the analysis, we show that the sum over the remaining set C provides
no contribution in the limit. Outside the sets By:, i = 1,2, the Stirling approximation
(1.48) is not valid anymore. However, from (1.46) we deduce:

Z NmenQ(%m3+%m) <Cn Z 6”29a,h(m) < %n?)enQ maXmec ga,h(m)’ (1.49)
meC meC

where the last inequality is due to the fact that C contains at most ( ) points. Since
fah = gan(u)), i = 1,2 we obtain

6"2 maxmec ga,h (M) _ eanoz,he 12 (ga,n (u])—maxmec ga,h (M) < 67L2J”a,h€—k712_257 (1.50)

where k > 0 is a constant that does not depend on n and § € (0,1). The last inequality
follows from the Taylor expansion (1.36), exploiting the fact that [m —u}| > n=° for i =
1,2 and for all m € C. As a consequence, from the rough Stirling approximation (1.46)
n2(%m3+%m)

~ . _ 2
and the consequent rough bound Z,., 5 > minpcr, Npne > en~len fan | we

get

2(a, .3 h
N,,e" (gm°+gm) 2-26 —
— — +
ZmEC g <c 1Cn4e kn n o
n;a,h

0, (1.51)

being 2 — 26 > 0 by assumption. In conclusion,

. _ 6Tn . 3 Dl *3 DQ
i B o (53)] =052 g 05

This proves the thesis. O
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Chapter 1. Density of triangles in edge-triangle models

1.3.5 Rate of convergence of triangle density

Proof of Proposition 1.11. The proof implements the same machinery of Thm. 1.8. Let
(o, h) € U™; we analyze the case (o, h) € U™ \ {(c, he)} first, and then we move to the
critical point. Note that

_ 2(a,,3 1 h
— 6Tn %3 Nme” (Gm +2m)
En;a,h n3 — U

) =Y - _ : (1.52)

Ly
mel,, n;a,h

We split the average in (1.52) in two parts, one over By given in (1.34), and the other
over C = C(n,0) := 'y \ Byz. The contribution of the average over C is negligible,
exploiting exactly the same argument in (1.49)-(1.51) with «{ in place of u} (i = 1,2),
and bounding, very roughly, |m?® — u}3| = |m — ud|(m? + mug + ui?) by the constant
3. We now focus on the sum over By:. By Lem. 1.23 and the Stirling approximation
(1.48), we obtain

_ 2(a, 3. h
E 46Tn *3 Nmen (6m +2m)
n;a,h n3 — Ug

)= > I -t (1+0(1))

n;a,h

mEB“S
2 ’m3 _u63| e_nQ(fa,h_ga,h(m))

meB,, "Vl —m) D"

u,

(1+0(1)),

w O

3

where we recall that Tp,(z) = "= and By is defined in (1.34). From the Taylor
expansion (1.36) we get

_ 67,
En;a,h (‘ — - Uzk)?)

) ’m?) _U63| 6—n200(m—u6)2+n2kzo(m—u6)3

) - ot (1+ o(1)).

3
" meB,. ny/m(1 —m) D(()")
(1.53)
We now perform the change of variable = = n(m — ), and we use the identity
2 3
o= (gt 2 i =T s 4 .
m Uy (uo+n U uon+ u0n2+n3, (1.54)
thus obtaining
_ o
B 67, 2 3u*2x + 3u*ﬁ + 3. 6_003324-7?1’
n- n;a,h(‘%—ua‘?’): Z 7| 0 0n n2| (1_'_0(1))7
n (n)n \/(u*+£) (1_u*_£)‘D(n)
QCGRO’5 0 n 0 o 0
(1.55)

where R(()né) is defined in (1.39) and the constants ¢y and ko are given in (1.37)—(1.38).

Consider the term

k,
—cox2+70x3

(1+0(1)),

Z 2 3us?x] - e

s " (i + ) (15— £) - DY
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Chapter 1. Density of triangles in edge-triangle models

together with the sequence of probability densities

21 k0 3
9 €COI+nﬂC

ly(x) = — 1,m(z), =€R, (1.56)
") (== 5 DfY

where D(()n) is the normalization weight defined in (1.41). If, for every n € N, X, is a
random variable with density ¢,,, then

2 |3ui |  e—cor® +0a’ ,
2 n f(x z ——, (1 +0o(1) = E(Bug” Xn[){1 + of1)).
2€Ry") \/(“0 +2) (1-ug— %) Dy

Collecting all contributions, we can upper and lower bound the sum in (1.55) using the
following chain of inequalities: |a| — |b] < |la| — |b]| < |a 4+ b] < |a] + |b], a,b € R, with
a:= 3u2’§233 and b := 3u3% + fL—i We have:

332 373
E(|3us? X)) (1 + o(1)) — </R Bup—+ En(x)dx> (14 0(1)) (1.57)
<n 'I_En;a,h(‘(f? - uEk)g ) <
x2 a:3
E(|3us? X)) (1 + o(1)) + </R Bujg—+ 3 Zn(a:)dx) (1+0(1)). (1.58)

Notice that, reasoning as for the convergence D(()n) UimanNy )N (see Rem. 1.25) and the

Scheffé Lemma, we obtain X, 4 x , where X is a Gaussian random variable with

density
U(z) = /%06*0012 , z€eR. (1.59)

Moreover, the random variables X,, have finite exponential moments for any sufficiently

large n. Therefore, by the dominated convergence theorem, applied to both bounds in

(1.57)—(1.58), we obtain
(N

n-Epanll— —u
n;c, n3 0

) S 3uR(|X ).

Indeed, the second summand in (1.57)—(1.58) vanishes, being 3u{§%+%§ = o(1), for fixed
x. Setting X := 3u32X, and noticing that X has variance (2¢y) ™!, we recover (1.18).
We now move to the critical case, so we consider (o, h) = (o, he) and u} = u*(ac, he).
Here, the proof works exactly the same. We split the average in (1.52) in two parts, one
over By given in (1.35), and the other over C = C(n,¢) := I';, \ Byx. The contribution
of the average over C is negligible, exploiting the same argument in (1.49)—(1.51). This
time, by injecting the Taylor expansion (1.36) at the critical point in (1.50), and using
the fact that |m — u}|* > n=% for m € C, we get

2 3, h
ZmECNmen (Gmi+5m)

n;ac,he

_ _ 2—46
< clonte i N 0, k>0,
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Chapter 1. Density of triangles in edge-triangle models

since § < 3/8 by assumption. We now restrict the average (1.52) to a sum in By:. In
place of (1.53) we get:
64

I_Emac,hc ( (n)
m (1 —m)- D¢
\/ )-D

where B, is defined in (1.35), and the constant k. is given in (1.38). Notice that here
the Taylor expansion (1.36) provides the fourth-order term (m — u?)* at the exponent,
while Lem. 1.23 brings the normalization weight Dé”). After the change of variable

y := v/n(m — u}), recalling that u} = 2 and by means of the identity

281

*3|€ (m—u2)44n2ke(m—u})®

n3 ¢

mGBuz n

(1 +0(1)),

M\QO

3 4 2
m3—u*3:<uﬁ+i> _u*szgi+2£+i,

we obtain

4 v y b4y+kcy5
2 |3y+2 ‘ € vn
)= = o (1+0(1)),

3
sery "yt + ) (1 - wi = ) DEY

] 6T,
\/ﬁ : En;ac,hc ( n3 - uz

where Rgné) is given in (1.40). For every n € N, let Y;, be a real random variable with
Lebesgue density

81,4
) e 64?J+fy

£(y) =
il Jl+ ) (0= = ) - D

1,m(y), yeR. (1.60)
c,d

Note that Dﬁ") provides the right normalization rate. The random variable Y,, has finite
exponential moments for any sufficiently large n. By Scheffé Lemma and dominated
convergence theorem, we conclude

] 6T, .
\/ﬁ ’ En;auhc( T?;n - 63

n——+o00o

) I SE(y]),

where Y is a generalized Gaussian random variable with Lebesgue density ¢¢(y) e 6iy*,
Setting Y := éY since Y has Scale parameter ﬂ Y is a generalized Gaussian random

variable with scale parameter thus proving the thesis. O

7
32 )
With the same strategy we can immediately prove the following corollary.

Proof of Corollary 1.12. Recall that m5 (a, h) = En.o h( ) By following the proof of
Prop. 1.11, we obtain,

o for all (o, h) € U™\ {(ae, he)},
n- (mﬁ(a, h) — ugd(a, h)) —E (3u82Xn) (1+0(1))40(1) 222, E(X) =0,
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o for (a, h) = (ae, he)

4

Vit (m8(ae.ho) = (0 o)) = B2

Yn>(1 +0(1)) +o(1) 2225 E(Y) = 0.
0

1.3.6 Standard and non-standard mean-field CLT
We use Cor. 1.12 to prove Thms. 1.9 and 1.10. We start with the analysis at criticality.

Proof of Theorem 1.10. Let u} = u*(c, he). We consider the decomposition

Ln 6 mA(aw hc)

62—t = Oy /(g = (o, he) )
where - 2 s
n n *
7 o._aomn 6 Y
U, =62 Y5

By (1.20) and Slutsky theorem (see [Klenke, 2020, Thm. 13.18]), it is enough to study
the convergence in distribution of the variable 6(L1= = — u*g) /n3/2. We show that, for
any t € R,

M, (t) ::En;acﬁhc(et“ﬂ oo, / e I¢(y)dy, (1.61)

where (¢ is given in the statement. Again, we split the average in (1.61) in two parts,
one over By given in (1.35), and the other over C = C(n,d) :=T', \ (Byz). We obtain:

Z Nmet\/ﬁ(m3—u’c‘3)+n2(%m3+%m) (1.46) Ce3t\/ﬁ+”29ac,hc(m)
_ < Z _
meC Zn;occ,hc meC n;ae,he

Cn3e3t\/ﬁ+n2 foac,hc _n2 (ga,h (uz ) —MaXmeC Jac,he (m))

anémhc

< ¢ lop3edtvn—kn®Ti0 1ot g (1.62)

for some constant £ > 0. In the second to last inequality we used that fo, n, = ga. h. (),
and that the set C contains at most (g) elements. In the last inequality we used the
Taylor expansion (1.36) at the critical point, the rough bound Z,. > en~lenfan
coming from (1.46), and the fact that |m —u}|* > n=% for m € C. The assumption
d < 3/8 guarantees that 2 — 46 > 1/2. As a consequence of (1.62), we can reduce the
average in (1.61) into a sum on B

: A el/AmS ) en2 (S md + b m)
Mo(t)= ) _ (1+o(1))

MEB, Znﬂlc,hc
e 1.63
9 otVn(m?—uz?)=n®(fac,he =gac,he (M) ( )
- Z 3 (n) (1+0(1)),
meB,. N2 m(1l —m) - De
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where the last identity is due to Lem. 1.23 and the Stirling approximation (1.48). In-
jecting in (1.63) the Taylor expansion (1.36) at the critical point, we get

92 et\/ﬁ(m:‘fu;fg’)f %Tﬂ (m—u¥)*4ken?(m—ut)®

M, (t) :mEZBuz 3 o0 (14 o(1)).

By the change of variable y = \/n(m — u}), and recalling that u’(a., he) = %, we find

N

Y 2 e
M, (t) = il
t yezRgf%) ni \/(ug + ﬁ) (1 —uk — %)Dgn)
(n)

Exploiting the range of R ¢, given in (1.40), we observe that —nl/2730 < 2% + % <
2nt/2-20 4 p1/2-30 By isolating the term

(1+o(1)).

5
81,4 y
etéy . 6aY tke 7

Mi(t) = >

yer") \/(Uz + %) (1 —uk — %)Dgn)

1/2-38

(14 0(1)), (1.64)

S
[N Do

we obtain:
eftn

NI (t) < My (t) < el (2720t 2750) v ). (1.65)

In (1.64) we recognize the probability density £ of the random variable Y,,, introduced
in (1.60). From (1.64) we then deduce that M} (t) = E(et%Y")(l + o(1)). By Scheffé
Lemma, Y;, converges in distribution to a generalized Gaussian random variable Y with
Lebesgue density ¢¢(y) 6_%94, therefore

M) = E(e'3¥) (1 + o(1)) = E(e!sY).

With the further constraint 1<i< %, from (1.65) it holds M, (t) nrteo, E(eth)_ By
setting Y := %Y we conclude the proof. O

Proof of Theorem 1.9. The object that we want to study is in this case the random
variable

T, n? - A
= Temp(a,h) "t A (el h
= — — 1.66
\/> n n + \/é(u() my, (Oé, ))7 ( )
where _
Ty _ 123
Vi =162 6 0
n

By (1.19) and Slutsky theorem, it is enough to study the moment generating function
of V), restricting again the analysis on the neighborhood B, (the contribution over the
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set C = C(n,0) := 'y \ By can be treated as in (1.62), with 0 < ¢ < 1). To simplify
constants, we consider \/6Vn instead of V,,. We then get:

Z etn(m37u(’§3)7con2(mfu6)2+kon2(mfu6)3
mEB * \ 1 B D(()n)

The change of variable z = n(m — ), identity (1.54), and the Taylor expansion (1.36)
yield

(I+o0(1)).

93 x 3

_ %2¢ t(3uf 2o+3ug - +7) . ooz +ko L

Mu(t)y= > = ‘ (1+0(1)).
2€R") (ug + %) (1—ug = %) Do

As in the proof of Thm. 1.10, let

3tutlz | —cox?+k %
M=y et e (14 o(1)). (1.67)
(n)n\/(u + ) (1 — uf —ﬁ)D(")
TERy; 0 0 n 0

Furthermore, by exploiting the range of Ré 5) , given in (1.39) we obtain

et T NI () < B (1) < et (Buon Tt T e gy, (1.68)

In (1.67) we recognize the probability density ¢, of the random variable X,,, introduced
n (1.56); we then rewrite (1.67) as M}*(t) = E(eStuSQX")(l + 0(1)). By Scheffé Lemma
X, converges in distribution to a real random variable X with Gaussian density £ given
n (1.59), therefore

N (8) = B ) (14 o(1)) =2 B(#57Y).
With the further constraint 3 < § < 1, from (1.68), it holds M, (t) m E(e 3t“32X).

Note that X is a centered Gaussmn random variable with variance (2cy) ™!, where ¢y =
1-2a(uf (o, h)]*[1-ug (a,h)]

co(a, h) = Tug (e =w k)] - In conclusion, V,, converges in distribution to the
0 0\
x4
centered Gaussian random variable 3u}? X /+/6, with variance 75* (v, h) = 357%, as wanted.
O

1.3.7 Conditional measures

Proof of Proposition 1.15. Let (a,h) € M"™ and let u; = u} (o, h), i = 1,2 the two
solutions of the scalar problem (1.7). The proof of this proposition can be carried on
exactly as the proof of the analog Prop. 1.11, but in the conditional setting introduced
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in Subsec. 1.2.2. Without loss of generality, we consider the case ¢ = 1:

. 6T, n?(&m+ )
Eglh < — - ui? > = Z im3 —u? Nm_e ° :
B n Zn;a,h(Bu’l‘)

mEBuT

2 3 %3 _n2(fa,h_ga,h(m))
_oy 2mi o e (1+o(1)),

G5 VD]

where Eglh is the expectation associated with the measure EDSL ,, defined in (1.22), and

Zn;mh(Bu’f) denotes the restriction of the partition function to the set B,:. The Taylor
expansion (1.36) and the change of variable x = n(m — u}) yield

- BO (GTn_ 3

n;o,h n3 Uy

(1+0(1)),

2 2 3 20k 3
> Z 2 [3u?z + 3ufL + L] em T TR

™ i) (- -2) oY

where Rgn(s) isasin (1.39). If (Xﬁl))nzl is a sequence of random variables with probability
density

20k 3
2 eclx-l—nac

(WD (z) == 1. m(z), zeR (1.69)
n n R b b
Vi) (- g) o

where Dgn) is the normalization weight defined in (1.41), we obtain, as in (1.57)—(1.58),

2 1173

E(13ui? X V)1 + o(1)) — (/R 3@{% +

~ (1) 6T, .3
S ’I?,'En;a’h< F _ul

~ g%l)(x)dm> (14 0(1)) (1.70)

) <

zgﬂ(x)dx) (14+0(1).  (1.71)

2 3

x x
sut? 4+ &
Ty ' op2

E(3u X1+ (1)) + ( /

Arguing as at the end of proof of Prop. 1.11, we conclude

I ()GTn 3

K. —u
n;a,h n3 1

) _n2he0 L g 2g (| x W),

where X is a standard Gaussian variable with variance (2¢;)~'. Indeed, the second
summand in (1.70)—(1.71) vanishes, being 311’1”"’712 ;”;—3 = 0(1), for fixed z. Setting X) :=

* 4
3ut?2X (M we obtain a random variable with variance 67 (v, h) = 9"1'2(?1’}1) , as wanted.
The same proof holds for the case i = 2. O
Proof of Corollary 1.16. The proof follows immediately, as for Cor. 1.12. O

As mentioned, the next theorem is the analog of Thm. 1.7 and Thm. 1.9, when the
edge density is conditioned to take values in a neighborhood of the two maximizers of
the scalar problem (1.7).
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Proof of Theorem 1.14. Let (a,h) € M"™ and let u} = u(a,h), i = 1,2 the two so-
lutions of the scalar problem (1.7). We focus on the case i = 1, being the case i = 2
completely analogous. We start proving (1.23) via exponential convergence, which again
implies the a.s. convergence by a standard Borel-Cantelli argument (see Ellis [1985],
Thm. 11.6.4 and Rem. 1.1). Fix n > 0. We define

R =R(min) = {meTy: s < jm—uj| <n~}.

Notice that for large n, the set R is empty. When this does not hold, we have

m)gz

meR

e h
Nmen2 (gm?’—‘,-im)
Zn;oz,h(Bu{)
< Ccfln4€7n2 (fa,hfmaxmeR ga,h(m))

S Ccflnélefng minmeR(fa,h*ga,h(m))’ (172)

where in the second to last passage we used the rough bound Zn;a,h (Bu{) > en~len fan
coming from Stirling approximation (1.46). As stated in [Radin and Yin, 2013, Prop. 3.2],
for sufficiently large n, the function f, n — ga,n(m), restricted to the neighborhood By,
is positive, convex and admits u] as unique zero. Hence

;nei%(fa,h - ga,h(m)) = min{fa,h - goz,h(u)i< - 7])7 fa,h - ga,h(uT + 77)} > 0.

When R is nonempty, the probability in (1.72) vanishes, as n — oo. This provides the
desired exponential convergence, for every choice of n > 0. We now move to the proof
of (1.24). By means of decomposition (1.66), and Cor. 1.16 we can reduce our analysis

to the random variable ;
*

n
—Fu
\f" LIy

studying, for any ¢ € R, its moment generating functlon
~ A v
Ny () = B, (7).

We consider \/617,9) instead of Vn(l) (to simplify constants), and we follow the same line
of arguments as in the proof of Thm. 1.9. We get:

etn(m3 —utd)—c1n?(m—ul)?+kin?(m—ut)?
Z Sl — (n)
mEBu* 1 Dl

By the change of variable x = n(m — u}), identity (1.54), and the Taylor expansion
(1.36),

(1+ o(1)).

3
2 e (3u1 x+3u1 - 2) e—c1x2+k1%

(1+0(1)),

My(t)y= > =

™ i+ ) (- - 2)pp
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where Rgng is defined in (1.39). By defining

3
- ) e3tu’1‘2m . e—clx2+k1%
Mn (t) = Z E . . " - (n) (1 + 0(1))7
2eR{") \/(“1 +3) (1—ui =)D

we observe that M**(t) = E(egt“TQX’gl))(l + o(1)), where, for each n € N, x{V is a
random variable with density Eg)(m) given in (1.69).

Notice that X,gl) converges in distribution to a centered Gaussian random variable X 1)

1—2au? (a,h)]2[1—u* (a,h)]
4@(1(1,}1)[1_“?(&%)] . Therefore

with variance (2c1)~1, where ¢; = ¢1(a, h) =

/] * (1) .
NI () = (307 %0)(1 4 0(1)) 222 gedtui®X M)y,

With the further constraint % < ¢ < 1, exploiting the same bounds as in (1.68), we also

obtain the convergence M, (t) 222 E(e3t“f2x(1)) for all t € R. In conclusion, V,\"

converges in distribution to the centered Gaussian random variable 3ui?>X ™" /1/6, with
3u*4
4611

variance @f(a, h) = , as wanted. The same proof works for i = 2. ]

1.3.8 CLT for the integer part model

This section is dedicated to the proof of Thm. 1.18; the proof of Theorem 1.19 is omitted,
as it follows exactly the same argument. To describe the fluctuations of |7»/n| around its
mean value, in view of the decomposition Tn/n = |Tn/n| 4+ {Tn/n} combined with Slutsky’s
theorem (see [Klenke, 2020, Thm. 13.8]), it is enough to study the asymptotic behavior

of the moment generating function of W, := /6 Tn/n] 7E"%“”L(LT"/ nl). Specifically, we are

going to relate this generating function to the second order derivative of the cumulant
generating function of |T»/n], which is defined as

en(t) == 6n 2 InE,.q plexp(t|To/n])],  tER. (1.73)
Remark 1.26. Note that, by a direct calculation, we get

 6Epaien ([ Tn/n))
_ "

6Vt aren(|Tn/n
and I (t) = o, J;;;(L / J) (1.74)

cn(t)

This comes after noticing that c,(t) = 6n~2(In Zn;a+t7h —In Zn;%h) and from general
properties of Gibbs densities.

The limit of the sequence (¢} (t))n>1 for t = t, = o(1) will give the variance of the
limiting Gaussian. The existence of this limit follows from the Yang—Lee theorem (see
Thm. 1.27). To apply it, we first need a suitable representation of the partition function,
which we provide as a first step. Following this, we establish some auxiliary results that

will be used in the proof, which is deferred to the end of the section.
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Chapter 1. Density of triangles in edge-triangle models

Representation of the partition function. We start from the partition function
obtained by plugging (1.13) in the expression of the partition function, and then we
incorporate the integer part. First, we have:

Z en 2{igkyeTn TiTiThth Y ice, Ti

zEA,

Zn;a,h =

Notice that there is a bijection between 4,, and the power set P(&,), that maps an
element x € A, to theset S ={i € &, : z; = 1}. We can then decompose A, in disjoint
subsets as

A= U U {xreA, z;=1icS}
m=0 (=0 SCEn:|S|=¢,
[{{i.3.k}CS {35,k }ETn }H=m

and write
(3) (5)
Zuan= 3% 3 Gl
m=0 =0

where G, = [{S C &, : |S| = £,|{{i,4,k} C S : {i,5,k} € Tu}| = m}|. Setting z := ¢

»

and K(n)h = Zlgi)o Ggg?zehé, we obtain

6
Znsan(2) = > K,Sz)hzz :
m=0

which is not a polynomial since 7+ is not necessarily an integer. For example, when n = 3
we have G((f()) = Gg?’% =1 and G((f% = Ggg = 3, yielding Zz.o 5 = (143 +3e2h) 4 2"/3¢3h,
Instead, by taking the integer part, we obtain the following polynomial representation:

N

Zn;a,h = Zﬁ(z) = ZI?IETL’“BZIC’ (175)
k=0

where 1 := L%L and ~,E,n,3 = Zm:L%J:k Kfs)h Note that (1.75) can be equiva-

lently written as

) o on g
Za(z) = Kénlz _kh k.
) KSTL)
k=0 n,h
. g .
Let Z(2) :== > p_o E’{,ﬁ 28 If 21,..., z5 are the complex roots of the polynomial Z%(z),
ik

then we can write

(z—zj):ﬁzj-ﬁ<;—1>

N
I~
—~
N
~—
I
==
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(n)

and, since H?:l zj = (—1)ﬁf{‘2£ , we get

n,h
~(n) n >~(n) @
. I ¢ .\ KW »
Z1(2) = (—1)F(~ 1) =0 ( —) _ 2o (1 )
w02 =7 10

Therefore we obtain

Za(2) = K ﬁ (1 - Z> . (1.76)

Uniform convergence of derivatives. The following theorem can be now applied to
this polynomial representation.

Theorem 1.27 (Lee and Yang [1952], Thm. 2). Let Z,(z) = H?:l K™ (1 - Zi) a the
J

polynomial representation of a partition function as above. If there exists a region R C C

containing a segment of the real positive axis that is always root-free then, as n — —+00

and for z € R, all quantities

& 1

—InZ,(z), with k€N, (1.77)

1
“InZ,(z), ——
no (2) d(Inz)kn

converge to analytic limits with respect to z. In particular, the limit and derivative
operations switch in the whole region R.

Remark 1.28. Recall that f,) = fa,h- With a slight abuse of notation, we might
also denote the limiting free energy by the function o — féh) = limy, o # In Zﬁ(ea).

Since féh) is real analytic for all h such that (o, h) € UL\ {(cwe, he)} (see Radin and Yin
[2013], Thms. 2.1 and 3.9), we claim that in this pamméter regime the partition function
(1.76) werifies the assumption of Theorem 1.27. Let us set zy := ¢® € RY, for some
a® in the analyticity region. For finite n, zy can not be a zero of Zﬁ(z). Indeed, since
the polynomial (1.76) has strictly positive coefficients, for each fized n it can only have
non-real complex roots, which occur in conjugate pairs. As n grows, a phase transition
in the system is usually associated to the presence of a real positive accumulation point
of zeros of Zn(2) (see [Lee and Yang, 1952, Sec. IV, Item (2)] and [Bena et al., 2005, p.
4276]). As the phase diagram of the free energy has been completely characterized in Yin
[2013], we know that, as n grows, no phase transition appears in the parameter regime
under consideration. Therefore we claim, that in the limit n — oo there exists a region
R, containing the point zy, which is always root-free, and the partition function (1.76)
fulfills the assumption of Theorem 1.27.

Corollary 1.29. Let (a,h) € U3, \ {(ac, he)}. Then,

. 6 R
Oafriah = uf’h and lim Oaafriah = Bughﬁau;h (1.78)

. 6
lim — —
n—+oo n

n——+oo N2

39



Chapter 1. Density of triangles in edge-triangle models

Proof. The result is an immediate application of Rmk. 1.28 and Thm. 1.27, which holds
true since we are working in the region 1% \ {(ac, hc)}, where the limiting free energy
exists and is analytic. We observe that, since in the polynomial representation (1.75)

A A~ 2 A A~
we have z = e, then ﬁ%ln Zn(2) = Oafnan and d(hdiiz)Qn%ln Zn(2) = Oaafnah-
Therefore, Thm. 1.27 allows to commute limit and derivative to get
. 6 ; . A . R *3
ngl:‘fr-loo ﬁaafn;a,h - GnEEI-loo aoefn;a,h - 6aa |:nll>1:‘,l-loo fn;o"h:| = 68afauh = ua,h'

where the last equality follows by directly differentiating (1.7) with respect to a, recalling
that v’ , satisfies (1.8). The second limit on the r.h.s. of (1.78) can be proved in the
same way. O

Theorem 1.27 implies that derivatives of the free energy converge locally uniformly.

Proposition 1.30 ([Bianchi et al., 2024, Prop. 4.2]). Under the hypotheses of Thm. 1.27,
the quantities displayed in (1.77) converge locally uniformly (in n) inside the region R.

Remark 1.31. Recalling (1.74) and the definition (1.16) of fn;aﬁ, a direct computation

shows that 6 6
C;(O) = ﬁaafn;a,h and C;;(O) = ﬁﬁaafn;a,h'

Therefore, from (1.78),

nlggo . (0) = Uif’h and nlLH;o ar0) = BUZ%haauZ’h = 95 (a, h). (1.79)
Proof of the CLT. The proof of our main theorem is then just one step further. We
will rely on the analyticity of the free energy and on the uniform convergence of the
sequence (¢ (t))p>1 guaranteed by Thm. 1.27 and Prop. 1.30.

Proof of Thm. 1.18. Recall 95*(a,h) = 3u(’;2’h8au;h and W,, = V6 LT"/"J_E”;;”}L(LT"/”J).
We want to show that

A

: _ 1A 2

ngrfoo Ep:an(exp(tWy)) = exp (51)0 (o, h)t )
for all t € [0,n) and some 7 > 0. We aim to express IAEH;M (exp(tW,)) in terms of ¢ (t).
Consider ¢ > 0 and set t, := /6t/n. We get

10 B 0 (XD(EW,)) = 10 B (exD(tn [T/ ]) exp (—tuBran([To/n)) )

(1.74) n?
K[Cn(tn) - tnc/n(())].

Notice that, since ¢,(0) = 0, the term in square brackets is the difference between the
function ¢, (t,) and its first order Taylor expansion at zero. Therefore, by using Taylor’s
theorem with Lagrange remainder, one gets

(1.73)

(2
2 )

In Iﬁlma,h (exp(tW,)) = =
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for some t¥ € [0,4/6t/n]. To conclude the proof of the central limit theorem, we need
to control the limiting behavior of ¢!(¢F). To this end, we recall from (1.79) that
lim,, 00 ¢ (0) = v(a, h), and that, by Prop. 1.30, the derivatives of ¢, (t) converge lo-
cally uniformly. These two properties together yield the following result, which was first

proved in a slightly different setting but applies unchanged in the present context.

Lemma 1.32 ([Bianchi et al., 2024, Lem. 6.1]). For (a,h) € U5 \ {(ac, he)}, there
exists 1 > 0 such that we have lim, i ci(ty) = 95 (a, h) for all t, € [0,1) with

/!

"(t¥), and, in turn, the conver-

From the lemma above, we obtain the convergence of ¢
gence of the moment generating function. Therefore W), 4N (0,95 (v, h)) (see Billings-

ley [1986], Sect. 30). Finally, the convergence in distribution of

V6 Tnfn — E:L;a,h(T"/”) — W, + \/6 {T"/”} - Eza,h({T"/”})

follows from Slutsky’s theorem, as v/6 T/ "}_Ens,h({T"/"}) — 0 in probability, being the

numerator bounded almost surely. O

Remark 1.33. To extend Thm. 1.18 to the measure Py, j it remains to show

lim E,.qn(exp(tW,)) = lim E,.,x(exp(tWy)), (1.80)

n—-+o0o n—-+o0o

the latter expectation being associated with P p. A natural approach is to compare the
two expectations directly. In particular, with a direct computation one can show that

En'a h(etW"Jra{TT?})

Epsa,n(e'™) =

IA['En;oz,h(@a{TT%}) ’

and the same identity holds if we interchange the role of Ep.o n and En;a,h- Therefore

En;ﬂé,h <eth+a{TT"}> - IEn;a,h (eth) En;a,h(ea{%})
~ Tn .
En;a,h(ea{T})

Proving that the variables e/ and e} gre asymptotically independent would be then
sufficient to prove (1.80).

|En;a,h (eth) - IEn;oc,h (eth) | =

Remark 1.34. In order to make our approximation more precise, we can introduce a
parameter r € N and consider the family of Hamiltonians

n;a,h r n

R o TiTiT
H(T) (x) = @ {E{l’]’k}en Ik 'TJ +h Z xi, r &€ N.

It is not difficult to observe that for each v € N the related partition function can be
represented as polynomial in the variable z = e+ and, as a consequence, noted with
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Q)

nan the associated expectation, it is possible to prove a CLT which is analogous to
Theorem 1.18 and wvalid for the random variable
oy V6 L] — B (o))

" r n

Since —% < % [tr] —t < % for every t € R, this extension leads to
(exp(tWi))

ol E(T)
<er.

e < n;a,h
T Epan(exp(tWi))

af o

. | . .
As r grows, the interval (e~ + ,er ) shrinks and the claim (1.80) can be made asymp-
totically exact up to a subsequence. This is however beyond our scopes.

1.4 Heuristics on the mean-field model

For what concerns small deviations, the comparison between the mean-field approxima-
tion and the edge-triangle model respectively encoded by Hamiltonian (1.13) and (1.14)
remains an open problem. We refer the reader to [Bianchi et al., 2024, Sec. 8.3] for
a discussion on the main difficulties in proving that they asymptotically coincide. In
particular we mention that, as observed there, in order to get a control on the distance
of moment generating functions for centered and rescaled densities, we are required a
bound on

n’t, [m& (a + th, h) — m5 (o + o, h)]

=n’t, { Mo+t h) —mE(a, b)) + (m5 (o, h) —u*(a, h))]

(m
0ty [(m 0+ B, h) = m (o, ) + (3 (o, h) — w0, 1))

where t € R, t, %5 € (0,6t/n%/?) at the critical point and ¥, € (0,v/6t/n) elsewhere
in U"™. For (a, h) € U™ \ {(ac, he)} we do not have a control on the second term of the
second line, while at criticality, even the first term of the second and third line explode,
due to the second order transition. However, we conjecture that Thms. 1.8, 1.9, 1.10,
proved for the mean-field model, hold true when replacing 7, by T},. This belief stems
both from heuristic computations based on the large deviation principle that we have
at hand (see Rem. 1.22), combined with simulations, as well as from the fluctuations of
the edge density studied in Bianchi et al. [2024].

We quickly sketch our heuristic argument for the CLT. To guarantee convexity of
the rate function Z, 5, we restrict here to the region (o, h) € (—2,a.] x R (see Radin
and Yin [2013], Prop. 3.2). First, we obtain the following decomposition:

T fmi (o, h)

\[n 6

n

2
6 % - %mﬁ(aa hc)

n3/2

= Vo +n(ui®(a,h) —m(a, b)), if (a,h) # (ae, he),(1.81)

= Uy + vn(u*> (e, he) — m5 (ae, he)) (1.82)
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where V,, := % [67%? —upd(a, h)|, Un:=+/n [67%” —u*3(a, he)] and m5 is defined as in
Def. 1.3, but for the edge-triangle model. At the moment, we don’t have control over
the shift terms in (1.81)—(1.82), as we don’t have the equivalent of Cor. 1.12, which is
valid instead for the mean-field approximation. For the remaining terms, U,, and V,,, we

claim, as n — oo

7n21a7h ( 3 u*3+§x)

6
]P)n;a,h (Vn S dx) = Pn;mh (63;:1 S U*3 + \n[d.f) ~e dz
IgY (u*)z2
= e_;LT‘FO(lQ)d:C’ (183)
— 2104 3 *3_ | T
]P)n;oéc,hc (UTL € dl‘) = Pn;ac,hc (% S u*3 + %) ~e " C’hC(M) dx
= 6_231784 1'4+0(J34)dx7 (184)

where Inp(2z) = {zlnz + (1 — 2)In(1 — z)] — agd — %SL‘ + fa,n- In the second to last
passage in displays (1.83)-(1.84) we have used the LDP of Rem. 1.22, which reduces
to a scalar problem whenever we work in replica symmetric regime. The rate function
T coincides with I, j, which is continuous, positive, strictly convex (see Radin and
Yin [2013], Prop. 3.2) and admits a unique zero at z = u*. In the last passage in
(1.83)-(1.84), we used

Lo p(u* £0) LIS 4 0(0%), i (a,h) € (2,00) X R

a,h = . )

8L+ o(0%), if (o, h) = (ae,he) = (¥,In2 - 3)

recalling that u*(ae, he) = % A direct computation shows that I gh(u*) = 2¢g (where
¢p is given in (1.37)), therefore in (1.83) we recognize the density of a Gaussian random

variable with variance %, as stated in Thm. 1.9 (Eq. (1.17)). Similarly, in (1.84)

we can immediately recognize the same density ¢¢ stated in Thm. 1.10. Importantly,
the error terms appearing in (1.83)—(1.84) might be relevant, although we believe they
could compensate the contribution of the shift terms in (1.81)—(1.82), thus producing the
conjectured results. To support this belief, in the next section we present two simulations
that show the asymptotic Gaussian fluctuations outside the critical curve.

1.4.1 Simulations

We perform a discrete-time Glauber dynamics, namely an ergodic reversible Markov
chain on \A,, with stationary distribution P, . A step of the Glauber dynamics can be
described as follows:

1. Uniformly sample ¢ € &,, and let T (resp. 27) be the adjacency matrix, with
x; =1 (resp. ; = 0), that coincides with z for all elements except for z,. Let
We:={{i,5} 4,5 €&, i~ 34,{i,j,l} € Tn & xy = 1} the set of two-stars insisting
on the edge (or non-edge) xy. Here, the symbol ~ denotes that the two edges 4
and j are neighbors.
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2. Given the current state represented by = € A,, the next state is obtained by
performing the transition x — a (resp. x — 2~ ) with probability

ea Z{i,j}EWZ iz i+h

pn(x,l) := (resp. 1 — pp(x,0)). (1.85)

1+ ea Z{i,j}ewg iz i+h

The update probability (1.85) is given in [Bhamidi et al., 2011, Lem. 3] (or equivalently
Bhamidi et al. [2015], pag. 18). Moreover in [Bhamidi et al., 2011, Thm. 5] it has
been proved that the mixing time of the Glauber dynamics is ©(n?In(n)) whenever
(o, h) € U™. Fig. 1.3 shows a numerical simulation of the probability distribution of

a=-1,h=1 a=1,h=1

[ Simulation [ Simulation
12+ == Conjecture | | 126 = Conjecture| |

0.8 0.8

0.6 [ 0.6 [
0.4 0.4

0.2 021

0 0

obtained

2
_%mﬁ(ayh)
n

Ty
Figure 1.3: The picture displays a simulation of the distribution of v/6 ==
with n = 150, M = 5000 samples, and parameters h = 1, « = +1 (histogram), and the pdf of
the Gaussian distribution introduced in Thm. 1.9 (continuous line).

Tp _ n?

n A
V6 = Zq’" (o,h) obtained with n = 150 and M = 5000 samples, both for negative and
positive values of a. The picture also displays the Gaussian probability density function
given in Thm. 1.9, showing that it approximates the histogram with good accuracy.

Remark 1.35. Note that, despite [Bhamidi et al., 2011, Thm. 5] holds in U™, which
includes (e, he), when we perform the Glauber dynamics at the critical point, the mixing
time that we observe is not ©(n?In(n)), as we would expect. We believe that the prozimity
of the point to the critical curve M"® where the mizing time is exponential (see [Bhamidi
et al., 2011, Thm. 6]), is responsible for this behavior. As a consequence, the incredibly

high computational cost prevented us from getting an equivalent simulation for supporting
the non-standard CLT (Thm. 1.10).
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Chapter 2

Spectral properties of

the directed Chung—Lu graph

In this chapter, we investigate the spectral properties of directed inhomogeneous random
graphs. In the Chung-Lu-type setting, each vertex x is assigned a positive weight w;
for its out-degree tendency and w, for its in-degree tendency, and an edge from z to
y is present with probability p,, proportional to ij; (independently for all directed
pairs). The picture can be generalized to a model with higher but finite rank r. In
this setting, connection probabilities are given in additive form as the sum of rank-one
matrices, corresponding to eigenvectors of E[A,,].

Our study is motivated by the desire to bridge the gap between classical random ma-
trix theory —which often assumes identically distributed entries—and network models
that exhibit degree heterogeneity. We aim to understand how outlier phenomena extend
to this inhomogeneous, non-symmetric setting.

2.1 Setup and results

2.1.1 Notation

For a given nxn complex-valued matrix M,,, we denote by (A;(M,,))1<i<n the sequence of
(complex) eigenvalues of M, ordered so that |\ (My)| > [A2(My)| > -+ > [A(My)] >
0, and by (0;(Mp))1<i<n its (real) singular values, defined, for all i, by

o;(My,) = \/ma

where M* = M is the adjoint of M,. It holds o1 (M,) > oo(M,) > --- > 0, (M,,) > 0.
Its spectral norm is | M, || := o1(M,). If M, is self-adjoint, then ||M,| = |A\1(My)].
Through the chapter, we will write
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to say that a sequence of probability distributions converges weakly to some limit u.
Besides the usual Landau notation, we will also write that for two positive sequences a,,
and by, it holds a,, < b, (resp. a, < by, ap < by, and ay, ~ by,) if limy, o0 an /by, = £
and £ =0 (resp. 0 < /¢ < +00, 0 < £ < 400, and ¢ = 1). In addition, for two random
variables X,, and Y,,, we will write X,, = O, ».p(Y;,) (the subscript will stand for very
high probability) if there exist K > 0 and i > 1 such that,

P(|X,/Yn| > K) < e—(log(n))"’
and we will write X,, = 0,5, p(Y,) if, for every § > 0, there exists > 1 such that,
P(1X,,/Y,| > 6) < (o))",

Finally, we will say that an event holds with very high probability (w.v.h.p.) if there
exists n > 1 such that the probability of its complement decays as in the previous display.
This strengthens the notation Op(-) and op(+), which simply means that the probabilities
on the left vanish.

2.1.2 Models

For any n € N, we consider the random directed graph G, on the vertices [n] =
{1,2,...,n}, whose adjacency matrix A,, has independent entries with distribution

Agy ~ Ber(pzy), z,y € [n].

We consider two choices for the connection probabilities p, 4, each defined in terms of
a common scaling factor s,. In both cases, we denote by P the probability measure
associated with the graph.

Chung—Lu digraph. Our first model corresponds to the choice
wlw,
Pzy = w Sp N 17 T,y € [TL], (21)

where (w;, w, )zeln) denote a family of non-negative bi-weights such that
St = Y =w
z€[n) z€[n]

In our setting for large n it will be p,, < 1, so that the truncation at level 1 becomes
unnecessary. We work under the following assumption, regarding the joint empirical
distribution of the weights. An assumption on s, will be given later.

Assumption 2.1. The weights are bounded and there exists a compactly supported dis-
tribution p = p™~ such that

1 w
n Z} 5\/§(w$,w;) notoo

z€[n
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A higher-rank model. Our second model is more general. Let vfc, ..., vf €R" be a
family of 27 bi-orthogonal vectors, i.e., such that (U;F)TU; =6 fori,j=1,...,7. We
can assume without loss of generality |[v;f|| = 1 for each i = 1,...,r. Let 6, > 0,1 >

-+ > 01 be positive constants, and set

Pow = 80 3007 (@) (0] )T AL oy e ], (2.2)
j=1

where, for z € [n], vf(x) denotes the z-th entry of vi". The rank-one model can be

recovered by taking r = 1, 6; = 1, and vii(z) = wi /y/w for x € [n]. Assumption 2.1 is
accordingly generalized.

Assumption 2.2. The entries of \/ﬁUZi are uniformly bounded and there exists a com-
pactly supported distribution p = p;r_ on R?ﬁ" such that

T

w

1
— D it @)t @) s P

z€[n]

The above generalization is quite natural: every diagonalizable matrix can be decom-
posed in the additive form (2.2), where the (vzi) correspond to left and right eigenvectors.

Example 2.3 (Stochastic block model). Let n be even and let a > b > 0. If

asp/n ifmax{rVyn—-xAn—-y}<§
Pzy = .
bsp/n  otherwise,

the obtained graph falls in our hypotheses. The expected adjacency matriz has eigenvalues
01 = “besn and 0y = HT‘LS”. The eigenvector corresponding to 61 contains information
on the community structure, and the asymptotic behavior of its random realization can

be studied as in [Chakrabarty et al., 2020, Theorems 2.4-2.5].

Any inhomogeneous graph whose expected adjacency matrix is symmetric with rank
r, with eigenvalues 0.s, > --- > 01s,, falls within this framework. In this setting
there exists an orthonormal basis of (unit) eigenvectors (v;);<, (the vectors (v;");<, and
(v; )i<r coincide). Of course, symmetry is not a necessary condition. To construct a
non-symmetric example, if 2r < n, we can take r orthogonal 2-dimensional subspaces
Vi,...,V, of R" and choose vli € V; on the sphere of radius 2 in such a way that
()T, = 1.

2.1.3 Main results

For both models, we will work under the following assumption, which implies that aver-
age degrees diverge sufficiently fast.

Assumption 2.4. There exists £ > 4 such that s, > logg(n).
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Under this assumption, the graph results to be w.h.p. strongly connected. Indeed, the
threshold for this property is attained when the connection probability is O(log(n)/n)
(see Cooper and Frieze [2012]). We are ready to state the results.

Theorem 2.5 (Existence of outlier - rank-one case). Consider the Chung—Lu model with
Py as in Eq. (2.1). If Assumption 2.4 holds, then

max {[A1(An) = AL(E[An])], [A2(An)[} = Ovnp(v/sn)- (2.3)

In particular, there exists a constant Ky > 0 such that w.v.h.p.
Kos, < )\1(An) < 2Koysp.

We again stress that the notation in (2.3) means that there exist K > 0 and 1 > 1 such
that
P (max {| A1 (An) = M (E[An])], Po(An)]} = Ky/5,) < e (080",

A similar theorem can be stated for the transition matrix of the simple random walk.
As observed in Lemma 2.21, degrees are uniformly positive with high probability, so that
the diagonal matrix D,, with entries D,, = D}, for x € [n], where D} is the out-degree
of x, is with high probability invertible. If this is not the case, we can set

1/Df if D >0,

0 otherwise.

Drjl(xvx) = {

Theorem 2.6 (Existence of outlier, random walk). Consider the Chung—Lu model with
Pey as in Bq. (2.1). Let T, = D' A,,. Then

max {[ M (Tn) = M(E[Ta)], Po(T)l} = O (}) .

Theorem 2.7 (Existence of outliers - rank r case). Consider the model where py , is as
in Eq. (2.2). If Assumption 2.4 holds, then

maxc { (INi(4n) = M (B4 )iz, s Pa(A0)| | = Ounz (V0.
In particular there exists a constant Ko > 0 such that w.v.h.p.
2Kosy > )\I(An) > 2 )\T(ATL) > Kosp.

Theorem 2.8 (Gaussian fluctuations, rank-one case). Consider the Chung—Lu model
with pgy as in Eq. (2.1). If If Assumptions 2.4 and 2.1 holds, then

Ve (a4~ Bl (A 6,
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where G is a centered Gaussian random variable with variance

/]R2 ()2~ dp(:ﬁ,af)) </R
(/

Notice the variance in (2.4) is finite, due to the compact support of p.

x*(x->2dp<x+,x->>

2
+

Var (G) = < 5
vz dp(x™, x))

(2.4)

2
+

Theorem 2.9 (Gaussian fluctuations, rank-r case). Consider the model where p,,, is as
in Eq. (2.2). Let f: R* — (0,+00) be the function defined by f(z],z7,...,x ,2,) =
> ke le“;_%;; If Assumptions 2.4 and 2.2 holds, then

2 (i(An) ~ EDs(An)])1jer —— G,

where G = (G;)1<i<r 5 a centered Gaussian random vector with covariances given, for
i,j=1,...,7r, by

/R2T $i+$;f(l’1i, .. ,wf)m}x;dp(xli, .. ,x;t)
+

afxydp(at,. .. xF) o dp(a,. .. zF)
RQT RQT J
+

Cov(Gi, G;) =

2.1.4 Methods

Let us first mention that, since the matrix A, is not symmetric, standard self-adjoint
techniques— such as the Hoffman-Wielandt inequality, which quantifies the impact of
matrix perturbations on the spectrum—do not apply. In order to study the behavior of
A1(Ay), we will consider A,, as a random perturbation of E[A,]. In this non-reversible
setting, we will employ Theorem 2.10, which applies to non-symmetric but diagonalizable
matrices, and which will reduce the problem to establish a bound to the spectral norm
of a given random matrix. To do so, we will employ the so-called high trace method,
which was firstly developed in the context of undirected graphs with independent edges
in Chung and Lu [2002a], Fiiredi and Komlds [1981], and then extended to directed
graph with dependencies in Bordenave [2020], Coste [2021]. This provides a general way
to bound the expectation of sufficiently high (diverging with n) moments of the spectral
norm of the given random matrix. The analysis relies on a combinatorial estimate
involving Catalan numbers and Dyck words.

When the existence of outliers living at the scale s, is established, it is natural to
investigate the fluctuations around the mean. To address this problem, we will follow
the approach of Chakrabarty et al. [2020] and Erdds et al. [2013], writing the maximal
eigenvalue A\1(A) as the solution of a fixed-point equation involving a random series.
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Employing concentration results and high-probability estimates, the series can be writ-
ten, up to lower order terms, as a an additive perturbation of E[A;(A)] by a sum of
independent random variables. These, rescaled by \/% , satisfy Lindeberg CLT, and are
thus responsible for the emergence of Gaussian fluctuations. The same is done for the
rank r model in (2.2), where the object to study is a random vector and there is the
need to circumvent the inapplicability of Hoffmann—Wielandt inequality.

2.2 Analysis of outlier, rank-one case

2.2.1 Perturbation of non-Hermitian matrices

In order to provide a uniform control on the spectrum of a perturbed matrix it is possible
to employ the following theorem, proved in Bauer and Fike [1960]. See also [Coste, 2021,
Th. 4] for a modern formulation. We denote by B(\, €5,) the complex ball of center A € C
and radius &, > 0.

Theorem 2.10 (Bauer—Fike, Bauer and Fike [1960]). Let S, be a n X n matriz such
that S,, = PnDPn_1 for an invertible matrix P, and a diagonal matriz D. Let H, be a
n x n arbitrary matriz and £, = || Py ||| P || Hn |-

(i) Then the spectrum of Sy, + Hy, is contained in the union \J;—_ B(Ai(Sn),€n)-
(i) Moreover, if for I C [n] it holds
U B(Ai(Sn),en) N [ B(Ail(Sn),en) =0,
i€l ielt
then Sy, + Hy, has exactly |I| eigenvalues inside | J;c; B(Ai(Sn),en).
In the rank-one case, the previous statement can be specialized as follows.

Lemma 2.11 ([Coste, 2021, Lemma A.1l]). Let  and y be two vectors of R"™ and
S, = xy”’. Let H, be a real n x n matriz.

(i) The eigenvalues of the matriz Sy, + H,, are contained B(0,e,) UB(y 'z, ¢e,), where

en = 2||?[lyl* (y" =) | Hall;

(ii) If B(0,e,)NB(y 'z, e,) = 0, then there is exactly one eigenvalue of S, + H,, inside
B(yTx,c,) and all the other eigenvalues of S, + H,, are contained in B(0,¢c,).

2.2.2 Existence of the outlier
Consider the real matrix C,, = A, — E[A,], so that A, = E[A,] + C,,. We choose

+ . wg

PN

H,=0C,, © = ./spv" and y = /5,0, where v To prove Theorem 2.5, we

only need to check that
en = 200" P [lv” P ((v) 0 F) 2 Cll = Ovnp(Vsn)-
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Since |[vt|]2||v~]|2((v™)TvT) 2 is bounded, it suffices to control the spectral norm of C,,
as provided by the next proposition.

Proposition 2.12. There exists a constant K1 >0 and n > 1 such that, for large n,
P (||Coll > Kiy/57) < e~ o8,

The proof of this proposition relies on the following lemma.

Lemma 2.13. There exists a constant Ko > 0 such that, for 1 < m < sy,
E[|Cal*™] < 67 (Kasn)™ -

Proof of Proposition 2.12. Taking t such that t>™ = 6n (Kas,)™ (1 + )?™, where ¢ =

¢ . . .
(%)1/ 4 by the 2m-moment Markov inequality we obtain

P(ICAl| 2 1) < B[ Co[27] < e~2mlosie) < o—(os(m)¥/*
t2m

O]

We are left with the proof of Lemma 2.13. To embark on the proof, we make some
notational preliminaries. Since by definition ||C,||? = ||C,,C||, we write

ICaIP™ = M (CaCR)™ = A1((CaCp)™) < Ta((CuCy)™)
= Z Cl"lm C;ck z Cfvsm C; z “'C-'E?mflx?m C; T
o 273 45 2mT1 (2'5)
= Z Cl‘wz CZIJ3I2CI3CL‘4C$5I4 e szm—wzmcﬂﬁlﬂwmv

Z1,22,---,L2m

where the indices x1,...,x2, run from 1 to n. Our aim is to provide a bound on the
expectation of the latter sum. Using the notation e~ = z, e* =y for any e = (x,y) € E,
we can define

P = {p:(el,...,egm) €E2m:e§;1:e;’i, €g; = €9;4q for all i € {1,...,m}},

with the convention that eg,+1 = e1. This set denotes a family of alternating edge-paths.
For instance, if m = 1, elements of P,,, will be of the form ((z1,x2), (z1,22)) for z1,x2 €
[n], while for m = 2 we will have elements of the form ((z1,z2), (x3,x2), (x3,x4), (1, 24))
for x1,x9,x3, x4 € [n], and so on.

Then (2.5) reads

2m
ICa P < > ] Cevt)s
PEPH s=1

where es(p) denotes the s-th edge of p and, if e = (z,y), we set C to be the corresponding
entry of Cy, Cyy. When taking expectation on both sides, we can restrict the sum to the
smaller set of paths having each edge repeated at least twice, because C,, = A,, — E[A4,]
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has independent and centered entries. Let us denote with R,, such subset of P,,. Let
us also denote with ¢(p) the number of distinct edges in p € R,, and with E(p) =
(I é@(p)) the ordered sequence of such distinct edges of p € R,,,. We get

E[[|Ca™] < ZHE[ a1 (2.6)

PERMm s=1

where kq(p) > 2 denotes the multiplicity of é5(p) in p. We are ready to prove Lemma
2.13.

Proof of Lemma 2.13. Given a path p € R,,, consider the sequence of vertices defined
by the following iterative procedure. For j = 0, set 0y = €] . Then, for j =1,...,£4(p):

e set v; = e if the first occurrence of €; in p occupies an odd position;

e set U; = €; otherwise (if the first occurrence of €; in p occupies an even position).

Let V(p) = (Do, - - -, Dyp)). Notice that while E(p) has exactly £(p) distinct edges, V (p)
has exactly ¢(p) + 1 vertices and maybe some of them will be repeated. Let #V (p)
denote the number of distinct vertices in V(p).

In what follows, we want to identify a subfamily of paths in R,, that provides the
main contribution to the sum in (2.6). To this aim, for 1 <p—1 <1 < m, let us define

Rm,l,p = {p € Rm | Z(p) = l,#V(p) :p}7
so that (2.6) becomes

m 1+1 £(p)

Ellca <33 S TIE[ck®]. (2.7)

=1 p= 2p€leps 1

We will show that the sum over Ry, m m+1 will give the leading order for the total sum.

To see it, we first associate to each path p = (e1,...,e2n) € Ry a code ¢(p) =
(c1,. .., c2m) of 2m marks, in the following way. Recall the notation E(p) = (€1, .., éyyp))-
For j=1,...,¢4(p):

e if e; appears for the first time, set ¢; = +;
e if e; appears for the second time, set ¢; = —;
e otherwise, if e; = é;, for some k € [{(p)], set ¢; = k.

We want to count the number of possible codes that can be built with this procedure.
First of all, by definition of ¢(p), notice that there can be at most 2m — 2/(p) marks
different from ”+": their positions can be chosen in at most (sz’;e(p)) ways and each of
them can takes values in a set of /(p) elements. Moreover, notice that, for every j < 2m
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2

the number of marks ”—" up to level j cannot exceed the number of marks ”+” up to
level j. In particular, writing ¢ for ¢(p) for simplicity, the number of such ”+” sequences
(which are called Dyck words) is given by the ¢-th Catalan number

20\ 1 .
= <4t
Ce <£>£+1—

As a consequence, the number of possible meaningful codes is at most

Cy <2WL271L 2£> €2m72€ < 4[(2m£)2m725 < 4mm4(mfﬁ)‘

It is not difficult to see that, for each I = 1,...,m, the paths p in R, ;41 are
in bijection with the corresponding couples (¢(p), V(p)). Indeed, reading a code ¢ it is
possible to completely reconstruct the structure of the path p, and the further knowledge
of a sequence V with distinct vertices will allow to identify the labels of its vertices. This
does not hold anymore for paths in R,,;, with p <[+ 1: in that case, the information
contained in a couple (¢, V') is no more sufficient to determine the order of appearance
for the repetitions of certain subsequences of directed edges. For instance, consider the
couple (¢, V') where

¢ = (+7+7+7+7+7+7+7+7 Ty Ty T s Ty Ty Ty Ty _)7 V = (17273747 175767 77 1) S [n]g

If we try to assign a path p € Ry, to (¢, V), the first 6 edges of the path are unequiv-
ocally determined, but the order of the remaining 6 edges (which will be repetitions of
the first 6) can be chosen in 8 different ways. Two possibilities are, e.g., the sequence

((1,2),(3,2),(3,4),(1,4),(1,5),(6,5),(6,7), (1,7)),
and the sequence
((1,7),(6,7),(6,5),(1,5),(1,2),(3,2),(3,4), (1,4)).

However, we can bound the number of possible permutations of repeated vertices, by
observing that the worst case is achieved when a vertex is repeated in V(p) a number of
I+ 1—p times. Taking into account 2 possible orientations for any meaningful sub—path
(e.g. ((1,2),(3,2),(3,4),(1,4)) or ((1,4),(3,4),(3,2),(1,2)) in the previous example) we
end up with an upper bound of

PP 41— p)l < (21 41— p)) P
possible paths leading to a given couple (¢, V).

At this point, let us observe that, for every k > 2 and z,y € [n], it holds

E[C:?y] =(1- p:r,y)kpm,y + (_pm,y)k(l - pm,y) < Pry-
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Indeed, for k even, we have (1 —py,)* ™1+ (pz)* ™1 < (1 —pry +pry)¥ 1 = 1 which im-
plies (1—pgy)F + (D y) ™ (1 Pa,y) < 1, while for k odd we have (1—p, y)k V< 14pht o
implying (1 — psy)* — px’y Y1 —pyy) < 1.

As a consequence, the contribution of each path with [ distinct edges will be at most
given by pl .., where ppayx = max, ,cn Px,y- Moreover, since the number of sequences V'
with #V = p can be bounded by nPI*+1=P) (p vertices chosen in [n] and the remaining
[ 4+ 1 — p among the first p < 1), we can upper bound (2.7) as follows

m [+1

E[ICa ™ <D D Phuax

=1 p:2 pERm,l,p

I+1 (28)

<> 4mmAmTDN (14 1 — )PP Rl

Since

l l

Z (I+1— z+1 —pppiitl-p < 2l2 le( 2)
21

p=2 p=1
2\l+1 n o\ I+1
<(@)2(55) st

we can bound the Lh.s. of (2.8) by 3-4™ 3" E,.;, where E,,; = mAm=Opl+ipl
Let us now consider the ratio

Em,m o nm_'_lp:gax o (npmax)m_l (2 9)
Em,l mA(m—L(p ))nlJrlpina m4 : :

Since pmax ~ Sn/n by (2.1) and the boundedness of weights, and 1 < m < ¥/s,, the
term in brackets diverges as n grows, we get

m
B[|[Cnl®™ < 3-4™>  Epy < 6-4™Epypn = 6- 4™ pl < 6n(4s,)™,  (2.10)
=1

which concludes the proof of Lemma 2.13. O

Remark 2.14 (Boundedness of weights). Notice that weights must be bounded for the
proof of Lemma 2.13 to hold. In particular, if some some vertices have diverging weights,
then the relevant contribution in the sum over R, , is given by paths involving those
weights, and the uniform asymptotic bound in Eq. (2.10) does not work.

Remark 2.15. Assumption 2./ is crucial in estimating the term in (2.9). If it does not
hold, then the term E.,, ,, does not dominate the others and the asymptotic bound in Eq.
(2.10) does not work.
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2.2.3 Transition matrix

We adapt here the proof of Theorem 2.5 to the transition matrix case.

Proof of Theorem 2.6. Let us consider the transition matrix of the simple random walk
on Gy, T, = D, Ay, In this setting, we consider the matrix C,, = D, (4, — E[A,]),
which is not centered, and we apply Lemma 2.11 with H,, = C,, and the choice of vectors

{D:Si(Dl_lwi’_,,Dglwzr) and y:v,:7(w1—7”"w7)'

Jw

In order to conclude the proof, we need to provide a suitable bound for the radius
~ 2010 112 (01T o\ =21
én =2|lz|"[ly|"(y" =)~ Cul|-

Let us start by analyzing ||Cy,||. Since C,, is not centered, we cannot directly apply the
machinery developed in Subsection 2.2.2. We then define

Ch = (E[Dn]) ! (4y — E[4y)]) = (E[Dn)) ' Cyn.
This matrix is centered and by sub-multiplicativity, it holds
ICr = Coll = (D" = (EBIDR) M) Cull < 1D, = (B[Dn]) | Conll

Thanks to the above analysis (Proposition 2.12) it holds ||Cy|| = Oy.n.p(y/5n)-
By Lemma 2.21, there exists 7 > 4/3 such that

P | max
zeV

Recalling that E[D}] = ws,, this implies that [|[D;1 — (E[D,])7|| = Opnp(sn™’).
Then

1 1

D, wy Sn,

_4
3

> 2sp,

>§wﬂ4%WW

Hén - 6n” = Ov.h.IP’(SfLE)/(;) = Ov.h.P(Srfl/Z)'

Then we can repeat the procedure of Subsection 2.2.2 to the centered matrix C,, and
get that N o B
1Cull < 11Co = Cull + ICull = Ounpls ).

It remains to bound the other terms appearing in the definition of &,. Notice that
x is a random vector and hence the same holds for the unique non-zero eigenvalue of
S = y(x)”, which is

w, wts,
Al(S):mi:Z y =2

Jr
zeV w Dq
However,
w, [ wls w, |wTs *s
IA1(S) —1| = E | gE 22 1] <max |2 —1
w D+ w D+ v + ’
z€V x x€V x e x

55



Chapter 2. Spectral properties of the directed Chung—Lu graph

_1
where the first inequality is by convexity, and the last term is O, pp(sn?) thanks to

Lemma 2.21. Then

IAL(S)? =1 < [A(S) = 1] - A (S) + 1] < [A(S) = 1] - (2 + M () = 1),

_1
and we conclude that |\1(S)% — 1| = O, p.p(5,?). Moreover

+ 2 + 2
||£B||2: Zi wxin < ﬁmax wxin
w \ Dj w zeV \ D

zeV

n w
§<1+max

1

which yields ||z||?> = O,.,p(1), again by Lemma 2.21. Then, it holds &, = O, pp(sn ?).
Thus, w.v.h.p. , it holds B(0,&,) N B(A1(S),é,) = 0, and, applying Lemma 2.11(ii),
there exists a unique eigenvalue of P around 1, which is 1 itself; the other eigenvalues
are contained in B(0,&,). This completes the proof of Theorem 2.6. O

2.2.4 Fluctuations around the mean

For notational convenience let A = A\;(A4,,) and let v denote a corresponding unit eigen-
vector. It holds A,v = Cpv + E[A,]v = Av, and pre-multiplying by v7,
v Cpo + v E[AL]v = A

By Theorem 2.5, X is of order s, w.v.h.p. and, due to Proposition 2.12, vT'C,,v has lower
order (it holds ||Cy|| = Oynp(y/3n)). We get that vTE[A,]v/s, = v (v)(v™)Tv does
not vanish w.v.h.p., and so does (v~)Tv. Moreover, there exists 7 > 1 and K > 0, such
that the event {||C,| > K,/s,} has probability at most exp(—log(n)"), and thus the
matrix I, — % is w.v.h.p. invertible, so that w.v.h.p. the following display holds:

(M, — Co)v = E[A,]v

-1
= = <In — Cn) E[A,]v

A
400 C k
= M= =) E[A,]v
z;o< A ) (2.11)
+oo k
— Ao =3 ()" (i") E[A,]v
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Since (v™)Tv # 0, w.v.h.p. we end up with

A= snio(v—)T (i")kw.

k=0

Let L = [log(n)]. We have that, w.v.h.p.

A =s,(v) ot + sn(v_)T%er +RY + R® 4+ R®) (2.12)
where
+00 C k
R — ¢, Z (v)T <)\"> v, (high exponent)
k=L+1
L k
R® — s, Z(U*)T (W) v, (centering)
k=2
L k
R® — s, Z(U—)T <]E[>\C"]> v, (main contribution)
k=2

We are going to show that the only relevant term is the third one, being the other
two negligible. For what concerns RM | thanks to Proposition 2.12 and Theorem 2.5,
w.v.h.p. it holds

+o00 _ 4 k +00 K 1/2 k
W< T o [l [IIW* 150 _ ) (o log(n)/3
|R ’ —_ Sn )\k = Z Kosn O <5n ) .
k=log(n)+1 k=log(n)+1

To estimate R(?), applying Lemma 2.25 and Theorem 2.5, w.v.h.p.

k
\R(2)|Ssni<8711/210g(n>£/4> < 1 )k_ Sn o <10g(n)§/4>k:o< 10g(n)5>.

1/2 T oa1/2 1/2
k=2 n Kosy n k=2 Kosy n

Combining the above two estimates, we have

L k
A= 0 50 3007 () 40, ( 1°g£”)€> 213)

A
k=2

It would be tempting to think that R®) behaves as R and R®, but it turns out that
the term s,,(v~)7v* alone does not provide an estimate of E[\], which has to be given in
terms of the entire sum over k € {0,..., L} as Lemma 2.16 and Lemma 2.17 will show.
To get this, consider the fixed point equation

log(n) , _\p R log(n) , _\p R

(v E[Wr]v T (v E[Wr]v
— = 5, —nd — g T4, § —— (2.4
x = h(x) sko o sp(v7) v s]€2 o (2.14)
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For fixed n, h : (0,+00) — (0,+00) is decreasing as x grows, so that there exists a
unique solution \. Moreover choosing x = ts,, for t € (0 + o), and using Lemma 2.24,
we get that

log(n)

W(tsn) _ by E: 44)f@llfL4,_(v*ﬂkﬁ(1+wiln,

Sn, tsn

so that we conclude that A = (v)Tvts, (1 + o(1)).
Lemma 2.16. In the present setting, it holds

~ T+
)\_)\—Snw‘i‘ov.h.]}”( Sn>
A n

Proof. Combining (2.13) with the definition of A we get

_ log(n)
3 _ (’U )TCnU+ 1 1 _\T k1. + log(n)f
oA T e 0 (G ) (O EIT O ()

By Theorem 2.5 it holds

k=1 Yj\k—j
1 I Zj:1 NN Y k

so that, applying Lemma 2.24, it results

log(n) log(n
1 1 _ ~
Sn kz_o (/\k - 5\k> () TEW T <A = A Opnp kz i - (K ysp)*?

A=)
:Ov.h.P<| |>,
Sn

(2.16)
log(n) k/2
where we used that ), " k/s,/~ = O(1/s,). As a consequence,
- oyt — ) 1 ¢
A-A:%w);w’+omy<M8M>+omp<%y)>. (2.17)

By Lemma 2.23 and Theorem 2.5 it holds snw = Opnp(y/%). Then, Eq. (2.17)
implies
A=A = Opnp (\/ b;:) : (2.18)
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Consequently, we can omit the second addend in the r.h.s. of Eq. (2.17) and get the

more precise estimate
_ - TC +
A— X = sn(”)A”” ¥ Oy P (, /3;:) . (2.19)

Reasoning as in (2.15), and thanks to (2.18), we also have

‘(1 . %) (07 Cut*| = opnp(A = Al) = 0 ( \/:)

AA
Then, we can change the A in the denominator of (2.19) to A. This proves Lemma
2.16. O

Lemma 2.17. It holds E]\] — A= o (V).

Proof. Let R:= X — X — s,(v™)T%0F. By equation (2.19) there exists 5 > 1 such that,

for any 6 > 0, it holds
1
- - +\2])\ 2 n
E[|R]] <5\/§+ (E (A_)\_SnvC:nv> ])exp (_(log(n))> :0( 5") .
n X 2 -
Since |[E[A\] — A| = |E[R]| < E[|R|], we conclude. 0

>

We are ready to prove the main theorem.

Proof of Theorem 2.8. Thanks to Lemma 2.16 and Lemma 2.17, it holds

(v)TCp™

\/Z () ~ ED(A]) = viisa L o p(0)

The first term of the r.h.s. is a sum of independent random variables satisfying the
hypotheses of Lindeberg CLT. To identify the variance we just need to compute

(v_)TC’nv+> nSp _\2 9 4
Var (w/nsn - = — (07 )2 (0?0 vy 80 (1 = pay),
A (g v vz sn)?(1+ 0(1) x,%m v '

N (3 Zoer (VB WVEWD) (3 e (VB0 Bw)?)
(2 Sep /B0 (Ews))

(2.20)

Using the hypothesis, the sums converge to integrals and we get (2.4). O
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2.3 Analysis of outliers, higher-rank case

2.3.1 Existence of outliers

For the model defined in (2.2), Proposition 2.12 and Lemma 2.13 still hold, with the
according definition of C),. To establish Theorem 2.7, we just need to adapt the Bauer—
Fike step, by employing directly Theorem 2.10, with the choice S,, = E[4,]. We need
to show that

en = | PllIPT ICll = O np(VEn),

where P, is a diagonalizing change of basis for E[A,]. In this setting, the change of basis
P can be chosen to be

Po=(v],...,vf eri1y. .0 en),
where (e)r+1<i<n is an orthonormal basis of Span(vl_,...,v;)l. P, is not an or-
thogonal matrix, but it holds ||P,||p = /n. Moreover, considering the matrix X,, =
(V1 5., Uy, €rg1, ..., €p), We have that X P, is lower triangular with unit determinant,
so that det(P,) = det(X,)~!. It holds
1 2
max dist(v;",v;)? = = - max <\/ﬁv_(:):) — \/ﬁv_(m)) ,
i,j<r L nowisr ! J
re|n

and the L.h.s. is uniformly bounded, thanks to Assumption 2.2 (3). Then

r—1

det(Xy) = [ [ dist(v; 4, V) = O(1).
=0

We have the bound (which is the main contribution in Guggenheimer et al. [1995])

P, P, b < = 2| det(X,)|.

Then, by Proposition 2.12 we conclude &, = O, p.p(\/Sn)-

2.3.2 Fluctuations around the mean

Let us fix [ € {1,...,r}. To simplify the notation, let \; = A\;(A4,,). We also consider the
r X r matrix with entries

. _ G\~ .
Vn(Z,]) = Sp HzHJ(UZ )T (In — )\l> U]J-r 1{||W||<>\l} 1,7 = 1, ey T (2.21)

Notice that, thanks to Theorem 2.9 and by the conditions on (v;");<y, it holds that

Vi = s Diag(0r,-..6) (14 0unr (151
l

that is, V, is a perturbation of a diagonal matrix and it is diagonalizable (say, because
it is with high probability strictly dominant). Precisely, the outliers of A, provide all
the eigenvalues of V,,, as the following lemma states.
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Lemma 2.18. With very high probability it holds \j(Ay) = N (Vy,).

Proof. Let v be a right unit eigenvector of A, corresponding to the eigenvalue A\; =
)‘l(An)’

ANv = Cpho + sy, Z va;r(U;)Tv. (2.22)
j=1

Reasoning as in (2.11), w.v.h.p. it holds

o\ _
AU = <In — >\l) Sn Zij;'(vj )Tv,

J=1

so that, pre-multiplying by v/0;(v; )T, for i = 1,...,7, and recalling the definition (2.21),

we have
T

Al m(v;)TU:ZVn(i,j)ﬁ(v;)Tv, i=1,...,r
=1
Calling u* = (VB (v) v, ..., V0, (vF)Tv)T, we have u~ that is a candidate eigenvector

of eigenvalues \; for V,,. We just have to show that it is not the null vector. Pre-
multiplying (2.22) by v” it holds

<

N =0 Chv+ sputu.

Since \; is of order s, w.v.h.p. and vTC,v has lower order (thanks to Proposition 2.12
it holds ||Cp|| = Oy.np(y/5n)), we deduce that u~ has at least one non-vanishing entry.
This shows that A\;(A,,) € Sp(V,,). To have the thesis, it suffices to employ Gerschgorin
Theorem ([Varga, 2004, Theorem 1.6] or [Chakrabarty et al., 2020, Fact 5.1]) as in
[Chakrabarty et al., 2020, Lemma 5.2], after having noticed that A4, does not need to
be symmetric. O

Let us rewrite V,, as the following sum

+oo
Vn = Z Vk,n;
k=0
where for every k € N, V}, ,, is the matrix with entries
SN —\T k., + C o
Vk,n(lvj) = Sn 026](1} ) (Cn) U, 1,] = 1’ cee, T

The decomposition (2.12) needs to be adapted to the r-dimensional context. This will
be the aim of the next Lemmata. Let us consider the following fixed point equation

L
x = hy(x) =X\ (Z E[Z:’”]> :

k=0
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which generalizes the one in (2.14). Letting x = ts,, for t € (0,400), by Lemma 2.24 it

holds
L

Z

k=

2
< Z tsn) R (Kys,)/2H = <I§1> (14 0(s~/2)).

As a consequence, by definition of V; ,, and the properties of (vii)ig,

L
su' Y (tsn) "E[Vin] = Diag(6s,...,6,)(1 + o(1)).
k=0

In particular hy(ts,) = 6;s,(1 + o(1)). From this follows that, for ¢ < 6; and large n it
holds ts,, < hy(tsy), and the converse for ¢t > 6;. Thus, the equation must have a solution
A living at the scale sy,.

Lemma 2.19. In the present setting, it holds

Y V n n
AN =X =0unp (HlH + 8) ,
Sn, V' n

Proof. Let Sq(zo) = V,,. Thanks to (2.21), this matrix is is with high probability diagonal-
izable and the entries of its eigenvectors turn to be approximated, up to a multiplicative
error 140, 5.p (||Crl|/A) of the ones of Diag(61,...,0,), which are given by the canonical
basis. as a consequence eigenvectors of 57(10) are approximately orthogonal. Let now
L = [log(n)] and consider the following r x r matrices:

L
S — Zkan7
im0

5722) = Vbn

It is not difficult to see that for £ = 1,2,3, the same diagonal approximation holds
and Sff) is a random perturbation of the matrix Sff_l). Then it is possible to apply
sequentially Theorem 2.10 with the choices H,(f) = 5’7(1@ — Sff_l) and get that with high
probability

M) = NSO < IO T IHIESL,

where P\ has as columns the (unit) eigenvectors of SV, Because of the bound

(©) n
1EOEO) < — 2 (1P e ) oy
| det(PLY)] N
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(which comes from Guggenheimer et al. [1995]) we get that
A= Nl = NS = NS < 21 EV N+ I1ED | + [ HP ).

Hence, it is sufficient to bound the l.h.s. to prove the thesis. ||H,§1)|| is bounded in the
(2)

same way as M) was bounded in the rank-one case. To bound ||Hy,
observe that

||, it is sufficient to

L

L
H%WSEMWm—H%M<&meN%wﬁ E[Vin (2, 9],
k=2 ’—k2

and then employ Lemma 2.25 to bound the terms in the r.h.s. of the above display,
uniformly in 4, j. Finally, to bound HHr(L?’) ||, notice that

L
Vln 1 1
—’—i—g EVinl | = — = . 2.23
I Vel (Af Af)H 22

Reasoning as in the proof of Lemma 2.16, we can bound the r.h.s. of (2.23) by

1) =

Sk LA

Ak K

)

L
N Vi + = XD IE Vel
k=2

which in the fashion of (2.16) and thanks to Theorem 2.7, needed to estimate the first
term, implies that

Wi 5 _
IHP|| = Oypnp (W) + [N = N|Opnp(sn ).
n
Putting all estimates together we get,

Sn

A = N|(1+ Opnp(syt) = Opnp <”V1"H + ) ,

Sn n
which concludes the proof of Lemma 2.19. O

Finally, we can refine the previous result to the following one, which is analogous to
Lemma 2.16.

Lemma 2.20. In the present setting, it holds

- To,ut Vin n
N— N = Snglu 4 Oy (M + S> )

! Sn n

Proof. Let us apply again the Bauer-Fike approach with the choice, for the third step,

L
= Vn EVinl  Vig
9 =By y Eam _ n g0
— )\ Al

0
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where 57(13) as in the previous proof. We get that

L
A=\ (VI,n +Z E[Yk,n])' _ ‘Al(sqgo)) - Al(§£3))‘

e Y
i Vi n Sn
= opnp(IN = Ail) = 0pnp <”81” + \/Z) 7

where the first asymptotic estimate can be obtained reasoning as in (2.16), and the
second one follows from Lemma 2.19. Let us now consider the matrices

H =28 - 531 11,

i1 = 9 = D (g - Vel
)\l >\l

obtained adding and subtracting to §7(13) and §T(L3) — V)l\l" multiples of the identity (we

highlight that Vi, (I,1) = sn0,(v; )T Cpv}t is the (I,1) entry of Vi,). Since this just
translate eigenvalues, it follows

. L Vil - .
M(E®) = N + 8O = n(i) + Dl oy <s£f> - ) — (),

Al
which means, recalling that §7(L3) — V)IT" = 57(13) and )\ (S,(L?))) = S\l,

L
Vin ElVin ~ Via(ll - -
)\l< Sy [NZ’ ]) :Al+1’>\( ) \(1) = N (0).
Y !
To conclude the proof of the lemma, we need to show
N(H) = N(M)| = 0yp (W) :

n

This follows reasoning as in the proof of [Chakrabarty et al., 2020, Lemma 5.8|, where
the same kind of estimate is shown, after having noticed that symmetry is not used. [

The obvious analogous of Lemma 2.17, and some computations as in (2.20), provide
what remains to prove Theorem 2.9.

2.4 Inequalities and lemmata

2.4.1 Concentration results

We recall that, being D, a sum of Bernoulli random variables, the following inequalities
hold (see for example [van der Hofstad, 2016, Prop. 2.21]):

2

P(Dy > E[DF]+1) < exp <—2(E[D;] - t/3)> , (2.24)
2

P(DF < E[DF] —t) < exp <—2EFD$]> . (2.25)
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2
Choosing t = s; in (2.24) and (2.25), thanks to due to Assumption 2.4, we get for

example

2 1
]P’(ma&( |Dy —ws,| > si) < 2nexp (—s%) =0 (eilog(”)”) ,
S

for some n > %. Choosing t = mE[D]] in (2.24) and (2.25), we get

P(D}ZW) = (‘ngz[Dﬂ)’
m2 +
P(z%ﬂwm) = o (‘M)'

1

Taking m = s, ®, since (1 £m)~! = 1 Fm + o(m), the following lemma holds.

Lemma 2.21. There exists n > % such that,

1
+ 1 3
wrs _1 cs
ern —1>25,% ) <2nexp | ——
D 3

P | max
zeV

2.4.2 Useful lemmata
Lemma 2.22. Var((v™)TCpv™) = O(s,/n).

Proof. By direct computation

w)2 (w2 n
Var((v™)"Cpot) = Var((v™)TAvT) = > Mpx,ya —Pay) =0 <snw

x?y

Lemma 2.23. |(v™)TCro™| = Op (1/32).

Proof. 1t holds

Lemma 2.24. There exists a constant K1 < 400 such that, for 2 < k < L,
‘E [(v—)Tq’wH < (Kysn)/2.

Moreover,
(U_)TCHU+ = Ov.h.P(Sn)'
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Proof. By Proposition 2.12, there exists K > 0 and n > 1 such that for the event
A= {||Cp|l < C/3p} it holds P(AC) < e~(0s(m)”  Then

’E [(v*)TCf,ffuﬂ ’ < ’E [(v*)TCf,varlA] ’ + ‘IE [(U*)TC’,’ﬁﬁlAg] ’ .
The first addend can be estimated by |E|v™||[|vT||||Cyll] = Kist/%. For the second

addend, noticing that ((1F)TC’,]§U+)2 cannot exceed a power of n, say k¢ for C' > 0,
by Cauchy—Schwartz,

‘E [(v_)TC'Sv"’lAB} ‘ < (]E [((U_)TCfLU‘*)Q] ) 3 . (Ac)é
< nkC' /2 ,—(log(n))"/2 _ o(1).

To prove (2.26), recalling that C,, = A,, — E[4,,], Hoeffding inequality can be employed
to have that, for every € > 0, it holds
> 6Sn>

(PR e
<9 2252
exp | — .
= 2P n2((max, wi — ming wi)/w)?

z,y€[n] z,y€(n]
Since weights are bounded, the r.h.s. is at most O(exp(—2¢2(log(n)))). O

Lemma 2.25. There exists n > 1 such that

Tk, + —\T ik, + k/2,—-1/2 kg/a) —(log(n))"
2I§Hka§XLP<‘(U ) CrvT —E[(v7) Chv ]‘ > sp/“n” "/ log(n) ) =0 <e )

Proof. The proof of this result comes by showing that it holds
kp
Bllw)T (cf ~ BICk) o*|] < (Kkp)vsi

where p == %. This high moment estimate is obtained adapting [Erdds et al., 2013,
Lemma 6.5] to the inhomogeneous setting as in [Chakrabarty et al., 2020, Lemma 4.3]
and observing that in our non-reversible setting the entries of the matrix are truly
independent, so that there is no need to decompose C}, in a sum of a upper and lower

triangular matrix. O

2.5 A conjecture on the bulk

In this section, we present a non-rigorous discussion on the spectrum of the Chung—Lu
digraph. In particular, we present and motivate a conjecture regarding the limiting
empirical spectral distribution (ESD) of its adjacency matrix. We recall that the ESD
of a n x n matrix M,, is defined as

n

1
Kty = ;‘SAi(Mn)-
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The circular law. As mentioned, the eigenvalues of non-Hermitian (not symmetric)
matrices spread out in the complex plane. In the 1950s, matrices of size n and with i.i.d.
centered entries with variance 1/n, have been conjectured to satisfy a limiting circular
law, meaning that the eigenvalues become uniformly distributed in the unit disk, as n
grows (see the survey Bordenave and Chafai [2012]). After many other contributions,
in Tao and Vu [2010], the circular law was established for ﬁBn, where B,, is a dense
n X n matrix with i.i.d. entries and bounded second moments.

The argument of Tao and Vu [2010] is articulated as follows. The first ingredient is a
general replacement principle that ensures that the limiting ESD does not depend on the
specific law of matrix entries. Since the circular law for Gaussian matrices was proved
in Mehta [1967], this leads to a universal statement. The replacement principle can be
applied provided that the function log(-) is integrable w.r.t. the empirical singular value
distribution of the shifted matrices ﬁBn — zI,, for z € C. To prove it, a bound on the
smallest singular value of the matrix is needed, together with a control on the cumulative
contribution of small singular values. Finally, the limit for the empirical singular value
distribution of %Bn — zI, is studied.

In a sequence of works, the analysis has also been extended to sparser matrices with
entries of the form 6,,X,,, where X,, are i.i.d. centered random variables with unit
variance, and 0, are i.i.d. Bernoulli random variables with parameter p, < 1 such
that npy, > 1 Basak and Rudelson [2019], G6tze and Tikhomirov [2010], Rudelson and
Tikhomirov [2019], Tao and Vu [2008]. The sparse case, with p, of order 1/n, has been
recently considered, and it has been shown that, in that case, an atom at the origin
arises Sah et al. [2025].

Beyond the i.i.d. case, in Tao and Vu [2008] and Tao and Vu [2010], matrices whose
entries are independent but not identically distributed were also considered, extending
part of the estimates of least singular values (and the consequent universal results) to an
inhomogeneous setting. Moreover, matrices with various dependency structures or vari-
ance profiles often still exhibit a circular-type limiting distribution. For example, when
row sums are constrained (random stochastic matrices), the eigenvalue cloud remains
circular under suitable conditions, as shown in Bordenave et al. [2012]. In Bordenave
et al. [2014] the limiting ESD of the random walk generator of a sparse directed random
graph is characterized. In Litvak et al. [2021] the circular law is proved for the adjacency
matrix of a sparse regular random directed graph.

The framework that we considered in the previous sections corresponds to a non-
centered, inhomogeneous and (weakly) sparse setting where average degrees scale as
log(n)* < s, = ppn < n. Here the determination of the limiting behavior of the ESD
for some rescaling of the matrix is a difficult and technical problem. Surprisingly, in the
aforementioned work Basak and Rudelson [2019], the techniques from Tao and Vu [2010]
could be employed and extended to a matrix with non i.i.d. and non-centered entries.
In particular, the circular law has been shown to hold for the adjacency matrix of a
sparse directed Erdés-Rényi graph with connection probability p, > log(n)?/n, as the
following theorem states.
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Theorem 2.26 ([Basak and Rudelson, 2019, Thm. 1.7]). Let A, be the adjacency
matriz of a directed Erdds—Rényi graph, with connection probability p, € (0,1). It
Pn = min{p,, 1 — p,} and np, > log(n)? then, as n — +oo, the ESD of the rescaled
matriz (np,(1 —pn))féAn converges weakly in probability to the circular distribution.
Moreover, there exists ¢ > 0 such that, if np, > exp(cy/log(n)) the convergence is
almost sure.

Remark 2.27. The assumption np, > log(n)?, implied by Assumption 2.4 has been
shown to be technical, and in Rudelson and Tikhomirov [2019] the circular law has been
proved to hold whenever np,, diverges. In this more general setting, the matrix has many
zero row and columns with constant (non-zero) probability. This requires deeper analysis
than the one in Basak and Rudelson [2019)].

Notice that their construction of the Erd6s—Rényi digraph is slightly different, since
it does not allow self-loops. We are convinced that the approach developed in Tao and
Vu [2010] and Basak and Rudelson [2019] to study small singular values can be extended
to our random matrices. For this reason, following Theorem 2.26, we conjecture that the
limiting ESD of (s,)~'/24,, is equal to the one of the random matrix n~'/2D}Y, D;,,
where Y,, is a nx n i.i.d. standard Gaussian array and DI are the n xn diagonal matrices
containing the vectors (%)_1/ 4(w*)~1/2. Notice that this choice centers the entries and
modifies their variance from p; (1 — py ) to the asymptotically equivalent p, ,.

Free probability. Before stating our precise conjecture, we introduce the notion of
non-commutative probability space and free independence, which will provide the nec-
essary notation. See Mingo and Speicher [2017] for an introduction to the topic.

Definition 2.28 (Non-commutative probability space). A pair (A, ) consisting of a
unital algebra A and a linear functional ¢ : A — C with (1) = 1 is said to be a
non-commutative probability space. An element of a € A is called random variable,
and a probability distribution p, is said to be the law of a if it is the unique probability
distribution pg on R such that, for any k € N,

/ * dpa(t) = p(a®).
R

Definition 2.29 (Free and asymptotically free independence). Let (A, ) be a non-
commutative probability space. Given a family (a;)icr C A, its elements are said to be
free (or freely independent) if it holds

o((ai, — @(ai)1)(ai, — (ai,)1) -+ (ai, —¢(ai,)1)) =0,, Vk € N, Viy,ig,... i € 1.

Given a family of n x n random matrices (My, ;)icr, its elements are said to be asymp-
totically free if there exists a non-commutative probability space (A, @) and a family of
free operators (a;)ier € A such that

. 1 o )
lim — Tr(Myi Mpy - My i,) = o(ai ai, -+ - ai,, ), Vk € N, Viy,ig,...,10 € 1.

n—+oo N
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Definition 2.30 (Free sums and products). If My 1 and M, 2 are asymptotically free
random matrices with limiting ESD p1 and po respectively, and a1 and as denote the
corresponding free operators in a non-commutative probability space (A, p), the free ad-
ditive convolution p1 B pe of p1 and pe is defined as the law of a1 + az. Analogously,
the free multiplicative convolution uy X s, is defined as the law of aias.

The conjecture. Given a random matrix B,, consider, for z € C, the symmetrized

matrix
0 B, — zI,
<B;; —zI, 0 > ’ (2.27)

and call fp, . its ESD. It has been shown (see [Bordenave and Chafai, 2012, Lemma 4.3]
and [Kosters and Tikhomirov, 2018, Theorem 2.1]) that, under suitable hypotheses, the
determination of a limit 6, for the 0p, ., for every z € C, is sufficient to reconstruct the
limit of pup,. It will be indeed given by the unique probability distribution p such that,
for every z € C,

[10g1¢ ~ 2l du(c) = [ 1og]alds. (a),
We can prove the following result, which can be used to determine 6, in our setting.
Proposition 2.31. Let p .= denote the weak limits of the empirical distributions

1
w2 Sy

z€[n]

If p v = Pyp= = Pyw: then, for every z € C, the matrices

Df 0 0 =Y, 0 -z,
< 0 D) ’ <1Y* fo , and . ’
n \/ﬁ n —ZIn 0

are asymptotically free.

For the sake of brevity, we omit the proof of this proposition, which is based on the bi-
unitary invariance of Gaussian matrices, and we refer to [Gotze et al., 2015, Proposition
5.8] for further details. We only recall that a random matrix M,, is bi-unitary invariant
if the joint distribution of the entries of M,, and those of U, M,,V,, are the same for every
choice of unitary matrices U, and V,.

The symmetrized version (2.27) of n~Y/2D"Y;, D, is given by

Df 0 0 n~12Y,\ (D} 0 (0
0 D) \n 2y 0 0 D, —zI, 0 )°

Moreover, the symmetrized version of n_%Yn has a semicircular limit (by standard facts
on Wishart matrices, see again Mingo and Speicher [2017]), and the one of —zI,, has
eigenvalues +|z|. Then, we are finally ready to state the conjecture, which corresponds
to a non-Hermitian counterpart of Proposition 5.2 in Chakrabarty et al. [2021].
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Conjecture 2.32. Let p /= denote the weak limits of the empirical distributions

1
n 2 0yE
z€[n] w
If Pyt = Pg= = Pyuw: then u\/%An converges weakly in probability to a limit u, which

is the unique probability measure on C such that, for all z € C,

[ ozic = 21du(0) = [ toxlal d[p s B 5B p s B 4 (01 + 6) o).

where s is the semicircular distribution with density ds(x) = i\/él — 221 [_g 9)(x)dz,
while B and X respectively denote free additive and multiplicative convolutions of prob-
ability distributions (see Def. 2.30).

Remark 2.33. The probability distributions p .+ and p ;— are well defined. Indeed,
given the convergence in Assumption 2.1, it is possible to deduce the convergence of other
empirical distributions related to the bi-weight distribution (w;,w, )aeln]- For instance,
projecting onto the first or second component, we obtain the two marginals, and taking
square roots, by the continuous mapping theorem, we get that the distributions p, s+ can
be expressed as a push-forward of p. In the homogeneous case, we recover the circular
law in Theorem 2.20.
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Mixing time of random walks

on random directed graphs
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Introduction to Part 11

The study of stochastic processes evolving on a random structure is fundamental for the
understanding of many real-world systems that are characterized by intrinsic random-
ness. The latter can be due to the presence of many microscopical forces, noisy channels,
impurity of materials and media, or the unpredictability of human behavior. Random
graphs endow with a source of randomness the interaction networks where agents can
flow, exchange information and update according to probabilistic rules, so that random-
ness is encoded in two steps. The first step of randomness is given by the environment,
whose associated probability measure is denoted by P. The second step is given by
the dynamics, which depends on the specific instance of G. We will denote by P% the
quenched distribution associated with the dynamics. Given the discrete nature of the
state space, the simplest and probably most effective way of describing some random
dynamics is a Markov chain. Let us briefly mention that a different but related line of
research is related to random walks in random environment, meaning random walks on
a deterministic lattice, which evolve according to random transition probabilities. These
are in turn given by weights, which form the environment. See Zeitouni [2004].

Markov chains on random graphs

The state space for the Markov dynamics can be chosen to be the vertex set of the graph
or something more complex, such as the set of binary spin configurations supported on
the graph. This choice has been particularly fruitful in the context of mathematical
statistical physics (see Durrett [2007], van der Hofstad [2025]). Classical spin systems
are defined on lattices and the most studied models in this class, introduced, e.g., in
Liggett [1985, 1999], are the stochastic Ising model, the contact process and the voter
model. The dynamics is usually given by exponential clocks attached to each particle
(or spin), and the state of the spin is modified, according to some random rule, as the
clock rings. The main questions are concerned with the characterization of the evolution
towards the equilibrium, the determination of metastable timescales, phase transitions
and, for the finite random graph formulation, understanding the link with the model on
infinite and deterministic trees. We will now mention some contributions in this area,
with no aim of being exhaustive, since the literature on this topic is extremely vast.

For the Ising model, introduced to study ferro-magnetic interactions, the update rule
is given through an acceptance-rejection scheme, depending on the energy gain of the
transition. Besides contributions in the analysis of the static model, such as Dembo
and Montanari [2010], we mention Dommers [2017], Dommers et al. [2017], Bovier et al.
[2021] and den Hollander and Jovanovski [2021] for achievements on sparse graphs.

In the contact process, which describes the evolution of an infectious disease, active
vertices spread an infection and recover from it at certain rates. We mention Mourrat
and Valesin [2016] and Bhamidi et al. [2021], where phase transitions for the model on
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sparse random graphs are determined, and Chatterjee and Durrett [2009], Mountford
et al. [2013], for achievements in a power-law setting.

In the voter model, which describes opinion dynamics, the selected vertex updates its
state adopting the one of a random neighbor. The quantity of interest is the consensus
time at which all spins are aligned. In Cooper et al. [2009/10] a sparse regular graph is
studied, while in Fernley and Ortgiese [2023] and Hermon et al. [2022] more general mod-
els are considered. See Avena et al. [2024] and Capannoli [2025] for recent achievements
in the directed setting, which is of our interest.

Random walks represent a simple yet interesting model for diffusion phenomena and
real-world applications (e.g., the Web-indexing PageRank algorithm Page et al. [1999]).
Moreover, they constitute a fundamental brick before passing to more complicated dy-
namics. In this regard, it is worth mentioning that, under suitable hypotheses, the
coalescing time of a system of independent random walks can be used to determine
a first-order asymptotics for the consensus time in the voter model, as established in
Oliveira [2012]. Indeed, the graphical representation of the model reveals that its dual is
given by a system of coalescing walkers. Quantities of interest for random walks are, e.g.,
cover, meeting and mixing times. Part II will be devoted to the mixing time, which we
are going to introduce in the following paragraph. As it will be soon clear, its asymptotic
behavior can undergo a phase transition, called cutoff.

Mixing times of Markov chains

Given a finite state space Markov chain it is classical that, under irreducibility conditions,
there exists a unique equilibrium distribution 7, independent of the initial state, towards
which the dynamics evolves. In this framework a fundamental question concerns the time
needed to converge to the equilibrium, namely the mixing time. Given a discrete time
Markov chain with ¢-step transition kernel P¢(-,-), and a distance d(-,-) for probability
distributions, for € > 0, the e-mixing time is defined as

tmix () = inf{t > 0: maxd(P'(z,-),n) < ¢},
z€[n)

that is the minimal time at which the distribution of the chain is e-near to the equilib-
rium. If the distance is convex, the maximum can be taken over all initial distributions.
An interesting case is given by the total variation distance || - ||y, which corresponds
to a L! distance. Besides a theoretical interest, providing estimates for the mixing time
can be very useful from an applicative perspective, motivated for instance, by Monte
Carlo simulations.

Estimates on the mixing time can be derived in several ways. The relaxation time of
the chain, given by the inverse of the second least eigenvalue of the infinitesimal generator
of the chain can be used to derive exponential contraction of the total variation distance
and provide an upper bound on the mixing time. In discrete time, the generator is given
by I — P, where P denotes the transition matrix. In this setting, the quantity of interest
is instead the least eigenvalue modulus, up to pass to the lazy version the chain with
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transition matrix (P + I)/2. Other approaches include the estimate Cheeger constants
and logarithmic Sobolev inequalities. See Levin and Peres [2017] for an introduction on
the topic. All these techniques work well in the reversible setting, where the state space
of the process can be endowed with a Hilbert space structure. This is not the case for
non-reversible Chains, even though recent advances show that it is possible to define a
relaxation time in such a way that certain bounds are preserved Chatterjee [2025].

There is a strong interest in studying how the distance to equilibrium decays in time
and, in particular, in characterizing the precise shape of its graph as the size of the
system grows. I,f under proper rescaling of time, a limit object exists, it is referred to as
a limit profile. A remarkable limit profile is achieved when the process has a fast mixing.
A process is said to exhibit cutoff if for every € > 0,

tmix
lim ()

—— =1.
n——+00 tmix(l — 6)

In a few words, this means that the decay of its distance to equilibrium takes place in
an abrupt manner: there exists some ¢ (which depends on the size of the system) such
that, for any € > 0, at time (1 —¢)t its distribution is arbitrarily far from the equilibrium
one, while at time (1 +¢)t it is arbitrarily near. In this sense, the “parameter” inducing
the phase transition here is time, and for this reason it is often said that this is an
example of a dynamical phase transition. This limit behavior was studied in the context
of random transpositions by Diaconis and Shahshahani [1981] and for random walks on
the hypercube by Aldous [1983], and later again by Aldous and Diaconis [1986], Diaconis
[1996], and Diaconis and Saloff-Coste [1996] in the context of card shuffling.

More recently, this topic has received a renovated interest and the occurrence of the
cutoff has been proved for several models. For what concerns random walks on random
graphs, to which the following sections will be devoted, we first refer to the seminal work
Lubetzky and Sly [2010]. We also mention birth and death chains Ding et al. [2010], the
Ising model on the lattice Lubetzky and Sly [2013], the exclusion process on segment
and circles Lacoin [2016a,b], and the averaging process on complete and bipartite graphs
Chatterjee et al. [2022], Caputo et al. [2023]. Despite an increasing amount of work on
the subject, the cutoff phenomenon is still far from being completely understood, and the
research of simple conditions (i.e., easy-to-check and model independent) guaranteeing
the presence of a cutoff is very active. Remarkable advances have been obtained for non-
negatively curved Markov Chains employing functional inequalities and entropy criteria.
See Salez [2024a,b], Pedrotti and Salez [2025] and references therein.

In the second part of the dissertation we turn to the analysis of dynamics on a
random graph. Specifically in Chapters 3 and 4 we will study the mixing time of the
simple random walk on inhomogeneous random directed graphs.

Cutoff for random walks on random graphs

As mentioned, random walks on random graph nowadays represent a prototypical exam-
ple of Markov chains that exhibit the cutoff phenomenon. In recent years, random walks
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on random graphs have been extensively studied on various random graph models.

Many attempts have been done to characterize the mixing time of this dynamics.
See, e.g., Benjamini et al. [2014] (initially submitted in 2006), Fountoulakis and Reed
[2008], and references therein. Notice that, in this setting the mixing time and the
total variation profile are random objects, being observables depending on the graph,
and it is crucial to understand the relation between environment and dynamics. We
again mention the work Lubetzky and Sly [2010], which constituted a breakthrough
in the field. Other notable contributions include the establishment of the cutoff for
random walks on the giant component of the Erdés-Rényi graph Berestycki et al. [2018],
on the configuration model Ben-Hamou and Salez [2017], Ben-Hamou et al. [2019], on
all Ramanujan graphs Lubetzky and Peres [2016], and on random lifts Bordenave and
Lacoin [2022], Conchon-Kerjan [2022].

Part of these investigations has also focused on the directed setting, which, as men-
tioned, is particularly challenging due to the non-reversibility of the dynamics and the
poor knowledge of the stationary distribution. In this setting, the stationary distribu-
tion of the Markov chain is not explicit and its characterization represents itself an and
important theoretical challenge (see, e.g., Caputo and Quattropani [2020], Chen et al.
[2014, 2017], Garavaglia et al. [2020]). This framework was explored in Bordenave et al.
[2018, 2019], where the cutoff was established for random walks on the directed con-
figuration model, and later extended to PageRank dynamics Caputo and Quattropani
[2021a] and to the case of heavy-tailed degrees Cai et al. [2023]. Other results in the
same spirit have also been obtained in Dubail [2024a,b]. A common thread in all these
works is the characterization of the mixing time in terms of the entropy production rate
(or simply, the entropy) of the random walk on its local weak limit. The cutoff, and hence
mixing, time is then shown to given by logarithm of the size of the system, normalized
by the entropy. This quantity is called entropic time.

Overview of chapter 3:
Cutoff for the SRW on the directed Chung—Lu graph

Chapter 3 contains the result of Bianchi and Passuello [2025].

Here we analyze the motion of a random walk on the Chung—Lu directed graph. In
Section 3.1 we introduce the model and state the results. Subsection 3.1.1 is dedicated
to the definition of the Chung-Lu directed graph in terms of in- and out-weights. Then
we introduce the discrete time simple random walk, namely the Markov chain (X})¢en,
with transition matrix

L ifr—
P(x,y)::{D: v Va,y € [n],

0 otherwise
where D denotes the out-degree of the vertex x € [n], and the notation  — y means

that the oriented edge (z,y) is in the graph, and we provide some comments on the
existence of its invariant distribution 7.
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As mentioned above, an important quantity to describe the mixing time of this
dynamics is given by the entropy, which we denote by H. In Subsection 3.1.3 we define
it properly in terms of the expectation of a random variable (see (3.10)), with variance
o2 (see (3.11)), and we provide the main result, Theorem 3.3 which can be summarized
as follows: for § > 0 and S # 1, it holds

gé%HWg(Xﬁtem )= 7lrv — 1{5<1}’ TJr;* 0.
This means that, rescaling time by ¢y, the total variation profile approximates a step
function, so that cutoff displays. A refinement of this statement holds when adding to
the entropic time ten a term lying at the scale of the lower order term went = v/ ent-
This is our second result, Theorem 3.5, which states that if the variance o? satisfies a
proper non-degeneracy condition (see (3.15)), then, for A € R fixed, it holds

LN}
n—-+o0o

“+00 w2
max | [P (Xt xwen € ) = 7TV = / S
z€[n]

It means that inside a window of size wey; the total variation profile takes a smooth
Gaussian universal shape, independent of the parameters.

Section 3.2 is devoted to outline the proof. The main idea is to identify some proper-
ties, valid for random walk paths of asymptotic length t.p that hold with high probability
and which allow for a fast mixing. Paths satisfying them are called nice paths (see Def-
inition 3.7). The main one is related to the mass of a path p = (zo, ..., 2¢) € [n]*, which
is defined as m(p) = HZ;%) P(xg,z541) -

In Section 3.3 the main tools of the analysis are designed. In Subsection 3.3.1 we
describe the distribution of the annealed random walk, the process with law given in
terms of the averaged measure P?"(-) = E[P%(-)]. This non-Markovian evolution on the
averaged graph will turn to provide a good approximation on the Markovian dynamics,
especially for short times t = o(y/n). The main result of the section is Lemma 3.10,
which shows that, on the event that the trajectory visits a new fresh vertex, the dis-
tribution of the annealed walk is well described by the a distribution to in-weights. In
Subsection 3.3.2 we consider some properties of the graph: degree concentration, which
allows to provide the first asymptotics of the entropy (Proposition 3.2), the size of in-
neighborhoods (Lemma 3.18), and the shape of out-neighborhoods (Lemma 3.19). A
common denominator is that the graph exhibits a locally tree-like structure.

Subsection 3.4 contains the core the analysis, Theorem 3.21. The latter is a concen-
tration result for the mass of random walk paths of length ¢ = ©(%cpt), whose statement,
which reminds the shape of the main theorem, goes as follows. If § € (0,1) is such that
there exists p > 0, p # 1, satisfying log @ = pHt(1 + o(1)), then

max{P m(Xo, Xi,...,X¢) > 9)_1{p>1}‘ — 0.

z€[n] n—+4o00

This result is referred to as quenched law of large numbers, and it is refined to the
quenched CLT 3.22 for the window analysis.
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Everything is wrapped up in Section 3.5. In Subsection 3.4.2 we prove the previous
results to show that random walk paths are nice with high probability. In Subsection
3.5.1, the upper bound on the mixing time is provided thanks to Proposition 3.26, which
exploits the properties of nice paths and makes use of a suitable concentration result
for independent variables. The lower bound is proved in Subsection 3.5.2, applying the
Quenched LLN 3.21. Finally in Subsection 3.5.3, the asymptotics for the cutoff window
is proved. The further result which is needed here is given by Proposition 3.29, a bound
on the L? of 7, which allows to complete the proof of the lower bound.

Perturbed Markov chains

An interesting line of further investigations is related to parametric perturbations of
Markov chains that exhibit a cutoff. More explicitly, focusing the analysis on a particular
choice of chain and a way of implementing the perturbation, it is interesting to quantify
the robustness of the cutoff phenomenon with respect to the strength of the perturbation.

In this setup, the mixing time of the dynamics may exhibit an additional phase
transition, governed by the strength of the perturbation and referred to as a mizing tri-
chotomy. This involves the identification of a subcritical regime, where the perturbation
is sufficiently weak to preserve the mixing behavior of the original chain, contrasted with
a supercritical regime, where the “cutoff picture” is disrupted, leading to smooth rather
than abrupt mixing. As in the broader framework of statistical physics, the description
of such a phase transition is typically accompanied by the identification of a critical
regime, at the interphase between the other two, where the system exhibits some sort of
intermediate behavior.

Among the models for which such a phenomenon has been rigorously proved, we
recall: Glauber dynamics for the Ising model Lubetzky and Sly [2013, 2014], random
walks on dynamic graphs Avena et al. [2019, 2022], Caputo and Quattropani [2021D],
random walks with reset (and the so-called PageRank dynamics) Caputo and Quat-
tropani [2021a], Vial and Subramanian [2025], Ehrenfest urns with multi-type particles
Quattropani [2024], mass redistribution models Caputo et al. [2024]. In particular, al-
though the models in Avena et al. [2019], Caputo and Quattropani [2021a,b] are very
different from each other, they all share a common feature: in the supercritical regime,
the total variation distance over time—properly rescaled—converges to an exponential
function. Moreover, in all these examples, such an exponential decay of the distance
to equilibrium can be read from the point of view of the trajectory of the process: the
arrival at equilibrium is due to the occurrence of a certain event, and the time of the
first occurrence of the latter event is (asymptotically) exponentially distributed.

From a high-level perspective, this is the cartoon underlying another classical phe-
nomenon in statistical physics, known as metastability: the system is trapped in a local
equilibrium up to some (large) exponential time in which the global equilibrium is even-
tually reached. In other words, looking through the lens of the mixing trichotomy ap-
proach, one might be tempted to see metastability and cutoff as “opposed” phenomena.
To make this idea more convincing, it is worth recalling that the emergence of a cutoff
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is often explained in terms of a concentration phenomenon. Conversely, the memory-
lessness of the exponential distribution, which characterizes metastable behaviors, can
be seen as the complete opposite of concentration.

In the landscape of the previous paragraph, a quite natural choice is given by altering
the random graph structure, in order to alter the mixing behavior of the random walk.
This has been done in Ben-Hamou [2020] for the non-backtracking random walk on the
configuration model. Here, a two community structure is considered, whose strength is
governed by a parameter . This creates a bottleneck which disrupts the cutoff, if and
only if o asymptotically dominates the inverse of the entropic time. This was extended
later in Hermon et al. [2025] for the simple random walk. Here a m-community structure
is considered and the same kind of dichotomy is proved. In Chapter 4 we extend their
results to the simple random walk on a directed Erdos—Rényi graph. We consider a
m~community structure, depending on a parameter «, for which we achieve a complete
trichotomy picture. We provide sharp results on the total variation profile, where an
exponential profile appears, when « touches the inverse of the entropic time.

Overview of chapter 4:
Mixing trichotomy for the SRW on directed block models

In this Chapter we discuss the results in Bianchi et al. [2025].

We consider a block model with m > 1 communities, constructed from m independent
directed Erdés—Rényi random graphs on the sets (V;)1<pm corresponding to m distinct
copies of [n] (the communities) and a random rewiring procedure governed by a param-
eter « = a,, € [0,1], which introduces connections between these communities. The
smaller «, the sparser the inter-community connectivity. We then analyze the conver-
gence to the equilibrium of a random walk on the resulting graph, letting the interaction
parameter «, or rather the sequence ay,, n € N, vary on [0, 1].

In Section 4.1 we present the model and the main result. Subsection 4.1.1 is dedicated
to the formal definition of the graph model. Specifically, we work in a weakly sparse
regime, setting the connection probability of the Erdés—Rényi communities to p = p, =
Alog(n)/n, for a constant A > 1, and assuming that each edge is rewired so as to point to
a different community with probability o > (Anlogn)~!. The choice A > 1 ensures that,
before the rewiring, each community is strongly connected with high probability. The
requirement « > (nlogn)~! is needed for the communities to be typically connected,
even though such connections may be sparse.

After having recalled some preliminary material from Chapter 3 in Subsection 4.1.2,
we employ Subsection 4.1.3 to state the trichotomy, Theorem 4.3, which can be described
as follows. For high values of «, say, a > t;nlt, the system is in a subcritical regime with
cutoff at time tepnt, as described in Eq. (4.3). For lower values of «, say, a < te_nlt,
the system enters a supercritical regime where the cutoff behavior is disrupted. In this
regime, we identify two relevant timescales.

(i) The first corresponds to the attainment of a local equilibrium within the starting
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community, which causes a sharp drop in the total variation distance from 1 to
(m —1)/m at time tep (see Eq. (4.5)).

(ii) The second timescale is of order a~!, and governs the convergence to the global
equilibrium through a smooth exponential decay of the total variation distance:

Bm
for t = fa~! with 8 > 0, the distance converges to ™—Le™m-1 (see Eq. (4.6)).

m
At criticality, for a < te_nlt, where the two timescales are of the same order, the dynamics
exhibits an intermediate behavior, where (i) and (ii) are visible at the same scale, as
illustrated on the rightmost side of Figure 4.1 (see Eq. (4.4)). Comments on possible
generalization follow in Subsection 4.1.4.

Section 4.2 contains some auxiliary material, that follows from Chapter 3, on which
the forthcoming analysis is based: the characterization of the stationary distribution
of the simple random walk on a single community (Subsection 4.2.1); the fact local
neighborhoods are tree-like (Subsection 4.2.2); asymptotics on the annealed random
walk (Proposition 4.10 in Subsection 4.2.3) are proved in the spirit of the proof of the
quenched LLN 3.21.

Section 4.3 is devoted to the analysis of the weakly supercritical regime. Here, the
annealed approximation is successful and allows to prove asymptotics on the first time at
which the random walk changes community (Subsection 4.3.1), on the law of the random
walk at the time scale a~!, corresponding to the local equilibrium, (see Theorem 4.13
in Subsection 4.3.2), and on the law of the the random walk at the time scale tep; (see
Proposition 4.14 in Subsection 4.3.3).

Section 4.4 is devoted to the analysis of the strongly supercritical regime. This section
contains the real technical core of the work. In this context, the annealed approximation
is no more valid. Nevertheless, we can substitute Proposition 4.10 and Theorem 4.14
with equivalent statement, Proposition 4.15 and Theorem 4.16. To do this we construct
an iterative coupling of the original process with a new one, for which explicit and
exact computations are feasible. The entire section is devoted to the construction of
the random coupling. In Subsection 4.4.1 we study, for each community V;, the set G;
of vertices that provide a notion of out-boundary, which we call gates (see Eq. (4.21)).
The computation of its hitting times 7g, is necessary to study mixing. In Subsection
4.4.2 we introduce the notion of quasi stationary distribution. If (X;);en denotes the
random walk initialized on V;, the quasi stationary distribution p} corresponding to G;
is the distribution on V; such that

P%(Xt::rhgi >t) = pi(z), Ve e Vi\ G;.

This implies exact geometric distribution for 7g, and for this reason we use p; for the
initial distribution for our new dynamics. In Subsection 4.4.3 the iterative coupling is for-
mally constructed (see Definition 4.24): the new process (Y;)ien is a random walk whose
initial distribution is the one-step evolution of p; and which is reset each time that fails
to change community, after having reached G;. When the transition is successful, the
procedure is repeated on the new community. For the new process, in Proposition 4.27,
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it is proved that the time needed to change community, rescaled by a~! is asymptoti-

cally distributed as an exponential variable of parameter 1. To do this, homogenization
properties of the graph are considered, together with the results on the typical points of
G;. The two give that the hitting distribution of G is asymptotically uniform and that
the number of failures before changing community is asymptotically geometric. Later,
the coupling is proved to be successful with high probability, as stated in Proposition
4.25. Subsection 4.4.4 concludes the proof of Proposition 4.15 and Theorem 4.16.

Section 4.5 is devoted to the analysis of the subcritical and critical regimes, which
correspond to the adaptation to the m community case of the entropic method.

In Section 4.6 we formally prove the trichotomy, wrapping up all previous results
and completing with Lemma 4.35 the estimate for the critical case.
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Chapter 3

Cutoff for the simple random walk

on the directed Chung—-Lu graph

In the present chapter, which contains the result of Bianchi and Passuello [2025], we
analyze the motion of a random walk on a Chung—Lu digraph. This is an inhomogeneous
random network obtained by sampling edges independently via vertex weights, which
represent fixed average degrees. This setting clearly includes the directed homogeneous
Erdés—Rényi graph. To ensure that the random graph is strongly connected, and hence
to guarantee the uniqueness of the equilibrium measure, we will work on a weakly sparse
regime, where the average vertex degrees grow as logn, n being the size of the graph.

Our study will mainly refer to the techniques introduced in Bordenave et al. [2018,
2019] to deal with the dynamics on the directed configuration model in the sparse regime.
As highlighted in these papers (see also Avena et al. [2024], Cai et al. [2023], Caputo
and Quattropani [2020, 2021a] for further developments), two fundamental statistics for
the characterization of the mixing time are the in-degree distribution, which provides an
easily computable approximation of the reversible measure, and the entropy of the graph,
which measures the spread of the random walk among the network. However, a main
hurdle in implementing theses ideas in our framework is that vertex degrees are random,
as well as the corresponding in-degree distribution. To overcome this difficulty we shall
introduce an approximated, but deterministic, in-degree distribution (see (3.4)), and
then leverage on some concentration results on the vertex degrees in order to control
this approximation error along the dynamics and to characterize asymptotically the
entropy (see (3.10) and Proposition 3.2). By implementing this entropic method, devised
in Bordenave et al. [2018, 2019], we will prove that under suitable assumptions the
dynamics exhibits a cutoff phenomenon at a time of order logn/loglogn. Moreover, we
will show that, in an appropriate time window, the cutoff profile approaches a Gaussian
tail function. This work can be seen as a generalization of the cutoff results achieved in
Bordenave et al. [2018], Cai et al. [2023], where hard constraints on vertex degrees are
replaced with a softer randomized version.

81



Chapter 3. Cutoff for the SRW on the directed Chung—Lu graph

3.1 Setup and results

3.1.1 Model

Let [n] := {1,...,n} represent a set of vertices of size n € N, and consider two sequences
(w} )zepn) and (W) zepn) of positive numbers, called weights, such that

Z wi = Z w, = w(n)=w.
z€[n] z€[n]

We consider a directed version of the Chung-Lu model, where two distinct vertices
x,y € [n] are connected by an oriented edge from x to y, in short z — y, independently
and with probability

ANl, Vz,yen|l,z#y. (3.1)

We will denote by P = ]P’}L”jE the measure associated to this Chung-Lu random graph and
by E the corresponding average, and write G for a given realization of the graph. The
next remark shows that this formulation of the model is equivalent to the one given in
Chapter 2.

Remark 3.1. The standard non-oriented Chung—Lu model, introduced in Chung and
Lu [2002a], is defined through a sequence of positive weights (Wz)ycpn) and connection
probabilities

cL) | Wely o _
péy ) = - A1, Vx#y€[n], where by = Z Wy

" z€[n]

This can be easily adapted to the above directed framework taking two sequences ({E;E)xe[n]
with equal sum, and setting

ot
(pcL) . Wz Wy . L __
Day = 7 N1, Vz#ye€|n], where by = Z w, = Z w, . (3.2)

z€[n] z€[n]
Choosing Wy = w;twlo% and plugging this value in (3.2), we get that £,, = er[n] Wy =

wzlogn
n

, and we recover our model.

As main observables on this random structure, we introduce the random out-degree
of a vertex x € [n], denoted by D, and set

d, :=min D and A, :=maxD],
z€[n] z€[n]

which are, respectively, the minimum and maximum out-degree of the random graph.
With obvious notation, we introduce also the corresponding in-degrees random variables

(D;>I€[n]7 6— and A—'
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By assumption, the out- and in-degrees of each vertex z € [n] are distributed as a
sum of independent Bernoulli random variables of parameters p, , and p, , respectively,
for y € [n] \ {z}. In particular, their averages are easily given by

logn
+ § +
y€[n]\{z}

Along the paper, we will use usual Landau asymptotic notation (cfr. p. vii). In Sub-
section 3.1.2, we will set assumptions on (wf)xe[n] which imply, in the above notation,
that E[D}| = ©(logn), for € [n]. The corresponding random graph will be then in a
weakly sparse regime.

At last, note that the Erdés—Rényi digraph with connection probability p = Alogn/n,
for A > 0, corresponds to a homogeneous Chung-Lu digraph with constant weights v/\.

The Chung—Lu model that we have just portrayed offers a good framework to study
random dynamics. We consider the discrete time simple random walk, (X¢)en, whose
transition matrix is

1 .
— ifz—
P(z,y) = D¥ Y vayel
0 otherwise

For every time t > 0 (for the sake of simplicity ¢ has to be understood as an integer, or
its integer part), we denote with P!(-,-) its related t-step transition kernel, while for an
oriented path p = (z¢, ..., x¢) in the graph, we define the probability mass of p as

11
m(p) := HP(xz‘,xz'H), (3.3)
i=0

which corresponds to the probability that a random walk starting at xo follows the
trajectory p. We point out that m(+), as the transition kernel P(-,-), is a random object
whose dependence on the random graph is implicit in the notation.

For any given realization G of the random graph, we can consider the probability
measure PE associated to the simple random walk, when the initial position of the walk
has distribution g on [n]. For a probability distribution p on [n], we will denote with
Pf(Xt € -) the quenched law of the random walk at time ¢ with initial distribution .
When p = §, for some z € [n], this can also be denoted by P!(x,-). Averaging over all
graph realizations, we obtain the corresponding annealed measure P, which is defined
by P(A) = ]E[PE (A)] for every measurable set A of trajectories of the random walk.
In our framework the random structure is fixed once forever. We refer to Avena et al.
[2019, 2022], Caputo and Quattropani [2021b], Sousi and Thomas [2020] for the analysis
of dynamic networks.

Uniqueness of the invariant distribution. As long as a realization G of the Chung—
Lu digraph is strongly connected, i.e. there exists a directed path among every couple
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of vertices x,y € [n], the irreducibility condition of simple random walks is satisfied and
this guarantees that there exists a unique invariant measure 7 on [n] such that 7P = 7.

Then, we are at first interested in finding sufficient conditions which ensure strong
connectivity with probability tending to 1 as n — oo (in short with high probability or
simply w.h.p.). It was proved in Cooper and Frieze [2012] that the Erdés—Rényi digraph
with parameter Alogn/n, where A > 1, is w.h.p. strongly connected. To be more precise
this remains true when (A — 1)log(n) — +o00 as n — +oo. Provided that there exists
a constant A such that w;fw, > X > 1 for every x,y € [n], and since the strong con-
nectivity is a monotone increasing property of graphs, a simple coupling argument leads
to the same conclusion for the Chung-Lu graph. Hence, this condition guarantees the
existence and uniqueness of the invariant distribution 7, and it will be part of the set
of assumptions on the graph setting that will be given below, before stating the main
results. Let us mention that we do not need the edge density to be of the order log(n)/n
for a strongly connected component to exist. However, below that threshold, the latter
will contain w.h.p. some dead ends (i.e., vertices with null out-degree), and this will
prevent the random walk to be irreducible.

Provided that the stationary distribution is unique, the main goal of this work is to
characterize the mixing time of the random walk, which is defined, for any initial state
x € [n] and any precision ¢ € (0,1), as

mix

(6) :=inf{t > 0: |P'(z, ) — 7||Tv < €},

where ||p—v||Tv = %zxe[n] (@) —v(@)| = X pepm (@) — v(x)]T, is the total variation
distance among the probability measures x4 and v. Here [u]t := max{0,u}, for u € R.
We stress once more that the mixing time depends on the realization G of the graph,
though the dependence is implicit in the notation. We will prove that our estimates on
tl(ji)x(g) hold in P-probability as n — co.
In-degree distribution. One of the main hurdles to estimate the mixing time of
simple random walks on digraphs is that the stationary measure 7 cannot be explicitly
computed. In this respect, a useful tool is provided by the following probability measure
on the set [n],

in(x) == %, for x € [n]. (3.4)

The measure p;, can be seen as an approximate averaged in-degree distribution. Specif-
ically, under the upcoming assumption (3.5), we can deduce that for large n

B0;] = w0 B (o)), 3 EID;] = w? B (1 4 o)),
z€[n]

and then, taking the ratio among the two terms, we get

E[D;]

xT

> EDs )

pin(z) =
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The measure pi, will then simply referred to as in-degree distribution, and it will nat-
urally appear through the proofs as a fundamental object in understanding the mixing
mechanism of the dynamics.

3.1.2 Assumptions

We assume that:

1. There exist constants My, M7 > 1 such that, for every n € N,

My < wi < My < 400, Vz € [n]; (3.5)

2. There exist constants My > 0 and 0 < n < 1 such that, for every n € N,

3 ()" < Man. (3.6)

z€[n]
Notice that, as a consequence of (3.5),
w=0(Mn) and E[D]]=0O(ogn), Vz € [n].
Moreover, exploiting (3.6), we get that max,cp,) (w, )2+n < Mjn, and thus

_n
6

- < (Mon)77 < (Man)2~8, Va € [n], (3.7)

[NIES

which in turn implies, by (3.1), that

n
7

M\H

) (3.8)

= max =o(n_
Pmax = el 7™ (

and

pin " = max pin(z) = O(n
z€ln]

SIS

1
2

). (3.9)

In particular, following the terminology introduced in Caputo and Quattropani [2021a],
the above assumptions imply that ui, is a widespread measure.

3.1.3 Main results

Before stating the main results, and following the procedure traced in Bordenave et al.
[2018], we need to introduce two fundamental quantities that will characterize the mixing
time and the cutoff window of the dynamics. We define the entropy H of the Chung-
Lu model as the mean logarithmic out-degree of a vertex sampled from pui, (see (3.4)).
Formally, we set

H:=E | ) pn(x)log(Dfv1)|, (3.10)

z€[n)
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and
o? :=E | ) pin(x)log® (Df v1)| —H?. (3.11)
z€[n]
We also define the entropic time
£ logn
ent -— H 9

which we will show to be precisely the mixing time of the dynamics. In this sense, it is
useful to state the following preliminary result which provides the asymptotic behavior
of H and o2, as n — 0.

Proposition 3.2. Under the assumptions (3.5) and (3.6), it holds
H =loglogn(1l+ o(1)), o = O(loglogn).

While the proof of the above proposition is postponed to Subsection 3.3.2, we can
immediately argue that the entropic time tey is asymptotically of order logn/loglog n.
With that in mind, and with the usual convention that the discrete dynamics is evaluated
in the integer part of each considered time, we can state our main results.

Theorem 3.3 (Cutoff). Let 5 € (0,1). It holds

min || P A= tene (3 ) — 71| py —— 1. (3.12)
and .
max || P 0HA tene (1) — 7|y —— 0. (3.13)

Remark 3.4. By the monotonicity properties of the function t — |P!(x,-) — 7||Tv for
x € [n], we get that (3.12) holds for any t < (1 — B)tent, while (3.13) holds for any
t Z (1 + ﬂ)tent-

The statement can be rephrased as follows: for every precision ¢ € (0,1),

t(m) (8)

max [-RX2 L) 0.
z€[n] tent n—-+o0o

This means that regardless of the starting point and the precision, the random walk
takes, with high probability for n large enough, logn/loglogn steps to mix.

This abrupt transition from 1 to 0 of the distance to stationarity can be further
explored by zooming in around the cutoff point ¢y, and in particular by taking an
appropriate window of size Wepg, with

g
o VEent - (3.14)

Went =
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To avoid pathological situations, we will assume that o2 is non-degenerate in the follow-
ing weak sense: there exists 6 > 0 such that

[
2-&-5+f2

log1
o (loglogn)

> (3.15)

(logn) 52

Note that as § — oo, the r.h.s. reaches the order (loglogn)3/logn, providing a non-
degeneracy condition similar to that given in Bordenave et al. [2018]. This condition is
expected to hold when the amount of inhomogeneity in the graph is sufficiently high.
The next result shows that, inside this window and under this assumption, the cutoff
shape approaches the tail distribution of the standard normal, as observed in Bordenave
et al. [2018].

Theorem 3.5 (Cutoff window). Assume that the o? satisfies the non-degeneracy con-
dition (3.15). Then, for ty := tent + AWent + 0(Went) with A € R fized, it holds

2

1 Fo0 u
max || P (z, ) — 7|y — m/ ¢ % du
A

z€[n]

P
— 0.
n—-+o0o

Remark 3.6. Notice that the statements of Theorems 3.3 and 3.5 can be easily ex-
tended to Chung—Lu digraphs with random sequences of weights (Wfr,,W,f) and
(Wi, ..., W, ) which satisfy a.s. the constraints (3.5) and (3.6).

n

3.2 Proof outline and main ingredients

3.2.1 General strategy

A main hurdle in the analysis of the mixing time of simple random walks on digraphs is
the lack of an explicit formula for the stationary measure 7. To cope with that, we will
introduce an explicit probability measure 7 that well approximates 7 itself.

Using this idea, and looking first at an upper bound on the mixing time, by the
triangle inequality we can write

1P (2, ) = wllry < 1Pz, ) = Fllrv + |17 = 7llrv, Vo € [n].

Note that if the first term in the r.h.s. is op(1) uniformly in x € [n], where X,, = op(Y,)
means that |X,,/Y,,| vanishes in probability, then the same must hold for the second
term since
17— 7lly = 7 — 7Py = 3 w@)[IP (e, ) — Fllrv. (3.16)
z€[n]

This is what we will prove for ¢t > (1 + B)tens, taking 7 := i P, with € > 0 and

__clogn
7 20H

(3.17)
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More precisely, we will prove the following slightly weaker condition
|PY(z,) = 7oy = 0p(1), Vz eV, (3.18)

where V* is a subset of [n] whose vertices have a locally tree-like out-neighborhood. This
result will be sufficient to derive a proper upper bound on the mixing time as stated in
(3.13) of Theorem 3.3.

As a further main tool to obtain (3.18), which also enters in the proof of the lower
bound on the mixing time, we will introduce a suitable set of t-length paths, called nice
paths, that will be shown to be typical trajectories of the simple random walk. Taking
advantage of their properties, we will prove that, for any § > 0,

~ 1
IP!(@,) = Fllry < Qo (——5— ) + 30,
nlog’n
where for x € [n] and 6 € (0,1), Q. +(6) is the quenched probability that the mass of a
path of length ¢ selected by a random walk with initial point «x is bigger than 6. Formally

Qut(8) :=Pr(m(Xo, X1,...,Xy) > 0), (3.19)

where P, is the quenched measure associated to a random walk starting at z as in
Subsection 3.1.1, and m(-) is the mass of a path as given in (3.3).

A similar approach can be implemented to obtain a lower bound on the total variation
distance as stated in (3.12). In particular, for ¢t = (1 — 8)logn and 6 = log® n/n (with
a suitable a € N), it will lead to the inequality

Qat(0) < |7 — P!, )llvv + 02(1) - (3.20)

The function Q, /() is thus one of the main characters of our analysis, and it will carry a
very powerful limit result: in Theorem 3.21 we will observe that according to the choices
(t,0), it may vanish or saturate to 1. This dichotomy will actually conclude the proof of
the cutoff regime (Theorem 3.3), and provide the main strategy for the proof of cutoff
profile (Theorem 3.5).

We would like to emphasize again that the overall strategy of our proofs follows the
entropic method developed by Bordenave, Caputo, and Salez in Bordenave et al. [2018,
2019] for analyzing random walks on sparse directed configuration models. While we
draw on these ideas, our implementation occurs in a different connectivity regime, where
average degrees diverge, and other significant modifications are necessary. In the case of
directed configuration models, the analysis often relies on combinatorial computations,
which are feasible due to the deterministic nature of in- and out-degrees. However, this
approach is not applicable to the Chung—Lu setting, where the in- and out-degrees are
themselves random. Instead, the Chung—Lu model benefits from the independence of
edges, a property we crucially exploit in our analysis, along with appropriate concentra-
tion inequalities for the in- and out-degrees.

Finally, note that our results are consistent with Theorem 3 in Lubetzky and Sly
[2010], which is set in the context of undirected regular random graphs in a weakly sparse
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setting. Although we are not aware of analogous results for the undirected Chung—Lu
model in this regime, we believe that similar conclusions can be drawn for a broad
class of undirected random graphs. However, in this setting, the speed of the random
walk enters the game and needs to be properly analyzed (see Berestycki et al. [2018]
for the study of sparse undirected graphs). It is also worth mentioning the analysis in
Fountoulakis and Reed [2008], where the authors study the mixing time of random walks
on the giant component of Erdés—Rényi graphs with average degree at most O(y/logn),
which is below the assumptions of the present study. For average degrees d = Q(log(n)?),
we refer to Hildebrand [1996], where it is shown that the mixing time of the random
walk is slightly above log(n)/log(d), which turns to be the diameter of the graph and
matches our result.

3.2.2 Typical paths and tree-like neighborhoods

We explain here the properties that a path of length ¢ has to satisfy in order to be called
nice.

Definition 3.7 (Nice path). Let v = g5, € € (0,1), he as in (3.17), and
s:= (1 —v)tent, t:=s+he+1=(1+37)tent + 1.
We say that a path p = (x,z1,22,...,2-1,y) of length t from x to y is nice if

(i) the entire path is such that m(p) < —2

= nlogn’

(ii) the first s steps are contained in certain tree T;(s), defined below;
(iii) the last he steps form the only path in G of length at most h. from its origin to y;
(w) it holds P(xs,xs41) = 1/Df > ﬁgn, for some constant C' > 0.

Remark 3.8. Definition 3.7 and the consequent machinery can be extended to times
t =ty, lying in the critical window of Theorem 3.5. In that case we set s =ty — he.

To formalize the above properties, it remains to define the tree 7;(s).

Construction of the tree 7;(s). For a given realization of the graph G, a fixed root
node z € [n] and a time s € N, we construct with an iterative procedure two sequences
(G")e>0 and (T*)>0 such that, for every £ > 0, G¢ is a subgraph of G with ¢ edges, while
T is a spanning tree of G¢. The criterion adopted is similar to the one in [Cai et al.,
2023, Sect. 3.2].

Set H := (1+7)H, where v = & as in Definition 3.7. To initialize, let G® = T := {x}.
Then, for £ > 1:
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1. Let £ be the set of edges with tails (i.e., starting points) belonging to G‘~!, and
which have not been yet visited by the first £ — 1 iterations of the algorithm. For
an edge e € £, define the cumulative mass

1

o (3.21)
Ve

m(e) :=m(p, )

where v is the tail of e, and p,_, oo denotes the unique path in T from x to vy .
In particular, m(e) corresponds to the probability that the random walk follows
— and then the edge e.

Py
2. Choose e; € £ such that:
(a) v, is at distance at most s — 1 from the root z,
(b) m(es) = max,ceem(e) and 1m(ey) > e~ Hs,
If such edge does not exist, stop the procedure and set k; = K,(s) =0 — 1 ;
3. Generate G’ by adding e, to G¢~1 ;

4. If step (2) does not break the tree structure of 7¢~1, generate 7* by adding e, to
Tt 1 and otherwise set 7¢ = 7¢1.

Note that k, = k. (s) is the last step of the iteration, and that it is finite as the graph
itself is finite. We then set G,(s) := G"* and T;(s) := T"=. We observe that G.(s) is

generated by all paths with mass at least e H*

and length at most s.

We will show that the properties of nice paths are satisfied w.h.p. for s as in Definition
3.7 and uniformly in all starting points z € V*, where V* C [n] is the random set of
vertices mentioned in Eq. (3.18) and defined as follows.

For h € N and z € [n], let us denote with B (h) (resp. B, (h)), the set of vertices
y € [n] that are connected to x by an oriented path of length at most h and starting
(resp. ending) at point x. They will be called out- (resp. in-)neighborhood of = of radius
h. Then we set

VX = {z € [n] : Bf (he) is a directed tree}. (3.22)

As in Lubetzky and Sly [2010], vertices x € V* are named h-roots. We will prove that
V is attractive in a sense that will be specified in Lemma 3.20.

3.3 Tools

3.3.1 Annealed random walk

In this subsection we will give an alternative construction of the annealed law of a random
walk. We will actually generalize this object to the joint annealed law of K independent
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random walks defined on the same random graph. This will be used in the forthcoming
sections to compute the K-th moment of certain quenched statistics.

Let K € N. Given an initial distribution g and a time T, we define iteratively the
non-Markovian process (X(k))ke{lqu}, where X () = (Xt(k))()StST is a random walk of
length T" whose evolution is, for every k£ > 2, conditioned to the previous k — 1 walks.
Formally, every random walk X *) is defined by the following procedure:

(1) Set X(()k) ~
Then for all t € {1,...,T}:

(2) o If Xt(f)l was never visited before by the previous walks or for s < t—1, generate
its out-neighborhood B ) = B;W (1), according to the probability P, and
t—1 t—1
select a vertex v uniformly at random on B )
t—1

o If Xt(ﬁ)l has been already visited, extract v uniformly at random from the

previously generated out-neighborhood of Xt(f)l;

(3) Set Xt(k) = 0.

The key point of the above construction is that the law of (X(k))ke{l,...,K} corresponds

to the annealed joint law PE™5((XG1 ... XGK) € ) of a system of K independent

random walks (XGJ“),CE{LMK} (we recall that G denotes a realization of the graph).

TxK

Indeed, given a measurable set of trajectories A C [n] , we have

BPOEO, LX) € 4) = E[PE(XO,... XOH) € 4)] =
K - T-1 o
:]E[ > [TeE) T P(xg,xgﬂ)} _
{z]}e j€MT*ENAT=] t=0

K T-1

:E[ ) [TrG)I]E [P(:vi,a:iﬂ)\(Bﬂ)rq, (Bzf)TST,€<j:| ] ,
{x]}e ;€M T*ENAT=] t=0

which characterizes the law of (X®),cqy gy

Remark 3.9. Notice that the annealed random walk has an applied interest: its defin-
ing algorithm constructs samples of independent random walks moving on a common
structure. Understanding their self-repetition properties could provide information on
the geometry of the graph, which is very important for statistical inference purposes.

For a single random walk X = (X;);eny and any time s € N, we introduce the event
that the vertex X, was never visited before the step s, formally written as

Lo={X,# X, Vuei{0,...,s—1}},
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where for s = 0, the event Ly should be understood as the whole sample space. Using
this notation, we are going to prove a result which highlights the role of the measure
in, defined in (3.4), along the dynamics. Before giving the statement, we recall that

PR = MaXyen) Min(T) = O(nféfg), as observed in (3.9).

Lemma 3.10. For every initial distribution p and any positive s = O (nl/Q), it holds

P (X, = 2, £41) = pin(2) [ 1+ O(S’ﬂi@)}

Proof. If s > 1, and setting z = z5 € [n], we can write

[s—1 T
]-zi Zi
PG st = Y e | [T e
Zo,é.{,zsfle[n] , Li=0 Zi ]
Zs—1%1205--3%s—2
k= 1{Zi—>zi+1}_ 1{zs,1az} (3.23)
= Y ueoE |J] R E R
- D3 Df |
ZO,---,Zsfle[n] Li=0 7 _ s

Zs—1¢{20,..,2s—2}

Where we used that 17, |, ; is independent of the other indicator functions, by defi-
nition of £5_1. From the concentration results on the out-degree D} that will be shown
in Subsection 3.3.2, the conditional average appearing in the last display is given, up to
lower order terms, by (E[DF._])~! = (ww] _ logn/n)~!(1+ O(1//logn)) (see Remark
3.17). Inserting this value in (3.23), using that p., .,,, = wfw;  logn/n, and from the

explicit form of u,, we get

5—2 1 .
X utae| [ Moz

20,-,25—1E€[N] =0
25—1¢{20,--,2s—2}

= P (Lom1) tin (2) [1 + O(g/liﬁﬂ‘

We now observe that, for every i < s — 1, thanks to (3.8) and our hypothesis on s,

Zit1

()1 +0( =)

1-— o(n_?) =1~ 8pmax < PZH(LZ) <L

Then the claimed statement holds for all s > 1.
If s = 1, being Ly the whole sample space, we get more directly, by the same
estimates,

P(X) =2) = 3 pu(z0)E [1{35}] = (2|1 + 0(\3/1(1@)} .

20€[n]
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Remark 3.11. By Lemma 3.10 and Remark 3.17,
PM(Xs =2, L5-1) = PP (Ls—1)pin(2) (1 + €2),

where 0 < €, = O(1/Y/logn) and Pzn(ﬁg_l) —o(n~7). As a consequence

1= B(X, =2, L) + P (LS )

z€[n]

=B (Ls-n) (14 Z pin(2)€x) + PZ“(ﬁg_l) =1+ Z pin(2)es +0(n”7)

2€[n] z€[n]

which leads to 3, ) pin(2)€z = o(n~7). Then, we conclude,

2| B (X =) = pinllry < D [BEN(X = 2, Loo1) — puin(2)| + PE(L5_)

z€[n]

<3 pn()le: —o(n” )+ P (L)) (3.24)
z€[n]

< pin(@) (el + o)) + PE(LE ) = o(n~ 7).

z€[n]

Let us now define, for every 0 < s < t the event A, that the trajectory (Xy)s<u<t
has no self-intersections, formally given by

.As,tE.Aft ={ Xy # Xy, Vu#ve{s,...,t —1}}. (3.25)

We set also A; := Ao .

The next result shows that, if the initial measure p is Unif([n]), then the event Ap
is indeed typical for a time T' = log? n, which is asymptotically much bigger than tey.
This will be crucial to prove the convergence result inside the cutoff window.

Lemma 3.12. Let T := log?n. If u = Unif([n]), then there exists a constant C; > 0
such that
P (AL) < Cylogtn/n.

Proof. Let T be the first self-intersection time of X, given by

7:=min{s > 0 : Ju < s such that Xy = X, },

and write -
P (ALY = P (r < T) = Y P (r = 1), (3.26)
t=1
where
Pr(r=1)=3 (IP’Z“(XO —Xy=zr=0+ > PPX, =X, =z7= t)). (3.27)
z€[n] 0<s<t
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We estimate separately the two terms appearing in the above summation.
The first term can be written as

P2 (Xo = Xy = 2,7 = 1) = P(X; = 2,7 = t|Xo = 2) - P2 (X = 2)

=PB(X, = 2,7 = u(z) SP(Xe = 2, Lo)u(z)  (3.98)

:%Md@@+o@m

where the last identity follows from Lemma 3.10 and using that x4 = Unif([n]). Inserting
this value in (3.27) and summing over z, we conclude that this term provides an overall
contribution to Pi* (7 =t) equal to 1/n + o(1/n).

Let us turn to the second term. For all s <t < T, we introduce the event

Bs7tEB§t ={X, # Xy,,Vue{0,...,s—1}and v € {s,...,t —1}}, (3.29)

corresponding to the event that the trajectory (Xv)ve[s,t) does not intersect the trajectory
(Xu)ue[o,s)- Note that, in this notation, A; = As N As; N Bsy, and we can write

PZH(XS =X;=z71=1)< ]PZH(XS =X; =2, A)
= PZH(XS =Xy =2,AsN As,t N Bs,t)

= Z PZH(Xt = Z;-As,t‘(Xk)OSkSs = (Uv Z)? Bs,t) (330)
vE([n]\z)*

self-avoiding

X P ((Xk)o<k<s = (v,2), Bst)-

Thanks to the conditioning, the first factor can be written as ]AIS‘;}“(Xt, s = 2z, A4—s) where
Pan(.) = E[P,(-)] denotes the annealed measure induced by a Chung-Lu probability
measure P on a graph with n — s nodes. To the sake of readability we do not stress the
dependence of P on the vector v € ([n] \ 2)*. We conclude observing that, thanks to
Lemma 3.10,

P (X o =2, A ) <P™(Xy g = 2,Ls_s) = pin(2)(1 + 0(1))

Plugging this identity in (3.30), summing over v € ([n] \ 2)°, and applying once more
Lemma 3.10, we end up with

Pl (Xs =Xt = 2,7 =1) < pin(2) P(Xs = 2, As N Bst)

m
< Min(z) PZH(XS =z, As) < ,Uin(z) ]P)ZH(XS =z, Es—l)

= pin(2)2(1 + o(1))

Inserting this value in (3.27), summing over s < t and z € [n], and noting that, by
assumption (3.6), there exists a finite constant Cy such that

Z fiin(2)* < Man/w* < %, (3.31)
z€[n]

we conclude that the contribution to P%"(7 = t) of this second term is at most Cl%.
The claimed statement follows including these estimates in (3.26). O
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Remark 3.13. Note that the bound of order log* n/n is due to the specific choice of
the time T. The result can be generally stated for any time T > log(n)? which grows
poly-logarithmically in n, providing an estimate of order O(T?/n). The requirement over
the initial measure can be similarly weakened by replacing Unif([n]) with a measure p
sufficiently widespread over [n], so that max,ep, p(x) = O(T/n) and the term in (3.28)
can be properly controlled.

3.3.2 Properties of the random graph

In this subsection we consider some non-trivial properties of the environment which are
the ground floor to understand the typical behavior of random walk paths. We will state
two main results about the in- and out-neighborhood of a given vertex, and provide the
proof of Proposition 3.2 regarding the entropy asymptotics.

Concentration of out-degrees and entropy. Our first two results concern with
the out-degree properties of the graph. They are straightforward consequences of the
Chernoff bounds, which we provide below for the reader’s convenience (see Prop. 2.21,
van der Hofstad [2016]).

Let X; ~ Ber(p;), i = 1,...,n, be independent Bernoulli random variables of param-
eter p; € (0,1) and let X = >"" | X;. Then, for every choice of ¢ > 0,

t2
X 2 EIXT+0) < e (~gare ) ) )
; .
P(X < E[X] ) < exp (‘215[)(]) .

The above Chernoff bounds, applied to the random variables (D} )zeln], yields the
following bounds on A and 4 (maximum and minimum out-degree).

Lemma 3.14. There exists C > 1 such that the event ET := {64 > 2}N{A; < Clogn}
satisfies
P(ET) =1-0(1).

Proof. Fix a single vertex = € [n]. It holds

P(D;_ <2)= H(l — Pay) + pr,z H (1 = Pay),
y#T z#T YFT,2
and recalling that log(1 —t) < —t for every |¢| < 1,
P(D} < 2) < e Zurabry 4 pr,ze_ Lyta Py — O(n_%F logn).
zF#x
Since w; > 1 for every z € [n], by a union bound we get P(6; < 2) = o(1).
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To bound below Ay, we apply the Chernoff bounds (3.32) to get

(Clogn — E[DF])*
2 (E[D{] + §(Clogn —E[D{])) )’

P(D} > Clogn) < exp (—

and note that we can choose C' sufficiently large to obtain a uniform estimate in x, so
that the r.h.s. is of order n~7, for any v > 0. Then, with a union bound on z € [n],

P(Ay <Clogn)=1-o0(1).

O]

£ > 1, 6, could be proved to be greater than any constant, but we take

04+ > 2 in analogy to strongly connected configuration models.

Being w

Lemma 3.15. There exists a constant ¢ > 0, independent of n, such that, for every
vertez x € [n],
P(D;} < clogn) = o(1).

Proof. Applying the Chernoff bounds (3.32) with X = D} and ¢t := E[D}| — clogn > 0
it holds
(E[Df] — clogn)®
2E[D;] '

By assumption (3.5), for every = € [n] it holds E[D;}] = ©(logn), with asymptotic
constant uniformly bounded in n. Then, there exists ¢ > 0, independent of n, such that

P(D; < clogn) < exp (— (3.33)

1 (E[Df] - clogn)?
logn 2E[D;]

=0(1), Ve ln].

This completes the proof. ]

Remark 3.16. Since w; > 1 for every x € [n], for a point-wise estimate we can simply
take ¢ = 1. In general, to perform a union bound in (3.33) and prove that 61 > clogn
w.h.p., it must hold, for x € [n],

1 (E[D]] - clogn)?
logn 2E[ D]

— afa)(1+o(1)),

for a constant a(x) such that a(x) > 1 uniformly in x € [n] and n € N. This can
happen only if, for large n and for every x € [n], (ww) /n — ¢)? > 2ww; /n. Since for
every n € N, ¢ € (0,ww] /n), passing to the roots we derive the equivalent condition
that ¢ < ww} /n — \/2wwy /n for large n and for every x € [n).

However, this condition is not always satisfied under our general hypotheses. For
instance, on the Erdés-Rényi graph with parameter Xlogn/n, where 1 < X\ < /2, it
holds that ww} /n = A, and the above condition is satisfied only if ¢ is such that 0 <

c < A—V2X\ <0, yielding a contradiction. The above strateqy is then insufficient to deal
with this specific case.
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Remark 3.17. The Chernoff bounds (3.32) provide a precise estimate on the average of
the reciprocal of out-degrees. To see this, it is sufficient to plug X = D} and t = mE[D}]
into (3.32). Since E[D}] = O(logn), the choice m = 1/</logn implies

1 1 1
[ 1]= L [ivo( )]
[D;] E[Dy] Vlogn
Notice that, thanks to Jensen’s inequality, the multiplicative error term has to be

greater than 1. We conclude this subsection providing the proof of Proposition 3.2 about
the entropy H. It is a straightforward application of the two previous lemmas.

Proof of Proposition 3.2. From the definition of the entropy H given in (3.10), we can

conveniently rewrite

n

H= " pin(z) > logiP(D} =i). (3.34)
z€[n] =2

By Lemmata 3.14-3.15, for every fixed vertex x € [n],
P(D} > Clogn) = o(1/n), P(D} < clogn) = o(1),

where C' > 1 and ¢ = ¢(x) > 0 uniformly in n. Hence
log(clogn) +o(1) < Zlog iP(D) =1) <log(Clogn)+o(1/n),

which together (3.34), implies that H = loglog n(1 + o(1)).
From the definition of 0% given in (3.11), we can write

Z Mm Z log i)QP(D; = Z) - H2.

z€n] 1=2

Since for every C' € (0 + oo) it holds (log(Clogn))? = (loglogn)? + 2log C loglogn +
log? C, from the previous displays, and inserting the derived estimate of H, we conclude
that 02 = O(loglogn). O

The entropy H provides an average observable of the system. In the forthcoming
sections it will be shown to be deeply connected with the dynamics of the random walk.
More precisely, we will deduce from Theorem 3.21 that the probability mass of a typical
random walk path of length ¢ is e~ Ht+O(VHD),

Size of in-neighborhoods. We now focus on the analysis of the in-neighborhood
properties of the graph, that will turn to be fundamental in understanding the spread
of the random walk on the environment.

Recall that for z € [n] and s € N, B, (s) and B, (s) denote, respectively, the out-
and in-neighborhood of x with depth s. Following the general proof strategy traced in
Cai et al. [2023], we are going to show that, w.h.p. and uniformly in z, the size of an
in-neighborhood of radius etey /20 is at most nl/2te,
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Lemma 3.18. Let h. = 5;8%” as in (3.17), and define the event
ST = {Vx € [n],|B; (he)] < n'/?5}. (3.35)
Then P(S7) =1—o0(1).

Proof. The idea is to provide a suitable upper bound on P(|B; (h:)| > n'/?>%¢), and then
conclude the proof by a union bound. In this spirit, we claim that, for n large enough,

E[|B; (he)? - 1g+] < wynflog3n, (3.36)

where £T is the typical event described in Lemma 3.14. Assuming its validity, we readily
get, by Markov’s inequality, that

E(B; (he)? - 1e+] _ wy log’n

]P)(|B;(h5)| > n1/2+6a 6"") < nlt2e - nlte

From Lemma 3.14, applying a union bound on z € [n] and by the assumption (3.6), we
conclude that for large n

P(S:"

&€

) =P(S:°NEY) +o(1) < 37 P(B, (h)l > 0/, £1) + o(1)

z€[n]

3
< BTN wy +ol1) = of1),
]

n1+€
z€[n

which proves the statement.
It remains to show inequality (3.36). Let Bf = B (h.) and write

E[B;[> 1g+] = Y Y Pwe B, xeBf ),

y€[n] z€[n]

where
P(z e B,z €Bf &) <P(x,ze B ,EN)+P(xe B,z € Bf,z2¢ B} ,EY). (3.37)

We start by estimating the first term on the r.h.s. of the last display. Note that, from
the independence of the edge connectivity and applying Lemma 3.14, we can write

P(z,z € B, ") =Pz € Bf ,ENP(z € BJ|ET) = P(x € B ,EN)P(z € B ,£7)(140(1)),

and it is then enough to bound P(z € B, , £*) for general z € [n].
On the event £, the out-neighborhood B, contains at most (C'log n)hs vertices.
Moreover, the probability that a vertex u € [n] \ {z} is connected to z is

98



Chapter 3. Cutoff for the SRW on the directed Chung—Lu graph

where M, is the constant given in the assumption (3.5). Let A, denote the subset of
[n], of size (C'logn)", whose vertices maximize the parameters (Pu,z)ueln)\{z}- Then,
for large n,

P(wEBJ,5+)<P< U {u—):ﬁ}ﬂ5+> <IP’<U {u—)x}ﬂ€+>

ueB\{z} u€A,
1 e 1
< (Clogn)hlew;Lgn < w,nio Ly
n n

We now bound the second term in (3.37). Note that, given that = € B} and z ¢ By,
the event x € B can be obtained if either z is the closest vertex to y in B N B, or
there exists u # 2 which is the closest vertex to y in € B N B/ and that is connected
to x by a directed path.

Reasoning as before, and for large n, the first scenario has probability less than
(wy nio 10%)2, while the second scenario is included in the event E, ., = {u € B} N
Bf}n{z € B}} that has probability

P + — (=2 s log® n
(By.unN&ET) <wy (wy,) nw = e

All in all, and by assumption (3.6), we get

log?n 3 log® n

2 + Maw, n1o

Pz e B ,zeBf,z¢ B}, &) < wjw;ns

n2
Summing over y, z € [n], and using that w = O(n), we get that for large n
EB; P 1e+] < wynloghn,

which concludes the proof of the claimed inequality (3.36), and then of the lemma. [J

Tree excess of out-neighborhoods. Following Bordenave et al. [2019], we introduce
a quantity that measures how much subgraphs look like trees. Given a graph S = (V, E),
we define its tree excess Tx(S) as the minimum number of edges to remove in order to
obtain a directed tree, that is

Tx(S) == 1+ |E| — |V|. (3.38)

Then, for every s > 0, we define the bad event G (s) as the set of graphs such that there
exists a vertex having an out-neighborhood of depth s with tree-excess greater than 1,
that is

G*(s) = | {Tx(B} () = 2}.

z€[n]

Lemma 3.19. Let h. be as in (3.17). Then, for all e sufficiently small, it holds
P(G"(2he)) = o(1).
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Proof. First note that, for any x € [n], the event {Tx(B (s)) > 2} corresponds to the
event that, while drawing iteratively B (s), at least two vertices are explored at least
twice.

Let C > 1 be a constant such that P(E1) = 1 — o(1), as in Lemma 3.14, so that,
being {A < C'logn} D &Y, it holds that

(G (2he)) = P(GF (2h:) N {A+ < Clogn}) + o(1).

On the event {A, < C'logn}, the ball BF (s) has size at most (C'logn)?"<, and hence the
probability of the event {Tx(B; (s)) > 2} can be bounded above using, as a counter of
vertices which are explored at least twice, a binomial random variable Bin(m, ¢), where
m = (Clogn)?' is the maximum size of B (s), and ¢ bounds above the maximum
probability of choosing an already explored vertex.

In particular, letting pmax := max, yen) Pz,y and with a union bound on the vertices

y € B (s), we set ¢ = (C'logn)**ppay and get
P(Tx(B] (s)) = 2| Ay < Clogn) < P (Bin(m,q) > 2)

< ((C log n)4h5pmax> ? .

Since pmax = O(nf%fg), due to (3.8), and inserting the explicit value of h, the r.h.s. of
£ 2
the above inequality turns to be O(n_1+4?_7n). Observing that

P(Tx(B} (s)) > 2, Ay < Clogn) = P({Tx(B (s)) > 2} N {A, < Clogn})(1+o(1)),

choosing ¢ sufficiently small, e.g. such that % < %17, we conclude the proof by a union
bound over z € [n]. O

3.4 Typical properties of random walk trajectories

3.4.1 Mass of a typical trajectory

Having at hand some remarkable properties of the random environment, we switch to
consider their impact on the random walk trajectories. The goal of this subsection is
to characterize the typical mass of a random walk of length ¢ = O(tey). In particular,
Theorem 3.21 below can be interpreted as a quenched law of large numbers for this
quantity (or rather its logarithm). This last result will be then refined to a central limit
theorem, which applies to all trajectories of length ¢, with ¢ taken in an appropriate
critical window (see Theorem 3.22 below).

We start with a simple lemma, that is a direct adaptation of Lemma 3.1 in Cai et al.
[2023] and that will be useful in the next computations. Recall the definition of the
vertex-set V¥ given in (3.22), whose elements are called h.-roots. We are going to show
that w.h.p. with respect to the graph setting, the quenched probability that the random
walk does not belong to V; after ¢ steps decays at least exponentially in t.
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Lemma 3.20. Let h be as in (3.17). Then, for all e sufficiently small and all t < h,,
P(maxPY(X; ¢ V*) <279 =1—0(1).

z€[n]

Proof. First note that, in the notation introduced in Subsection 3.3.2, we can rewrite

V2 ={y € [n] : Tx(By (he)) = 0}.

In particular, due to Lemma 3.19, we can restrict ourselves, with an error of order o(1),
to the event
(GF(2he))” = () {T=(B] (2he)) < 1}

z€[n]

In other words, under this event, the out-neighborhood B} (2h.) is a directed tree except
for at most one directed edge, for all z € [n]. If B} (2h.) is a tree, then also B}t(hg)
is a tree and hence X; € V*. If B} (2h.) is not a tree, then it contains precisely one
cycle and we can identify the closest node to x on this cycle, say y, that will be at a
distance s < 2h. from z. Note that if s < ¢, then necessarily B}t(hs) is a tree, as the
contrary would imply the existence of a second cycle in B (2h.), which is impossible
under (g+(2h5))5. Instead, if ¢ < s, the event {X; ¢ V} is realized only if the random
walk follows the unique directed path from z to y for ¢ steps. In view of Lemma 3.14,
we can further restrict on the event £1, which ensures that 6, > 2, and on this event we
derive the bound P$(X; ¢ V*) < 27, that holds w.h.p. and concludes the proof. O

Before stating and proving the main results of this section, let us introduce some
notation.

Let (Dg)r>1 be independent copies of D‘J;, the random out-degree of a random vertex
V € [n] sampled from pj,. This sequence is defined w.r.t. a probability measure that
with a little abuse of notation will be simply denoted by P. Moreover, for ¢t € N, set

t
S; = ZLk ,  where Ljp:=log(DV1).

Then, for every 6 € (0,1) and ¢ € N, we define

q(0) =P <H Dklv o> 9) =P (S; < —log(h)). (3.39)
k=1

Note that g.(0) corresponds to the probability that a path made of ¢ i.i.d. samples from
the in-degree distribution has mass at least 8. Under suitable hypotheses, we will show
that the quenched probability Q. +(6), given in (3.19), is well approximated by ¢:(9).
This is the crucial idea in order to prove the next result.

Theorem 3.21 (Quenched Law of Large Number). Let Q, ((6) be the quenched proba-
bility given in (3.19), and assume that t = O(tent) and 6 € (0,1) are such that

_ log 0 n—+00

- (3.40)
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Then,

max |Qua(0) = Lpsiy| —— 0.

Note that, since Ht = ©(logn), the assumption (3.40) implies that log = ©(logn).
A possible choice could be § = n~", with possible multiplicative poly-log corrections.

Proof. Our proof follows the strategy given in [Cai et al., 2023, Prop 3.2]. For ¢ =
3loglogn, we define
Qut(8) := Y Pl(a,y)Quu(0).
y€[n]

This has the following interpretation. The first £ steps do not affect the total mass of the
trajectory, but in view of Lemma 3.20, they are sufficient to let the walk move w.h.p. to a
he-root vertex. Hence, we let the random walk move for £ steps and then start recording
the mass of the trajectory. For ¢ € (0,71/2), with n € (0,1) as in (3.6), we claim that

max Qs (6) — 4u(6)] —— 0. (3.41)

Before proving the claimed convergence, we explore the asymptotic properties of g;(6),
and then we complete the proof assuming the validity of (3.41). As a first step, note
that since {Ly};>1 are i.i.d., and in view of Proposition 3.2, it holds that

E(S;) = Ht =logn(1+ o(1)), Var(S;) = o*t = O(logn) .

From the hypothesis (3.40), it turns that —log 6 = pE[S](1 + o(1)), so that we may
expect the event in the definition of ¢;(#) to be typical or rare according to the value of
p. Formally:

(i) if p > 1 then, for large n, it holds —log 6 — E[S;] > 0 and

1—q(0) =P (S = —logf) =P (S; — E[S¢] = —log 6 — E[S¢])

(ii) if p < 1 then, for large n, it holds log § + E[S;] > 0 and

q(0) =P (S < —log0) = P (=S5, + E[S}] > log 0 + E[S;])

In both cases, we can bound above the expression on the right-hand side of the last two
displays by Chebyshev’s inequality, and get

Var(.S;) (1)

P15~ ElSill 2 [log 0+ ElS:]D) < 7orm ey =

) (3.42)
1 ifp>1

0 ifp<l1

— ) ——— {
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Going back to the proof of our main statement, let us first observe that since the mass
of a path of length ¢ is always in [Ajré, 5;5}, it holds that

Qut(0) < PS(m(Xy, Xpi1,..., Xy) > 06%) = Qup(054)
< PY(m(Xy, Xopa, .-, Xe) > 005 Xe € V) + P (X ¢ V)
< max Q- (05%) + Pu(Xe ¢ V)

< max Qy1-20(06%) + PG (X ¢ V)

< max Qy +(00 AT + PT(X, ¢ V).

By Lemma 3.20 and assuming the validity of (3.41), we get that

max Q.1 (0) < q(062AT*) + op(1).
Tren

Since ¢;(-) is decreasing, and both w.h.p. A} < C'logn and 64 > 2 are valid, we conclude
that
max Q, +(0) < ¢:(62°(C'logn) ™) + op(1). (3.43)

z€[n]
Similarly, we first observe that by definition
Q:E,t(a) > Pg(m(X€7 X€+17 v aXt) > eAﬂ—) = Qw,t—f(eAﬁ-)
> PY(m(Xy, Xpi1,-. -, Xy) > 0AL | X, € VIPE (X, € V)
> min Qu g (0A4)PF (X, € V)

> min Qui-20(0A2PY (X, € V).

zeVr
By Lemma 3.20 and assuming again the validity of (3.41), we obtain

min Q. +(f) > min vat,gg(GA?f)(l — 27 — op(1))

xz€([n) eV}

> qr-20(0A%) + 0p(1) > q(0A%) + op(1).
Since ¢;(#) is decreasing in ¢t and A, < C'logn w.h.p. , we conclude that

mﬁ Q.4(0) > q:(0(Clogn)*) + op(1). (3.44)
ren

At last note that, setting 6 = 0(C'logn)*%, then log# = log# + O((loglogn)?). Since
the asymptotic value of ¢ (+) is not sensitive to perturbations 6’ such that |log 6’ —log 6| =
O((loglogn)?), Egs. (3.43)-(3.44), together with (3.42), conclude the proof of our state-
ment.
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Let us finally prove the claimed convergence (3.41). To this aim, we are going to
show that, for all § > 0,

P(Loevy Qua(8) > ¢ui(6) +6) = o(n™1), (3.45)

and then we apply a union bound over x E_Vg*. This will give only half of (3.41), but
actually the same argument applies to 1 — Q,;(¢) and 1 — ¢;(¢), completing the proof.

For any fixed K > 1, by Markov’s inequality we get

E[Loev: (20(9)]

P (Locv: Qur(0) 2 ae0) +6) < —— ok

(3.46)

We now follow the strategy of the proof given in [Cai et al., 2023, Prop. 3.2].
Consider the annealed measure P2 associated to the process (X (k)) ke{l,..., k) defined
in Subsection 3.3.1, for T' = t + ¢, where ¢ = 3loglogn as above. The process consists
of K random walks of length ¢ + ¢ and initial measure d,, realized one after the other
together with the partial graph structure that they explore. Let K = |log?(n)| and, for
every 1 < j < K, define the event B; through the following conditions:

(i) the union of the first j trajectories up to time ¢, that is (Xgl), ... ,ng))sgg, forms
a directed tree;

(ii) for every i < j, the last ¢ steps of the i-th walk, that is (Xgi))se[g+17g+t], define a
path p of mass m(p) > 6;

(iii) The vertices in the first j trajectories have out-degree at least 2.

By definition, note that the event {x € V} is contained in the event that the K
trajectories form a tree up to depth ¢. Hence

K
E[loevs(Qua(9)"] < B3 (Br) = P (By) [T B2 (B | Bj-v). (3.47)
j=2

Note that, given B;_1:

1. either the j-th walk follows one of the previously traced trajectories up to time ¢,
thus keeping unchanged the tree structure of depth ¢ around =.

2. or the j-th walk explores a new vertex before time ¢. In that case, the event B;
takes place if the j-th walk keeps exploring new vertices at least up to time ¢, in
order to preserve the whole tree structure, and then moves its last ¢ steps on a
path p with mass m(p) > 6.
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Since the out-degree of these vertices is at least 2 by the conditioning, the first
scenario happens, for all j < K, with conditional probability which is at most

(K _ 1)276 < K27€ _ e210glognfélog2 _ 0(1)

To estimate the probability of the second scenario, first note that, at each step, the
conditional probability to visit an already explored vertex is less than K (¢ + ¢)pmax.
Summing this term for all the ¢ + ¢ steps of the path, we obtain that the conditional
probability that the j-th walk visits an already explored vertex, and create a cycle along
the whole process, is less than (t + £)?Kpmax = o(1), for all j < K. Hence the tree
structure is preserved w.h.p. along the whole trajectory.

Moreover, on the event that the j-th trajectory always visits new vertices, the con-
ditional law of its last ¢ steps corresponds to the annealed law of a random walk of
length ¢t defined on a reduced Chung-Lu graph, which is obtained by removing the
vertices explored by the whole process before its last ¢ steps, on the event that it has
no self-intersections. In particular, from Lemma 3.10 and Eq. (3.24), each step of this
random walk can be chosen approximately as a sample of ui,. In other words, after
exiting the already visited trajectories, the rest of the path up to step t + ¢, can be
coupled with an i.i.d. sample from u;, with an overall total variation cost which is of
order O((t + £)2Kpmax) = o(1). The second scenario is then satisfied with probability

a(0) + o(1).

Altogether, this shows that, for all § > 0 and for all j < K,

J

P (B; | Bj_1) < q(0) + 3

that, thanks to Eqs. (3.46)-(3.47), implies (3.45). This ends the proof of the claimed
convergence (3.41) and of the theorem. O

Let us now consider a time window of size Went := fv/Tent, as given in (3.14). Then
it holds the following.

Theorem 3.22 (Central Limit Theorem). Let ty := tent + AWent + 0(Went ), with A € R
fized, and assume that 0 € (0,1) is such that

log 6 + Ht ) )
O'\/E n—-+oo

where o? satisfies the non-degeneracy condition (3.15). Then

(3.48)

P
— 0.
n—-+0o00

1 &0 2
o (0) — —— [ 2
ﬁ?ﬁg’h() \/ﬁ/)\ ‘ !

Note that, since ty = tent(1+0(1)) and Hty = logn+ Ao y/Tent, the assumption (3.48)
implies that log# = —logn(1+0(1)). A possible choice could be § = n~!, with possible
multiplicative poly-log corrections.
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Proof. To ease the notation, let ¢t = t). In view of the convergence (3.41), we first focus
on the probability ¢;(0). By Eq. (3.39), we can write

Sy — Ht - _log(0) + Ht)
o\t o\t '

Looking at the argument of that probability, while the r.h.s. converges to —A due to
assumption (3.48), we will prove that the 1.h.s. converges in distribution to a Normal.
We can indeed check that the Lyapunov condition of the Lindeberg-Feller Central Limit
Theorem holds (see, e.g., Klenke [2020], Lemma 15.41). Specifically, we need to prove
that there exists § > 0 such that

q:(0) =P<

1

t
lim ——— SN E[|L, — H* = 0. 3.49
n—rtos Var(st)1+6/2; (1Zs = HT (3.49)

We observe that, due to Lemmata 3.14 and 3.15, and by our choice of ¢, for all § > 0,

t
> E[Li*T0) = tE[L1*"°] = log n(loglogn)' (1 4 o(1)).
k=1

Using that E[|L; — H|*™] < 2140 (]EHLHQH] + H2+5>, and thanks to Proposition 3.2,

we then get that the numerator of (3.49) is O(log n(loglogn)'*+?).

On the other hand, let § > 0 be such that the non-degeneracy condition (3.15) on
o? is satisfied. Then

Var(Sy)179/2 = (t0?)1%/2 > log n(log log n)+?

and the Lyapunov condition (3.49) is verified. As a consequence,

1 [ e 1 [t 2
lim 0) = / e 2 du= / e 2 du.
n——+00 Qt( ) 27 — oo V2T by

The thesis now follows thanks to the convergence (3.41), together with the bounds (3.43)
and (3.44), and to the fact that the asymptotic value of ¢; is not sensitive to perturbations
6" such that |log# — log 6| = O((loglogn)?). O

3.4.2 'Tree-like trajectories

The goal of this subsection is to analyze the random kernel of the random walk in or-
der to prove that the properties characterizing nice paths, listed in Definition 3.7, hold
w.h.p. as n — co. We will first show that, for all times s < (1—7)tepnt, where v = % as in
Definition 3.7, the random walk trajectories of length s live w.h.p. in the tree 7,(s) given
in Subsection 3.2.2. Accordingly to Remark 3.8, this result can be extended with few
little adjustments to times s =ty — h., with t) lying in the critical window of Theorem
3.5. We will briefly comment at the end of the subsection.
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Chapter 3. Cutoff for the SRW on the directed Chung—Lu graph

We start with a preliminary result. Recall the notation introduced in Subsection 3.2.2
and the procedure to construct the tree 7,(s) C G.(s), which involves the sequences of
graphs (G%)r>o and (7)o, and the sequence of edges (es)s>0. In particular, remind
that T,(s) := T"=, where k, is the index of the last iteration of the algorithm.

Lemma 3.23. For all 1 < ¢ < kg, let ey denote the edge chosen by the £-th iteration of
the algorithm defining T;(s). Then, on the event ET, it holds that

i 2
G_HS S ﬁl(ef) S m, (350)

where 1 (eg) was given in (3.21), and H = (1 + y)H. As a consequence, ry < 2e1

Proof. See the proof of [Bordenave et al., 2018, Lemma 11|, which applies to the present
setting without substantial changes. O

With this result at hand, we can prove the following proposition, which shows that,
w.h.p., a random walk starting from a vertex in V* performs a trajectory in 7;(s). To
state the result, let us denote by P(x,y, s, H) the set of paths from z to y of length s,
in a subgraph H of G .

Proposition 3.24. For alle, v € (0,1) and s < (1 — 7)tent, it holds

min Z Z m(p) 1

zeVx n—-+00
yen] peP(2,y,5,T(s))

Proof. Note that, by the definition of 7,(s), apath p € P(z,y, s,G)isnot in P(z,y, s, Tz(s))
if one of the two following conditions holds:

(1) m(p) < e s =1/n'=7(1 + o(1)).
(2) p has edges in G,(s) \ Tz(s).

For j = 1,2, we denote with Pt 2y the set of paths in P(z,y, s, G) for which condition (j)
does not hold, and observe that by definition

ST mp) > Q(1/n ), Vo€ ln].

yEn pepiy
SIHCG =1+ > 1, Theorem 3.21 applies and we get that
mm { > Z } m 1, (3.51)
y€[n] peP

which proves that condition (1) is not likely to be satisfied. To estimate the probability
that condition (2) is satisfied, let us define iteratively (My);*, setting

My:=0,  My:=Mpy+1(e)L(l < r)l(v) € V(GT)), Vee{l,... Kk},
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where V(H) denotes the vertex set of a graph H and v} denotes the head of an edge
e. Note that M, represents the total probability mass that is excluded from G’ in the
generation of 7¢. We recall that e, is the edge selected by the (-th iteration of the

algorithm. In particular
Me, =3, > mp).
yEln] pep2y

We want to show that, for all § > 0,
P(3z € V' : My, >0) =o(1).
To this aim, we first prove
P(M,, >6,ET) =o(n™1), (3.52)

so that Lemma 3.14 and a union bound over x € V* are sufficient to conclude the proof.

Let ¢ = 2", Remember that condition (1) above is satisfied with vanishing prob-
ability for s = he = ©O(tent) and observe that (m(ey))e>o is decreasing in £. Moreover
notice that, being x € VZ, T.(he) is a tree. Combining these facts, it follows that
w.h.p. T2(he) = Go(he) = B (he). In conclusion, w.h.p. , k= |[Tn, | > |Bi (he)| > 2" =
le.

As a by-product of the previous lines, we get that in the first /. steps of the con-
struction of 7, , no mass is thrown away and then M, = 0 for all £ < {.. Moreover, due
to (3.50), on the event £

2
My — M,y < 5

<9ohetl<1, WI>l 41, (3.53)
+ L

Let F; denote the o-field associated to the first ¢ generation steps of 7;(s). By the
previous estimates, it turns out that

2

E[(M,—M,_1)1 < =
[(Me—Mp_1)Le+ | Fo 1]_2+£

Pl e VG, €T Fimy), P-as., V0> 0.+1,
(3.54)

where

_ logn _
P(vf € V(G"Y), T Fiy) < yelr/rzgzgl) Z Py, < My - Z w; . (3.55)
zeV(GL-1) zeV(Gt1)

To estimate the r.h.s. of the display, note that, for any S C [n] and taking ¢ such that
6¢ < n, with n as given in assumption (3.6), we can apply Holder’s inequality and get,
for p =2+ 6¢,

Sws < [Z(wg)p] CIsh < [],”Sﬂ s, (3.56)

z€S z€S
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We take S = V(G*!) and observe that ﬁ < 3 — (. Since [V(GF Y] < Ky < i’
where the last inequality is due to Lemma 3.23, we obtain that

> w=o(n'),
2eV(GE-1)

for & > 0 sufficiently small, depending on the given ¢ and ~. Inserting this estimate in
(3.55) and then in (3.54), we conclude that, for any ¢ < k,,

1 logn
E[(Mg — Mg,1)15+ |.7:571] = ZO < & ) y

nE

and in a similar way that

1 logn
E[(M; — My_1)? 1+ | Foro1] = ( & )

2%\ e
Consequently,
K 2
log“n
a:=Y E[M;— My 1lg+ | Fra]=o ( iﬁ ) , (3.57)
=1
il logn
bi=> E[(My— My_1)*1gi | Foor] = 0 < Ti ) ; (3.58)
=1

where we used the fact that ;= ¢71 = O(log k). For £ € {0,...,k;}, we define
¢
Zpr = f(MeH — My — E[(Me1 — M) 1e+|Fo])1e+, (3.59)
where ¢¢ := 2/§ + 2. Thanks to (3.53), |Zy11| < 1 for large n. Since k; > /., we also

define .
¢U:ZZZi+1a VUE{KE,...,H:E}.
=0

The sequence (¢y)r.<u<k, is a martingale. Observe that M,k = a + %(ﬁ,@z. Thanks to

the estimates (3.57) and (3.58), we can assume that a < % for large enough n. Hence,
recalling that ce — 2 = 2/£, we can write

ce — 1
C¢

2
§

IP(MM > 5,5+) < IP(@ > 2 for some £ > £, , 5*) . (3.60)

At last, let us consider the conditional variance

l
b= Var(Z|F).
=1
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On £T, thanks to (3.58)-(3.59), b’ < (ce/d)*h = o (%) uniformly in ¢. Choosing
c(n) = l‘fsn, for all n>> 1 it holds

P(b’ > ¢(n) for some £ > (., 8+) =0,
and thus

2 2
P<¢e > ¢ for some (> L. ,5*) — P(qﬁg > g,b’ < ¢(n) for some £ > £, ,5+) .

As in [Cai et al., 2023, Lemma 3.3], we apply [Freedman, 1975, Theorem 1.6] to bound
the r.h.s. with

2
F+c(n)
et 20& =o(n™1).
£ + c(n)
Inserting this bound in (3.60), we obtain (3.52) which concludes the proof. O

Remark 3.25. The statement of this proposition can be easily generalized to time s =
tx — he, with ty lying in the critical window of Theorem 5.5. Indeed, with this specific
choice, it holds s = (1 — 4%)tent(1 + 0(1)) and n'=*7 < efs < nl=7" All the estimates
involving s, and specifically Lemma 3.23 and the convergence (3.51), come true without
substantial changes.

3.5 Proof of the main results

3.5.1 Upper bound

We now prove Eq. (3.13) of Theorem 3.3. We start by rearranging in a more convenient
form the total variation distance of the statement. For h = h. as in (3.17), let

T = uinPh,
and write, by the triangle inequality,
1P (2, ) = wllrv < |P'(,-) = Fllvv + |7 = 7llrv.
If the first term in the r.h.s. is op(1) uniformly in z € [n], then by the triangle inequality
and (3.16), the same must hold for the second term. Let ¢’ =t + ¢, with ¢ = loglogn
and t = (1 + B)tent- Applying the Markov property,

max IPY (z,-) — 7||Tv = max 1> Pl y) (P, ) — ) (Lgyevey + Lggvey) v

y€[n]
1 - 1
Smaxy D73 Play)lPly )~ 7+ maxg S 2P ()
z€[n] yeVX yE[n\Vx

< max [|P'(y, ) — 7y + max PE(X, ¢ V),
Vv z€[n]
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where the first inequality is obtained by the triangle inequality and bounding the total
variation distance by 2, while the second inequality is obtained by changing the order of
the sums and maximizing over y (so that x disappears).

The second term is arbitrarily small due to Lemma 3.20. We then focus on the first
term. For sake of readiness we will keep calling x the maximizing variable and we will
bound max,evs | P!(z,-) — 7||Tv. For every z,y € [n], let P'(z,y) be the probability to
go from z to y in t steps following a nice path, that is

Pz,y)= >, m(p), (3.61)

pEP (,y,t,G)

where 75(1‘, y,t,G) is the set of nice paths from z to y of length ¢ in G. Moreover we set

qg(z) =1- Z Pl(z,y).

y€(n]
Then, for all § > 0, it holds

5 +
1P, )~ Fllev < 3 [ (14 8)7() + 2 - P yﬂ . (3.62)

y€n]

To handle the term in the r.h.s. above, we apply Proposition 3.26 below in order to
remove the positive part [u]"™ = max{0,u} in (3.62). From this statement, we get that
for all 6 > 0, and w.h.p., (3.62) becomes

Z [(1 +0)7(y) + % - ﬁt(:c,y)] =20 +q(x), (3.63)

y€[n]

It is now sufficient to provide an upper bound on g(x), uniformly over x € V. This can
be derived by bounding above the probability that some conditions in Definition 3.7 fail.
Condition (i) fails, by definition, with quenched probability Q, (m) for all € [n].
Condition (ii) holds with quenched probability 1 — op(1) for all x € VZ*, by Proposi-
tion 3.24.

Condition (iii) is satisfied with quenched probability bounded below by PS¢ (X1 € V).
Taking the minimum over z € V, and thanks to Lemma 3.20, we conclude that (iii)
holds with quenched probability 1 — op(1), uniformly for = € V.

At last, condition (iv) holds w.h.p. for all z € [n] due to Lemma 3.14.

In conclusion,

1
g(z) < et | —— 1). 3.64
s 0) < mps O () +er) .
Note that for 6 = iog 3 and t = (1 + B)tent condition (3.40) is satisfied with p < 1.

Hence, Theorem 3.21 apphes to the r.h.s. in the last display, and ends the proof. ]

It now remains to state and prove the result that was applied in order to reduce (3.62)
0 (3.63). Set B = 3y = s=. In the notation introduced above, it holds the following.
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Proposition 3.26. Lett = s+ h + 1 with s = (1 — ¥)tent, ¥ > 0 as in Definition 3.7
and h = he as in (3.17). Then, for all § > 0,

P <max Pl(z,y) < (14 0)7(y) + é,Vy € [n]> =1-o0(1).

zeVx n
Proof. To prove the statement, we will perform a time-gluing procedure among the first
s steps of the walk (which is confined w.h.p. in the tree 7,(s)) and the last h steps
(where the path to a target end point y is unique). Thanks to a partial conditioning
on the starting and ending subpaths (of length resp. s and h), we will be able to prove
a concentration result for the trajectories of length ¢ which will lead to the desired
inequality.

Let us stress that the entire strategy closely follows the proof of Proposition 3.6 in
Cai et al. [2023], given in the context of directed configuration models, but requires
significant adaptations to address the directed Chung-Lu framework. In particular,
while the analysis for the directed configuration model relies heavily on combinatorial
computations, which reflect the nature of the model where the in- and out-degrees are
deterministic, our approach leverages the independence of connections between vertices,
along with appropriate concentration inequalities for the in- and out-degrees. This shift
is particularly evident in the computations beginning with (3.68).

Given = # y € [n], let F = F(z,y) denote the partial environment obtained after the
generation of 7;(s) and B (h). Consider k, and £, to be the number of matchings needed
to generate respectively the two subgraphs. It holds ;. = [T:(s)|—1 and x,, < |B, (h)|-1.

Let Vz denote the set of vertices in 9B, (h) such that there exists a unique path of
length h to y, and V; be the set of unmatched vertices at depth s in 7,(s). Note that,
by construction,

> m(p,) <1, (3.65)

ze\/]}L

and

Z fin (v)m(py y) < Hin h(y) = Z Nin(v)Ph(v>y)- (3.66)

vEVE veln]

With this notation, we develop lgt(x, y), the probability to follow a nice path of length
t from z to y, as

Z Z p:L" z (pv,y)l{z—w}l{p is a nice path}» (367)

zEV veVy

where p = p, . U (2,v) Up,,y, with a little abuse of notation. Note that, in this represen-
tation of P!(z,y), the last indicator highlights the validity of conditions (i) and (iv) of
definition 3.7 of nice paths, since (ii) and (iii) are satisfied by construction.

We want study the conditional expectation of (3.67) on the partial environment F.
By linearity, we are reduced to analyze the random variables 1. ..} /Df forz e Vi ve
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V. Since the Bernoulli variables 1. ,,} are independent from the partial environment
F, it holds

1 1
E [ g }yf} [Dj |l = 1], (3.68)

Some of the indicator functions defining the out-degree of z may have been sampled
during the generation of the partial environment F = F(x,y). However it holds

D.j > Z 1{z—>w} + 1{2—)1}} = sz + 1{z—>v} .
we(n]:
(z,w)¢ FU(z,v)

Thus, we can write

{z—v} Pz
E sz 1 1)),
S5 <k |7l = o)

where the last equality follows by Remark 3.17. For y € [n], we then define the events
Wy = {ky < n%ﬁ} and W := Ny Wy Since W 2 S, where S is defined in (3.35),

by Lemma 3.18 we get
POW) >P(S.)=1—-0(1). (3.69)

On W, the number of Bernoulli variables removed from D} in the definition of Y is
at most n3+e. Moreover, thanks to (3.8), the connection parameter is at most pmax =
o(nféfg). We assume since now on that F € W,. Then, if ¢ < n/7, we get that
E[Y? |F] = E[Df](140(1)) = ww] logn/n(14+0(1)), and consequently we may conclude
that

E [1{2%} | ;] < (14 0(1)) = u(v) (1 + (1)) (3.70)
Dg’ = in : ’

Taking the conditional average in (3.61) and plugging there (3.70), we obtain that

EP' () Fl< Y Y mp..)E {{“”} !f] m(p,y)

zeVE veVy

Z Z pxz fin (V (pv,y)(l +0o(1))

zGV veVy

< Y pin(@)m(poy)(1+0(1)) < pin P (y)(1+ o(1)),

veVy

where the last lines follows from (3.65) and (3.66). This implies that for every 6 > 0 and
for n large enough, it holds

<1 + g) B[P (2,9)|F| < (1+6) Pt (y) = (1 +6)7(y) . (3.71)
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Let us consider the random variables

1
X, = Z m(pm,z)D+ m(pv,y)l{z%v}l{p is a nice path} » 2 € V]—-i_y
z
veVy

where p = p, . U (2,v) Upy,y. These random variables are conditionally independent.

Moreover, thanks to condition (i) of Definition 3.7, we have

1

nlog3n’

1
m(pg o) —=m(p,,) <

DF
and thanks to requirement (iv) of Definition 3.7, it holds

Hv € Vi 1 pe2 U (2,v) Upyyis nice}| < Clogn.
Then, X, is uniformly bounded in z € V; by the quantity

M = M(n) = Clogn C

nlog®n B nlog®n’
For a > 0 and M as above, we can apply the Bernstein inequality to the conditional
probability measure P( - |F), and get

2

P (ﬁt(:c,y) —E[P!(z,y)|F] > a yf) < exp < - 2M(E[§t(z DT a)) . (3.72)

Reasoning as in [Bordenave et al., 2019, Prop. 14], we write r = nE[P!(z,y)|F] and

let a = %(% + 1). Then the r.h.s. of (3.72) turns to

5%(r +2)? c(0)C\ _
exp ( T AMn(r(2+0) + 25)) < exp (‘ Mn > = oxp (~e(d) log"n),

where ¢(d) > 0, is obtained optimizing over r > 0. In this notation, we rewrite (3.72) as

~ § ~ )
P (Pt(x,y) > (1 + 5)1[*] [Pt(:c,y)‘}"} + - ‘]-") < exp (—c(d) log?n). (3.73)
In conclusion, by (3.71) and (3.73), we get that, for all 7 € W,,
P <15t(x,y) > (1+9)m(y) + % ‘.7-") = exp (—c(8) log®n) = o(n™?). (3.74)

We are almost done. Reasoning as in [Cai et al., 2023, Prop. 3.6], for z € V> and y € [n],

let
Zyy = {ﬁt(:ﬁ,y) > (14 0)7(y) + i} :

With a little abuse of notation we can write

P(Upevs yeinl Zoy N W) < n? P(Z,,NW,) <n? P(Z,,|F),
(et et Za OV S 10 ey P ) S0, ity 3G F )
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where the last probability is precisely the Lh.s. in (3.74). Then, having in mind (3.69),
P( Naevi yein Zoy) = 1= P(Upers yep Zay NW) — POVE) = 1 - o(1),
which concludes the proof. O

Remark 3.27. This proof works well also for times ty, lying in the critical window of
Theorem 3.5, for which s = (1 — 47)tent (1 + 0(1)), as explained in 3.25.

3.5.2 Lower bound

We now prove Eq. (3.12) of Theorem 3.3. One possible achieve it consists in achieving
inequality (3.20), and then applying the law of large number stated in Theorem 3.21.
The bored reader can skip to Subsection 3.5.3 for this approach. We present here an
alternative proof, in the spirit of Cai et al. [2023], which exploits the equivalent con-
struction of the annealed random walk described in 3.3.1.

The idea of the proof is that, on one hand, the stationary distribution 7 is w.h.p. well
distributed on [n], in a sense that is specified by Lemma 3.28 below (see also the stronger
result stated in the Proposition 3.29). On the other hand, after ¢ = (1 — /3)tent steps, the
random walk concentrates on a set of size at most nt~?° which cannot cover the entire
graph, and hence the mixing is far to be achieved at this timescale.

Formally, for 8 € (0,1), let t = (1 — )tent and let Pg[cg,y denote the set of paths from x
to y of lenght ¢ and with probability mass bigger or equal than 1/ n1=5*. An easy check

shows that ,
S PL <t (3.75)
]

yEn

and hence the set S, := {y € [n] : P2, # 0} satisfies [S,| < n'~5*. From the notation
of distance in total variation, we can write
min ||P*(z,-) — 7|lrv > min (P(z, S;) — 7(S;)) > min P'(z, S;) — max 7 (S,).
z€[n| z€[n] z€[n] z€[n]
Note that, by definition of S, and of the quenched probability Q, () in (3.19), it holds
that ,
Pt<$asz) > Q:c,t(nl_ﬁ ), Vx € [n] .

We can then apply Theorem 3.21 with 0 = 1= and t = (1 — B)tent, so that the

condition p = limy,— 0o —% =1+ B > 1 is satisfied, and conclude that

min P'(z,S;) > 1—op(1).

z€[n]
Going back to (3.75), it now remains to show that max,¢, 7(S:) is negligible. We stress
that, by monotonicity of the total variation distance, we may assume 3% < 1), where 7 is
such that (3.6) holds. Then, we can apply the following lemma with § := 32/6, which
provides the desired estimate and ends the proof of the lower bound. ]
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Lemma 3.28. For all 6 € (0, {), with n € (0,1) as in (3.6), it holds
P(VS C [n] such that |S| <n'™% : 7(S) <n™9%) =1—0(1).

Proof. Let us first define, for any y € [n] and ¢’ € N,

e (y) - Z P! (z,y) (3.76)

:ce[n

By the properties of the total variation distance (see [Levin and Peres, 2017, 4.4]), it
holds that

1P** (2, ) = wllry < 2P (2, ) = wllrv)*,
for any k, s € N. Thanks to the upper bound (3.13), it holds || P?tent(z,-) — 7|1y < 1/2e.
Then, choosing k = log?n, s = 2tent, and setting T = ks, we get

1P (2,-) — 7oy < (2] P2ene(x, ) — m|lpy ) 'o8”* ™ < e 1o8™?n

which implies
max |7 (v) — pp(v)| = o(e™ 108" (M) (3.77)
vE[n|
As a consequence, we can prove the thesis for yur in place of .
To prove the statement, it is now sufficient to show that, given L := [n'7%°], then

S%?XL P(ur(S) > n~%) = o(n~L).

So let S C [n] with |S| = L, set K = § 'L, and consider the annealed measure
Piﬁf associated to the process (X(k))ke{l’“_,K} defined as in Subsection 3.3.1, for T' =
log? n - tens. For every j < K, let Bj be the event defined by the following property: the
first j walks end in S. It holds

unif unlf unif

Elpr(S)X] = Pint (Bx) = P (B1) HPaHK (B;|Bj-1).

Since 6 < 71, we can apply the same argument used in (3.56), with p = 2 + 66, and get

Z w _ O 5L2+5) O(n1—36—652) ’

veES

where we used that 2+65 < % — 6 and that |S| = L = [n!~9].

Given Bj_1, the j-th trajectory can end in § if it replicates from the beginning one
of the previous j — 1 trajectories (this happens with probability at most %), or if it
enters at least once the set S or the set formed by the j — 1 trajectories. Non-fresh
vertices (i.e., the ones belonging to the previous trajectories) affect only logarithmically
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the order of L, and the probability of entering S from a fresh vertex at a given step is

bounded by
1 .
maprI,’v S jwl Oin Zwv_ = 0(77,_56).

Since the j-th trajectory has T' = O(log®n) steps, we conclude that
unif

KT
Pan’.K<Bj|Bj_1) S T + To(nf&s) == 0(77,726).

This proves that E[uz(S)X] = o(n=2K) = o(n=2L). By Markov’s inequality, and being
K = 6'L, we obtain

_ Elur(S)* -
Blur(s) > nh) < DB ooty
and conclude with a union bound on the O(n%) sets S with |S| = L. O

3.5.3 Cutoff window

We are going to provide upper and lower bounds on the total variation distance which
appears in the Theorem 3.5. We first prove the upper bound.

Recall the notation introduced in the Theorems 3.21, 3.22 and in Eq. (3.39), and take
a reference time ty 1= teny + AWent + 0(Went) wWith A € R fixed. Since Var(S;,) = o’ty,
choosing 0 = %, it holds that

1
Ht)\ + log 9 Ao logoigogn (1 + 0(1))

A,
\/Var(StA) \/ logn 1+0 )) n—+00

log log n

and we are then under the hypothesis (3.48) of Theorem 3.22. Thanks to this result,
together with the inequality (3.64), we get that for every § > 0 and w.h.p.

u2
e 2 du+t9d.

max g(z) <

400 1
eV a B /)\ m

Applying Proposition 3.26, we may conclude that for every § > 0 and w.h.p.

“+00 u2
P (z, ) — Fllry < 26+ (x) < / % du+ 36.
A

2

For the lower bound, we first observe that, for § € (0,1),

Pr(zy) > Y m(p)lymgp<o-
pep(xvyvt)nG)

Then, for every distribution v on [n],

v(y)— > mp)ng<e < V) — PP @ )] + @) 1pn gy)0e-
pEP(x,y,tA,G)
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Summing over y € [n], using that there are less than 1/ vertices such that Pt (z,y) > 0,
and by the Cauchy-Schwarz inequality, we get

Qi iy (0) < [lv = P (a, )|y + (3.78)

We just need to show that for suitable choices of v and 6 € [0,1], (3.78) implies the
claimed statement.

1. A quite straightforward proof of this fact can be done under a further assumption

on the weigths (w; )zejn- Explicitly, let wy, . (n) := max, [, w, , and assume that
W) = 0(eVET). (3.79)
Choosing v = 7 and 6 = w,,.(n) l°g4n, we want to show that

%E Y )| =o(1). (3.80)

z€[n]
Then Markov’s inequality will be sufficient to conclude that
Qo (0) < [lv = P (2, )| rv +op(1)
and the desired lower bound will be a consequence of the central limit Theo-
rem 3.22.
To prove (3.80), first note that, since 7 = i, P",

E Z %Q(y) — ]P)unif(X](ll) —_ X](f)),

Min
z€[n]
where XM and X are two random walks as defined in Subsection 3.3.1, and with

initial distribution pi,. Thanks to assumptions (3.7) and (3.79), the probability
that they start from the same vertex is less than

Hin™ = 0(Wiax(n)/n) = o(1),

On the other hand, the probability that X @ meets XU at a certain step 0 <
s < h is less than (A + 1)%pmax, Where pmax = 0(wpax (1) logn/n). Thanks to the
assumption (3.79), we globally get

1 1 ; 1
gE | 2 F@) =9Pzﬁ:f<x;§”=xf)>=0< )

z€[n] IOg "

and thus conclude the proof of (3.80) and of the lower bound.
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2. To get rid of assumption (3.79), we may proceed in a similar way but choosing
v=mandf = %log8 n, so to stay again under the hypothesis (3.48) of Theorem
3.22. To recover the analogue of (3.80), with 7 instead of 7, we will need to apply
the Proposition 3.29 below. Given this, we can easily recover the estimate (3.80),
and then conclude with the application of Theorem 3.22. O

Proposition 3.29. In the above notation and setting, it holds that

log®n

E 271'2(1‘) <C;

x€[n]

)
n

where C1 > 0 is the finite constant given in Lemma 3.12.

Proof. Let T = log?n. Let X and X® be two independent random walks of length
T, moving on the same random graph and with initial distribution Unif([n]). Note that,
according to Subsection (3.3.1), their joint annealed law is equivalently described by the
measure Pirrll’i?, that for the sake of readability we simply write P2".

Denoting by ur their common distribution at time 7', as in (3.76), we can immedi-

ately argue from (3.77) that being T' > top¢, then

E|Y (r(@)?| =E | Y (ur(@))?| (1 +0(1)) = P"(X5) = X)) (1 + 0(1)) .

z€[n] z€[n|

We then focus on the probability on the r.h.s. of the above display, that will be estimated
using similar ideas to those appeared in Lemmata 3.12 and 3.10.
At first, let 7 denote the first time such that the trajectory of X2 meets that of

XM formally given by 7 := min{s > 0 : Ju < T such that x@ = qul)}, so that

T
P(X) = X)) <PT <T) =Y P(T =1t). (3.81)
t=0

S 13

Since the initial measure is uniform over [n], we immediately get that P**(7 = 0) <
Fort=1,...,T, it is instead convenient to consider the events

A= AXY for j=1,2and s € {0,...T},
given in (3.25), and to introduce, for any s,t € {0,...T}, the events
Bitz = {X52) # XM vuefo,...,s—1}andv e {s,...,t — 1}},

which are analogues of the events defined in (3.29). With this notation, we can first
write

PAN(T = t) < PP(T =t, A?) + P ((AD)Y), (3.82)
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where P2 ((A2)F) < Pa((AZ)E) < Clog* n/n due to Lemma (3.12), and then express
the first summand as

T
PYT=6,A2) =3 Y (X =XV =2, B2 nAY). (3.83)

5=0 z€[n]
Conditioning over the whole trajectory of X, we get
P (X = X[V = 2, By} 0 A?)
= > (X = o XD eer = 0, B P (XV)er = 0, B}E) =

v€[n] T+
vs=2

= Y B =2 AP (X)er = v BE2)
ve[n]T"'l:

Vs=2

where P2(.) := E[PC

imie(+)] denotes the annealed measure induced by a Chung-Lu proba-

bility measure P on a graph with vertex-set [n]\ {vx }xefo,7]\{s} and X is a simple random
walk with initial uniform distribution. To the sake of readability we do not stress the
dependence of P on the path v.

Thanks to Lemma 3.10, ﬁa“(Xt =z, A;) < Iﬁan(Xt = 2,Li-1) = pin(2)(1 + o(1))
uniformly over the paths v € [n]T*! so that, inserting this value in the last display, we
get

P (X = XU = 2, B12 01 A2) < pin(2) P(XD = 2, BR2) (1 + (1))

As a further application of Lemmata 3.10 and 3.12, it holds that
P (XY = 2, Br) < PU(XD = 2) < PU(X(D = 2 ADFP((AD') < pin(2) (1o(1),
and altogether, going back to Eq. (3.83) and replacing the value of T', we obtain
T
BT = 0 2) < 30 i1+ 0(1) =0 (1)
s=0 z€[n)

where in the last identity we used the approximation (3.31). We conclude that the
leading term in (3.82) is indeed provided by ]P’an(.A%E), so that

1 4
PN(T = t) < Oy —2

(1+0(1)),

which inserted in (3.81) yields the claimed inequality. O
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Chapter 4

Mixing trichotomy for the simple

random walk on directed block models

This chapter presents the contents of Bianchi et al. [2025]. We characterize the mix-
ing time of the simple random walk on a directed random graph exhibiting a com-
munity structure. The first tentative to study the mixing time of random walks on
random graphs with many communities is due to Ben-Hamou [2020], who studied the
non-backtracking random walk on a variant of the configuration model incorporating a
2-community structure. In Hermon et al. [2025], the authors extended the analysis to
the simple random walk and allowed multiple communities. These results reveal that
the community structure can create a configurational bottleneck in the set of random
walk trajectories, depending on the strength of interactions between communities, and
disrupt the entropic picture. In fact, the mixing behavior displays a phase transition
among a subcritical regime, where the interaction strength is sufficiently high so that
the random walk exhibits cutoff at the same time as in the single-community case, and
a supercritical regime, where the low interaction strength results in a smooth-rather
than abrupt—mixing, and the convergence to equilibrium is driven by the occurrence of
the inter-community transitions. In both these works, the intensity of inter-community
connections is modeled via a parameter « € [0, 1], and the critical scaling for this param-
eter is shown to correspond to the inverse of the entropic time of a single community.
Nevertheless, in Ben-Hamou [2020], Hermon et al. [2025] the authors do not attempt a
refined analysis of the total variation distance profile in the supercritical regime, being
their focus on the cutoff/non-cutoff transition. This chapter makes the heuristic picture
discussed so far as explicit as possible by means of a simple (but natural) model. We
rely on the results from Bianchi and Passuello [2025], contained in the previous chapter,
concentration properties of the vertex degrees, the characterization of the stationary
distribution given in Cooper and Frieze [2012], and the properties of quasi-stationary
distributions stated in Aldous [1982].
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4.1 Setup and results

In this section, we introduce the necessary notation and preliminaries, and we state
our main results. We begin in Section 4.1.1 by providing a precise definition of the
graph model. Then, in Section 4.1.2, we review key concepts essential for stating and
interpreting our main result, Theorem 4.3, which is presented and discussed formally in
Section 4.1.3. In Section 4.1.4, we comment on our choice of the graph model and explore
potential extensions of the framework considered in this chapter. The proof of the main
result is developed in several sections, from Section 4.2 to Section 4.6. A detailed road
map that describes the structure of this technical part is provided in Section 4.1.5.

4.1.1 Model

We consider the following model, which we call Directed Block Model and denote by
DBM(n,m,p, a):

(1) Consider m € N\ {1} independent directed Erdés—Rényi random graphs with n
vertices and connection probability p € (0, 1), that is, any ordered couple of vertices
presents an oriented edge with probability p. We call these graphs G = (V, E1),

vy Gy = (Vin, Ep,). More precisely, for each ¢ < m, the vertices in V; will be
labeled by the integers in [n], with the superscript (i) identifying their community
of membership.

(2) For each edge of each graph, throw a coin with a success probability « € [0,1/2).
If it is a head, rewire the edge as follows: if the edge is in the graph G; with i < m
and it goes from = to y®, for z,y € [n], remove the edge (z®, y®), choose
j € [m]\ {i} uniformly at random, and let the new edge be (z(®,y()).

We denote by G = (V, E) such a graph on the mn vertices. Notice that, rather than
a technical constraint, the requirement o < % is a physical assumption that guarantees
some sort of community structure, since the majority of edges out-going a given vertex
point towards its same community (i.e., are not rewired). Throughout the chapter, we
will write P (resp. E) to denote the probability measure (resp. expectation) encoding
the randomness of the two-step graph generation process just described. As usual in the
random graph literature, we will be interested in the asymptotic regime in which n — oo,
and all the asymptotic notation will refer to that limit. As will become clear soon, we
will keep m as a fixed number We will let the parameters p and o depend on n. Since
we want to understand how the mixing behavior depends on the relation between o and
n, the dependence of o on n will be considered later. We will say that an event occurs
with high probability (or simply w.h.p.), if the probability of its occurrence is a function
of n that converges to 1 in the limit n — co. Besides the usual Landau notation, we will
also write that (cfr. p. vii), for two positive sequences a,, and by, it holds a,, < b,, (resp.
an < by, ap X by, and a, ~ by) if lim, o0 @y /by, = £ and £ = 0 (resp. 0 < £ < +o0,
0</?< 400, and £ =1).

Assumption 4.1. We make the following assumptions on the parameters of the model.
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o We consider p = MOTg(n) for some X > 1 to ensure that each graph is strongly
connected with high probability (see Section 4.2 below).

o We also assume X\ < 1, to have a logarithmic average degree. Due to the result
of Chapter 3, this assumption ensures that the random walk in each of the graphs
(before the rewiring) exhibits a cutoff with high probability.

o We consider m =< 1.

Let us now introduce some further notation. For each vertex z € V, we denote by
D the out-degree of z, and write

Df =07 + 1,
where

O} := #{out-edges of x pointing to other graphs}
I} := #{out-edges of = not affected by the rewiring}

In the same fashion, we can denote by D, = O, + I the in-degree of x € V.

Notice that while the out-degree D is the same before and after the rewiring, the
in-degree D, could be different, and for this reason, we introduce the symbol D;,w
to denote the in-degree of a vertex z € V; before the rewiring procedure. It will also
be convenient to define the function ¢ : V- — {1,...,m} that maps each vertex to its
community.

We will first consider the random walk on G; for i < m, i.e., on a graph before the
rewiring, and we write Pfl() for the associated probability measure when the initial
position of the walk has distribution p on V;. Recall that the latter is a random measure,
since it depends on the realization of the environment G;, and for this reason we will
refer to Pfji(Xt € ) as quenched law at time t. If the graph G; turns out to be strongly
connected and aperiodic (which is the case with high probability), we will call 7; the
stationary distribution of the random walk on G;.

Similarly, we will consider the random walk on the whole graph G (after the rewiring
procedure), and we will denote by Pf(Xt € -) its law at time ¢ when the initial position
of the walk has distribution p (on V). If p = §, for some z € V, we can denote it
by P!(x,-). We denote by 7 its stationary distribution, if unique. We will show below
that, in the setting we are dealing with, the measures 7 and (7;)i<m are w.h.p. unique.
To avoid ambiguities, we will conventionally set them to coincide with the uniform
distribution (on the corresponding vertex sets) in the unlikely event that they are not
uniquely defined.

4.1.2 Preliminaries

Recall that, for i < m, G; denotes an Erdés—Rényi random digraph with vertex set V;

and connection probability p = Aloi", with A > 1 and X\ < 1. For any ¢ < m, we will
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let P; denote the transition kernel of the simple random walk (SRW in short) on the
digraph G;, and we will call

H :=E [log(D} v 1)] Z E [Pi(z,y) log(Pi(x,y))] (4.1)
yeV;

the average row entropy of P;. Let us stress that, thanks to the symmetry of the graph
model, the above quantity is independent of the choice of ¢ < m and = € V; and thus
equivalent to the one in Eq. (3.10). Moreover, a first order estimate of H, for n — oo,
can be easily deduced to be (see Proposition 3.2 in Chapter 3)

H ~ loglog(n).
Let us denote the entropic time associated to the entropy in (4.1) with

log(n)
o

We now re-state, in the new notation, Theorem 3.3 from Chapter 3, which establishes a
uniform cutoff for the random walk on Gj, taking place at the entropic time (4.2).

Theorem 4.2. Let f >0 and 8 # 1. Then for i < m,

tent = (42)

max [P (Xar.,, € ) = millrv = 1(gan| — 0.

Theorem 4.2 is in the same spirit as the findings in Bordenave et al. [2018], Cai
et al. [2023] for the directed configuration model. In Section 4.5, its proof will be
readapted to analyze the random walk on the whole graph DBM(n,m, p, «) when « is
large enough, and to show the occurrence of a similar cutoff behavior as described in
Eq. (4.3) below. We point out that its proof does not require an explicit point-wise
knowledge of the stationary measures (7;)i<m, in contrast to what usually happens in
the reversible setting.

4.1.3 Main results
We are now in a good position to present our main results.

Theorem 4.3. Let G be a realization of the random digraph DBM(n, m, p, ) defined in
Section /.1.1, and ten, the entropic time given in (4.2). The following mixing trichotomy
takes place.

e Subcritical case (Fig. 4.1): if o' < tey and o < %, then, for all B > 0 with
B#1,
G
max [IPS (X ten, € -) — 7llov — 1<ty m 0. (4.3)
e Critical case (Fig. 4.1): if a=! ~ Ctey for some constant C > 0, then, for all
B >0 with 5 # 1,

m

G 8
max 1P (X gten, € ) = TllTv — ity — Zte Om-Tlig.yy

— % 0. (44)
n—-+00
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e Supercritical case (Fig. 4.2): if =t > tey and o=t < Inlog(n), then

— (local equilibrium at ten) for any B # 1

G —-1 P
I;lea‘}(mpx (XBten € ) —7llTV — ligany — mﬁl{ﬂx}‘ m 0, (4.5)

— (whole mizing at a™!) for any B >0

G m—1 - 2" P

max ||| P (X45,-1 € -) — — B 2e m-1| —— 0. 4.6
erX!H o (Xgo-1 € ) —mllpy — 2= — (4.6)

1— o 1 o
m==6 m=26
: m =25 : m=>5
m=4 m=4
—m=3 m=3
—_—m=2 —_— =2
0 t = Blent 0 t = Btent

B=1 B=1

Figure 4.1: Plot of the (theoretical) limiting mixing profile in the subcritical case (left)
and critical case (right) with C' =2 and m = 2,3,4,5,6.

0 ' tzﬁtent 0
B=1

_—_—

I 33333
> [

|

Figure 4.2: Plot of the (theoretical) limiting mixing profile in the supercritical case, with
m =2,3,4,5,6, in the two timescales ¢ < toy (left) and t < a1 (right).

Theorem 4.3 represents a neat example of the trichotomy phenomenon, and the mech-
anisms underlying this behavior are easy to read through the mathematical statement
and with the help of Figures 4.1 and 4.2. In the subcritical case, the mixing behavior
of the walk is totally unaffected by the presence of a macroscopic community structure,
since the inter-community jumps occur on a much shorter timescale compared to the
entropic time, which represents the time needed to reach the local equilibrium in a single
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community. In contrast, in the supercritical phase, the random walk abruptly reaches
the local equilibrium of the community where it started, in the time tg,.. Then, the
process essentially behaves as a mean-field random walk on the communities, i.e., as a
Markov chain with transition matrix

8] (6]

l—a 35 - 73

a

Q=| "1 , (4.7)

. T T 8]

’ ’ m—1

8] (&)
el omer oo

which is in fact easily checked to exhibit the mixing behavior in (4.6). Finally, in the
critical case, the two behaviors interpolate, giving rise to the half-cutoff picture, as
shown on the right side of Figure 4.1. In light of this interpretation, the reader might
already foresee that the proof of Theorem 4.3 essentially reduces to establishing a form
of homogenization property for the random environment. This will be achieved through
different methods in the (sub)critical and supercritical cases, and by identifying two
distinct sub-regimes within the supercritical phase. We will provide more details on the
organization of the proofs in Section 4.1.5.

4.1.4 Comments on the graph model

As mentioned in the beginning of this chapter, this work aims to establish a simple
yet natural framework for studying the mixing trichotomy induced by the presence of
a bottleneck in the state space. In this sense, the model we consider is somehow the
minimal one to this aim, both in terms of notation and of technicalities required for a
rigorous proof. However, it would be possible to extend our findings to more general
versions of the model presented in Section 4.1.1. In this section, we present some remarks
in the direction of such generalizations.

Weakening the assumptions on A. Let us stress that our assumptions on the con-
nectivity parameter A are not expected to be sharp to prove a mixing trichotomy. For
example, A > 1 is sufficient but not necessary to guarantee the strong connectivity of
communities, and it would be enough to have (A —1)log(n) — +oc0 as n — +oo Cooper
and Frieze [2012]. On the other hand, we do not expect A < 1 to be sharp either; rather,
we anticipate that any A = n°) would yield similar results. In fact, as long as A = n°(}),
it should be possible to show that the random walk on a single community exhibits a
cutoff at the entropic time, which itself forms a divergent sequence in terms of n. How-
ever, since this observation is not rigorously stated in any of the aforementioned works,
we retain this generalization here.

Less rigid rewirings. We chose to define the rewiring procedure in the model as being
strictly tied to the “labels” of the vertices. The same result can be obtained assuming
that the edges are rewired uniformly at random. Although this would require only minor
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adjustments, it would introduce additional notation to describe the rewiring process. To
maintain clarity, we choose to omit this generalization. We believe that the argument
presented in the chapter is robust to more general non-singular rewiring mechanisms,
provided that the rewiring is uniform among the other communities.

Removing dependencies between inter- and intra-community out-degrees.
The construction in Section 4.1.1, introduces, for every x € V, a correlation between
the random variables O and I}, which is not present in the context of the classical
stochastic block model. However, by randomizing the number of vertices of the graph,
it is possible to remove this kind of dependencies. In particular, assuming that each
community has a number N ~ Pois(n) of vertices, for every n € N, it holds that
O} ~ Bin(D}, ) ~ Pois(nap) and I} ~ Bin(D},1 — a) ~ Pois(n(1 — a)p). Moreover,
the last two variables turn out to be independent as desired. Being |N — n| = O(y/n)
w.h.p., the arguments given in the proofs remain valid and lead to the same results.

Heterogeneous communities. We believe that, with some extra work, the results
presented in this work could be generalized to the case in which the communities have
different intra-community connectivities, say A1,..., Ay, with min;<,, A; > 1, differ-
ent rewiring parameters (q; ;)i j<m With max;p<m, gzi < 1, or with different sizes, say
N1y ..y My, With max; j<p, Z—; < 1. In particular, while the result in Theorem 4.3 should

remain unaffected by the heterogeneity of the A;’s, we believe that in the latter two
cases the matrix @ has to be modified, and the (super)critical exponential profile should
change to a more general mixing profile, depending on the asymptotic behavior of the
corresponding auxiliary Markov chain. Also notice that when the community sizes are
different, the rewiring procedure described in Section 4.1.1 is not well defined, and should
be suitably modified, e.g., by allowing a rewired edge to point to a uniformly random
vertex in the new chosen community, as mentioned above.

Diverging number of communities. Although not the focus of our study, Theorem
4.3 suggests that even when the number of communities is slowly diverging, the charac-
terization of the critical and supercritical regimes should remain unchanged. However, if
m > 1 grows sufficiently fast, the mixing behavior of the model could undergo significant
changes. For instance, choosing the parameters (a, m, A) so that the average number of
rewired edges within each community is < log(m), we expect a cutoff behavior even in
the supercritical regime o™t > tep.

In particular, rescaling the time by «, we expect that the dynamics is well ap-
proximated by a simple random walk on a coarse-grained graph obtained by collapsing
each community to a single point and erasing multiple edges. In that case, the coarse-
grained graph is precisely a directed Erdés—Rényi random graph on m vertices in the
weakly sparse regime, for which cutoff is now well known to take place. In conclusion,
in that setting and for a™! >> te, we expect to observe a cutoff on the timescale
tent.m = @ tlog(m)/Hy, > 1, where H,, ~ loglog(m) is the row-entropy of the random
walk on the coarse-grained graph.
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4.1.5 Organization of the proof

The proof of Theorem 4.3 is articulated on several parts, depending on the different
regimes for the parameter . We now provide a road map to the forthcoming sec-
tions. We start in Section 4.2 by presenting some preliminary facts that will be needed
throughout the analysis of both the sub- and supercritical case. In Section 4.3 we deal
with the subregion of the supercritical regime (o < tent), which we will call weakly
supercritical. Here ten < o' < y/nlog™2(n) and the parameter « is sufficiently large
to allow a control on the total variation distance to equilibrium for both the timescales
appearing in Eq. (4.5) and Eq. (4.6). The arguments rely on the analysis of the so-
called annealed random walk (recalled in Section 4.2). Section 4.4 is the technical core
of our work, and it deals with the remaining subregion of the supercritical case, i.e.
vnlog72(n) < a~' < Anlog(n), which we will refer to as strongly supercritical. In this
case, « is too small and arguments based on annealed random walks are doomed to fail,
requiring us to employ alternative technical tools to establish a form of homogenization
property of the graph. This, in turn, offers a level of control over the total variation
distance comparable to that achieved in Section 4.3 for the weakly supercritical case.
Section 4.5 deals with the analogue of the results in the previous sections but for the
subcritical and the critical case. Here, the arguments can be seen as an adaptation of
those in Bordenave et al. [2018], Cai et al. [2023], and Chapter 3 to the DBM case.
Finally, in Section 4.6 we collect all the estimates obtained throughout the chapter and
conclude the proof of Theorem 4.3.

4.2 Approximations and auxiliary processes

In this section we aim at presenting some background material and the first statements
about the behavior of the random walk on short timescales, i.e., for t < y/nlog(n)~2.
These results will be used later in the chapter in all three regimes. In particular, in
Section 4.2.1 we present some approximation of the stationary distribution of the local
random walks in terms of the in-degree sequences; in Section 4.2.2 we recall some classical
facts about the local structure of a (weakly) sparse graph seen from a vertex; while in
Section 4.2.3 we introduce the annealed random walk and use it as a tool to provide some
key approximation for the law of the inter-community jumps performed by the random
walk, see Proposition 4.10.

4.2.1 Approximating the stationary distribution

After the statement of Theorem 4.2, we claimed that the proof does not require explicit
knowledge of the stationary distribution. Nevertheless, a uniform first-order approxima-
tion for the latter in our setup has been obtained by Cooper and Frieze, as stated by the
following theorem. Recall that D_ , denotes the in-degree of a vertex x € V; before the
rewiring procedure, so that the next statement, valid for m disjoint Erdés—Rényi digraph
of parameter p, holds.
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Theorem 4.4 (Cooper and Frieze [2012]). The local stationary distributions are ap-
prozimated at first order and uniformly by the (normalized) local in-degree sequences. In
formulas,

i () ] P

max max — — 0.
i<m zeV; | D, n—+o00

pn?
The latter result is partially based on the fact that, given the choice A > 1, uniform
concentration properties for the degrees of vertices of G are true.

Proposition 4.5. There exist two positive constants Cy and Co such that, w.h.p. ,

max max max{ D}, D, D_,} < Co\log(n),
i<m z€Vj ’

min min min{ D}, D, D, ;} = CiAlog(n).

i<m x€V;
Proof. The thesis follows immediately from concentration bounds for binomial random
variables (see e.g. Lemmata 3.14 and 3.15) and an application of the union bound. For

instance, the uniform lower bound on (D_;),c[n) can be derived as follows. For every
t > 0 and ¢ > 0 it holds

P (D;z < Clog(n)) _ octlog(n) (1 +p(e_t _ 1))n < ectlog(n)_;'_np(eft_l),

and taking ¢ = log (%) we have
P (Df, < clog(n)> < elog(n)(clog(%)Jrcf)\) — nclog(%)Jrcf)\.
i —

Since as ¢ — 0 the exponent in the r.h.s. converges to —\ < —1, there exists ¢ € (0, )
such that the union bound can be performed. To conclude, it suffices to set C1 = ¢/A. O

As a consequence we may conclude that w.h.p. the stationary distribution m; is
uniform, up to corrections bounded away from zero and infinity, and this will be helpful
in the characterization of the stationary distribution of the random walk on the whole
G. This fact can then be used to deduce the following byproduct of Theorems 4.2, 4.4,
and Proposition 4.5, which allows us to control the £°°-distance to equilibrium of local
random walks.

Corollary 4.6. Let S = 3tey log(n). Then
P (Xg € y)
mi(y)

Proof. Recall the subadditivity property of the total variation distance, which implies
that

max max
i<m z,y€eV;

- 1’ = op(1).

P (maxmax PG (Xop,., € ) —mi < ek) =1-0(1).
i<m z€V;

Then, by choosing k = |3 log(n)],

maxma [PE(Xs € ) =iy = o(n7),

and the desired result follows by Theorem 4.4 and Proposition 4.5. O
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4.2.2 Local neighborhoods are tree-like

The digraphs (G;)i<m and G are w.h.p. locally tree-like in the sense that has been
described in Chapter 3: the out-neighborhood B, (4etent) of depth 4eten (growing with
n) of any vertex x € V, locally look like trees for small €, as the next proposition,
inherited from Lemmata 3.18 and 3.19, clarifies.

Lemma 4.7. For a digraph S = (V, E), let Tx(S) = |E| — |V |+ 1 denote the tree-excess
of S as in Eq. (3.38) and, fore >0,

G. := {Vz € V,Tx(B} (4ctent)) < 2}.

Let (X¢)ten denote the SRW on G; or G and, fort < 2etey,, consider the set and related
event

VI ={z eV |Tx(B; (4detent)) = 0}, Ve = {manPg?(Xt ¢V*) <27}, (4.8)
xe

For a sufficiently small € > 0 (independent of n), it holds P (Ge. N V:) =1 —o(1).

Proof. The proof for G; follows from Lemmata 3.18 and 3.19 from Chapter 3 and can
be adapted to G. O

This means that out-neighborhoods of depth 4et.,; are at most trees with an extra
edge, and if they are not trees, each step of SRW (up to 2etey steps) w.h.p. halves the
quenched probability to have extra edges.

4.2.3 Annealed random walk

A key analysis tool is the so-called annealed random walk. Let us recall its definition
and outline its construction in our setting.

By annealed random walk one simply means the non-Markovian process in which
the underlying random graph is constructed together with the random walk on it. More
precisely, at time ¢t = 0 all vertices are unrevealed, in the sense that its out-neighbors are
unknown. Then, for any ¢ > 0, assuming X; =x € V,

1. If z is revealed, go directly to step (3).
2. If x is unrevealed, reveal it by generating its out-neighborhood, i.e.:

(i) for each vertex y € Ve(z) toss a coin with success probability p;

(ii) for each y € V() which resulted in a success in (i), toss a coin with success
probability «;

(iii) for each y € V, ;) which resulted in a success in (i) and a failure in (ii), add
an arrow from z to y;

(iv) for each y € V() which resulted in a success both in (i) and (ii), sample a
label 7 w.a.r. in {1,...,m} \ {c(z)} and add an arrow from x to the vertex in
G; corresponding to y (i.e., the vertex with the same label of y).
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3. Let X;11 be one of the out-neighbors of  sampled u.a.r..

Clearly, such a random process will eventually stop to reveal new vertices. Moreover,
the joint law of the revealed vertices coincides with their joint law under P. The striking
feature of the annealed random walk is that, for any initial probability distribution u
on V, its law Pi"((Xo, ..., X¢) € -) coincides with the expectation of the quenched law,
i.e., for any t > 0

P2 ((Xo, ..., X¢) € ) = E[PG((Xo,..., Xs) €1)].
In what follows we will be interested in the event
Cr = {(Xo, ..., Xy) is cycle-free} ,

where by cycle-free we simply mean that the random walk does visit any vertex more
than once.

Lemma 4.8. For any x €V, if t < \/n,

P, = 2.0) = LA (14 0(2)) | wev,
where ) L 01 o
Qi) = ”_m)( “ot® G cm, i, (4.9)

Remark 4.9. Notice that (4.9) corresponds to the t-step transition probability of the
Markov chain with transition matriz @ as in (4.7). This can be verified computing the
powers of the diagonal form of Q.

Proof. Fix zo =x € V and z; = z € V. We will say that a sequence (z1,...,21) in V

is cycle free if (zo, ..., z:) does not contain repeated vertices. Start by writing
t—1 1, )
Zi—rZ;
Pgn(Xt = zjct) - Z E l)_i_H]
(215eer2t—1)EVETE =0 %
cycle-free

t—1
1
= E HP(ZZ' — zi11)E [DJr‘l{Zi—%ZHl} = 1] ’
Z

(21,00s20-1) €V 1=0
cycle-free

Conditionally on 1, _,.. 1 = 1, the out-degree of z; has the same distribution as 1+ D,
where D ~ Bin(n — 2,p). Then

1
E|—
{DZ

1 _
armn =1 = o (L0 (7).
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and as a consequence

t—1
P (X = 2,C) = (1 + 0(%)) Z (np)~" HP('Z@ S 2i)
(2150ns2e—1)EVET! i=0

cycle-free

Moreover,

)

2y 1) = Pt if ¢(zi) # c(zi+1)
]P)( i = z+1) {p(l B Oé) it C(ZZ') _ C(zH_l)

and therefore P2"(X; = z,(;) can be expressed as

s
(L+o(d) > H ( Lo(z)e(zin) + (1= a)lc(zz»)=c(zz~+1>> :
=0

(2150 2e—1)EVETE
cycle-free

Since the term within the brackets is bounded above by 1 uniformly in (z;, zi1+1), we
could take the sum over all the possible sequences (z1,...,2_1) € VY, so having n'~!
rather than (n —2)---(n —¢) summands. Overall, P2"(X; = z,(;) can be expressed as

(1 + O(%)) Z pov H < 1. (zi)#c(zit1) (1 — a)lc(zi):c(z¢+1)> )

(21,02e—1)€VE"E - i=0

and since t = o(y/n), the prefactor does not change the first order term. Now we notice
that the sum over V=1 collapses into a sum over [m]'~!. More precisely, using the
shorthand notation ¢; = ¢(z;), for i < ¢ and defining

t—1
J(Co, e ,Ct) = Z 1cj+17gc]. y
j=0
we have
t—1 B
P (X = 2,C) = (1-1-0(%))% Z (moil>k<1_a>t k:.
k=0 (c1,...,ce—1)€[m]*

J(co,....ct)=k

Notice that the quantity expressed by the double sum above can be be interpreted as the
probability that the Markov chain with transition matrix as in Eq. (4.7) is in ¢; = ¢(2)
at time ¢t. Therefore

PG = 2,6 = 2 Qelaeta)) (140 (L))

n
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Lemma 4.8 can be strengthened to a statement valid for the quenched law of the
SRW (X¢)¢>0, provided that we consider sufficiently small times, as it will be shown in
the next subsection.

Proposition 4.10. For any a = a, € [0,1], let 1 <t < /nlog(n)~2. Then,

max max ‘Pg(Xt e Vi) — Q' (c(x),1)| = op(1), (4.10)
i<m zeV

where, Q(c(x),i) is defined as in Eq. (4.9).

Proof. Notice that, since m < 1, it suffices to prove (4.10) for a fixed ¢ < m. We first
consider the case in which @ < 1. Let K = [log?n] and call £ the event that all the
vertices in the graph have out-degree at least C1log(n) and D the event in which each
vertex has a tree-excess at most 1 in its out-neighborhood of height 4. Recall that,
thanks to Proposition 4.5 and Lemma 4.7, P(DNE) =1 — o(1). Then

E[1enpPf (X; € Vi)K]
(Q'(c(z),i) + 9K

Consider now K annealed random walks (X))« starting at some 2 € V. We let the
walks evolve—all starting from xz—one after the other, for a time ¢. Clearly, these walks
are not independent, but each is independent of the previous ones conditionally on the
environment discovered so far. Let us define the family of events (By)¢<k. For each
{ < K, By is the event that:

P(1gnpPS (X; € Vi) > Q(c(x),i) + ) <

(i) Xt(j) €V, for each j < ¢;

(i) all the out-degrees of the vertices visited by the first ¢ walks are at least Cy log(n)
(cf. Prop. 4.5);

(iii) the out-neighborhood of x of height 4 discovered by the first ¢ trajectories has a
tree excess at most 1.

With this definitions we have
K
E[lerpPf (X; € V)] < P2 (Br) = P3*(Br) [ [ B2 (Bel Ber) -
(=2
We start by noting that, given By_1, the event B, is contained in the union of the
following events:

(1) For all times s < 4 the ¢-th trajectory is always in a vertex already visited by one
of the previous walks. Since we are working on the events (ii) and (iii), for any
couple (z,y) there are at most 2 paths of length 4 joining = to y and each such
path has a weight < (C1log(n))~*. The probability of the event described above
is thus upper bounded by

8K (Cylog(n))™* =o0(1).
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(2) The event in (1) does not occur, i.e., there exists some s < 4 such that the walk
visits an unvisited vertex, and there exists a time s’ € (s, t] at which the trajectory
intersects again one of the previous walks (including itself); this happens with
probability less than

(3) None of the events above occurs, and at time s = 4 the walk is out of V;,). Since
a < 1, this happens with probability at most

1-(1-a)'=0(1).

(4) None of the event above occurs, yet at time ¢t the ¢-th trajectory is found in V;;
thanks to Lemma 4.8, this happens with probability at most

t2
an t—s
max mex By (Xts € Vi, Cr-s) = max Q"*(c(a), )<1+O<n)>
= max Q" (c(x),i) + o(1)

= Q'(c(x), i) +o(1),

where the first identity comes from the fact that, by symmetry, the annealed
probability on the Lh.s. is independent of y € V,); the second one follows from
the fact that Q'(c(x),i) < 1 and t? < n; the third one uses that t >> 1.

In conclusion, uniformly over ¢ < K we have P2"(By|B;_1) = Q'(c(x), i) + o(1). Thanks
to the choice of K, we conclude that, being § > 0 fixed,

tHe(x),i 0 K
P(1enpPg (X € Vi) > Q'(c(w), 1) + ) < <QQ(t((c(?L:) )¢>++(51)> = o(n™Y).
Therefore
P(maxPS(X, € V) > Q'(c(x),i) + 8) <
- (4.11)

P(1grp max PY (X, € Vi) > Q'(c(x),i) + 0) + P(EUD) = o(1).
To prove a uniform lower bound on P& (X; € V;), one can consider the events
Euis = {PS(Xi € V) < Q'(c(w),i) — 6}

and

g = {PECX: € ) 2 Q'(ea). ) + 5_1}
Clearly, for any : < m, x € V; and § > 0, ijéiéac,j,d D &5 Therefore,
]P’(;gl PC(X; € V) < Q'(c(x),i) — 6) = P(Uzev Eris)
< P(Ujzi Upeva o) (4.12)

< mmaxP(Usev € jo) -
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Since m =< 1 and since the probability on the r.h.s. of (4.12) coincides, replacing § with
with the one on the Lh.s. of (4.11), we conclude that

m— 1’
P(min P (X; € Vi) < Q'(c(x), ) = 8) = o(1). (4.13)

Therefore, in the case o < 1, (4.10) follows from (4.11) and (4.13) and a union bound
over ¢ < m.

We are left to consider the case a < 1. In this case, Q'(j,i) = L + o(1) for any
t > 1. We can argue as above, but rather than the events (1), (2), (3) and (4), we can
consider the events (1), (2) and (4’), where

(4’) The events (1) and (2) do not occur, yet at time ¢ the j-th trajectory is found in
V;; thanks to Lemma 4.8, this happens with probability at most

2
max max Py" (X; € Vi, Cr) = max max Q' (j, )( +O<t >>

s<4 yeV s<4 j<m n
1
= —+o0(1).
4 o(1)
This completes the proof. O

4.3 Weakly supercritical regime

In this section and in the following one, we approach the regime a ™' > tey.

4.3.1 First jump across two communities

We now consider the first time at which the random walk traverses a rewired edge,
Tjump = min{t > 0: ¢(Xy) # c(X4-1)} . (4.14)

Letting 29 = «, and arguing as in the proof of Lemma 4.8 we obtain

1
E[Pg(Tjump >1,G)] = Z H]P (zi = 2zit1) [D+ ‘l{zi%ziu} = 1]
(21,2) €V, = - (4.15)

cycle-free
=(1-a)(1+0(%)).

We now show that, if ¢ is (twice) the entropic time then, w.h.p.—and uniformly over the
starting position—the quenched probability to see a jump to another community before
t is small. Before stating the proposition, we need a preliminary lemma that serves as a
bootstrap for the forthcoming Proposition 4.12.

Lemma 4.11. If a < 1, for any constant a € N,

P (Tiump < @) = op(1) .
r;lea‘;( (Tjump < @) = op(1)
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Proof. Let £ again denote the event that all the vertices in the graph have out-degree
at least Cqlog(n). It is enough to prove that

C:v
max — = 1). 4.16
eV D:—é_ OP( ) ( )

To see the validity of the estimate in the latter display, we use Bennett’s inequality,
which gives, for any fixed £ > 0

—logP(Of > eD}f, £) > —logP(OF > Cylog(n)) = elog(ea™") log(n).

Then (4.16) follows by Proposition 4.5, the fact that log(ca™!) > 1, and a union bound.
0

Proposition 4.12. Let a~! > tey. Then for T < min{a~!,/n(log(n)) 2},

max P (Tump < T) = 0p(1).
Proof. We proceed by the same line of argument as in the proof of Proposition 4.10.
Notice that in this case there is no loss of generality in assuming 7" > 1, since the
(random) map T + P& (7jump < T) is deterministically increasing for any choice of
x € V. Let K = |log?n]| and call £ the event that all the vertices in the graph have
out-degree at least Clog(n) and D the event in which each vertex has a tree-excess at
most 1 in its out-neighborhood of height 4. Then

E[LerpPS (jump < T)F]
oK '

P(]-EHDP;;(Tjump < T) > 5) <

Consider now K annealed random walks (X (Z))gSK starting at some x € V. Let us
define the family of events (By)<x. For each ¢ < K, By is the event that:

(i) inf{s > 1| (X)) # c(z)} < T, for all j < 4;
(ii) all the out-degrees of the vertices visited by the first ¢ walks are at least C log(n);

(iii) the out-neighborhood of x of height 4 discovered by the first ¢ trajectories has a
tree excess at most 1.
With this definitions we have

K
E[LenpPg (tump < T)"] < P3*(Bi) = B3 (B1) | [ B (Be| Bi-1) -
£=2

Let us start by noting that given By 1, the event By is contained in the union of the
following four events:

(0) The ¢-th trajectory jumps to some y € V such that ¢(y) # c¢(x) at some time s < 4
(the probability of this event is o(1) thanks to Lemma 4.11);
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(1) For all s < 4 the ¢-th trajectory is always in a vertex already visited by one of
the previous walks; thanks to (iii), for any y there are at most 2 paths of length
4 joining z to y, moreover, thanks to (ii), this happens with probability at most
8K (Cylog(n))~* = o(1);

(2) There exists some s < 4 such that the walk visits an unvisited vertex, and there
exists a time s € (s,7] at which it intersects again one of the previous walks
(including itself); this happens with probability less than KTTQ =o(1);

(3) None of the event above is verified, yet before time 7' the ¢-th trajectory jumps
to some y € V such that c(y) # c(z); thanks to Eq. (4.15), this happens with
probability at most

B2 (rjamp < T,Cr)(1 4 0(1)) = o(1).

T

In conclusion, we have P2"(By|By_1) = o(1). Thanks to the choice of K, we conclude,
for § > 0 fixed,

IN
A~
2
N
~
=
|
|
NS
<C
Q
vV
o

P(lé’mDPg(Tjump <T)=>9)

Therefore

P(max PY (fump < T) 2 8) < P(Lerp max PS (ump < T) 2 6) + 0(1) = o(1).
S e

4.3.2 Local equilibrium: a first timescale

In what follows we will sometimes commit a slight abuse of notation by lifting m; to a
probability measure on the entire vertex set V.

Theorem 4.13. Let a™! > toy. Then, for any fizede > 0 and T < min{a~!, /n(log(n))~?},

max max max PC(X, e:) —m =op(l).
i<m zeV; te[(1+e)tem,T]H o (Xt € ) = millrv = 0p(1)
Proof. Fix i < m, and notice that there is no loss of generality in assuming ¢ € (0, 1].
Let J = [(1 4 €)tent, T]. By the triangle inequality
P¢(X, €-) —m
%@{%&%H 2 (Xt €)= millry

< P¢(X, ) - PYi(X, e- PCi(X,e)—m
< maxmax |[Py(Xe € ) — P (X € )flry + maxmax [P(Xy € 1) — milry

G G
< gngf.f P (Tjump < T) + Iz‘:ﬂe&%/)'f P (X(1+s)tem € ) —miv,

where the second inequality can be deduced by coupling the random walk on (G;)1<i<m
and G in the natural way up to time 7jump. Thanks to Proposition 4.12 and Theorem
4.2, respectively, we may maximize the two terms on the r.h.s. over ¢ < m and = € V;
and get the desired upper bound. ]
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In conclusion, Theorem 4.13 shows that for T' < min{a ™!, y/nlog(n)~2} the dynam-
ics is trapped in the local equilibrium corresponding to the starting community.

4.3.3 Global equilibrium: a second timescale

In the section, we are going to show that each T > a~! provides an upper bound
on the mixing time of the SRW on our digraph. The claim will be divided into two
parts depending on the value of a. In particular, here we will focus on the window
tens < ! < /nlog(n)~2, while we postpone to Section 4.4 the discussion of the
strongly supercritical regime, where \/nlog(n)=2 < a~! < nAlog(n). As it will be clear
along the proofs, the two regimes require different tools and techniques.

Theorem 4.14. Let « be such that teny < o=t < /nlog(n)~2. If T is such that
T> a™ !, then
G _
max |PS (Xr € ) — 7r||TV =op(1).

Moreover, it holds ||~ Y1) m; — || oy = 0p(1) .

Proof. Start by fixing T <« nélog(n)_2. The thesis will hold for general T" by mono-
tonicity. Notice also that there is no loss of generality in replacing 1" by T + 2t.,.. We
use the deterministic bound

1 — 1 «—
G en
P (X742t € ) — EZM =) P (x,y) P (y, ) — EZM
i=1 TV yev i=1 TV
=122 2 Pr@mPPer ) - || (@17)
i=1 \yeV; TV
<X PTa, P (y, ) - T
1=1 ||yeV; m ™V
Notice that, thanks to Proposition 4.10, we can bound
max max PS¢ (X7 € Vi) — 1l op(1). (4.18)
i<m zevV | T ! m

Let us fix ¢ < m and focus on the total variation distance on the r.h.s. of (4.17). We
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have

pT P2tent N T
maxmax|| y P, y) P (y,) =

YyeV: ™V

1
< max max Z Pl (z,y) (PP (y,-) — m) + maxmax [PS (X7 € V;) — —J 19

i<m xzeV i<m zeV T)Q )
yevi TV
< T 2tent L) 3
< maxcmax Y | P (@,y) [P (y, ) = il gy + 0p (1)
yeV;
< 2tent ) . —
< I%a;r}fry%%}HP (Y, ) = il | py + 0B(1) = 0p(1),

where both in the second and in the third inequalities we used (4.18), and the last
asymptotic bound follows from Theorem 4.13. Plugging (4.19) into (4.17) we deduce
that

1 m
G
max | Py (X1iate, €)= - ) mif| - =op(1)
=1 TV
Then,
1 & 1 &
(L. Zm <Y w(@) [PE (X1 yaten € ) — 2
=1 TV zeV =1 TV
1 m
G
< max |\ Py (X1t €)= - ) mi|| - =op(l)
1=1 TV
This concludes the proof. ]

4.4 Strongly supercritical regime

If /nlog(n)=2 < a! < Anlog(n), the relevant timescale, beyond the scale of tep, is
a1 > /nlog(n)~2. We cannot rely on the approximation obtained in Proposition 4.10
to control the random walk behavior of such a timescale. For this strongly supercritical
regime, we need to generalize the estimates obtained for the weakly supercritical regime
in Section 4.3 using a different set of tools. In particular, the following two statements
provide the analogue of Proposition 4.10 and Theorem 4.14.

Proposition 4.15. For /nlog(n)™2 < o™t < Anlog(n), there exists some C > 1 such
that, if t < Ca™ 1,

a N Ot | —
max max [Py (X; € Vi) - Q'(i,1)| = op(1),

where, Q(c(x),1) is defined as in Eq. (4.9).
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Theorem 4.16. For \/nlog(n)™2 < a™! < Anlog(n), if T is such that T > o=, then

max HP?(XT €:)— TrHTV =op(1). (4.20)

a2y i = ||y = 0B (1).

As mentioned above, despite the clear analogy with Proposition 4.10 and Theorem
4.14, the proofs of Proposition 4.15 and Theorem 4.16 exploit a different line of argument,
based on quasi-stationary distributions, which also shows the emergence of homogeniza-
tion for such small values of «. In order to facilitate the reading, before entering the
details, we provide a brief account of the organization of the rest of this section.

Moreover,

Organization of the section. The rest of the section is divided into five parts. In
Section 4.4.1 we introduce the notion of gates. In words, a gate is a vertex that has an
edge that points toward another community. Clearly, in the strongly supercritical regime,
gates are rare, since only few vertices have such inter-community connections. With this
idea in mind, in Section 4.4.2 we provide a control on the first time the random walk visits
the set of gates. In particular, using the framework of quasi-stationary distributions, we
show that such a first visit is well approximated by an exponential random variable and
characterize its expectation. In Section 4.4.3 we use the understanding of the hitting
time of the set of gates to couple the random walk with a toy process which enjoys some
sort of renewal property which makes it simpler to analyze. Finally, in Section 4.4.4 we
use this coupling to complete the proof of Proposition 4.15 and Theorem 4.16.

4.4.1 Gates

Fixed a community ¢ < m, the idea is to couple the random walk on G started at some
x € V; with a simpler process on V;, up to the first time when the random walk moves
to another community. To provide further details, it is necessary to first introduce some
additional notation. We we call gates of V; the subset of vertices in V; having at least a
rewired out-edge, i.e.,

Gi={yeVilOf >0}. (4.21)

In the regime a~! > \/nlog(n)~2, this set turns out to be small, in the sense that it has
a small stationary value, as explained by the next result.

Lemma 4.17. If o= > Alog(n),

max
i<m

mi(Gi)
aXlog(n) 1‘
-

T,i

Proof. For i < m, thanks to Theorem 4.4, 7;(G;) is w.h.p. well approximated by ergi -
The latter is a sum of random variables taken on a random set, but it is not difficult to
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show that it concentrates around its expectation. Indeed, for k£ > 0 it holds

P(||Gi| — B[|Gi]]| > k) < Var(|Gi|)  2wev; Yar(Liosooy)

g ;()\a log(n)I;:(Zl — Aalog(n)) (4.22)
= (1+0(1)) . ,

where we used that, for z € V;, we have P(z € G;) = 1— (1 —ap)” = Aalog(n)(1+o(1)).
Choosing k such that y/nAalog(n) < k < nAalog(n), we get that

P (||Gi| — Analog(n)| > k) = o(1). (4.23)

Fixed any € > 0, using the Chernoff bound, we obtain

1

> D, —|GilAlog(n)

> 5|Qi|)\log(n)} N {‘|Ql| - naAlog(n)‘ < k:}

x€G;
nailog(n)(1+9)
< max P Z D, ;- na(Mog(n))?(1+68)| > (1 + §)ena(Xlog(n))?
66[_%’%0 y=1
2 2
< 2exp{—€ na()\iog(n)) } .

(4.24)

Notice that the event {x € G;} does not depend on D, ;, and hence we can rely on

the classical bound for the sums of i.i.d. Bernoulli random variables. Then, choosing

€= @ suffices to make the estimate in (4.24) vanish. The desired result then follows
by combining (4.23) and (4.24). O

4.4.2 First visit time to gates

We now introduce the so-called quasi-stationary distribution, that is, the long-run dis-
tribution of the walk on G; conditioned to the event of not having hit the set G; yet.
Let [P;]g, be the sub-Markovian kernel in which the rows and columns indexed by the
vertices in G; have been removed. Then, called [; the largest eigenvalue of [Pj]g,, by
the Perron-Frobenius theorem there exists a probability distribution w; which is a left
eigenvector for [P;]g, associated to the eigenvalue [;. In particular, the hitting time of G;
for the simple random walk on V; (with kernel P;) started at p is ezactly geometrically
distributed with parameter [;. This [; can be shown to be < 1 and can also be charac-
terized at first order by the expected hitting time of G; starting at ;. If we denote by
Ts = min{t > 0: X; € S} the hitting time of a set S, these fact are summarized by the
following proposition due to Aldous [1982].

Theorem 4.18 (Cf. Prop. A.1 and Lemma A.2 in Quattropani and Sau [2023]). Let
(Wi)e=0 be a Markov chain on a finite state space Q with transition matriz I and unique
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stationary distribution p, fully supported on ). Let 0 € Q be a target state. Then, there
exist a unique probability distribution p, on Q\ 0 and a unique [ € (0,1) such that

tlePp(Wt:x|Ta>t):u*(x), Ve e Q\0,
and
P, (rg>t)=(1-1", vVt >0.
Moreover, observing that | = (E,,, [to]) ™", it holds

Bl lem

B 1’ < @tmiX(Q + log E,[75])
-3 Ep[Ta] ’

where
tmix = inf {t >0 | max ||H(y7 ) - pHTV < (26)_1} .
e

Additionally, consider a sequence of Markov chains with Qn = [N], for N € N. If
lim T x p(d) =0,

N—o0

where

T = tmix X log <1/ min p(:n)) ,

xGQN

then, the expected hitting time of 0, starting at stationarity can be estimated asymptoti-
cally by

Ep[TB] _
N R0y (4.25)
where
T
R=> Py(W,;=0).
t=0

In our setting, the target state is actually a target set, namely G;. This is not a big
issue: indeed, if one considers the Markov kernel P; on V; = (V;\ G;) U0, where the state
0 represent the merging of G; into a single state and the transitions are set to

5 Zz PZ(ZL‘,Z) x#@andy:&
B(x’y) = < mi(2) p. _ )
ZZEgi wi(gi)B('Z’y) r = 0 and Y 75 0

Zzggi Zvegi 7:1((5)) Pi(Z; 'U) xTr = 8 and Yy = 8

then one can realize at once that the restriction of ]5Z to V;\0 coincides with the restriction
of P; to V; \ G;. Moreover, by direct computation, it is possible to see that, as soon as
P; has a unique stationary distribution m;, then P; has a unique stationary distribution

7; satisfying
_ o mi(x) x#0
7Tz(m) = {Wz(gz) =0
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For each i = 1,...,m, we take the choice Il = P;. Replacing p(0) by m;(G;), and R by

T;

= Z PL(8,0), (4.26)

where
T; = tmix,i X log <1/ mipﬁ(@) )
z€V;
and
tmixi = inf {t >0 ma‘g( | P (z,-) — 7il|rv < (26)_1} , (4.27)
zeV;

we may estimate the quantity R
Em [Tgi] = Efri [Ta]
as in (4.25), and provide the following rewriting of Theorem 4.18, in which we achieve

a first-order asymptotic approximation of the rate [, and which will be proved in the
following subsection.

Proposition 4.19. With high probability, for every i < m there exists a probability
distribution pf, supported on Vi \ G;, and a real number l; such that

Pf*z (Tgi > t) = (1 - [i)ta
where |; satisfies
i = (1+op(1))Aalog(n). (4.28)

In particular

max sup [P (Aalog(n) - g, > t) — e ™| = op(1).
i<m >0 Hi

Before embarking on the proofs we provide a brief scheme of the upcoming state-
ments. The proof pf Proposition 4.19 is straightforward if we can provide a control on
the objects which appeared above. This is done in Lemmata 4.20 and 4.21. To prove
the two lemmata, will rely on Lemma 4.22. We will first prove the latter, and then prove
Lemmata 4.20 and 4.21.

Lemma 4.20. Recalling the definition in (4.27)

P(max tmix; < 6tent log(n)) =1 —o(1). (4.29)

<m
Lemma 4.21. Recalling the definition in (4.26)

maxf%i =1+ Op(l).
i<m

Proof of Proposition 4.19. Plugging the estimates in Lemmata 4.17, 4.20, and 4.21 into
Theorem 4.18 (and recalling Theorem 4.4 and Proposition 4.5), Proposition 4.19 follows
at once. ]
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To conclude, we just need to prove the two lemmata. To this aim and to ease the
notation, in what follows we will call

i(x)1zea,
ugxm:”(j)(gfgz revi, (4.30)

the restriction of m; to G; and we set
Wg () = pg, Pi(a),  w e V. (4.31)

The latter is the distribution after one step starting at a random gate sampled with
probability proportional to 7;. With this notation

T
Z gz Xtegz —1+ZP Xt€gi),
t=0 t=1

where (X;);>0 is the process in which the transition probabilities out of any vertex in G;
are set to uom and the other transition probabilities are the same as X (and X). Notice

that X is a projection of X, and clearly,
i (X _pGi(y, _
PG (X, €G) =PGi(X,=0), Vt>0.

The proofs of Lemmata 4.20 and 4.21 rely on the following technical estimate, which
will be immediately proved.

Lemma 4.22. Let
Tg, =inf{t >0 X, € G} and g =inf{t>1|X, €6} .
Then
IZIL%PG (7 7g, < log(n )3) = OP(nfl/?’). (4.32)

Proof of Lemma 4.22. We consider the following partial construction of G;:
1. For each x € V;, sample a random variable D, with distribution Bin(n — 1, p).
2. Attach, to each x € V;, D} tails of arrows.

3. To each tail, attach a Ber(a) random variable and call marked a tail for which
such a random variable is 1

We call ¥ the set of all possible realizations generated by the randomness just described.
Notice that, in order to end up with a (sub-)graph having the correct distribution, it
is enough to select, for each vertex x € V; with D} tails the same number of (distinct)
vertices in V; \ {z}. Notice also that the set of gates is fully determined by X, since it
coincides with the set of vertices having at least one marked tail.
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Let M be the set of probability measures on G; defined as

p(z)
M = {MEPQZ maxSC}, 4.33
(Gi) | ) (4.33)
for some bounded C > 0 that depends on C, Cy in Proposition 4.5. It holds
P(ig, ¢ M) = o(1). (4.34)

where pg, is the probability measure defined in Eq. (4.30). This is an immediate
consequence of Theorem 4.4 and Lemma 4.17. Let F C 3 be the set of realizations
such that the event in Proposition 4.5 concerning (D}),ecy; is satisfied, and such that
snadlog(n) < |G| < 2nailog(n). Thanks to Proposition 4.5 and Eq. (4.22) in the
proof of Lemma 4.17, it holds

P(FC) = o(1). (4.35)

We will later show that
P PGi(7f <1 > n~l/3 =o(1 4.36
mxP (o P (7, < log(n)?) > 01 o) = o(1). (436)

but let us first point out how the desired result can be derived from (4.36):
P (PG (7 7g, < log(n %) > n_l/?’)
<P (PG (74 <log(n)?) > n /% F) + B(F)

<P (PG (7F <log(n)*) > n™'/% F,pug, € M) +Plg, ¢ M)+ P(F)

< + < 3 -1/3 ‘ H '
< P max PE(r5, < log(n)®) > 1% o) + Plug, # M) + PO = o(1)

The three terms on the r.h.s. of the latter display vanish due to (4.36), (4.34), and (4.35),
respectively. This would complete the proof of (4.32).
We are left to prove (4.36). Observe that if u € M, then

< mi < il.
I;leagfu( z) ;rélggu(y)c < C/|Gi]

As a consequence, for any o € F and all n large enough, so that C' < log(n),

P PG (7 <log(n)?) > n~ /3
(P (7 < tog(n)®) > 0 |

(4.37)

oo 3o PG o)

G ” 2 log(n) |

z€G;

Write p, for the uniform distribution on G;, and consider the chain ()? )t>0 in which,
when visiting G;, the chain is instantaneously set at some vertex in G; u.a.r.. Clearly,

Pli(74, <log(n)’) = Pyl (7, < log(n)*), (4.38)
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where 7:'(32 is the analogue of 7"51, for the chain (X;):>0. By Markov’s inequality,

~ 1
P PGi T < 3 > —
max ( ui (g, < log(n)?) n'/3log(n) o (4.39)

u

1/3 Gi(=+ 3
<log(n)n'/* max B[P} (7, <log(n)*) | o].

Call P5" the measure associated to the annealed walk conditioned to o and with starting
distribution g, , which is defined as follows:

(i) Select an element of G; u.a.r.;

(ii) select one of its tails u.a.r., match it to a vertex u.a.r. in V; and move the random
walk to such a vertex;

(iii) as soon as the vertex currently visited by the walk is not in G; continue in this
fashion, but if the selected random tail is already matched, then simply follow the
edge while, if it is not matched, match it to a vertex chosen u.a.r. among those
that are not currently connected to the present vertex yet, and move the random
walk accordingly;

(iv) if instead the vertex visited by the walk at time r > 1 is some v € G;, then select

a vertex w € G; with probability ., one of its tail u.a.r., and move the random

walk as described above. In this case, set 75" = r.

Notice that, for any o,
E[P¢: (74 <log(n)®) | o] = Pan (75" < log(n)?). (4.40)

Let A; be the event in which there exists two distinct times s,s” € [1,¢] such that
the random walk visits the same vertex at s and s’. Since we are focusing on o € F, for
t = log(n)?3, and large n, it holds

P (7™ < 1) S P (RE™ <, AF) + P (A

, 2 4 6 (4.41)
< t@ n = < 2nalog(n)* + log(n) _ o(n_1/2 10g7(n)),
n n n
and therefore (4.36) follows at once by (4.37), (4.38), (4.39), (4.40) and (4.41). O

We can now prove Lemmata 4.20 and 4.21.

Proof of Lemma 4.20. Consider again the process (X;);>0 in which the transition prob-
abilities out of any vertex in G; are given by the distribution uog‘i‘t defined in Eq. (4.31),
and denote with P; its transition kernel. Called 7; the stationary distribution associated
to P;, and defined

Fmixs = inf {t >0 ’ max||Pf (2, ) - 7il|rv < (2e)—1} ,
xreV;

146



Chapter 4. Mixing trichotomy for the SRW on directed block models

it is immediate that fmixﬂ- < t_mix,i, since the process Xisa projection of X. Notice also
that, thanks to Lemma 4.17,

|7 — millpy < mi(Gi) = op(1) . (4.42)
We are interested in bounding, for S = 3ty log(n),

max ‘ } PQS

weV: ) — ﬁ'iHTV :

Let now, for A C V; and z € V;,

O4(A) = |PS (Xos € A, 7g, < 25) — PYi(Xig € A, 7g, < 29)|

= Z Z sz‘ (Tg; = s, Xy = Y) Pféut (X2S—s €A)— PyGi (X§S—s €A
s=0 yeg; ¢

Since X can be perfectly coupled, up to the first hitting of the set G;, with the simple
random walk on G, that in this proof we explicitly denote by X* to avoid confusion, we
have

< max HP2S( -) — mi|lv + max max O (A) + op(1)

maXHPQS T,) — HTV e vl vea 72

eV o4 ) (4.43)
—;nea;;zngé +(A) +op(1),
where we used Corollary 4.6. It holds
Ou(A) < OF(4) + 0775 (4) (4.44)
where
osmall( 4y .= Z > Pli(7g, =5, X, =1y) [P e (X255 € A) = PJH(X5g_, € A)} ,
S= Oyegz
28 '
O (A) = > > Pli(7g, =5, X, =) [P i (Xos_s € A) — P (Xgg_, € A)} .
g
s=S yeg;

On the one hand, for what concerns OX™°(A), since X is coupled with X? up to time
7g,, bounding the quantity between square brackets by 2, using Corollary 4.6 and Lemma
4.17 it follows, for large n,

large A) <2 PG«L XZ .
e s O () < 21> PE(YS €6
5=

< 587 (Gi) = op(1).

(4.45)
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On the other hand, O$™3(A) can be bounded as follows: for any A C V;

max O (A4) < max max
zeV; y€g; s<S

PG (asc € 4) - P (X € 4)

< max max
yeG; s<S

P (Yase € )~ () +
Gi (4.46)

PYi(Xig , € A) — m(A)| + |mi(A) — 7i(A)]

+ max max
yegG; s<S

= max
s<S

Pfégt (Xos—s € A) — TFi(A)' +op(1),

where we added and subtracted m;(A) + 7;(A), used twice the triangle inequality, Corol-
lary 4.6 and (4.42). Taking the maximum over A C V;, we get

small out p2S—s =
< ; — T
g i OF4) < gt P2 or) (aan
t 25— '
< r;léag‘ ug, B0 =+ op(l) = op(1)

where for the last equality we simply applied Theorem 4.2, while for the second inequality,
we added and subtracted uog‘;tPfS ~% — m;, used the triangle inequality, and used that,
thanks to Lemma 4.22,

out p2S—s 25—s G (=

- — P < ’ ) = .

max max EGV: uE () (P27 (y, 4) - P (y, 4)) < P (75, < 25) = op(1)
ycvi

(4.48)

At this point, the desired result, Eq. (4.29), follows by putting together (4.43), (4.44),
(4.45), (4.46), (4.47) and (4.48). O

Proof of Lemma 4.21. Follows at once by Lemmata 4.20 and 4.22 and the fact that, by
Theorem 4.4 and Proposition 4.5,

log <1/ min n> = (1+ op(1)) log(n) .

z€eV;
O

Remark 4.23. In the following, it will be useful to consider the transition matriz P
of a SRW on V;, where the external out-edges of G; (i.e, pointing towards another com-
munity) are canceled instead of being rewired. Notice that the very same conclusion of
Lemma 4.22, can be obtained replacing P;, with B to define the modified random walk
X. Indeed, the only point at which the argument differs is the step (iv) in the definition
of the annealed walk (right below (4.39)): instead of selecting a tail of w € G; u.a.r., one
has to select u.a.r. a non-marked tail of w € G;. Nevertheless, up to the first return to
the set G;, the two processes coincide.
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Notice also that the property of belonging to M in (4.33) is stable under small pertur-
bations. Then, Lemma 4.22 holds for any approzimation i of pg, (which is defined in
(4.30)) such that sup,cg, ft(x)/pg, (x) is w.h.p. bounded. Later, our choice of ji we will
be the restriction to G; of the distribution P#(x,-), for some s > log(n)? and z € V;.
Indeed, Corollary 4.6 ensures that P?(x,-) can be w.h.p. approzimated in {>°-norm by

m;, and then, on this event, its restriction to G; is near to ug, in £°°-norm.

4.4.3 The coupling

For an arbitrary initial state z € V;, we will now consider a coupled construction of
the simple random walk on G started at z, (X¢):>0, and a toy process (Y;)i>0, which is
related to the quasi-stationary behavior of the random walk out of G;.

Definition 4.24. We consider the joint Markov processes (X, Y:)e>0:

1. On the one hand, marginally (Xt)¢>o is the simple random walk on G with initial
distribution o, for some x € V;;

2. on the other hand, marginally (Yi)i>0 is a random walk on G;, started at the
quasi-stationary distribution p, such that, when it hits G;, at the next step Y is
reinitialized at p;P;. Moreover, we enrich such a process by appending a mark,
(ke, pt), defined as follows: we start by setting (Ko, po) = (0,0) and, whenever at
some timet > 0, Y; = v, for some v € G;, we set ky = Kt—1+ 1 and toss a coin with
probability of success O /Df: if it is a success, we set py = pr—1 + 1, otherwise
Pt = Pt—1-

We couple the two processes as follows: the coupling is articulated in stages, and each
stage is made by two steps each, (A) and (possibly) (B), where

(A) we use the optimal coupling between P!(z,-) and prP!(-) up to the first time t such
that:

(i) either Xy = Yy; in this case, we then let the two walks evolve following the
same path up to the hitting time of the set G;.

(ii) or Xy # Y and Yy € G;; in this case we declare the coupling as failed and
continue the construction of the two processes independently.

(i1i) or Xy # Yi, and Xy traverses a rewired edge; in this case, we declare the
coupling as failed and continue the construction of the two processes indepen-
dently.

(B) In case (i), call v € G; the vertex visited by the two processes and:

(i) Toss a coin with success probability O /D :

x if it results in a head, we say that the random walks X traverses a rewired
edge of v u.a.r., declare the coupling as successful and continue the con-
struction of the two processes independently;
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* if it results in a tail, then let the random walk X choose one of the internal
out-edges of v w.a.r., and let the random walk Y choose a new starting
point according to p; P;. After that, repeat stage (A).

. el .. . . . .
We will call PWL; the probability measure associated to the coupling just described.

In short, the random iterative coupling with measure PEL* is successful if X; and Y;

meet before hitting G; at any iteration, until, moving together, they traverse a rewired
edge. We now state that this happens with high quenched probability.

Proposition 4.25. Let S denote the event that the coupling in Definition 4.2/ is suc-
cessful. Then

P% . (S)=1—op(1).
%%{I;léﬁ( Loty () or(1)

Before presenting the proof, let us point out that on the event S, the time 7jump
at which the random walk does its first inter-community jump coincides with a much
simpler random time, namely

7, =inf{t >0 p; > 0}. (4.49)

Thanks to the fact that (Y;);>0 is reinitialized to p}P; any time it hits G;, and since
wiP;(G;) = l;, we have that (k; — ki—1);>1 are ii.d. Bernoulli random variables with
parameter [;. Therefore, the quantities

op=inf{t >0 |k =k} —inf{t >0 | ke =k — 1}, E>1,

are i.i.d. geometrically distributed with parameter ;. Since, thanks to Proposition 4.19,
i = (1 + op(l))aAlog(n), as an immediate corollary, we have the following estimate,
which will be useful later.

Corollary 4.26. For every k > 0 it holds

ey 1 _1
maXP“; (O'k < n3> <n 7.

i<m i

Proof. Tt holds

A~ 1
Pfﬁ (O'k < n%> =1-(1-06)"" ~1—exp (—n%a)\logn).

Since a < n~'/?1og?(n), then the latter decays as n%alogn <nT. O

Notice that if in stage (B) we had thrown, at each time ¢ that x; — k.1 = 1, a coin
with success probability (Alog(n))~!, then we could immediately deduce that the time
of the first success is asymptotically exponentially distributed with rate a.. Of course, for
the process (Y;)i>0, ”the probability of success“ is not (Alog(n))~!: it depends on the
gate visited by the process (through its out-degree and the number of its rewired out-
edges). The next proposition shows that, thanks to a sort of homogenization property,
the toy model just described actually captures the correct picture.
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Proposition 4.27. Recalling the definition of 7, in (4.49)

max sup [P% (ar, >t) —e | = op(1). (4.50)
i<m g>g | M

Being the coupling w.h.p. successful by Proposition 4.25, as a consequence of Propo-
sition 4.27 we deduce the following.

Corollary 4.28. Recalling the definition of (4.14),

max max sup ‘Pg(aTjump >t)—e

|
1<m z€V; >0

=op(1).

Proof of Proposition 4.27. Fix i < m. The proof is articulated in five steps:

[1] First, we show that the density of gates in G; which have a out-degree different (at

first order) than Alog(n) is at most log(n)~2;

[2] Then we show that the same is true for the gates x € G; which have O} > 2;

[3] Then we show that the distribution of the first element of G; visited by the random
walk initialized at p is essentially uniform;

[4] Call nice the subset of gates which do not have the properties in step [1] and [2].
We show that the first log(n)®/? visits to G; occur at nice gates;

[5] We wrap up the argument developed in the previous steps to conclude the validity
of (4.50).

Step [1]. Call
E = {#{z € G :|D} — Alog(n)| > eXlog(n)} > |G;|log(n) %} .

As mentioned, we want to show that P(£.) = o(1), for some € = o(1). Notice the
distribution of the out-degree of x conditioned on the event {x € G;} can be written
explicitly as follows: for any j € [1,n]

P(z € Gi|DF = j)P(DF = j)
]P’(:U S gz)

(- -))P(Df =
Sia(— (1 —a)B(DF = k)

P(Df =jlz €G;) =

= < 2P(D}f =7).

Since by the Chernoff bound it holds

P(|D; — Alog(n)| > elog(n)) < exp (—%52)\10g(n)) ,
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we get
P(|D; — Aog(n)| > elog(n) | z € G;) < 2exp (—3*Alog(n)) .
Now, notice that, thanks to Eq. (4.23),
P(&) = P(& N {|Gil/(naXlog(n)) € [1/2,2]}) +o(1).

On the event {|G;|/(naXlog(n)) € [1/2,2]}, we can use the union bound and the fact
that log (ﬁ) =mlog(X)(1+o(1)) < 2mlog(2), for m < N, to get

P(& n{|Gil/(naXlog(n)) € [1/2,2]})

2 1 naAlog(n)™
< max] < nalog(n) ) (2exp (—%EQAlog(n)))C Alog(m) ™
2

cell, CnaXlog(n)~1
Cnal 2 CrnaA
< max exp <2 lo < log(n 2>> 2exp (—1e2Mlog(n))) e
log(1 2 na
< max exp <2Cna)\0g(0gm))>2lc°g<"§ exp (—%52)\27104)
cel1.2] log(n)
loglog(n) 2log(2) 56
< A8 —ef—- .
= (”O‘ ( log(n) ' log(n) A
Therefore, we can choose, for example, ¢ = log(n)*l/ 3. and have
P(&) =0o(1). (4.51)

Step [2]. Call G;paa = {z € G; | Of > 2}, and consider the event
R = {|Gibad| > [Gi| log(n)~*} .
To show that the latter has a vanishingly small probability it is enough to realize that
E[|Gibaal] < na?A*log(n)?.
Indeed, by Markov inequality, and recalling o < n=/2log(n)?,
P(R) =P (RN{|Gi > 3E[Gi[]}) + o(1)

2na? X2 log(n)*
—_— 1) —— 0.
nalog(n) +o(1) n—+00

(4.52)

Step [3]. Now we focus on the probability distribution on the set of gates, according
to which the first gate is visited, when starting at quasi-stationarity. We define

> yeving: M (W) Py, )
ZyGVi\gi i (y) Zzegi P(y, z)

2yevag; Hi W) Py, @)
aXlog(n)

pd () =

= (1 +op(1))

, T € G,
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where the second line is due to pfP(G;) = [; and the op(1) term is uniform over z € G;.
We claim that

1y ()
max ——= <14 op(1).
:pgg)i( WZ(.’E) B P( )

To prove it, recalling the definition of S in Corollary 4.6, we follow the same argument
as in [Manzo et al., 2021, Egs. 5.15-5.19]. We have that, for any = ¢ G;,

pie)= (11" Y uIPE (v

yeVi\Gi
<1-1)"% Y wwh(y2)
yeVi\G;
= (1+op(1)(1—1;)"" Z i (y)mi(x)

yeVi\G;
= (1+op(1))(1 = ) Fm(x)
= (14 op(1))mi(z),

where the first line follows by the definition of quasi-stationary distribution; the second
line follows by the trivial fact [Pz}gz (y,z) < P®(y,z) for any =,y ¢ G;; the third line
follows by Corollary 4.6 and the fact that, thanks to Theorem 4.4 and Proposition 4.5,
mi(z)+op(l) = (14+o0p(1))m;(z) uniformly in x € V;; in the fourth line we simply took the
sum over y € V;\ G;; and in the last line we used that, thanks to Eq. (4.28), ;S = op(1).
Therefore,

. > yeving: Ti(Y) Py, )
m < 1 1 Yy 2 2
pgr i (0) = 0 or() s = o) )

ﬂz(l') . 1
<(1 +OP(1))%ag)§Wg(n) = Op <‘g2’> )

where the last bound follows from Theorem 4.4 and Lemma 4.17. In other words, the
gates visited by the process are essentially uniformly distributed.

Step [4]. Fix ¢ = log(n)~'/3 and call

Gi nice = {af €Gi\ Gipaa | D € [(1 —¢)Alog(n), (1 + a)Alog(n)]} )

Notice that, thanks to steps [1] and [2], in particular Egs. (4.52) and (4.51) respectively,

P <|gzén|ce’ >1— 210g(n)—2> =1— 0(1) . (454)

Call (By)r>1 the the sequence of vertices in G; that are visited by the process (Y;)i>0.
Consider the event
W = { By € Ginice. Vk < log(n)*/?}.
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From step [3], particularly (4.54) and (4.53), it follows
P (W) =1 - op(1). (4.55)

Step [5]. Now recall the notation (k¢, pt)i>0 given in Definition 4.24 and 7, as in
Eq. (4.49). Set s =t/a. We want to control

Pli(r, > ) = P (ps = 0) = P (ps = 0,W) + P (p, = 0,WF). (4.56)
The second term on the r.h.s. of (4.56) is op(1) thanks to (4.55). Let us bound the other
one. Recalling that (ks—#ks—1)s>1 are i.i.d. Bernoulli random variables with parameter [;,
it immediately follows that ks ~ Bin(s, [;), so that, as [; = Aalog(n)(1 + op(1)) = op(1),
it holds

Var),: () = s(l; — 17) = shalog(n)(1 + op(1)) = ES: [5)(1+ 0p(1)).

Taking 6 = (logloglog(n))~! and s €

1 Cu
|:O¢Cn Vo
ciently slowly, by Chebychev inequality,

Gi
P (

}, for some sequence C), diverging suffi-

. EC k]
S ‘ul
o RE EUE P (B )2

< (log log log(n))%C
B Alog(n)

In conclusion, the first term on the r.h.s. of (4.56) can be bounded, for s as above, by

Rs
e 1' < 5}) + op(1)
)(1+O(5))sa)\ log(n)

(1 +o0p(1))

" (14 op(1)) = op(1).

PG5, = 0) = (1- ox(1)PE (o =0]wn{

P
=(1-op(1 < 170 )/\log(n) + op(1)
(1),

_ —sa+0P

where we used that € and § are vanishing and, in the second line, we used the conditioning
and that, for salog(n) < log(n)3/2, on the event W, the gates visited by the random
walk have degrees in [(1 —e)Alog(n), (1 + €)Alog(n)]. Then, provided that C,, diverges
sufficiently slowly, we get

max f’% (1p>5) —e ™| =op(1).
se 7.2
The proof ends recalling that sa = t. O

We are now in a good position to present the proof of Proposition 4.25.
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Proof of Proposition 4.25. First of all we observe the following fact: if p; > 0 for some
t > 0 then, at time ¢, we have sufficient information to declare if the coupling is suc-
cessful or failed. Therefore, thanks to Proposition 4.27, with probability 1 — op(1) the
coupling consists of less than log(n)3/ 2 stages. Moreover, thanks to Theorem 4.2 and the
subadditivity of the total variation distance, the probability of a meeting before time
log(n)? is 1 — op(n~') by Corollary 4.6. This means that the probability that along the
coupling there is a stage in which the two processes meet after time log(n)? is op(1).
Now, each stage the coupling might fail because of two alternative reasons:

1. On the one hand, a stage might produce a failure if (ii) in Definition 4.24 happens:
the process Y hits G; before meeting the first process under optimal couphng By
Corollary 4.26 the probability that Y hits G; before time log(n)? is op(n~ 7) Hence,

the probability that the coupling fails due to this kind of event is op(log(n)/ 2n_%).

2. On the other hand, a stage might produce a failure if (iii) in Definition 4.24 hap-
pens: the process X might visit G; and traverse a rewired edge before time log(n)?.
For what concerns the first stage, in which the starting point of the walk is arbi-
trary, thanks to Proposition 4.12, the probability of this event is op(1). For any
successive stage, first notice that after time log(n)?, by Corollary 4.6, the distribu-
tion of the random walk X can be w.h.p. approximated in /*°-norm by ;. Thanks
to Lemma 4.22, complemented with Remark 4.23, we have that the expected num-
ber of visits to G; within time log(n)? is op(n~'/?). Hence, the probability that
there exists a stage in which G; is visited before log(n)? is OP(log(n)S/Qn_%).

O]

4.4.4 Proof of Proposition 4.15 and Theorem 4.16

We are almost ready to conclude the proof of Proposition 4.15, and then to show how
Theorem 4.16 can easily be deduced from it using the same set of arguments used to
deduce Theorem 4.14 from Proposition 4.10.

We start by stressing that, thanks to Corollary 4.28, we know that the jumping time
of the process starting at any « € V', properly scaled, is well approximated by a standard
exponential random variable. We now want to show that the jumps occur uniformly at
random among communities.

Lemma 4.29. For \/nlog(n)~2 < a~! < Anlog(n)

eV)— —1 | —op(1).

max max max | PS¢ (X
m—1

i<m i xeV; Tjump
Proof. Notice that vertices in G; nice have, by definition, a unique rewired edge. To each
Yy € Ginice, One can assign a mark J(y), chosen w.a.r. in [m] \ {i}, representing the
community to which the unique rewired edge of y connects after rewiring. We will then
partition A
gi,nice = Llj;éz’gi]’nice )
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where gg nice 18 the subset of G; nice having mark j. Since |G; nice] = wp(1), and by the

uniform ChOlce,

max max
i<m  j#i

’gz nlce|/|gi,nice’
-1 1| = op(1). (4.57)

Moreover, specializing (4.53) to the case € G nice, Where D can be well estimated,

one has
1

|gi,nice| ’
where in the last step we used (4.54). As a consequence, the hitting measure of G; is

asymptotically uniform on G; nice. In conclusion, the desired result follows by putting
together Proposition 4.25, (4.57) and (4.58). O

(14 op(1)) (4.58)

xég?ifce“g( r) < (1+op(1 ))w

Thanks to Lemma 4.29 we can couple the evolution of the non-Markovian process
(c(X¢))t>0 with the evolution of a simple random walk on a complete graph with m
vertices, with transitions as in (4.7). Using this fact, we can finally prove Proposition
4.15 and Theorem 4.16.

Proof Proposition 4.15. We consider the following iterated version of the coupling in
Definition 4.24:

e We start the coupling at some x € V; for some i < m.

e If the coupling succeeds and at time 7j,mp the process is found at some y € V; with
J # i, then the coupling is restarted with the initial distribution é, ® 7.

e Iterate this procedure up to the first iteration at which the corresponding coupling
fails.

Call f’f the measure associated to this coupling, and fix an arbitrary sequence of integers
C = C, > 1. Call £5°° the event in which the coupling succeeds up to the C?-th
iteration. Then, thanks to Proposition 4.25

min PC(£2) = (1 — 0p(1))°” . (4.59)

Call now 81“” the event in which by time ¢ = Ca~! there are at most C? iterations.
Then,

gél‘r/l PG((C/‘lteI' 8succ) _ Hgn PG’(Esucc) (51ter | 5éucc) — (1 _ 0]}»(1))202 , (460)
where in the second equality we used (4.59) and Corollary 4.28 on a union bound on the
C? iterations of the coupling, which ensures that—conditionally on the event EG“—the
length of each iteration is asymptotically geometrically distributed with parameter a.
As a consequence, the op(1) in (4.60), is the maximal one among the errors in (4.59) and
Corollary 4.28. In conclusion, as soon as C' > 1 is chosen to diverge sufficiently slowly,
the iterative version of the coupling will be successful w.h.p. up to time t = Ca~!. In
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particular, up to that time, the number of iterations will be w.h.p. at most C? and the
length of such iterations will be w.h.p. coupled to an independent geometric random
variable of rate . Moreover, thanks to Lemma 4.29, the inter-community jump ending
each iteration is approximately uniformly distributed among the other communities.

Therefore, if ( ©

ﬁump) ¢<c2 denotes the sequence of the lengths of the first C? iterations,

we can couple the sequence (C(XT(g) ))€<C’2 with the trajectory (of length C2) of the
jump "7 =

process with transition matrix Q) at a total-variation cost bounded by 1 — C20p(1). The
latter goes to 1 as soon as C' diverges sufficiently slowly. At this point the desired result
follows at once by noting that if, for any ¢t > 0, we sample i.i.d. geometric random
variables of parameter o up to the first time in which their cumulative sum is above
t (hence, sampling the jump times), and then we sample the path of a simple random
walk on the complete graph, we can entirely reconstruct the trajectory of process with
transition matrix Q. ]

Proof of Theorem 4.16. The proof of this fact follows the same line of argument as in
Theorem 4.14. In our setting, Eq. (4.18) follows from Proposition 4.15 for any 7" <
Ca~!, where C > 1 is as given in Proposition 4.15. The remainder of the argument
proceeds through the same steps, leading to the validity of Eq. (4.20) for any o~ <
T < +/Ca~'. Finally, by the monotonicity of the distance to equilibrium, the result
holds for any 7 > o~ 1. O

4.5 Critical and subcritical regime

In this section, we analyze the mixing behavior of the random walk in the regime
a~ ! < tent- This range of « includes both the subcritical and critical cases, described
in Egs. (4.3) and (4.4). The proofs of these results are adaptations of the techniques
developed in Bordenave et al. [2018] and Chapter 3 to the current setting with multiple
communities. Since it will be useful later, in what follows we take o' = Cteyt, for
C > 0. We again stress that Eq. (4.3) will hold only for C' — 0.

4.5.1 Concentration results for random walk paths

In this section we recall some of the results given in the previous chapter, and restate
them in a different fashion. The first random object we need is the following. For each
oriented path p = (zg,...,x¢) in G, let the quenched probability mass of p be

t—1
m(p) = [ Plaw,zar).
s=0

We state the following result, which can be written in the shape of a Law of Large
Numbers for the variables log(P(Xs, Xst+1)).
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Theorem 4.30 (Quenched LLN). Lett = O(tent) and 0 € (0,1) be such that there exists
p >0, p#1, satisfying log0 = pHt(1 + o(1)). Then

max [P (m(Xo, X1, X0) > 0) = Loy ﬁ 0.
Proof. The proof follows by a straightforward adaptation of the proof of Theorem 3.21
from Chapter 3 which, in turn, is an adaptation of the proof of [Bordenave et al., 2019,
Theorem 4]. Indeed, all vertex out-degrees have the same law, Bin(n,p), and the proof
in the above mentioned references does not rely on the details of the graph structure but
only on the out-degree distribution and the fact that the random walk is w.h.p. non-
backtracking on the timescale log(n). O

This result has the same shape of Eq. (4.3) and is the core of the cutoff result. In fact,
it is easy to observe that § = e Htent = =1 provides a threshold for the concentration
of the mass of the paths with length t.,;. That specific choice of 6 is not covered by the
theorem above, but in Chapter 3 it is possible to find a quenched CLT refinement, valid
in this critical regime, to describe the cutoff window under a suitable hypothesis.

The second ingredient is provided by the following family of paths, which allows us
to capture typical features of SRW paths.

Definition 4.31 (Nice paths). Let € € (0,1), and
7 = 2¢etent, 0= (1—¢&)tent, t=c+n+1=(14¢e)tent + 1.

We say that a path p = (x,x1,22,...,2-1,y) of length t from x to y is nice if:

(i) the entire path is such that m(p) < —2

nlog3n’

(ii) the sub-path (o41,...,Ti—1,Yy) is the unique path in G of length at most n from

Ty toy;

(iii) the sub-path (z,x1,...,%s) is contained in the random tree T,(o) constructed as
follows:
Fix a realization of G and a root node z € V. Let G = T° := {z}. Then, for
?>1:

(1) Let & == {(v,y) : v € G 1,y € BF(1)\ G}, be the set of edges which have
not been visited by the first £ — 1 iterations, and with tails in G¢=1.

(2) Choose e = (v,y) € £ such that, if Pa.v is the unique path from = to v in g1,
m(p,,)(D;7) " is not below e~ (1+9)H7 and it is maximal among (v,y) € &7,
and v is at distance at most o — 1 from x (use a deterministic criterion to
break ties).

If such edge does not exist, stop the procedure and set T (o) = T 1;

(3) Generate G¢ by adding e to G~ ;
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(4) Generate T* by adding e to 7! if it results in a tree, otherwise 7¢ = 7 1.

Finally, for every fived x,y € V, we define PL.. (x,y) to be the probability that the simple
random walk started at x arrives at y at time t after having followed a nice path.

As mentioned above, nice paths w.h.p. host typical trajectories of the SRW:

Proposition 4.32. Fiz 8 > 1 and t = Stent. Then, uniformly in a starting position in
V*, defined in Eq. (4.8), the SRW w.h.p. follows nice paths. More precisely,

};Ié?‘/zf (1 - Z nlce ) = OP(l)'
yev

Proof. Thanks to Lemma 4.7, the requirements (ii) and (iii) of Definition 4.31 are

w.h.p. satisfied. Then, letting § = (nlog®n)~!,

- < .
max (1 y%; nice ) xﬂg}gP (m(Xo, X1,..., X¢) > 0) +op(1),

and the Lh.s. (namely, the cost of requirement (i)) vanishes by Theorem 4.30. O

4.5.2 Bounds on the total variation profile

With the latter tools at hand and with the help of Proposition 4.33 below, which is an
adaptation of Proposition 3.26 from Chapter 3, it is possible to bound effectively the
distance to equilibrium.

Proposition 4.33. Let ™! < tey, 2 € V, and t = 0 + 1+ 1 as in Definition 4.31.
Then,

4]
IP)<P1§1ce( ) < (1+5)Vc(x)(y)+n,Vx,G‘é*nyGW) :1_0(1)7 V6 >0,
where Q° (-, -) is defined in Eq. (4.9) and, fori < m,

Z Q7 (i, c(w)) P (w,y). (4.61)
wEV
Proof. Let x € VX, as defined in Eq. (4.8), and let F denote the partial environment
generated by the tree 7 (o) and B, (n), the in-neighborhood of y of depth 1. We split
Pl (z,y) in m different addends. For i = 1, coo,m, let

nice
Prlilce z Z Z px z (pv,y)l{z—w}l{p is a nice path}s
zGV (i) veVy

where V1 () is the set of vertices at depth o in T,(0)NV;, and V5 is the set of vertices in
0B, (n) such that there exists a unique path of length 7 to y. Then, it holds Pt (z,y) =
> icm Plice.i(®,y). Setting Pz(-) :== P(-|F), we have that, for z,v € V,

nice,i

1z v lz v DPzv
E[ {D;}U-']:E[ {D;}\f,yﬁv}:qp(( V) € E) = np(1+ o(1)).
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Then,

E[Pélce’b (z,y) | F] < Z Z m(p; . )E { {Z_w} ‘}—] pv,y)

veVy zEV+(z)

< 3020 mlpes) mlpy)(1+o0(1))

veVy zEV ()

Since the random walk performs w.h.p. a nice path with support concentrated on the
vertices of the tree T;(o) (Proposition 4.32), and thanks to Proposition 4.10, for ¢ < m,
w.h.p. it holds

Z m(px,z) - QJ(C(:C)’ Z) = 0(1)'
ZGV;f(i)

Then, observing that 22* = Q(c(2), c(v)), it holds

E{Phioes(0,0) | F1 < @ (e@)i) 3 LD, )1+ 0(1))
veV
Qi, c(w "
i) 3 QL) pry a1y o(1)),
wevV

Summing over ¢ < m, we conclude

()| Fl < 3 L@ oy, 14 o1y (4.62)

weV n
= Ve(x) (y)(l + 0(1))

The proof then continues as in Proposition 3.26, employing Eq. (4.62), a suitable Bern-
stein’s concentration inequality, and averaging over the partial environment F. O

E[P,

nice

We now proceed with our analysis, pursuing an upper bound and a lower bound for
the distance to stationarity at times ¢ greater than Sty for 8 > 1, and smaller than
Btent for B < 1, respectively.

Upper bound. We start stating the following straightforward lemma.

Lemma 4.34. Let ™! = Ctey. Then for each j = 1,...,m, it holds m(V;) = L(1+
op(1)).

Proof. By definition of stationarity, for each j = 1,...,m, and for t = (log(n))?,

1
PY(X € Vy) — | < max

(Vi) = —| <3 n(a)

m
zeV

1

which is op(1) by Proposition 4.10. O
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Choose now a time t > Stey, for 8 > 1. Applying Proposition 4.33, and later
Proposition 4.32, for every § > 0 it holds

0
t t
3132%? HP ($7 ) - Vc(z)HTV < I“é%,? ; |:(1 + 5)7/(;(3;)(3/) + ﬁ - Pnice(x)y)
Yy
(4.63)
< max 1— ;ije(gg, y) | +20 =20 + op(1).
Yy

Then, thanks to Lemma 4.7 and Eq. (4.63), for £ = 3loglog(n),

max [ PP, ) — v v < PE(Xe ¢ V2) + max | P, ) = vegey v = 02(1). (4:64)

Since, for every w € V/, it holds Y"1, Q7 1(i,c(w)) = 1, we can define

m

Vo= %ZV = % > Pi(w,). (4.65)

=1 weV

Employing Lemma 4.34 and later Eq. (4.64), it holds

v — 7|y = — v — Z 7T(z)1:>(1+a)1tem(27 )
i=1 zeV TV

_ Zm: Z W(Z) [Vi . P(1+5)tent (Z, )] + 0]}17(1) (466)
i=1 zeV; TV

TV = OP(l).

P(l‘i’E)tcnt(Z’ ) — Ve(z)

< max max
i<m z€V;

This means that v constitutes a good proxy for w. Then, by the triangle inequality, and
thanks to Eqs. (4.64) and (4.66), we can conclude the following upper bound

e [P |, < mae [P ) v

v + %@Z{ lvi = vlpy + IV = 7llpy

< max s — vlpy + 0p(1).
<m
(4.67)
Lower bound. Let ¢ < Btgy, for § < 1. We are going to show that the law of X, at
a time t < Btent, is w.h.p. concentrated on a set with cardinality o(n). To this end, let

0 = n P25 and let

Sy = {y € V : there exists a path p of length ¢ such that m(p) > 6} .
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We have |S,| < 071 = nf2-F) = 0(iog(ny): since, for § < 1, we have B(2 — ) < 1.

Moreover, it holds —% =2 — (> 1, and we conclude the following lower bound:

Ix%i\r/l HPS(X,: €:)— 7THTV > mi‘I} [PS(X,: € Sy) — m(Sy)]

T ze

in PG -B(2-8)) _ 4.68
> ilél‘r/lpx (m(Xg7 LX) >n > I;lea‘;iw(sx) (4.68)

=1- O[p(l),
where the last inequality holds combining Theorem 4.30 with the observation that

max 7(Sz) = op(1),

thanks to Theorem 4.4 and Proposition 4.5.

4.6 Proof of the main results

4.6.1 Supercritical regime

In this regime, the proof of Theorem 4.3 is split into two parts, depending on the chosen
timescale. We first analyze the case t < tqn, proving Eq. (4.5), and then move to the
case t < a~ !, proving Eq. (4.6).

Relaxation to a local equilibrium. Let us first assume ton; < o~ ! < /nlog(n)~2.
We will sometimes commit a slight abuse of notation by lifting 7; to a probability measure
on the entire vertex set V. Let t = [ty for some 8 < 1. By Theorem 4.2,

minmin |PS (X} € ) — vy = 1 — op(1), (4.69)

i<m xeV;
In particular, for every § > 0 and = € V;, it must hold

3

yeVv

1 m—1
T

PGi(Xg = y) - Eﬂ'z(y) >1- Tom o+ OIP’(l)a

otherwise it would be

R 1 R 1 1 m-—1
HPa?Z(XZ €)— 7riHTV = 9 Z PH(X] =y) - m”z‘(y)‘ + > T mi(y)
yev yev
1 _
R ”;—+0P(1):1—5+0p(1),

which is in contradiction with (4.69). As a consequence, using the characterization of 7
given in Theorem 4.14, and using that, by Proposition 4.12,

IPS(X, € ) —PYi(X] e < max max P, (X;#X/)

G
< maxmax Py (Tjump < ) = op(1),
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we have that, for every § > 0 and =z € V;,

o 1
HPE(Xt €)— 7THTV = |[PSi(X[ e ) - Ezﬂj + op(1)

TV
1 1
=3 S IPSixi=y) - m(y)’ +ZT > mi(y) + op(1)
yeVv jFi yev
m—1 m —

_I—T— T+Op(1):1—(5+0p(1)

(4.70)
Let now 8 > 1. By definition of total variation distance
min min IPS(X; € ) — ml|pv > min min P (X € Vi) — (Vi)

m— 1 m t—1 (4.71)

= — (1 a> +op(1),

m m—1

where we have used Proposition 4.10 and the characterization of 7 given in Theorem
4.14. By our choice t = Btent < @~ L, one gets

m—1

P )= >
min min [Py (X; € 1) — 7flrv 2

— op(1). (4.72)

For what concerns the upper bound, for 8 > 1, let us fix some v > 0, possibly depending
on n, and € > 0 such that (1 4 &)tent + 7 < Btent. By splitting over the vertex on which
the SRW sits at time (1 + &)tent, and over the community of such vertex one gets, for
zeV,

P(1+E tent+’)’ . Z P’Y $ y 1+5 tent Z Z P'Y :1: y P(1+5)tent( ) .
yeVv =1 yeV;

Using Theorem 4.13, we can write

= op(1).
e el

P+ tenty (g ) Z PY(z,V;)m;
i=1 v

Let us now focus on the case ten < o~ ! < y/nlog(n)~2. By Proposition 4.10 we get

max
zeV

P(1+5 tent‘i”y . ZQ’Y — O]P’(l)

TV

Thanks to Theorem 4.14 and recalling the definition in (4.9), we then obtain

max HP(1+E)tem+’Y(x’ D — ﬂ-HTV — ;; ‘Q’Y(c(l-)7z') _ 7711‘ + op(1)

(4.73)

_mon-gter
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Taking v < a~! and by monotonicity, we conclude that

m—1

max HPrBtent (z,) — WH < +op(1). (4.74)

zeV ™V m
Then, putting together Egs. (4.70), (4.72), and (4.74), Eq. (4.5) follows. Similarly, in the

case y/nlog(n)~? < a~! < Anlog(n), instead of Proposition 4.10 and Theorem 4.14,
we use Proposition 4.15 and Theorem 4.16, leading to the same result.

Convergence to the global equilibrium. Let us first assume ton < o~ ! < y/nlog(n)~2.
Using Eq. (4.71), with t = Ba~ !, for 8 > 0,

— 1 _ Bm
UL op(1).

min min ||PS (X, € ) — 7||ry >
i<m xzeV;
For the upper bound, consider now, in Eq. (4.73), ¥ =t — (1 4+ €)tent ~ Ba~!. Then,
again by monotonicity, we have

—1 _8m
e m1 +op(l),

m
max |[PS(X; € -) — n||pv <
zeV

concluding the proof. Similarly, in the case y/nlog(n)~? < a~! < Anlog(n), instead of
Proposition 4.10 and Theorem 4.14, we use Proposition 4.15 and Theorem 4.16 , leading
to the same result. This proves Eq. (4.6). O

4.6.2 Subcritical regime

The upper bound in Eq. (4.3) (which is non-trivial only for > 1) can be obtained
observing that in the subcritical case ™' < ten, it holds

1
Qa(iv ) = 7(1 + 0(1))7 Vi < m,
m
Then, recalling the definitions in Egs. (4.61) and (4.65), it follows
max [[v; — v|py = op(1).
i<m
This, plugged in Eq. (4.67), concludes the upper bound. The lower bound in Eq. (4.3)
(which is non-trivial only for 8 < 1) is precisely Eq. (4.68). O
4.6.3 Critical regime

We fix C' > 0 and ¢t = Bteyt, for some 5 > 0, 8 # 1. We want to prove Eq. (4.4). For
B < 1, the bound is, again, precisely given by Eq. (4.68). Then, we consider 8 > 1. By
a trivial bound and Proposition 4.10,

min HP&ent (x,) — 7rH > min ‘Pﬁte“t (@, Vo)) = (Vo))

eV ™V zeV
Btent
= (1= gmga) T o ()
1 -8B _m_
=M—e cm-1(1+0(1))+ op(1).
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In the what follows we will prove the following result, which closes the discussion for
8> 1.

Lemma 4.35. For every 0 <e < —1,

< mede” %#(1 +o0(1)) + 6&05 +op(1).

max HPﬁtem (z,-) — 7rH

zeV TV

Since € > 0 can be taken arbitrarily small, we get Eq. (4.4). O

To prove Lemma 4.35, it is useful to consider, for every ¢ < m, the measures

Tr(m)]-{er}
my () = ———7—, zeV.
W=
Lemma 4.36. Let o' = Cteyy, for C > 0. Then
1 " 4me
Pmax |3 Py ) —ay| < T | =1-0(1).
yevi TV

Proof of Lemma 4.36. Using the inequality |a + b| > |a| — |b], for a,b € R, we have

1 1 &
|ngP"(y,> v
yev =1 TV
1 & 11 =
=320 |- D Pl -y ZP"%
7j=1 ZEVJ' yGVj =1 yGVC
. (4.75)
1 1 1
>0 > — |22 Pl a) —m(2) —*Zf’"y,
j=1zeV; yeV; yEVG
Ia 1 1
252% gzpn(%z)—ﬁvj(z)—*zp Yy, Vj)
j=1 z€V; | yev; yevs
On the other hand, for every j < m it holds
1 - 1 1 n
;Z‘P(y7')_ﬂ-‘/j 252 ;Z‘P(yaz)_ﬂ-v}(z)
yev; v 2€V | ey,
1 n 1 " C
Z g ZP (y,Z)—’]TVj(Z) +£ ZP (yv‘/])
2€V; yeV; yev;
(4.76)
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Putting Egs. (4.75) and (4.76) together, it follows

Z S P | ]S P —fzm +8(e), (4.77)

j=1 er TV yeVv v
where
1 &1 . 1y VE) 1 &1 C
*%Zﬂzp(y’vﬁfzp(y’v )ng;Z "y V7).
j=1 yevjc yeV; Jj=1yeV;

Invoking Proposition 4.10, we get

—*ZQ"J, NG| = op(1).

Using that, for tey = a~1/C, and for each j < m,

Q" (4, [m] \ {s}) = :Tz (1 - ( - %O‘Y) (4.78)
-m1 (1-e @18 (1+0(1))) < S (1+0(1)),

As a consequence, w.h.p. ®(g) < 35 . Recalling that 7 = = 3"
to Lemma 4.34, from Eq. (4.77) We conclude that w.h.p. it ho

72 > P"y,)—m/j < %ZP”(%')—W +3§7

i=1||yev; TV yev TV

which is at most % + op(1), thanks to Eq. (4.66). Then, w.h.p., each term of the sum is
bounded by 4—735. O

Proof of Lemma 4.35. We consider a time t = Sten, where € > 0 is chosen such that
8 >1+c¢e. For z € V, it holds

1P! (@) =l py < || P Z 1| +{1> Q@) jymy, =
=1 v 171 v

Being 7 = 0", m(Vj)my;, taking the maximum over z € V, the second summand
provides

ma |50 Q' (ela), )y, — Yo w (Vi | = mas 2 S |Q(e(a). 4) — n(V5)
j=1 i j=1 TV =1 ) (4.79)
<max sy ’Qt(c(:c), ) — ‘ +op(l) = mW_L ! (1 - m’f 1a> +op(1),
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where we have employed Lemma 4.34 and the triangle inequality in the second line. This

will provide the leading term. We now consider the first summand. By Proposition 4.10,
it holds

mas ma | PO (7, 1) — QE1-en (), )| = n(1).
z€V j<m

Then

max || PPtent (x,-) — Z QPtert (c(z), j)m

eV Vi
TV
m m
< max Z Z pB=1=e)ten (g 2y | pUte)tent(y . Z QUute)tent (4 )y, + op(1)
i=1 zeVj j=1 TV
m
< max max pU+elten (5 . Z QUHeNten (j J)my; +op(1)
7=1 TV
m . m
< e |3 LS Py - 30 QU iy |+ or()
= k=1 yev;, j=1 v
(4.80)

where the third inequality follows from Eq. (4.64) (recall that, according to Definition

4.31, (1 +€)tent = 0 +n+ 1) Using the semigroup property of Q(-,-), we can bound the
last expression in Eq. (4.80) by

m
U+1 n n .
i Q Z P(y,-) ZQ (k. j)mv, || +op(1)
k=1 " Jevi j=1 oy
1 m
- (g ) — B .
< Iglga%( " Z P (yv ) TV, + |7V, ZQ (k"j)’f[“/}_ +OIP’(1),
vet Y =1 TV

Now w.h.p. we can bound the first summand in the last display with 4% by Lemma 4.36.

The second summand has the same magnitude: reasoning in the spirit of Eqs. (4.79)
and (4.78), it holds

max ||y, — ZQ”]{:] —maxf|1—Q77k‘k‘|—|— Zan‘]

k<m
TV .7751{5

:I&aémnzl (1— (1—%&)77) 206(1—1—0(1))
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