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Abstract
Problems on Large Sparse Graphs
by
Payam Delgosha
Doctor of Philosophy in Engineering — Electrical Engineering and Computer Sciences
and the Designated Emphasis in
Communication, Computation and Statistics
University of California, Berkeley

Professor Venkat Anantharam, Chair

In this thesis, we study two category of problems involving large sparse graphs, namely the
problem of compression for graphical data, and load balancing in networks. We achieve this
by employing the framework of local weak convergence, or so called the objective method.
This framework provides a viewpoint which enables one to make sense of a notion of sta-
tionary stochastic processes for sparse graphs.

By employing the local weak convergence framework, we introduce a notion of entropy for
probability distributions on rooted graphs. This is a generalization of the notion of entropy
introduced by Bordenave and Caputo to graphs which carry marks on their vertices and
edges. Such marks can represent information on real-world data. This notion of entropy
can be considered as a natural counterpart for the Shannon entropy rate in the world of
sparse graphical data. We illustrate this by introducing a universal compression scheme for
sparse marked graphs. Furthermore, we study distributed compression of graphical data. In
particular, we introduce a version of the Slepian—Wolf theorem for sparse marked graphs.

In addition to studying the problem of compression, we study the problem of load balancing
in networks. We do this by modeling the problem as a hypergraph where each hyperedge
represents a task carrying one unit of load, and each vertex represents a server. An allocation
is a way of distributing this load. we study balanced allocations, which are roughly speak-
ing those allocations in which no demand desires to change its allocation. Employing an
extension of the local weak convergence theory to hypergraphs, we study certain asymptotic
behaviors of balanced allocations, such as the asymptotic empirical load distribution at a
typical server, as well as the asymptotic of the maximum load.



Problems studied in this thesis should be considered as examples showing the wide-range
applicability of the local weak convergence theory and the above mentioned notion of en-
tropy. In fact, this framework provides a viewpoint of stationary stochastic processes for
sparse marked graphs. The theory of time series is the engine driving an enormous range of
applications in areas such as control theory, communications, information theory and signal
processing. It is to be expected that a theory of stationary stochastic processes for com-
binatorial structures, in particular graphs, would eventually have a similarly wide-ranging
impact.



To my father, the memory of my mother, Farshid, Behnaz,
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Chapter 1

Introduction

One of the implications of the modern technology is that we deal with a type of information
that is best represented in forms of graphs in our daily lives. Whenever we search for a topic
on the internet, use social media, or use navigation applications to find the shortest path to
our destination, we are taking advantage of algorithms and methods which are executed on
graphs. A graph is an abstract combinatorial data structure which is capable of modeling
interactions between objects, and is used to represent a great variety of modern data. In
fact, the class of graphical data is much richer compared to the traditionally studied time
series or multidimensional time series. Such graphical data arise, for instance, in social
networks, molecular and systems biology, web graphs, road networks, and in several other
applications. For example, graphical data representing a social network would be a snapshot
view of the network at a given time. In this example, the graph may describe whether a
pair of individuals has ever had an interaction. Moreover, marks on the vertices represent
some characteristics of the individuals currently of interest for the data analysis task, e.g.
their preference for coffee versus tea. Furthermore, the marks on the edges represent the
characteristics of their interaction, e.g. whether they are friends or not.

Usually, the real-world graphical data are huge in size. Take the graph of the internet
as an example, where each vertex represents a web page, and each edge represents a link
between two web pages. The resulting graph has several billion vertices. The sheer size of
such graphical data makes it challenging to analyze and store them. This argues for the
necessity of finding efficient and optimal methods and algorithms for analyzing and storing
graphical data. PageRank is an example of such efficient algorithms which is widely used in
search engines to address search queries [PBMW99).

In practice, normally the graphical data has some form of sparsity property. Roughly
speaking, sparsity means that in a graph with n vertices, the number of edges scales much
slower than (g) For instance, in a social network graph, where a vertex represents an
individual, and each edge represents a friendship interaction, one person is usually connected
to only a subset of other people rather than being connected to a majority of the whole
population.

One promising approach to study problems on graphs is through the lens of random
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graphs. The field of random graphs has been extensively studied, and there are a variety
of random graph models which can be used to model different types of graphical data for
a diverse class of applications [Bol98, VDH16]. However, when the size of the graph is
very large, it is advantageous to approximate it by an “infinite” object to simplify certain
analysis, in particular asymptotic analysis. This viewpoint is not limited to graphs, and
is also utilized in the definition of stochastic processes for times series. More precisely, a
stochastic process in its classical form is an infinite sequence of random variables which is
identified by its finite dimensional marginals. Moreover, given a time series, we may compute
its empirical distribution with a given window size, say k, and compare it with the finite
marginal distribution of the stochastic process with the same dimension k. If they are close,
we may think of the time series as “being typical” or “being consistent” with the stochastic
process. A conceptually similar approach can be employed for sparse graphs in order to
define a notion of stochastic process for them. The framework of local weak convergence or
so called the objective method provides such a viewpoint [BS01, AS04, ALO7]. The sparsity
regime of interest for the local weak convergence framework is, roughly speaking, when the
number of edges in the graph proportional to the number of vertices in the graph.! We use
this framework as a counterpart of stochastic processes in the world of sparse graphical data
to study some problems on sparse graphs. We will discuss these problems in the following.

We first give a very rough explanation of the main ideas behind the local weak convergence
framework here, without being mathematically rigorous. To simplify the discussion, here we
focus on unmarked graphs. However, the same ideas are applicable to marked graphs, as we
will discuss the details in Chapter 2. Given a finite graph GG on the vertex set V', we define
the empirical distribution of G as follows. We pick a vertex v uniformly at random from V',
and look at the structure of the graph from the point of view of this vertex v. This yields a
random rooted graph, which we denote by U(G). See Figure 1.1 for an example. Note that
in this process, we look at the structure of the graph by removing the vertex labels. Here,
the term label refers to the integer index 1,2, ... associated to a vertex, and is distinct from
a vertex mark. Therefore, the resulting object U(G) will be a probability distribution on the
space of unlabeled rooted graphs. In other words, U(G) keeps the frequency of different local
patterns existing in the graph G. When the graph G is large, we may be able to approrimate
U(G) with a probability distribution on rooted graphs with possibly infinite depth. We denote
this set of unlabeled rooted graphs by G.. Motivated by this, we may treat a probability
distribution p on G, as a graph stochastic process. With this, we can think of a graph G as
being typical if U(G) is close to p in a certain sense.

This framework naturally yields a notion of convergence for sparse graphs. In other
words, we may say that a sequence of finite graphs G,, converges in the local weak sense to a
probability distribution p on G, if U(G),) converges to p in a certain sense. As an example,
assume that G, is a realization of the sparse Erdés—Rényi random graph model G(n, a/n),
where a > 0 is fixed, and each edge in GG}, is independently present with probability a/n. If n
is large, the degree of a vertex v in the graph chosen uniformly at random has approximately a

this regime is sometimes referred to as the very sparse regime in the literature [BCCZ19)
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Figure 1.1: ~ With G being the graph in (a), (b) depicts U(G), which is a probability
distribution the space of unlabeled rooted graphs. For the sake of simplicity, we have assumed
that GG is unmarked in this figure. Note that if we pick a vertex v uniformly at random in G,
with probably 4/8 = 1/2, v belongs to the set {2,3,6,7}. Furthermore, the structure of the
graph rooted at any of these four vertices is the same, and is the left-most object illustrated
in (b). Note that the term label refers to the integer index 1,2, ...,8 associated to a vertex,
and is distinct from a vertex mark.

Poisson distribution with mean a.. Moreover, the same argument holds for any of the vertices
adjacent to v. Also, it can be shown that the probability of having cycles in a neighborhood
of v is vanishing. Therefore, U(G) is approximately a Poisson Galton-Watson tree with mean
degree a. A Poisson Galton-Watson tree is a branching process where the root has a Poisson
number of children, each child has a Poisson number of children and so on. Therefore, we say
that the above sequence of sparse Erdés—Rényi graphs converges in the local weak sense to a
Poisson Galton-Watson tree. Due to the existence of a notion of convergence, this framework
has been useful in studying certain asymptotic problems on large spare graphs. For instance,
Aldous employed this framework to study the asymptotic behavior of the random assignment
problem [Ald01]. Lyons used this framework for asymptotic enumeration of spanning trees
in large graphs [Lyo05]. Other applications include, but not limited to, spectral graph theory
[BL10], planar triangulation [Ang03, AS03], and combinatorial optimization [AS04, Ste02,
GNS06, Gam04]. The concept of looking at a discrete process from the point of view of
an individual already exists in other frameworks, such as the Palm theory, which employs
a similar concept for point processes [BB12]. Baccelli et al. have recently introduced a
framework on finitely bounded discrete metric spaces which simultaneously generalizes the
local weak convergence theory and the Palm theory [BHMK20).
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1.1 Thesis Approach

In this thesis, we study two classes of problems on large sparse graphs. Namely, compression
and load balancing. We employ the framework of local weak convergence as a counterpart
of the notion of stochastic processes for sparse graphical data. In particular, we develop a
notion of entropy for this framework, and we show that it is indeed the information theoretical
limit of compression for sparse graphs. Below, we explain the structure of this thesis in more
details.

1.1.1 Part I: Local weak convergence and the marked BC
entropy

First, in Chapter 2, we review in detail the local weak convergence framework that we
highlighted above. Then, in Chapter 3, we introduce a notion of entropy for this framework,
which we call the marked BC entropy. This is a generalization of the notion of entropy
introduced by Bordenave and Caputo in [BC15] to the regime where vertices and edges in
the graph can carry marks on top of the connectivity structure of the graph.

Roughly speaking, the entropy associated to a probability distribution x on the space G,
which we denote by ¥(u), is defined through studying the asymptotic behavior of the size of
the set of typical graphs. Bordenave and Caputo observed in [BC15] that, roughly speaking,
if Gy.m,, (11, €) denotes the set of graphs G on the vertex set {1,...,n} having m,, edges such
that U(G) is e—close to u (with respect to a metric which we will discuss in detail), then we
have

10g |Gpm,, (11, €)| = mi, logn 4+ nX(p).

In other words, the log of the size of the set of typical graphs has a leading term which is
my, logn. Furthermore, the entropy, which is denoted by ¥(u) here, is the coefficient of the
second order term which scales linearly in the number of vertices in the graph. As we will see
in Chapter 3, in the marked regime where vertices and edges in the graph can have marks
coming from a finite set, a similar scaling exists which leads to our definition of the marked
BC entropy. Recall that we assume that the graphs are sparse, and m,, scales linearly with
n. In fact, m, =~ %ln where d is the expected degree at the root in pu. Therefore, the leading
term m,, logn scales as gnlog n. In fact, putting aside the leading term which is of order
nlogn, this notion of entropy captures the per vertex growth rate of the size of the typical
graphs.

As we will see in Part II, this notion of entropy is indeed the information theoretic limit
of compression for sparse graphs. However, it is important to mention that this notion of
entropy, together with the local weak convergence as a counterpart of stochastic processes
for sparse graphical data, can have a wide range of applications in addressing many problems
for sparse graphs, not necessarily limited to compression.
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1.1.2 Part II: Compression of Graphical Data

As we discussed above, in practical application, usually the size of the graph underlying the
data is large. Designing efficient compression schemes to store and analyze the data is there-
fore of significant importance. In Chapter 4, we introduce a universal lossless compression
for sparse marked graphical data. Our notion of universality is similar in nature to that
of time series. For time series, a universal compression scheme is capable of achieving the
optimal compression rate without knowing the stochastic model from which the time series is
generated. We have a similar notion of universality for graphical data, where the stochastic
process is now replaced with the notion of local weak convergence, and the optimal compres-
sion rate is governed by the marked BC entropy. The results in Chapter 4 were previously
published in [DA17b] and [DA20].

For time series, the problem of universal compression has been extensively studied [CT12],
and efficient algorithms such as Lempel-Ziv [ZL77, ZL78, Wel84] are proposed which are
capable of achieving the optimal information theoretic limit of compression. For sparse
marked graphs, we propose a lossless compression scheme in Chapter 4. Moreover, this
scheme is universal in the sense that for a sequence of marked graphs G, converging to a
limit object p in the local weak sense, the normalized codeword length associated to G,, does
not asymptotically exceed the marked BC entropy of . To address universality, we assume
that the encoder does not know the limit object p a priori.

The literature on compression and evaluating the information content of graphical data
can be divided into two categories based on whether there is a stochastic model for the graph-
ical data. Works that do not consider a stochastic model usually aim to compress specific
types of graphical data, such as web graphs [BBH198, SMHM99, BKM*00, BV04], social
networks [CKL*09, MP10, BRSV11, Mas12], or biological networks [DWvW12, ADK12,
KK14, SSAT16, HPP16]. These works often take advantage of some properties specific to
a data source, where such properties are usually inferred through observing real-world data
samples. For example, Boldi and Vigna proposed the WebGraph framework to encode web
graphs, where each node represents a URL, and two nodes are connected if there is link be-
tween them [BV04]. Later, Boldi et al. proposed a method called layered label propagation
as a compression scheme for social networks [BRSV11].

Among models making stochastic assumptions, Choi and Szpankowski studied structural
compression of the Erdés—Rényi ensemble G(n,p) [CS12]. There has been a recent series
of works addressing the universal compression of binary trees, see for instance [KYS09],
[ZYK13], [MTS18], [GHLB19]. Aldous and Ross studied models of sparse random graphs
with vertex labels [AR14]. They considered several models on sparse random graphs, and
studied the asymptotic behavior of the entropy of such models. They observed that the
leading term in these models scales as nlogn, where n is the number of vertices in the
graph. Abbe studied the asymptotic behavior of the entropy of stochastic block models, and
discussed the optimal compression rate for such models up to the first order term [Abb16].

The key property distinguishing our approach is universality, as we discussed above.
There has been some attempt to address universality for compressing graphs, but they are
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usually restricted to special contexts. For instance, Zhang et al. have addressed universal
compression of binary trees [ZYK13|, and Basu and Varshney have addressed the problem of
source coding for deep neural networks, assuming that the network structure is known, but
the weights come from distributions with unknown parameters [BV17]. In contrast to such
approaches, by employing the local weak convergence framework, we introduce a general and
non-parametric approach. In addition to universality, the notion of entropy that we employ
captures the per vertex growth rate of typical graphs after appropriately separating out the
leading term. However, the existing literature usually consider the random graph ensemble
entropy up to only the leading term. Finally, we consider marked graphs rather than simple
graphs, where the marks, as we discussed above, can model certain types of information on
top of the connectivity structure of the graph.

We further go beyond source coding for a single graphical source by studying distributed
compression of graphical data in Chapter 5. As the data is not always available in one
location, it is also important to consider distributed compression of graphical data. Tra-
ditionally, when dealing with time series, distributed lossless compression is modeled using
two (or more) possibly dependent jointly stationary and ergodic processes representing the
components of the data at the individual locations. In this case, the rate region, which char-
acterizes how efficiently the data can be compressed, is given by the Slepian—Wolf Theorem
[CT12]. We adopt an analogous framework, namely that two jointly defined marked random
graphs on the same vertex set are presented to two encoders, one to each encoder. Each
encoder is then required to individually compress its data such that a third party, having
access to the two compressed representations, can recover both marked graph realizations
with a vanishing probability of error in the asymptotic limit of the size of the data. We char-
acterize the compression rate region for two scenarios, namely, a sequence of marked sparse
Erdos—Rényi ensembles and a sequence of marked configuration model ensembles. More-
over, we generalize this two graphical source result to the case where there are more than
two graphical sources. Part of the results in Chapter 5 was previously published in [DA18a].

1.1.3 Part III: Load Balancing

The problem of load balancing is ubiquitous in networks. As examples, consider the problem
of routing traffic through a communication network or of assigning tasks among the servers
in a cloud computing framework. What is common in these scenarios is a number of servers
and a number of tasks whose load should be distributed among the servers. Examples of
servers are paths through the network from a given source to a given destination in the
routing scenario, or processors in a cloud computing framework. Examples of tasks are the
amount of traffic to be routed from the source to the destination or the computational work
to be done at the servers, respectively. There are typically restrictions as to which resources
are available to a given task. Performance considerations require that the allocation of the
load of a task among the resources available to it should be done in a way that optimizes a
measure of performance, such as delay or queue length. When the problem size is large, it
may be expensive to compute the detailed characteristics of an optimal or sufficiently good
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allocation of the load. Instead, it is interesting to focus on the statistical characteristics
of the allocation, such as the empirical distribution of the load faced by a typical resource
in the network. Chapter 6 is concerned with developing such a viewpoint in the context
of a specific kind of load balancing problem which has broad applicability. The results in
Chapter 6 were previously published in [DA17a] and [DA18b].

We build upon the notion of load balancing which was studied by Hajek [Haj90] who, in
particular, formulated the notion of a balanced allocation. It is natural to expect that a task
would be happier to use servers that are currently handling less load, if available, as opposed
to those handling more load. Hajek modeled the load balancing problem as a graph, where
each vertex represents a server, and each edge represents a task which has a unit load, and
this unit load can be arbitrarily divided between the two servers corresponding to the two
endpoints of that edge. An allocation is therefore a way of distributing the load on each
edge among the two servers corresponding to that edge. Hence, every server (or vertex)
in the graph receives a total amount of load, which is the aggregation of individual loads
coming from the tasks (or the edges) connected to that vertex. Roughly speaking, a balanced
allocation is defined to be an allocation in which no demand desires to change its allocation.
Hajek then conjectured that if the underlying graph is randomly generated according to a
sparse Erdos—Rényi ensemble, the total load corresponding to a balanced allocation at a
vertex in the graph chosen uniformly at random converges to a limit distribution, as the
number of vertices in the graph goes to infinity. Moreover, he conjectured that this limit
distribution could be identified through a certain distributional fixed point equation.

Anantharam and Salez settled this conjecture using the framework of local weak conver-
gence [AS16]. In fact, as we discussed above, the local weak limit of the sparse Erdés—Rényi
random graphs is a Poisson Galton-Watson tree, and the recursive nature of this limit al-
lows one to identify the limiting load distribution at the root via a distributional fixed point
equation. In Chapter 6, we extend this analysis to the setting where each task can have
accesses to more than two servers. We model this using a hypergraph, where each hyperedge
represents a task, and the endpoints of this hyperedge represent the servers to which the task
has accesses to, i.e. the servers among which the unit load of the task can be distributed.
We study the problem of the convergence of the distribution of the total load in a balanced
allocation by employing the local weak convergence framework. To achieve this, we develop
a counterpart of the local weak convergence framework for hypergraphs in Chapter 6. We
believe that this generalized framework could be of independent interest in a variety of prob-
lems in which the underlying model is best expressed in terms of hypergraphs rather than
graphs.



Part 1

Local Weak Convergence and the
Marked BC Entropy



Chapter 2

The Framework of Local Weak
Convergence

In this chapter, we introduce the local weak convergence framework. The reader is referred
to [BSO1, AS04, ALO7] for background and further details. We begin with introducing
some notation in Section 2.1 which will be used throughout this thesis. In Section 2.2,
we review the notion of weak convergence in probability spaces. In Section 2.3, we set up
our notation for marked graphs, which is going to be used in this chapter as well as in
Chapters 3 through 5. In Section 2.4, we define the local topology on the space of rooted
marked graphs, use it to define convergence in the local weak sense, and give the definition
of unimodularity. In Section 2.5 we present some examples to illustrate the concept of
local weak convergence. Section 2.6 extends local weak convergence to multigraphs. In
Section 2.7, we introduce marked unimodular Galton—Waton trees, which form an important
class of unimodular probability distributions on the space of rooted marked trees. Finally,
we conclude the chapter in Section 2.8.

2.1 Notation

N denotes the set of natural numbers, Z, the set of nonnegative integers, Z the set of integers,
and R the set of real numbers. For n € N, [n] denotes the set {1,...,n}. All logarithms in
this document are to the natural base unless otherwise stated. We therefore use nats instead
of bits as the unit of information. For two sequences (a,,n > 1) and (b,,n > 1) of positive
real numbers, we write a,, = O(b,) if sup,, a, /b, < 0o, and we write a,, = o(b,) if a, /b, — 0
as n — oo. We write {0,1}* — () for the set of sequences of zeros and ones of finite length,
excluding the empty sequence. For 2 € {0,1}* — (), we denote the length of the sequence x
by nats(x), which is obtained by multiplying the length of z in bits by log2. Equality by
definition is denoted by := and =:. For a positive integer N and a sequence of nonnegative
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integers {a; }1<i<k such that Zle a; < N, we define

( N ) B N!
{ai}lgigk ’ all...ak!(N—al—---—ak)!'

We denote by 1 [A] the indicator of the event A. For a probability distribution P , X ~ P
denotes that the random variable X has law P. A finite sequence of nonnegative integers
(d(1),...,d(n)) is said to be graphic if there is a simple graph on n vertices with vertex i
having degree d(i) for 1 <1i < n. A simple characterization of graphic sequences is provided
by the well known theorem of Erdés and Gallai [Cho86, EG60]. For a probability distribution
Q = (q1,--.,qn) defined on a finite set, H(Q) denotes the Shannon entropy of @), which is
defined as

H(Q) =) —qilogg,.
i=1
Throughout this thesis, we identify 0log(0 with 0. Also, for a random variable X taking
values in a finite set, we denote by H(X) its Shannon entropy. Other notation used in this
document is introduced at its first appearance.

2.2 The Topology of Weak Convergence

A Polish space is a complete and separable metric space. For a Polish space X, let P(X) and
M (X) respectively denote the set of probability measures and nonnegative finite measures
on X, with respect to the Borel o—field of X. When referring to a Polish space, we always
employ its Borel o—field. We use the abbreviations “a.s.” and “a.e.” for the phrases “almost
surely” and “almost everywhere”, respectively. For a Polish space X, we say that a sequence
of probability measures i, converges weakly to a probability measure p € P(X), and write
Wn = W, if for any bounded continuous function f : X — R, we have

lim fdun:/fdu.
n—oo

See [Bil71] and [Bill3] for more details on weak convergence of probability measures. The
following result, called the portmanteau theorem, gives useful conditions equivalent to weak
convergence.

Theorem 2.1 (Theorem 2.1 in [Bill3]). Given a Polish space X, a sequence of probability
measures fi, on X, and p € P(X), the following conditions are equivalent:

1. pp = p.
2. limy, o0 [ fdun, = [ fdu for all bounded, uniformly continuous f.
3. limsup,,_, .. pn(F) < u(F) for all closed F.
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4. iminf, o 1, (G) > u(G) for all open G.

5. limy, o0 pin(A) = p(A) for all Borel set A whose boundary has measure zero under
(such a set is called a p—continuity set).

Now, we define a metric on P(X) for a Polish space X. For a Borel subset A of X and
€ > 0, the e—extension of A, which we denote by A€, is defined to be the union of e-balls
around the elements in A. Given two probability measures p and v in P(X), the Lévy—
Prokhorov distance between p and v, which is denoted by dpp(u,v), is defined to be the
infimum over € > 0 such that for all Borel set A, we have

pu(A) < v(A9) +e, and v(A) < u(A°) +e.

It can be shown that dpp introduces a metric on P(X) which is equivalent to the topology
of weak convergence that we discussed above [Bil13].

Given two measurable spaces (X, F;) and (X3, F3), a measurable mapping f : X; — Xo,
and a nonnegative measure p; on JFi, the pushforward measure f.(u1) on F» is defined by

Felm)(A) = m(f7(A4)),
for A S fg.

2.3 Marked Graphs

All graphs in this document are defined on a finite or countably infinite vertex set, and are
assumed to be locally finite, i.e. the degree of each vertex is finite. Given a graph G, we
denote its vertex set by V(G). A simple graph is a graph without self-loops or multiple
edges between pairs of vertices. A simple marked graph is a simple graph where each edge
carries two marks coming from a finite edge mark set, one towards each of its endpoints, and
each vertex carries a mark from a finite vertex mark set. We denote the edge and vertex
mark sets by = and © respectively.  For an edge between vertices v, w € V(G), we denote
its mark towards the vertex v by &g (w,v), and its mark towards the vertex w by &g (v, w).
Also, 7(v) denotes the mark of a vertex v € V(G). Let G, denote the set of graphs and G,
the set of marked graphs on the vertex set [n]. See Figure 2.1 for an example. A marked
tree is a marked graph 7" where the underlying graph is a tree.

All graphs and marked graphs appearing in this document are also assumed to be simple,
unless otherwise stated. Therefore we will use the terms “graph” and “marked graph” as
synonymous with “simple locally finite graph” and “simple locally finite marked graph”
respectively. Further, since a graph can be considered to be a marked graph with the edge
and vertex mark sets being of cardinality 1, all definitions that are made for marked graphs
will be considered to have been simultaneously made for graphs.

Let G be a finite marked graph. We define the edge mark count vector of G by m¢g :=
(mg(z,2') : z,2" € Z) where mg(x,2’) is the number of edges (v, w) in G where {g(v,w) = x
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Figure 2.1: A marked graph G on the vertex set {1,...,8} where edges carry marks from
= = {Blue (solid), } (eg &a(1,2) = while £5(2,1) = Blue; also,
£a(2,4) = £6(4,2) = Blue) and vertices carry marks from © = {e,n} (e.g. 76(3) = o).

and &g(w,v) =2/, or g(v,w) = 2’ and {g(w,v) = x. Likewise, we define the vertez mark
count vector of G by g := (ug(f) : 0 € ©) where ug(f) is the number of vertices v € V(G)
with 7¢(v) = 6.

For a marked graph G and vertices v, w € V(G), we write v ~g w to denote that v and
w are adjacent in G.  Moreover, for a vertex o € V(G), deggx/(o) denotes the number of
vertices v connected to o in G such that ¢ (v, 0) = x and {z(0,v) = 2/, and deg,(0) denotes
the degree of 0, i.e. the total number of vertices connected to o in GG, which is precisely
Zz,x’EE deggm (O)

A path between two vertices v and w in the marked graph G, is a sequence of distinct
vertices vg, v1, ..., U, such that vg = v, v, = w and, for all 1 <7 < k, we have v;,_1 ~g v;.
The length of such a path is defined to be k. Additionally, for vertices v,w € V(G),
distg(v, w) denotes the distance between v and w, which is the length of the shortest path
connecting v to w. If there is no such path, the distance is defined to be oo.

A marked forest is a marked graph with no cycles. A marked tree is a connected marked
forest.

2.4 Local Weak Convergence and Unimodularity

Given a connected marked graph G on a finite or countably infinite vertex set and a vertex
o € V(G), we call the pair (G, 0) a rooted connected marked graph. We extend this notation
to a marked graph G that is not necessarily connected and a vertex o € V(G) by defining
(G,0) to be (G(0),0), where G(0) denotes the connected component of o0 in G. In general,
we call (G, 0) a rooted marked graph.
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Definition 2.1. Let G and G’ be marked graphs. Let o € V(G) and o € V(G'). We say
that (G,0) and (G',0") are isomorphic, and write (G,0) = (G',0"), if there exists a bijection
between the sets of vertices of G(0) and G'(0) which maps o to o' while preserving vertex
marks, the adjacency structure of these connected components, and the edge marks.

Isomorphism defines an equivalence relation on rooted connected marked graphs. The
isomorphism class of a rooted marked graph (G, o) is denoted by [G, 0], and is determined
by (G(0),0). The set comprised of the isomorphism classes [G, o] of all rooted marked graphs
on any finite or countably infinite vertex set, where the edge and vertex marks come from
the sets = and © respectively, is denoted by G.(Z,0). When the mark sets are clear from
the context, we use G, as a shorthand for G,(Z, ©). Likewise, let T,(Z, ©) denote the subset
of G.(Z, ©) consisting of all isomorphism classes [T, 0] where (T, 0) is a rooted marked forest.
As for general graphs, the isomorphism class of (7,0) is determined by the marked tree
(T'(0),0), where T'(0) is the connected component of the vertex o € T. When the mark sets
are clear from the context, we use 7, as a shorthand for T,(Z, ©).

For an integer h > 0, we denote by (G, o)), the h—neighborhood of the vertex o € V(G),
rooted at o. This is defined by considering the subgraph of GG consisting of all the vertices
v € V(@) such that distg(o,v) < h and then making this subgraph rooted at o.  The
isomorphism class of the h-neighborhood (G, 0);, is denoted by [G, 0],. It is straightforward
to check that [G, o]y, is determined by [G, o].

For [G,0],[G',d] € G., we define d,([G, 0], [G',0]) to be 1/(1 + h,), where h, is the
maximum over integers h > 0 such that (G, o), = (G', ). If (G,0), = (G',0'), forallh > 0,
it is easy to see that (G,0) = (G',0), i.e. [G,0] = [G',0']. In this case, d.([G, o], [G’,0']) is
defined to be zero. It can be easily checked that G., equipped with d,, is a metric space. In
particular, it satisfies the triangle equality. In fact, it can be shown, for any finite sets = and
O, that G.(Z,0) and T.(Z,0) are complete and separable metric spaces, i.e. Polish spaces
[ALOT7].!

For an integer h > 0, let G" C G, consist of isomorphism classes of rooted marked graphs
where all the vertices of the connected component of the root are at distance at most h from
the root. For instance, for [G,0] € G,, we have [G, 0], € G". We define T* C T, similarly.
Note that, by definition, we have G° C G! C --- C G,. Consequently, for [G,0] € G" and
0 < k < h, we have [G, o], € GF.

For a marked graph G on a finite vertex set, we define U(G) € P(G.) as

U6) = gy O dea (21)

veV(G)

where [G, v] denotes the isomorphism class of the connected component of v in G rooted at
v. In words, U(G) is the neighborhood structure of the graph G from the point of view of a

'In fact, a more general statement without requiring that = and © be finite sets holds, but we refer the
reader to [ALO7] for more details about this, as we do not need that more general statement here.
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vertex chosen uniformly at random. Moreover, for h > 0, let

Z e (2.2)

( vGV (@)

U(G)n :

be the depth h neighborhood structure of a vertex in G chosen uniformly at random. Note
that U(G), € P(Gh).

Given a sequence (G, : n € N) of marked graphs, if U(G,) = u for some pu € P(G,),
then we say that the sequence G, converges in the local weak sense to u, and say that p is
the local weak limit of the sequence. A Borel probability measure u € P(G,) is called sofic
if it is the local weak limit of a sequence of finite marked graphs. Not all Borel probability
measures on G, are sofic. A necessary condition for a measure to be sofic exists, called
unimodularity [ALOT]. To define this, let G.. be the set of isomorphism classes [G, 0, v] of
marked connected graphs with two distinguished vertices o,v € V(G) (which are ordered,
but need not be distinct). Here, isomorphism is naturally defined as a bijection preserving
marks and adjacency structure which maps the two distinguished vertices of one object to the
respective ones of the other. A measure y € P(g‘*) is called unimodular if, for all measurable
non-negative functions f : G,, — R, we have

/ZfGavd,uGo /Zvaod,u([Go]) (2.3)

veV(G) veV(G)

where in each expression the summation is over v € V(@) that are in the same connected
component of G as o, since otherwise the expression [G, 0, ] is not defined. It can be seen
that, in order to check unimodularity, it suffices to check the above condition for functions
f such that f(|G,0,v]) = 0 unless v is adjacent to o. This is called involution invariance
[ALO7]. We denote the set of unimodular probability measures on G, by P,(G,). Similarly,
as T, C G., we can define the set of unimodular probability measures on 7., which we denote
by Pu(Ts).

For p € P(G.), and 6 € ©, we denote by ITy(1) the probability under u of the root having
mark 0, i.e. P (7¢(0) = 0) where [G, 0] has law p.2 With this, let TI(p) := (Iy(u) : 0 € ©)
be the probability vector of the root mark.  Also, for z,2" € Z, we define deg, ,.(u) :=
E [degg’x/(o)} where [G, 0] has law p.” In fact, deg, (1) denotes the expected number of
edges connected to the root with mark x towards the root and mark z’ towards the other
endpoint. Moreover, let deg(u) be the expected degree at the root. Note that, by definition,
we have deg(u) = >, = deg, (). Furthermore, let deg(p) := (deg, , (1) : z,2" € E).

All the preceding definitions and concepts have the obvious parallels in the case of un-
marked graphs. These can be arrived at by simply walking through the definitions while

2Here we observe that 7 (0) is the same for all (G, 0) in the equivalence class [G, 0], so we can unam-
biguously write 7¢(0) given only the equivalence class [G, o].
3Here we observe that degs” (o) is the same for all (G, o) in the equivalence class [G, o].
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restricting the mark sets © and = to be of cardinality 1. It is convenient, however, to some-
times use the special notation for the unmarked case that matches the one currently in use
in the literature. We will therefore write G, for the set of rooted isomorphism classes of un-
marked graphs. This is just the set G, in the case where both = and © are sets of cardinality
1. We will also denote the metric on G, by d,, which is just d, when both = and © are sets
of cardinality 1.

Every u € P(G,) that appears in this document will be assumed to satisfy deg(u) < oo.
However, for clarity, we will explicitly repeat this condition wherever necessary.

The following lemma gives a useful tool for establishing when local weak convergence
holds. This lemma is proved in Appendix A.1.

Lemma 2.1. Let {,l_tn}nzl and p be Borel probability measures on G, such that the support
of i is a subset of T.. Then p, = p iff the following condition is satisfied: For all h > 0
and for all rooted marked trees (T,i) with depth at most h, if

A?T7i) = {[G,0] € G, : (G,o0), = (T,i)}, (2.4)

then ,un(A?Tﬂ.)) — ,u(A{LT’i)).

An important consequence of unimodularity is that, roughly speaking, every vertex has
a positive probability to be the root. The following is a rephrasing of Lemma 2.3 in [ALO7].

Lemma 2.2 (Everything Shows at the Root). Let u € P,(G,) be unimodular. If for a subset
©¢ C © the mark at the root is in O almost surely (with [G, o] distributed as ), then the
mark at every vertex is in ©q almost surely. Furthermore, if for a subset A C Z x = it holds
that for every vertex v adjacent to the root o the pair of edge marks (c(v,0),&q(0,v)) on
the edge connecting o to v is in A almost surely (with [G, o] distributed as p), then for every
edge (u,w) the pair of edge marks (§q(u,w),q(w,w)) is in A almost surely.

2.5 Some Examples

We next present some examples to illustrate the concepts defined so far.

1. Let G, be the finite lattice {—n,...n} x {—n,...,n} in Z?. As n goes to infinity,
the local weak limit of this sequence is the distribution that gives probability one to
the lattice Z? rooted at the origin. The reason is that, if we fix a depth A > 0, then
for n large almost all of the vertices in G,, cannot see the borders of the lattice when
they look at the graph around them up to depth A, so these vertices cannot locally
distinguish the graph on which they live from the infinite lattice Z2.

2. Suppose GG, is a cycle of length n. The local weak limit of this sequence of graphs gives
probability one to an infinite 2-regular tree rooted at one of its vertices. The intuitive
explanation for this is essentially identical to that for the preceding example.
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3. Let G,, be a realization of the sparse Erd6s—Rényi graph G(n, «/n) where a > 0, i.e. G,
has n vertices and each edge is independently present with probability a/n. One can
show that if all the GG,, are defined on a common probability space then, almost surely,
the local weak limit of the sequence is the Poisson Galton—Watson tree with mean «,
rooted at the initial vertex. To justify why this should be true without going through
the details, note that the degree of a vertex in G, is the sum of n — 1 independent
Bernoulli random variables, each with parameter a/n. For n large, this approximately
has a Poisson distribution with mean «. This argument could be repeated for any of
the vertices to which the chosen vertex is connected, which play the role of the offspring
of the initial vertex in the limit. The essential point is that the probability of having
loops in the neighborhood of a typical vertex up to a depth h is negligible whenever A
is fixed and n goes to infinity.

4. Let G, be a marked bipartite graph on the 2n vertices {1,...,2n}, the edge mark set
having cardinality 1 and the vertex mark set being © = {R, B}. Suppose {1,...,n}
is the set of left vertices, all of them having the mark R, and {n + 1,...,2n} is the
set of right vertices, all of them having the mark B. There are 3n edges in the graph,
comprised of the edges (i,n + [i]), (¢,n+ [i +1]), and (i,n + [i + 2]) for 1 < i < n,
where for an integer k, [k] is defined to be n if & mod n = 0, and ¥ mod n otherwise,
so that 1 < [k] < n. See Figure 2.2a for an example. The local weak limit of
this sequence of graphs gives probability % to the equivalence class of each of the
two rooted marked infinite graphs described below. The underlying rooted unmarked
infinite graph equivalence class for each of these two rooted marked equivalence classes
is the same and can be described as follows: There is a single vertex at level 0, which
is the root, three vertices at level 1, and four vertices at each of the levels m for m > 2.
For the purpose of describing the limit (there is no such numbering in the limit), one
can number the vertex at level zero as 0, the three vertices at level 1 as (1,1), (1,2)
and (1,3), and the four vertices at level m, for each m > 2, as (m,1), (m,2), (m,3)
and (m,4) such that the edges are the following: Vertex 0 is connected to each of the
vertices (1,1), (1,2) and (1,3). Vertex (1,1) is connected to (2,1) and (2,2), vertex
(1,2) is connected to (2,2) and (2, 3), and vertex (1, 3) is connected to (2,3) and (2,4).
The edges between the vertices at level k£ and those at level k£ + 1, for k > 2, are given
by the pattern ((k,1), (k+1,1)), ((k,1), (k+1,2)), ((k,2), (k+1,2)), (k,3), (k+1,3)),
((k,4),(k+1,3)), ((k,4),(k+ 1,4)). There are no other edges. As for the distinction
between the two rooted marked equivalence classes which each get probability % in the
limit, this corresponds to the distinction between choosing the mark R for the root and
then alternating between marks B and R as one moves from level to level, or choosing
the mark B for the root and then alternating between marks R and B as one moves
from level to level. See Figure 2.2b for an example.
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Figure 2.2: The graph in Example 4, (a) illustrates the graph Gg which has 12 vertices and
18 edges. The vertex mark set is © = {B(e), R(m)}, and the edge mark set = has cardinality
1. The local weak limit of G}, is a random rooted graph which gives probability 1/2 to the
rooted marked infinite graph illustrated in (b), and gives probability 1/2 to a similar rooted
marked graph which has a structure identical to (b), but the mark of each vertex is switched
from R to B and vice versa.

2.6 Local Weak Convergence for Multigraphs

The framework above, which was defined for (locally finite, simple) graphs, can be extended
to multigraphs, as defined in [BC15, Section 2]. Here we give a brief introduction, and refer
the reader to [BC15], and also to [AS04], [AL07], for further reading.

A multigraph on a finite or countably infinite vertex set V is a pair G = (V,w) where
w: V? = Z, is such that, for u,v € V, w(u,u) is even and w(u,v) = w(v,u). We interpret
w(u,u)/2 as the number of self-loops at vertex u, and w(u, v) as the number of edges between
vertices v and v. The degree of a vertex u is defined to be deg(u) := > ., w(u,v). The no-
tions of path, distance and connectivity are naturally defined for multigraphs. A multigraph
G is called locally finite if deg(v) < oo for all v € V.

All multigraphs encountered in this document will be locally finite, so the term “multi-
graph” will be considered synonymous with “locally finite multigraph”. Further, we assume
that all multigraphs are unmarked.

It can be checked that a multigraph is a graph (i.e. a locally finite multigraph is a simple
locally finite graph) precisely when w(u,v) € {0,1} for all pairs of vertices v and v (in
particular, w(u,u) = 0 for all vertices u).

A rooted multigraph (G, o) is a multigraph on a finite or countably infinite vertex set V'
together with a distinguished vertex o € V.

Definition 2.2. Two rooted multigraphs (G1,01) = ((Vi,w1),01) and (Ge,02) = ((Va,ws), 02)
are said to be isomorphic if there is a bijection o between the sets of vertices of the respec-
tive connected components of the roots which preserves the roots and connectivity. Namely,
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o(01) = 03 and we have wy(o(v),o(u)) = wi(v,u) for all w and v in the connected component
of 01. We denote this by writing (G1,01) = (Gg,09).

This notion of isomorphism defines an equivalence relation on rooted connected multi-
graphs, where the equivalence class to which a rooted multigraph belongs is determined by
the connected component of the root. Let G, be the set of all equivalence classes |G, o] of
rooted multigraphs corresponding to this isomorphism relation.

For h > 0, let (G, 0);, denote the induced multigraph defined by the vertices in G with
distance no more than h from o, rooted at o. Let [G1,01],[Gz2, 0] € G, and (Gy,01) and
(Ga,09) be arbitrary members of [G1,01] and [Gy, 0], respectively. The distance between
[G1,01],[Ga,05] € G, is defined to be 1/(1 + h,), where h, is the maximum h such that
(G1,01)n = (Ga,09)p. If (G1,01)n = (Ga,02)y for all h > 0, then we define the distance to
be zero, because this occurs precisely when (G1,01) = (G2, 02). It can be checked that this

distance defined on G, is indeed a metric, and G. equipped with this metric is a Polish space
[ALOT].

2.7 Marked Unimodular Galton—Watson Trees

In this section, we introduce an important class of unimodular probability distributions on
7., called marked unimodular Galton-Watson trees. These probability distributions can be
thought of as the counterpart of finite memory Markov processes in the local weak conver-
gence language. The construction here is a generalization of the one in Section 1.2 of [BC15].
Before giving the definition, we need to set up some notation.

Given p € P(G,), let u, € P(Gh) denote the law of [G, o], where [G,0] has law p.
We similarly define py, € P(T!) for p € P(T.), recalling that 7. C G,.. For a marked
graph G, on a finite or countably infinite vertex set, and adjacent vertices u and v in G, we
define G(u,v) to be the pair ({g(u,v), (G',v)) where G’ is the connected component of v in
the graph obtained from G by removing the edge between u and v. Similarly, for A > 0,
G(u,v)p, is defined as (ég(u,v), (G',v)p). See Figure 2.3 for an example. Let G[u,v]
denote the pair (£g(u,v), [G',v]), so Glu,v] € Zx G,. Likewise, for h > 0, let G[u, v]; denote
(Ea(u,v), [G',v]1), so Glu,v], € = x Gt

For ¢ € = x G,, we call the = component of ¢ its mark component and denote it by
g[m]. Moreover, we call the G, component of g its subgraph component and denote it by g[s].
Given a marked graph G and adjacent vertices v and v in G, and for ¢ € = x G,, we write
G(u,v) = g to denote that ;(u, v) = g[m] and also (G, v) falls in the isomorphism class g[s].
We define the expression G(u,v), = g for ¢ € Z x G" in a similar fashion. For g € = x G"
and an integer £ > 0, we define g, € = X GrinihkY ¢4 have the same mark component as g,
i.e. gg[m] := g[m], and subgraph component the truncation of the subgraph component of g
up to depth k, i.e. gi[s] := (g[s])x. For a marked graph G, two adjacent vertices u,v in G,
and h > 1, we define the depth h type of the edge (u,v) as

ok (u,v) := (G, ulp_1, Glu,v]p_1) € (2 x G x (2 x Gh7h). (2.5)
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Figure 2.3: (a) A marked graph G on the vertex set {1, ..., 5} with vertex mark set © = {o,m}
and edge mark set = = {Blue (solid), }. In (b), G(1,3) is illustrated where the
first component £(1, 3) is depicted as a half edge with the corresponding mark going towards
the root 3, and (c) illustrates G(1,3)2. Note that G(1,3) can be interpreted as cutting the
edge between 1 and 3 and leaving the half edge connected to 3 in place. Moreover, note
that, in constructing G(u,v), although we are removing the edge between u and v, it might
be the case that u is still reachable from v through another path, as is the case in the above
example.

Note that we have employed the convention that the first component on the right hand side
(i.e. G[v,u]p—1) is the neighborhood of the first vertex appearing on the left hand side (i.e.
u). See Figure 2.4 for an example.

For a rooted marked graph (G, o), integer h > 1, and g, ¢’ € = x G"1, we define

En(9,9')(G.0) = [{v ~c 0 pg(0,v) = (9. 9)}. (2.6)

Also, for [G,0] € G., we can write Ej(g,9')([G,0]) for Ey(g,9')(G,0), where (G,0) is an
arbitrary member of [G,0]. This notation is well-defined, since Ej(g,g')(G,0), thought of
as a function of (G, o) for fixed integer h > 1 and g,¢' € Z x G, is invariant under rooted

isomorphism. B )
For h > 1, P € P(G!), and g,¢ € Z x GI'!, define

ep(9,9") == Ep [En(g,9')(G,0)].

Here, (G, 0) is a member of the isomorphism class [G, o] that has law P. This notation is
well-defined for the same reason as above.

Definition 2.3. Let h > 1. A probability distribution P € P(Gl') is called admissible if
Ep [degs(0)] < oo and ep(g,q') = ep(qg’,g) for all g, € = x Gh-1L.

The following simple lemma indicates the importance of the concept of admissibility.
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Figure 2.4: ¢2,(1,3) for the graph in Figure 2.3, with the first component on the left and the
second component on the right. Note that the order in setting the notation % (u, v) is chosen
so that the first component (G[3, 1] here) is the neighborhood of the first vertex mentioned
in the notation (1 in this example), and the second component is the neighborhood of the
vertex mentioned second (3 in this example). Also note that the subgraph part of each of
the two components of % (1,3) in this example is an equivalence class, which is the reason
why there are no vertex labels.

Lemma 2.3. Let h > 1, and let p € P,(G,) be a unimodular probability measure with
deg(u) < oo. Let P := py,. Then P is admissible.

Proof. Using the definition of unimodularity, for g, ¢’ € = x G, we have

ep(9,9) =By | D 1 [ph(0,0) = (9, 9)]

=B, | Y 1[ebw0) = (9,9)]| =Eu | Y 1[¢klo,0) = (d,9)] | = er(d9)-

O

For the case of rooted marked trees, all the above notation can be defined similarly by
substituting for G, with 7, since T, C G,. While we have defined the notion of an admissible
probability distribution P for P € P(G"), h > 1, we will soon see that it suffices to be focused
on the case P € P(T), h > 1.

For t,t' € = x T,, define t ® ¢ € T, as the isomorphism class of the rooted tree (T, 0)
where o has a subtree isomorphic to ¢[s], and o has an extra offspring v where the subtree
rooted at v is isomorphic to t'[s]. Furthermore, &r(v,0) = t[m] and &r(o,v) = t'[m]. See
Figure 2.5 for an example. Note that, in general, t & ¢’ is different from ¢’ & ¢. Also, note
that if ¢ € = x T* and ¢’ € = x T/, then we have ¢t @t/ € T, 2R,

The operation & described above helps to elucidate the structure of marked rooted trees
of fixed depth, i.e. members of 7", h > 0. Some of their properties are gathered in Ap-
pendix A.2.

Now, for h > 1, given an admissible P € P(T"), we define a Borel probability measure

UGWT,(P) € P(7T.), which is called the marked unimodular Galton—Watson tree with depth
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Figure 2.5: t ® ¢ and ¢ @t for t,t' € = x T, depicted on the left. We have employed our
general convention in drawing objects in = x 7, which is to draw the mark component as a
half edge towards the root. In the figures for t & ¢’ and ¢’ @ t the root is vertex at the top of
the figure. Note that in this example ¢t @ ¢’ is different from ¢’ & t.

h neighborhood distribution P, as follows. For t,t' € = x T~! such that ep(t,') > 0, define

Py € P(E x T via:

Pet)Eyt.t)(tat)
ep(t,t') ’

Boy(l) =1 [th1 = 1] forf e 2 x T (2.7)
Moreover, in case ep(t,t') = 0, we define ﬁt,t’ B =1[t=t].

We first check that ﬁt,t/(z?) defines a probability distribution over #. This is clear when
ep(t,t') =0, so assume that ep(t,t') > 0. By definition, we have

ep(t,t') = > P(")Ey(t,t)(t").

t//eff’*h

Note that Ej,(t,¢')(t") > 0 iff for some ¢ € = x T* with #,_; = t, we have t" =t ®t'. Also,
it is easy to see that two different W and {@ in = x 7:h with f;ll_)l = 522_)1 =t give rise to
different objects {1 @ ¢ and i{® @ . This readily implies that summing P, (f) over all
t € Z x 7" such that t;_, = t gives 1, and hence f’t’t/ (f) is a probability distribution over .

With this, we define UGWT,(P) to be the law of [T, 0] where (7, 0) is the random rooted
marked tree constructed as follows. First, we sample the h neighborhood of the root, (7', 0),
according to P. Then, for each offspring v ~7 o0 of the root, we sample ¢ € = x T according
to the law f’tt/(.) where t = T[o,v]—1 and ¢’ = T'[v, 0],_1. Note that, by definition, we have
tn_1 = t. This means that the subtree component of ¢ agrees with the subtree component of ¢
up to depth A — 1. This allows us to add at most one layer to T'(o,v),_1 so that T(o,v);, = t.
We carry out the same procedure independently for each offspring of the root. At this step,
the rooted tree has depth at most h + 1. Subsequently, we follow the same procedure for
vertices at depth 2, 3, and so on inductively to construct (7',0). More specifically, for a
vertex v at depth k of (T,0) with parent w, we sample ¢ from ﬁt,t’(-) with t = Tw,v],_1
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and ¢ = T'[v,w],_,. Since by definition, we have {,_, = t, we can add at most one layer to
T(w,v)_1 so that T'(w,v), =t. We do this independently for all vertices at depth k. If, at
the time we do the above procedure for vertices at depth k, there is no vertex at that depth,
we stop the procedure. Finally, we define UGWT,(P) to be the law of [T, o].

As shown in Corollary A.1 in Appendix A.3, if [T} 0] is outside a measure zero set with
respect to UGWT,(P), for all vertices v € V(T') \ {o} we have ep(t,t') > 0 where t =
Tw,v]—1 and ¢’ = Tv,w],_1, with w being the parent of v. This means that the need to
refer to the definition of ]3”/ when ep(t,t') = 0 will not arise, with probability 1.

For each integer h > 1, the probability distribution UGWT,(P) € P(T,) satisfies a useful
continuity property in its defining admissible probability distribution P € P(7/*). This is
stated in the following Lemma 2.4, whose proof is in Appendix A.4.

Lemma 2.4. Let h > 1. Assume that an admissible probability distribution P € P(T])
together with a sequence of admissible probability distributions P™ € P(T!) are given such
that P = P and, for all t,t' € Z x T*', we have epwm (t,t') — ep(t,t'). Then we have
UGWT,(P™) = UGWT,(P).

The following Lemma 2.5 justifies the terminology used for the probability distribution
UGWT,(P) € P(T.) constructed from an admissible probability distribution P € P(T}), by
establishing that UGWT(P) is unimodular. The proof is given in Appendix A.5.

Lemma 2.5. Let h > 1. For an admissible probability distribution P € P(TH), let UGWT,(P) €

P(T.) denote the marked unimodular Galton—Watson tree with depth h neighborhood distri-
bution P. Then UGWT(P) is a unimodular distribution.

The following proposition states a key property of the probability distribution UGWT,(P),
which should be reminiscent of a finite order Markov property. This is an important result for
understanding the structure of UGWT,(P). The proof, which is provided in Appendix A.6,
is very similar to the proof of the second part of Proposition 1.1 in [BC15].

Proposition 2.1. Let h > 1 and let P € P(T!), i.e. P is an admissible probability distri-
bution. Then, for all k > h, we have

UGWTL((UGWT,(P))) = UGWT,(P). (2.8)

The following proposition is not used in any way in the subsequent discussion. The
proof depends on several results to be developed during the course of this document, and is
provided in Appendix A.8.

Proposition 2.2. Giwen an integer h > 1 and an admissible probability distribution P €
P(TM), the probability distribution UGWT,(P) is sofic.

For h > 1 and admissible P € P(T*) such that d := Ep [degr(0)] > 0, let mp denote the
probability distribution on (2 x T*71) x (2 x T*7!) defined as
. 6p<t, t/)

mp(t,t') == T
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Since for each [T, 0] € T, we have

degr(0) = Y Eu(t,t)(T,0),

tHeEx Tt

we have d = Et,t’ c=xFh-1€p (t,t"). Consequently, mp is indeed a probability distribution.
For h > 1 and admissible P € P(T*) with H(P) < co and Ep [deg(0)] > 0, define

Jn(P) = —s(d) + H(P) — gmwp) — Y EpllogEu(t. 1)), (2.9)

tt €EXTI 1

where d := Ep [degy(0)] is the average degree at the root and s(d) = ¢ — ¢log . Note that
s(d) is finite, since d < oco. Also, H(P) < oo, H(wp) > 0, and for each t,¢’ € = x T,
Ep [log E(t,t')!] > 0. Thereby, J,(P) is well-defined and is in the range [—o0, 00).

Definition 2.4. For integer h > 1, we say that a probability distribution P € P(T) is
strongly admissible if P is admissible, H(P) < oo, and Ep [degr(0)logdegy(0)] < oo. Let
Py, denote the set of strongly admissible probability distributions P € P(T]).

In part 2 of Corollary 2.1 of Lemma 2.6 below, we show that, for h > 1 and P € P(T),
the admissibility of P, together with the condition Ep [deg (o) log degp(0)] < oo is necessary
and sufficient for P to be strongly admissible, i.e. P € P,. Namely, the requirement
that H(P) < oo in the definition of strong admissibility of P is automatic given the other
requirements, and need not be explicitly imposed.

In particular, this means that, for a unimodular u € P,(T.), if E,, [deg;(0) log degy(0)] <
00, then for all b > 1 we have py, € Pp,. This is because p being unimodular with deg(u) < oo
implies that uy, is admissible for all A > 1, as we show in Lemma 2.3.

The proof of Lemma 2.6 below is given in Appendix A.7.

Lemma 2.6. Given a unimodular p € P,(T.) and an integer h > 1, assume that with

P := pp, we have P is strongly admissible, i.e. P € Py. Then, with P = [ha1, we have
PePri.

Corollary 2.1. The following hold:

1. Assume that for a unimodular measure p € Py,(T.), we have E, [deg(0) log degy(0)] <
0o. Then, for all integers h > 1, we have py, € Py, i.e. up is strongly admissible.

2. Leth > 1 and P € P(T"). Then P € Py, i.e. P being strongly admissible, is equivalent
to P admissible and Ep [degy(0) log degy(0)] < oc.

Proof. To prove part 1, let p € P,(7,) with E, [deg;(0) log deg,(0)] < oco. By Lemma 2.6,
to show that p, € Py for all h > 1, it suffices to show that pu; € P;. Let P := py.
From E, [deg;(0) log degy(0)] < oo we have E, [degy(0)] < co. Since deg(u) = E, [degy(0)],
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from Lemma 2.3 we see that P is admissible. We also have Ep [degy (o) logdeg,(0)] =
E, [degr (o) logdegy(0)] < oco. By the definition of strong admissibility in Definition 2.4, all
that remains to show is that H(P) < oo. For this, observe that a rooted tree [T, 0] € T is
uniquely determined by knowing the integers

Ng:z:(T, 0) :=|{v~ro0:&r(v,0) =x,77(0) = 0,ér(0,0) =2, 70 (v) = 0'}],

forallz,2’ € Zand 0,0 € ©. On the other hand, for z,2’ € Zand 6,0’ € ©, Ep [Nfﬁ: (T, 0)] <
Ep [degy(0)] < oo. Consequently, when [T',0] ~ P, the entropy of the random variable
Ni’z:(T, 0) is finite. To see this, for & > 0, let p; denote the probability under P that

Nf’zj (T, 0) = k. Furthermore, let gy := 3. Then we have

/ 1 (a) /
H(Nee T, o) Zpklog— < Zpklog— = (1—|—Ep [Ni’g,(T,o)D log 2 < o0,

where step (a) comes from Gibbs’ inequality, i.e. the nonnegativity of relative entropy,
> re o Pk log 2= > 0. Since = and © are finite sets, we have H(P) < oo, which completes the
proof of part ",

To see part 2, first note that, by definition, if P € P, then P is admissible and
Ep [degr(0)logdegr(0)] < oco. To show the other direction, define p := UGWT,(P). By
Lemma 2.5 we have p € P, (7). Further, we have

E, [degy (o) log degr(0)] = Ep [degy(0) log degy(0)] < oo.

Consequently, the first part of this corollary implies that P = u; € Py, and this completes
the proof. n

2.8 Conclusion

In this chapter, we reviewed the framework of local weak convergence. We saw that this
framework introduces a notion of convergence for sparse marked graphs by studying the local
neighborhood structure of a typical vertex. Therefore, the limit object is a probability dis-
tribution on the space of unlabeled marked rooted graphs. We also discussed unimodularity,
which can be considered as a certain stationarity condition for a probability distribution on
the space of unlabeled marked rooted graphs, and is a necessary condition for such an object
to appear as the local weak limit of a sequence of finite graphs. Furthermore, we introduced
the marked unimodular Galton—Watson trees, which form an important class of unimodular
distributions.
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Chapter 3
The Marked BC Entropy

In this chapter, we introduce a generalization of the notion of entropy defined in [BC15] for
the marked regime discussed in Chapter 2. Our entropy function is going to be defined for
probability distributions ;€ P(G,) with 0 < deg(u) < 0o. We call this notion of entropy the
marked BC entropy after Bordenave and Caputo. In Section 3.1, we make the initial steps
towards defining our notion of entropy. Then, in Section 3.2, we give the formal definition
of the entropy in the marked regime and state its properties. Section 3.3 introduces a
generalization of the classical configuration model which is going to be crucial in proving
some properties of the marked BC entropy. In Section 3.4, we prove the main properties of
the marked BC entropy. Finally, we conclude the chapter in Section 3.5.

3.1 Towards the Definition of the Marked BC
Entropy

In this section, we make the initial steps towards defining our notion of entropy. Let the
finite edge and vertex mark sets = and © respectively be given. An edge mark count vector
is defined to be a vector of nonnegative integers m := (m(z,2’) : z,2’ € =) such that
m(x,z') = m(z, ) for all x,2” € Z. A vertex mark count vector is defined to be a vector of
nonnegative integers @ := (u(f) : @ € O). Since Z is finite, we may assume it is an ordered
set. We define [[7i||, := ), ez m(2,2') and [[dl]]y = 3 500 u(0).

For an integer n € N and edge mark and vertex mark count vectors m and u, define Qg’ )ﬁ

to be the set of marked graphs on the vertex set [n] such that nig = m and ug = 4. Note

that QT(; )ﬁ is empty unless ||7][; < () and ||@]|; = n. Furthermore, if these two conditions

are satisfied, it is easy to see that

n(n—1)
)ﬂ‘ _ n! % 2 !
u

[see u(0)! [Tocarezm(z, 2/)! X (@ - ||m||1>!

[ x 22e<ares™@a) (3 1)

)
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An average degree vector is defined to be a vector of nonnegative reals d = (dy o
z,x’ € Z) such that for all z,2' € =, we have d,,» = dy,. Moreover, we require that

Zm@dm' > 0.

Definition 3.1. Given an average degree vector d and a probability distribution QQ = (qp :
0 €0), we say that a sequence (m™, @) of edge mark count vectors and vertex mark count
vectors m™ and @™ is adapted to (d Q), if the following conditions hold:

1. For each n, we have ||[m™||; < (5) and |[|@™]|; = n.
For x € Z, we have m™ (z,2)/n — dy./2.
For x # 2’ € 2, we have m™ (z,2")/n — Ayt = dy 5.

For 6 € ©, we have u™ () /n — qq.

For z,2' € 2, dy v = 0 implies m™ (z,2") = 0 for all n.

S A o e

For 0 € ©, gy = 0 implies u™ (0) = 0 for all n.

If m™ and @™ are sequences such that (m™, ™) is adapted to (d_; @) then, using
Stirling’s approximation, we have

log Igm<n> ool = 171 logn + nH(Q) +n Y s(dypar) + o(n), (3.2)
z,x' €2
where
g —1 d d>0,
s(d) :== 8 -
O d=0.

See Appendix B.1 for the details on how to derive (3.2). To simplify the notation, we may
write s(d) for Y wares S(degr).

To lead up to the deﬁmtlon of the BC entropy in Definition 3.3, we now give the definitions
of upper and lower BC entropy.

Definition 3.2. Assume p € P(G.) is given, with 0 < deg(u) < co. For € > 0, and edge
and vertex mark count vectors m and u, define

gvg;)a(u,é) ={G ¢ 97(7?17 dip(U(G), 1) < €}

Fiz an average degree vector d and a probability distribution Q@ = (qp : 0 € ©), and also
fix sequences_ of edge and vertex mark count vectors m™ and @™ such that (™, ™) is
adapted to (d, Q). With these, define

5 log |gm(n) *(n)( ,6)| — ||m(n)||110g”

y €) | (m(n) gn)y = lim su X
d7Q(ILL )|(m ,aln)) n—)oop n
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which we call the e—upper BC entropy. Since this is increasing in €, we can define the upper
BC entropy as

20 e gy = hm T e ae)-

We may define the e~lower BC' entropy ZJ:Q(,U, e)|(ﬁl<n)@(n>) similarly as

o og |G o (i e)] = (1| log n
zdfcz(% 6)‘(7%(”)7@(71)) := lim inf .

n—00 n

Since this is increasing in €, we can define the lower BC entropy Xz, (1)|mm am) as

Zm(ﬂ)kqﬁ(n),a(n)) = hm pIF Q(M, €)|(m(n>,a<n))-
To close this section, we prove an upper semicontinuity result that will be superseded
later by the upper semicontinuity result of Theorem 3.4.

Lemma 3.1. Assume that a sequence j, € P(G.) together with p € P(G,) are given such
that p = p. Let d = (dy = x, 2" € Z) be an average degree vector and QQ = (gp : 6 € ©) a
probability distribution. Let m™ @™ be sequences such that (m™, @™) is adapted to (d, Q).
Then, we have
S0 @mem amy = hm 1sup 0B [ aem am)-

Proof. For € > 0, let B(p, e)_denote the ball around f of radius € with respect to the Lévy—
Prokhorov distance. Since G, is Polish, weak convergence in P(G.) is equivalent to conver-
gence with respect to the Lévy—Prokhorov metric. Hence, for € > 0, pur = p implies that
for k large enough, we have B(u,€) O B(pu,€/2). Therefore, we have |QE<)H ) g (i, €/2)] <

|g“(n) ~(n)(,u7 €)|. Consequently,

B0t O)laam amy = Eg otk €/2) e amy = Bgo (1) @me am).-

Taking the limsup on the right hand side and then sending € to zero on the left hand side,
we get the desired result. O]

3.2 Definition of the Marked BC Entropy and Main
Results

In this section, we state the main theorems proved in this document. These theorems
establish properties of the upper and lower marked BC entropy, which enable us to define
the marked BC entropy and establish some of its properties. The main propositions that
are used to prove these theorems are also stated in this section and we give the proofs of
these theorems, assuming that the propositions are proved. The proofs of the propositions
themselves are given later in the document.
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The following Theorem 3.1 shows that certain conditions must be met for the marked
BC entropy to be of interest.

Theorem 3.1. Let an average degree vector cf:_(dx,z/ cx,x’ € Z) and a probability distri-
bution QQ = (qg : 0 € ©) be given. Suppose p € P(G,) with 0 < deg(u) < oo satisfies any one
of the following conditions:

1. p is not unimodular.
2. 1 18 not supported on T..
3. deg, (1) # dy o for some x,2" € Z, or Ilg(u) # qo for some 0 € ©.

Then, for any choice of the sequences m™ and @™ such that (m™, @™) is adapted to (CZ Q),
we have X6 (k)| (mm gy = —00.

Theorem 3.1 is proved by means of Propositions 3.1 and 3.2 below.

Proposition 3.1. Assume that u € P(G.) with 0 < deg(u) < oo is given. Also, assume
that a degree vector d = (dg e : z,2' € Z) and a probability distribution Q = (gy : 0 € ©) are
given. Let m™ and @™ be sequences such that (m™, @™) is adapted to (af, Q). If u is not
unimodular, or d # deg(y), or Q # Tl(1), we have fd:Q(u)\(mm)ﬂ(n)) = —00.

Proposition 3.2. Assume p € P(G.) with 0 < deg(u) < oo is given such that u(T.) < 1.
Then, if@(”) and @™ are any sequences such that (m™, @™) is adapted to (deg(p), TI(1)),
we have Edgg(u),ﬁ(u) ()] () gy = —00.

The proofs of these statements are given in Section 3.4.1 and it is immediate to see that
they prove Theorem 3.1. A consequence of Theorem 3.1 is that the only case of interest
in the discussion of marked BC entropy is when p € Pu(T,), d = deg(p), Q = Ii(n), and
the sequences (™ and @™ are such that (m™, @™) is adapted to (deg(s), I(1)). Namely,
the only upper and lower maﬂ.{ed BC entropies of interest are ¥ dZa() Ti() ()] () gy and
ngg(”)’ﬁ(m(,u)|.(m<n),ﬁ(n>) respectively. . .

The following Theorem 3.2 establishes that the upper and lower marked BC entropies
do not depend on the choice of the defining pair of sequences (m(™, ™). Further, this
theorem establishes that the upper marked BC entropy is always equal to the lower marked
BC entropy,

Theorem 3.2. Assume that an average degree vector d = (dyy =, 2 € =) together with
a probability distribution Q@ = (g9 : 0 € ©) are given. For any p € P(G.) such that 0 <
deg(p) < oo, we have

1. The values of EJQ(M)“m(n)’ﬁ(n)) and ZJ‘Q(M)“m(n)’ﬁ(n)) are invariant under the specific

choice of the sequences m™ and @™ such that (m™, a™) is adapted to (J, Q). With
this, we may simplify the notation and unambiguously write EJ‘Q(M) and EJQ(,U)~
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2. E(ZQ(“) = ZCZQ(,M). We may therefore unambiguously write EJQ(M) for this common
value, and call it the marked BC entropy of u € P(G.) for the average degree vector
d and a probability distribution Q = (o : 0 € ©). Moreover, X7,(n) € [—00,s(d) +
H(Q).

From Theorem 3.1 we conclude that unless d = deg(p), Q = Ti( ), and p is a unimodular
measure on 7, we have X7, () = —oo. In view of this, for 4 € P(G,) with deg(u) < oo, we

write X(u) for Xz, ) i, (1) Likewise, we may write X() and S(p) for B,z sa(u) i (1) and

)
ngg J i) (1) respectlvely. Note that, unless p € P,(7.), we have S(u) = Z(,u) =X(p) =
—00.

We are now in a position to define the marked BC entropy.

Definition 3.3. For u € P(G.) with 0 < deg(u) < oo, the marked BC entropy of ju is defined
to be X(p).

Next, we give a recipe to compute the marked BC entropy for the marked unimodular
Galton-Watson trees defined in Section 2.7. We also characterize the marked BC entropy
of any u € P,(7.) in terms of the marked BC entropies of the marked unimodular Galton—
Watson trees with neighborhood distribution given by the truncation of p up to any depth.

Theorem 3.3. Let i € Pu(T.) be a unimodular probability measure with 0 < deg(u) < oo.
Then,

1. If E, [degy(0) log degy(0)] = oo, then X(u) = X(u) = X(u) = —oc.

2. If E, [degp (o) logdeg,(0)] < oo, then, for each h > 1, the probability measure jip, is
admissible, and H(up) < oo. Furthermore, the sequence (Jn(up) : h > 1) is nonin-
creasing, and

B(p) = B(p) = X(n) = lim Ty (pn)-

Now, we proceed to state the propositions needed to prove Theorems 3.2 and 3.3 and
explain how they prove the two theorems. We give the proofs of these propositions in
Section 3.4. Our proof techniques are similar to those given in [BC15].

In view of Propositions 3.1 and 3.2, in order to address parts 1 and 2 of Theorem 3.2,
we may assume that p € Py(7;), d = deg(p), and Q = Ii(y), since otherwise Lol =
EJ,Q(“) = —oo. To prove part 1 of Theorem 3.2, the strategy is to find a lower bound for

2 za(o)ficw) (1) | gy and an upper bound for Zdeg( y i ()| ey, and then to show
that they match. We ﬁrst prove a lower bound for X - 2 e i) (1)]¢m amy when p is of the

form UGWT(P) for P € Py, being strongly admissible.

Proposition 3.3. Let h > 1. Let P € Py, i.e. P is strongly admissible. Assume that with
1= UGWT(P) we have 0 < deg(p) < oo. Then, if m™ and @™ are any sequences such
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that (m™,@™) is adapted to (deg(p),II(1)), we have

2z i B o @y = Ja(P).

The proof of Proposition 3.3 is given in Section 3.4.2. Now, for a unimodular probability
measure p € P,(7.) such that 0 < deg(u) < oo and E, [deg(0) log degs(0)] < oo, Corol-
lary 2.1 implies that, for all h > 1, uy is strongly admissible, i.e. u; € Pp. In particular,
H(up) < oo and Jy (1) is well defined. With this observation in mind, we next give, for each
h > 1, an upper bound for - .1 () [ giom @y, for € Py, (7.) such that 0 < deg(u) < oo
and H (up) < oo.

Proposition 3.4. Let h > 1. Let yu € Py(T.) be a unimodular probability measure, with
0 < deg(p) < 0o and H(uh) < o0o. Then, if m™ and @™ are sequences such that (m™, 4™
is adapted to (deg(p), (1)), we have

DN o Ti) (1) men @y < Jnlpn).- (3.3)

The proof of Proposition 3.4 is given in Section 3.4.3. Now, we consider the case
E, [degp (o) log degy(0)] = oo and show that the marked BC entropy is —oo in this case.

Proposition 3.5. Let u € Pu(T.) be a unimodular probability measure such that 0 <
deg(u) < oo and E, [degy(0) log degy(0)] = oo. Then, if m™ and @™ are sequences such

that (m™, @™ is adapted to (deg(p),Ti(1)), we have

idgg(u)f[(u) (lu)|(ﬁz("),ﬁ'(”>) = —00. (3.4)

Proposition 3.5 is proved in Section 3.4.4.

We now demonstrate how the propositions in this section can be used to prove The-
orems 3.2 and 3.3. We have already observed that Propositions 3.1 and 3.2 imply that,
in order to address parts 1 and 2 of Theorem 3.2, we may assume that u € P,(T.),
[ = dgg(,u), and QQ = ﬁ(u) Proposition 3.5 then immediately implies parts 1 and 2 of
Theorem 3.2 and part 1 of Theorem 3.3, for every u € P(G,) for which 0 < deg(u) < oo and
E, [degq (o) log deg(0)] = oo )

Thus it remains to consider the case of unimodular p € P,(7,) with 0 < deg(u) < oo
and E,, [degy(0) logdegy(0)] < co. We have already observed that Corollary 2.1 implies that
for such p, for all h > 1, uy is strongly admissible, i.e. u, € P, and that this implies, in
particular, that H (i) < oo and Jy () is well defined.

We first show that, in this case, the sequence Jj,(j;) is nonincreasing in h. For h > 1,
let v := UGWT,(iun). Observe that deg(u) = deg(v™) and Ti(x) = IH(»™). From
Propositions 3.3 and 3.4, we have

(V(h+1))|

Ih1 (1) < Ega i) (A @)
)

V(hH)) ‘ (m(7) iG(n))
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< Jn(("D),)
= Jn(kn),

where the last equality uses the fact that (v*9), = (UGWT 1 (itns1))n = pn, which is
proved in Proposition 2.1. Hence, Jo(pt) := limy oo Jp(pp) exists. Further, since Proposi-
tion 3.4 proves that Edeg(u) H(u)(u)|(m(n>ﬁ(n)) < Jp(pn) holds for all h > 1, we get

idgg(u),ﬁ(u)(ﬂ)‘(m<n>,ﬁ(n>) < Joo(1)-

Now, we show that Zdeg(ﬂ ) i) (1) s amy > Joo(pt). Note that, since ju, € Py is strongly
admissible, Proposition 3.3 implies that Edeg(u(h)) (y(h>)( N iem gy > Tn(pn) > Joo(p),

where we have noted that, since deg () = deg(v™) and TI(x) = II(v™), the pair of sequences
(m™ ™) is adapted to (deg(v™), II(™)). On the other hand, v® = ;. Therefore, using
Lemma 3.1, we have

Eaig i) (1)l a0 > hgls;}p S azew i V™)l g

= hgl—fup Zdeg(ym)) n(y(m)( ) >|m(”>,ﬁ<”)

> Joo(1)

We have established that Joo (1) < Xz, fige (W)@ amy < Ed_gg(u)ﬁ(#)(u)\(mn),ﬁ(n)) <

Joo(t). This, in particular, implies that 2 () i (M)(u)](mm),ﬁ(n)) = X aga (0 (1) mm gy

To complete the proof of part 1 of Theorem 3.2 and the proof of part 2 of Theorem 3.3 note
that J, (1) does not depend on the choice of the sequences (™ and @™ .

To complete the proof of part 2 of Theorem 3.2, note that the inequality X J’Q(,u) <

s(d) + H(Q) is a direct consequence of (3.2).

The proof of the propositions stated in this section rely on a generalization of the classical
graph configuration model called a colored configuration model, which was introduced in
[BC15]. In Section 3.3 below, we review this framework and generalize its properties to
the marked regime. Using the tools developed in Section 3.3, we give the proof of these
propositions in Section 3.4.

To close this section, assuming the truth of all the preceding propositions (which are
proved in the subsequent sections), we prove an upper semicontinuity result of marked BC
entropy, which supersedes the result of Lemma 3.1.

Theorem 3.4. Let an average degree vector d = (dpo @ 2" € Z) and a probability
distribution Q@ = (qg : 0 € ©O) be given. For any p € P(G.) with 0 < deg(u) < oo,
the BC' entropy Ede(.) is upper semicontinuous at p, i.e. if p is a sequence in P(Gy)
converging weakly to p € P(G.) such that 0 < deg(ur) < oo for all k, then we have
%iq (1) > limsupy, ., %iQ (r,)-
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Proof. Let m™ @™ be sequences such that (m(™,7™) is adapted to (d_: (). Then, as
established in part 1 of Theorem 3.2, X7, (ut) equals X7 (1)|(mem gy and Xz, (u) equals
ZJ,Q(MH(W”)@(”)) for all k. The claim is therefore an immediate consequence of Lemma 3.1.

]

3.3 Colored Configuration Model

In this section, we review and generalize results from [BC15, Section 4]. First, in Sec-
tion 3.3.1, we review the notion of directed colored multigraphs from [BC15, Section 4.1].
Then, in Section 3.3.2, we review the colored configuration model from [BC15, Section 4.2].
In Sections 3.3.3 we review the notion of colored unimodular Galton—Watson trees and a local
weak convergence result related to such trees, from [BC15, Sections 4.4, 4.5]. In Sections 3.3.4
and 3.3.5, we draw a connection between directed colored multigraphs and marked graphs,
generalizing the results in [BC15, Sections 4.6]. We also discuss the colored configuration
model arising from the colored degree sequences associated to the directed colored graphs
arising from a marked graph. This discussion is used in Section 3.3.6 to prove a weak con-
vergence result for any admissible probability distribution P € P(T*) with finite support,
for any h > 1. Finally, in Section 3.3.7, we use the tools developed in this section to prove
a local weak convergence result for marked graphs obtained from a colored configuration
model, which will be useful in our analysis in Section 3.4. Note that the terms color (defined
in this section) and mark (defined in Section 2.3) refer to two different concepts and should
not be confused with each other.

3.3.1 Directed Colored Multigraphs

Let L > 1 be a fixed integer, and define C := {(4,7) : 1 <14,j < L}. Each element (i,j) € C
is interpreted as a color. Note that the terms color and mark refer to different concepts and
should not be confused with each other. Let C— := {(i,i) € C}, C< := {(i,7) € C : i < j}
and Cx := {(i,j) € C : i # j}. We define C<, Cs, and C» similarly. For ¢ := (i,j) € C, we
use the notation ¢ := (j,1).

We now define a set G (C) of directed colored multigraphs with colors in C, comprised of
multigraphs (as defined in Section 2.6) where the edges are colored with elements in C in
a directionally consistent way. More precisely, each G € G (C) is of the form G = (V,w)
where V' is a finite or a countable vertex set, and w = (w. : ¢ € C) where for each ¢ € C,
W : V2 — 7. with the following properties:

1. For ¢ € C—, w(v,v) is even for all v € V, and w.(u, v) = w.(v,u) for all u,v € V.
2. For ¢ € C, we have w.(u,v) = ws(v,u) for all u,v € V.

3. Forallu e VandceC, ) o we(u,v) < oo.
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See Figure 3 in [BC15] for an example of an element of G(C).
For a directed colored multigraph G = (V,w) € G(C) the associated colorblind multigraph
is the multigraph CB(G) := (V,@) on the same vertex set V', where @ : V2 — Z, is defined

via
w(u,v) = ch(u,v).
ceC
It can be checked that CB(G) is a multigraph, as defined in Section 2.6. Distinct directed
colored multigraphs can give rise to the same multigraph as their associated colorblind
multigraph, and we can think of each of them as arising from this multigraph by coloring it
in a directionally consistent way as expressed in properties 1 and 2.

Given G € G(C), if CB(G) has no multiple edges and no self-loops, i.e. it is a graph,
then we call G a directed colored graph. We let G(C) denote the subset of G(C) comprised of
directed colored graphs.

We introduce the notation M, for the set of L x L matrices with nonnegative integer

valued entries. R
Let G = (V,w) € G(C), where V is a finite set. For u € V and ¢ € C, define

DS (u) := Z we(u, v).

veV

DS (u) is the number of color ¢ edges going out of the vertex u. Let D%(v) := (D%(v) : ¢ € C).
Note that D%(v) € My. D®%(v) is called the colored degree matriz of the vertex v. Let
D€ := (D% (v) : v € V). We call D¢ the colored degree sequence corresponding to G.

3.3.2 Colored Configuration Model

Fix an integer L > 1, and let C := {(i,j) : 1 < 4,5 < L} be the associated set of colors.
For n € N, let D,, be the set of vectors (D(1),...,D(n)) where, for each 1 < i < n, we
have D(i) = (D (i) : ¢ € C) € My, and, further, S := """  D(i) is a symmetric matrix with
even coefficients on the diagonal. Note that for G € G (C) we have D¢ € D,,. Given D =
(D(1),...,D(n)) € D,, define G(D) to be the set of directed colored multigraphs G € G(C)
with the vertex set V = [n] such that, for all i € [n], we have DY(i) = D(i). Further, given
neN,DeD,, and h > 1, let G(D,h) be the set of directed colored multigraphs G € é(ﬁ)
such that CB(G) has no cycles of length I < h. Note that G(D,h + 1) C G(D, h) for all
h > 1, and that G(D,2) C G(C).

Now, given D= (D(1),...,D(n)) € D, we give a recipe to generate a random directed
colored multigraph G € G (C) such that DS = 5, i.e. a random directed colored multigraph
in G (13) The procedure is similar to that in the classical configuration model. For each
c €C, let W, := U W.(i) be a set of distinct half edges of color ¢ where |W,(i)| = D.(i).
We think of the half edges in W.(i) as attached to the vertex i. We require a half edge with
color ¢ to get connected to another half edge with color ¢. For this, for ¢ € C., let X, be
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the set of bijections o, : W, — W;. Since D€ D,, |[W.| = |[W¢| and such bijections exist.
Likewise, for ¢ € C_, let X, be the set of perfect matchings on the set W,.. Since De D,,
|W.| is even and such matchings exist.

Given a choice of 0. € 3, for each ¢ € C<, we write o for (o, : ¢ € C<). Let ¥ denote the
product of ¥, for ¢ € C<. Given o € X, we construct a directed colored multigraph, denoted
['(0), as follows. For ¢ € C., if 0. maps a half edge of color ¢ at vertex u to another half
edge of color ¢ at vertex v, then we place an edge directed from u towards v having color ¢
and an edge directed from v towards u, having color ¢. Here it is allowed that ©w = v. For
c € C_, if 0. matches a half edge of color ¢ at vertex u to another half edge of the same
color at vertex v, then we place two directed edges, one directed from u towards v, and one
directed from v towards u, both with color c¢. Here also it is allowed that u = v.

Note that, for o € 3, the construction above gives I'(¢) € G(D). For D € D,, let CM(D)
be the law of I'(¢) where o is chosen uniformly at random in .

Theorem 3.5 below is from [BC15], and states a key property of the configuration model

defined above. To state that theorem, given a positive integer ¢, let Mf) denote the set of
L x L matrices with nonnegative integer entries bounded by §. Assume that R € P(Mf))
is given. Let D™ = (D™(1),..., D™ (n)) € D, be a sequence satisfying the following two
conditions:

D™y e MY Vie[n), (3.5)
1 n
o Z dpm = R. (3.5Db)

Theorem 3.5 states that, given the above conditions, for every h > 1, a positive fraction of
random directed colored multigraphs generated from the above configuration model do not
have and cycles of length h or less.

Theorem 3.5 (Theorem 4.5 in [BC15]). Fiz 6 € N, R € 73( (L ), and a sequence D™
")

satisfying (3.5a) and (3.5b). Let G, have distribution CM(D™) on G(D™). Then, for
every h > 1, there exists ay, > 0 such that

lim P (Gn e G(D™, h)> = oy

n—oo

To close this section, we give an asymptotic counting for the set G (5("), h). This calcu-
lation is also from [BC15]. For two sequences a, and b, we write a,, ~ b, if a,/b, — 1 as
n — oo. Moreover, for an even integer N, (N — 1)!! is defined as (N/QJ;[W, or equivalently

(N —1) x (N —3) x...3x 1. Note that (N — 1)!! is the number of perfect matchings on a
set of size N.

Corollary 3.1 (Corollary 4.6 in [BC15]). In the setting of Theorem 3.5, write S =
Zie[n] Dgn)(z’), which, we recall, form the entries of a symmetric matriz. For all h > 2 we
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have

HceC< Sf(in)! HceC: (Sc(n) - 1)”
[Tece IT1, DEV()!

We give a brief sketch of how this counting statement results from Theorem 3.5 and
refer the reader to [BC15] for the proof. By construction, ||, which is the total number of

G(D™, )| ~ ay,

configurations, is equal to Hcec< Sty [Lcc (Sé") —1)!!I. Each directed colored multigraph can
be constructed via different configurations. However, every G € g(ﬁ, h) for h > 2 is a colored
graph, i.e. is in G(C). It is easy to see that, for such G, there are precisely [[... [1i; DM (1)!
many configurations o € ¥ for which I'(0) = G. Also, from Theorem 3.5, the asymptotic
probability of I'(¢) being in G (5(”), h) is ay. This provides a rough explanation of where
Corollary 3.1 comes from.

3.3.3 Colored Unimodular Galton—Watson trees

In this section we review the definition of colored unimodular Galton—Watson trees from
[BC15, Section 4.4]. This should not be confused with the notion of marked unimodular
Galton—Watson trees defined in Section 2.7. Later, in Section 3.3.7, we explain the connection
between the two notions. To reduce the chance of confusion, we employ the notation CUGWT
to denote the object constructed here, which is slightly different from the notation used in
[BC15].

Given L € N and the set of colors C := {(i,7) : 1 < ,57 < L}, we first define a set of
equivalence classes of rooted directed colored multigraphs, denoted by QA*(C) Each member
of G,(C) is of the form [G, 0] where G € G(C) is connected and o is a distinguished vertex in
G. [G, o] denotes the equivalence class corresponding to (G, 0) where the equivalence relation
is defined through relabeling of the vertices, while preserving the root and the edge structure
together with the directed colors. As is discussed in [BC15], the framework of local weak
convergence introduced in Section 2.6 for multigraphs can be naturally extended to directed
colored multigraphs. An element [G, 0] € G.(C) is called a rooted directed colored tree if its
associated colorblind multigraph CB(G) has no cycles.

Recall that M, denotes the set of L x L matrices with nonnegative integer valued entries.
Let P € P(Mp) be a probability distribution such that for all ¢ € C, we have E [D.| = E [D],
where D € M, has law P. For ¢ € C such that E [D.] > 0, define pec P(My) as follows:

M + 1)P(M + E¥)

P = D

(3.6)

where E¢ € M, denotes the matrix with the entry at coordinate ¢ being 1 and all the other
entries being zero. If E[D.] = 0, we set Pe(M) = 1if M = 0 and zero otherwise. It is
straightforward to check that >,/ . Pe(M)=1forall ceC.

With this setup, we define the colored unimodular Galton-Watson tree CUGWT(P) €
P(G.(C)) to be the law of [T, o] where (T, 0) is a rooted directed colored multigraph defined
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as follows. We start from the root o and generate D(o0) with law P. Then, for each ¢ € C, we
attach D.(0) many vertex offspring of type ¢ to the root. For each offspring v of type ¢, we
add a directed edge from o to v with color ¢ and another directed edge from v to o with color
¢. Subsequently, for an offspring v of type ¢, we generate D(v) with law P¢, independent
from all other offspring. Then, we continue the process. Namely, for each ¢ € C, we add
D.(v) many vertex offspring of type ¢ to v where, for each offspring w of type ¢, there is an
edge directed from v towards w with color ¢ and another edge directed from w towards v
with color é. This process is continued inductively to define CUGWT (P).

Let G,(C) denote the subset of G, (C) consisting of equivalence classes of rooted directed
colored graphs, i.e. for which the associated colorblind multigraph CB(G) is a graph, see the
end of Section 3.3.1. Note that CUGWT (P) is supported on G, (C). The following result from
[BC15] will be useful for our future analysis.

Theorem 3.6 (Theorem 4.8 in [BC15]). Let R € P(Mg)) be given. Let D™ € D, be
a sequence satisfying (3.5a) and (3.5b). Moreover, assume that G, € QA(E(")) has law
CM(E(")), and that G, are jointly defined to be independent on a single probability space.
Then, with probability one, U(G,) = CUGWT(R). Also, the same result holds when G, is
uniformly sampled from Q(l—j(”), h), for any h > 2.

3.3.4 From a Marked Graph to a Directed Colored Graph and
Back

In this section we first associate, for any fixed h > 1, a specific directed colored graph to
a given marked graph, by treating the types of edges, as defined in (2.5), as colors. We
also discuss a procedure that, starting with a directed colored graph whose colors can be
interpreted in terms of the types for a given h > 1, returns a marked graph.

For a marked graph G on the vertex set [n| and an integer h > 1, we define a directed
colored graph denoted by C(G). Let F C Z x G be the set of all distinct G[u, v],_; for
adjacent vertices u and v in G. Since G is finite, F is a finite subset of = x G"~!. Therefore,
with L := |F|, we can enumerate the elements in F in some order, with integers 1,..., L.
Recall from (2.5) that @&(u,v) = (Gv,u]n_1,Glu,v]s_1) is the depth h type of the edge
(u,v). Now, we define C(G) to be a directed colored graph with colors in C = F x F on the
vertex set [n] as follows. For two adjacent vertices u and v in G, in C(G) we put an edge
directed from u towards v with color ¢ (u,v) and another directed edge from v towards u
with color ¢ (v, u). Since G is simple, C(G) is a directed colored graph, i.e. C(G) € G(C) .
In fact, CB(C(G)) is just the graph which results from G by erasing its marks.

We can also go in the other direction. Fix h > 1. Let F C = X Q_f’l be a finite set with
cardinality L, whose elements are identified with the integers 1,...,L. Let C := F x F.
Given a directed colored graph H € G(C), defined on a finite or countable vertex set V,
and a sequence 3 = (B(v) : v € V) with elements in ©, we define a marked graph on V|
called the marked color blind version of (3, H), denoted by MCB;(H), as follows. For any
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g H MCB;(H)
® ®
|
|
¢
| ® ®
®
(4) (éi)
Figure 3.1: (i): g € = x G? where © = {o,m} and = = {Blue (solid), b (di):

a simple directed colored graph H € G(C) where C = {(g,9)}, (iii): G = MCBE,(H) where
g = {e,0,0}. Note that none of pZ(1,2), p4(1,3) and p%(2,3) is equal to (g, g).

pair of adjacent vertices u and v in H where the color of the edge directed from u to v is
(9,4¢") (and hence the color of the edge directed from v to u is (¢, g)), we put an edge in
MCB;(H) between u and v with the mark towards u and v being g[m] and ¢'[m/], respectively.
Moreover, the mark of a vertex v € V in MCBz(H) is defined to be 5(v).

Note that it is not necessarily the case that the colors of H are consistent with those in
the directed colored graph C(MCBz(H)). Namely, gol,\‘ACBg(u, v) for adjacent vertices u,v can

be different from the color of the edge between u and v in H. See Figure 3.1 for an example.
Proposition 3.6 below gives conditions under which this consistency holds. To be able to
state this result, we first need some definitions and tools, which are gathered in the next
section.

3.3.5 Consistency in going from a directed colored graph to a
marked graph and back

In this section we first give conditions under which the edge colors of a directed colored
graph are related to the edge colors of the directed colored graph derived from its marked
colorblind version. This is done in Proposition 3.6. Next, building on this result, we study
the configuration model given by the colored degree sequence of the directed colored graph
associated to a given marked graph, and relate the marked color blind versions of the directed
colored graphs arising as realizations from this configuration model to the original marked
graph we started with.

Definition 3.4. Fiz h € N and assume F C = x T""! is a finite set with cardinality L.
Define C := F x F. Given a matriz D = (D; 1, t' e F)e My and 0 € ©, we say that the
pair (0, D) is “graphical” if there exists [T, o] € T such that T7(0) = 0 and, for all t,t’ € F,
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T
[ ] o
O N N

Figure 3.2: (ii) depicts (0,z) ®t for t € Z x 7.2 as shown in (i), # = m and x = Blue (solid).
We have used our convention of Figure 2.3 for showing ¢, i.e. the half edge towards the root
is the mark component.

we have Ey(t,t')(T,0) = Dyy. Moreover, for t,t' € = x T such that either t ¢ F or
t' ¢ F, we require Ey,(t,t)(T,0) to be zero.

From Lemma A.4 in Appendix A.2, [T, 0] in the above definition, if it exists, is unique.

Fix an integer h > 1. Fort € Z x T"!, x € Z, and § € O, define (,2) ® t to be the
element in 7* where the root o has mark 6, and attached to it is one offspring v, where the
subtree of v is isomorphic to t[s] and the edge connecting o to v has mark x towards o and
t[m] towards v. See Figure 3.2 for an example. For s € T.andzx € =, letx xsbet e Ex T,
where t[m] = z and t[s] = s. For two rooted trees s,s’ € T, which have the same vertex
mark at the root, define s ® s’ to be the element in 7, obtained by joining s and s’ at a
common root, see Figure 3.3 for an example. Note that ® is commutative and associative.
Therefore, we may write @le sy for a collection s;,1 < i < k, of elements in 7., which all
have the same mark at the root.

Let G be a locally finite marked graph on a finite or countable vertex set V. Let v and
w be adjacent vertices in G such that degg,(v) > 2. For h > 1, if (G,v), is a rooted tree,
then it is easy to see that we have

Glw, ]y = &g(w,v) x @ ((¢(v), &6 (w',v)) @ Glo, w'|h-1) | - (3.7)

w'NGv

w! #w
Also, if v is a vertex in G with deg,(v) > 1, it is easy to see that if (G, v), is a rooted tree,
we have

Gl = () ((76(v), éa(w,v)) © Glv, w]p-1) - (3:8)

w~GU
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s® s
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AN A A

Figure 3.3: s ® s’ for two rooted marked trees s, s’ € T, that have the same vertex mark at
the root.

With this, we are ready to state conditions under which the edge colors of a directed
colored graph are related to the edge colors of the directed colored graph derived from its

marked colorblind version. The following proposition can be considered to be a generalization
of Lemma 4.9 in [BC15].

Proposition 3.6. Fiz an integer h > 1. Let F C Z x T,"~! be a finite set with cardinality L
and set C = F x F. Let H € G(C) be a simple directed colored graph on a finite or countable
vertez set V, and let § = (B(v) : v € V) have elements in ©. Define Ay, to be the set of
vertices v € V such that the h—neighborhood of v in CB(H) is a rooted tree and also, for

all vertices w with distance no more than h from v in CB(H), (B(w), D¥(w)) is graphical.
Then, if G = MCB3(H), it holds that

1. For each vertex v € Ay, we have (G,v), = [Ty, 0,]n where [Ty, 0,] is the rooted tree
corresponding to the graphical pair (B8(v), DH (v)).

2. If vyw € Ay, are adjacent vertices in H and the edge directed from v towards w has
color (t,') in H, we have ol(v,w) = (t,t'), i.e. G(w,v)p_1 =t and G(v,w),_; =t

Proof. For adjacent vertices u and v in H (which are, by definition, also adjacent in G), let
c(u,v) € F be the first component of the color of the edge directed from u towards v. Note
that H is simple, meaning that there is only one edge directed from u towards v, so ¢(u, v) is
well-defined. Also, recall from the definition of G(C) that the color of the edge directed from
v towards u is ¢, with ¢ being the color of the edge directed from u towards v. Therefore,
the color of the edge directed from u towards v is (c(u, v), ¢(v,u)). Define Ay to be the set of
vertices v € V such that (3(v), D¥(v)) is graphical. Moreover, for 1 <1 < h, define A; to be
the set of vertices v € V such that (G, v); is a rooted tree and, for all w € V' with distance at
most [ from v in G, (B(w), D (w)) is graphical. Note that we have A9 2 A; 2 --- D A;. On
the other hand, note that removing the marks in G yields CB(H), hence A, defined above
coincides with that in the statement of Proposition 3.6. For each v € Ay, let [T,,0,] € T
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be the rooted tree corresponding to the graphical pair (3(v), D (v)), and let (T,,0,) be an
arbitrary member of the isomorphism class [T}, 0,]. Observe that, for each vertex v € Ay
with deg,(v) > 1, there exists a bijection f, that maps the set of vertices adjacent to v in
G to the set of vertices adjacent to o, in T}, such that for all w ~g v, we have

C(U’ ’LU) = Tv [.fv(w)a Ov]h—la

c(w,v) = T,[0y, fu(w)]h-1. (3.9)

This is because applying to (8(v), D¥ (v)) the definition of what it means to be a graphical
pair implies that, for each ¢, € Zx T*~!, we have that Ej,(¢,t')(T,, 0,), which is the number
of vertices @ ~r, o, such that T,(w,o0,) =t and T,(0,,w) = t', is equal to the number of
vertices w ~¢ v such that ¢(v,w) =t and c(w,v) = t'.

Now, for each pair of adjacent vertices (v,w) in G, and 0 < r < h — 1, we inductively
define M,(v,w) € = x T as follows, We first define My(v,w) € = x T2 to have its mark
component equal to {g(w,v) = c¢(v,w)[m] and its subtree component a single vertex with
mark S(v). In fact, My(v,w) = Glw,v]p. For v ~g w and 1 <r < h — 1, if deg,(v) = 1, i.e.
w is the only vertex adjacent to v, we define M, (v, w) to be equal to My(v,w). Otherwise,
we define

M, (v, w) == c(v,w)[m] x | () (Bv), c(v,w')[m]) @ M,y (w',v) | . (3.10)
’LUING’U
w!#w
See Remark 3.1 below for a message passing interpretation for M, (v, w) motivated by (3.7).
By induction on r, we show the following

ve A, w~gv = M (v,w) = c(v,w),, VoO<r<h-1, (3.11a)
ve A, w~gv =  M(v,w)=Gw,v, VO<r<h-—1. (3.11b)

Recall that ¢(v,w), = (z,t,), where x and ¢ are the mark and the subgraph components of
c(v,w) € F, respectively. Then, we use (3.11a) and (3.11b) to show that

CAS AT = (G7U)T = (Tva Ov)ra vo S r S h (312)

Combining (3.11a) and (3.11b), we realize that for adjacent vertices v,w € A, we have
Gv,w)p—1 = c(w,v)p—1 = c(w,v) and G(w,v)p—1 = c(v,w)p—1 = c(v,w), which is the
second part of the statement in Proposition 3.6. The first part is a result of (3.12) for r = h.
Therefore, it suffices to show (3.11a), (3.11b) and (3.12) to complete the proof.

To start the proof, note that, for r = 0, v € Ay, and w ~g v, the mark component of
My (v, w) is £g(w, v) and its subtree component is a single root with mark $(v). On the other
hand, the mark component of c(v,w)q is ¢(v,w)[m] = {g(w,v) and its subtree component,
using (3.9), is the subtree component of T,[f,(w), 0,]o. But since the pair (3(v), D¥(v)) is
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graphical, T,[f,(w), 0,0 is a single root with mark (v). This establishes (3.11a) for r = 0.
Moreover, (3.11b) follows from the facts that, by the definition of G = MCB3(H), the mark
component of Glw,v]y is {g(w,v) = ¢(v,w)[m] and its subtree component is a single root
with mark S(v).

Now, we use induction to show (3.11a) and (3.11b). First, we directly show (3.11a)
and (3.11b) for a vertex v with degg(v) = 1. If w is the only vertex adjacent to such v,
we have M, (v,w) = My(v,w) € Z x T2, by definition. Recall that the mark component
of My(v,w) is {g(w,v) = ¢(v,w)[m] and its subtree component is a single root with mark
B(v). But this is precisely G[w,v]y, which shows (3.11b). To show (3.11a), from (3.9), we
have c(v,w) = T,[f,(w),0,]n_1. But since f, is a bijection, and the pair (8(v), D (v)) is
graphical, we have degy, (0,) = 1 and hence the subtree component of T, [f,(w), 0,]p—1 is a
single root with mark £(v), which is precisely the subtree component of My(v,w). The mark
components of M, (v, w) = My(v,w) and ¢(v, w) are both equal to ;(w, v). This establishes
(3.11a) in case degq(v) = 1.

Now, we show (3.11a) and (3.11b) for v € A, such that deg,(v) > 2. If v € A, then all
the vertices adjacent to v are in A,_;. Therefore, using the induction hypothesis (3.11a) for
r — 1 on the right hand side of (3.10), we realize that for such v and w ~¢ v we have

M, (v,w) = c(v,w)[m] x | () (B(v), (v, w")[m]) @ e(w', v),

w'#w

Using (3.9) and the fact that 8(v) = 77, (0,), we get

MT(U7 w) = fﬂ,(fv(IU), Ov) X @ (TTU(OU)7 éTu(fU(w/)v OU)) ® T, [Ovu fv(w/)]r—l

w/NG'U
w! #w
Observe that f, is a bijection, hence the set of vertices w’ in G such with w’' ~g v and

w' # w is mapped by f, to the set of vertices w in T, such that @w ~r, o, and W # f,(w).
With this, we can rewrite the above relation as

M, (v, w) = &, (fo(w), 0,) X @ (1, (00), &1, (10, 0,)) @ Ty [0y, W1

W fo (w)
Using (3.7), since (T,,0,) is a rooted tree, the right hand side is precisely T,[f,(w),v].
Another usage of (3.9) implies (3.11a).

To show (3.11b) for v € A, with deg,(v) > 2 and w ~¢ v, again using the fact that
w' € A,_; for all W' ~¢g v, we realize that by first using (3.11b) for » — 1 and substituting in
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the right hand side of (3.10), then using c(v, w')[m] = {g(w',v) for all w' ~¢ v, and finally
using [(v) = 7¢(v), we get

M, (v, 0) = &a(w,v) x | () (76(v), éalu!,v)) ® Glo, ],

Since v € A,, (G,v), is a rooted tree. Thereby, (3.7) implies that the right hand side of the
preceding equation is precisely G[w,v], which completes the proof of (3.11D).

Now, it remains to show (3.12). We first do this for v € A, such that deg.(v) > 1.
Observe that, since v € A,, (G,v), is a rooted tree. Consequently, using (3.8), we have

(G0l = () (16(v), &a(w, v)) @ Glo, ],

W~ GU

Since w € A,_; for all w ~¢ v, using (3.11a) and (3.11b) for r — 1, we realize that, for each
w ~¢ v on the right hand side, we have G[v, w],_; = ¢(w,v),_1. Moreover, we have 7¢(v) =
B(v) = 1r1,(0y) for w ~¢ v. Furthermore, by (3.9), {g(w,v) = ¢(v,w)[m] = &7, (fo(w), 0,) for
all w ~g v. Substituting these into the above relation and using (3.9), we get

(G0 = () (1,(0), &z, (fulw), 0,)) © T oy, fu(w)]-1.

WGV

Since f, induces a one to one correspondence between the neighbors w of v in G and the
neighbors w of o, in T, we may rewrite the above as

Gl = (O (70,(00): €0, (@, 0,)) @ Ty fou, @y

wn~y, Ov

Since (T, 0,) is a rooted tree, (3.8) implies that the right hand side is precisely [T}, 0,],. This
means that [G,v], = [T}, 0,] or equivalently (G, v), = (T, 0,),, which is precisely (3.12).
To show (3.12) for v € A, such that deg,(v) = 0, note that, for such v, (G,v), is
a single root with mark (§(v). Moreover, since degg(v) = 3, cr Dff(v), we must have
Dfl,(v) = 0 for all ¢, € F. Therefore, it must be the case that, for all ¢, € Z x 7",
En(t,t')(Ty, 0,) = 0. This means that degy, (0,) = 0, and hence (7, 0,) is a single root with
mark 5(v). Therefore, (G,v), = (T, 0,), and the proof is complete. O

Remark 3.1. Motivated by the definition of M, (v,w) in (3.10), we can interpret M, (v,w) as
the message the vertex v sends to the vertex w at time r, which is obtained by aggregating the
messages sent by the neighbors of v, except for w, at time r—1. The proof of Proposition 5.6
above implies that, if v € A,., M,(v,w) is in fact the local r—neighborhood of v in G after
removing the edge between v and w, i.e. Glw,vl,. In fact, motivated by (3.7), the message
M,.(v,w) is inductively constructed in a way so that this holds.
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In the second part of Section 3.3.4, we started with a directed colored graph H € G(C),
defined on a finite or countable vertex set V, and a sequence 3 = (3(v) : v € V) with elements
in ©, and studied the corresponding marked color blind version, denoted by MCB E(H ). We
will now start with a marked graph, consider the associated directed colored graph, for a
given h > 1, and study the configuration model given by the colored degree sequence of
this graph. The purpose is to relate the marked color blind versions of the directed colored
graphs arising as realizations from this configuration model to the original marked graph we
started with. The results we prove next are corollaries of Proposition 3.6.

Definition 3.5. A marked or unmarked graph G is said to be h tree-like if, for all vertices
v in G, the depth h local neighborhood of v in G, i.e. (G,v)p, is a rooted tree. This condition
15 equivalent to requiring that there is no cycle of length 2h + 1 or less in G.

Corollary 3.2. Let n € N. Recall that G,, denotes the set of marked graphs on the vertex
set [n]. For h > 1, assume that a marked h tree-like graph G € G, is given. Let D = D@
be the colored degree sequence associated to the directed colored version, C(G), of G. Let
3= (B(v) : 1 <v < n) denote the vertex mark vector of G. Then, for any directed colored
graph H € G(D,2h + 1), we have (MCB3(H),v)n = (G, v) for all v € [n].

Proof. By definition, since H € G(D, 2h+1) C G(D), we have D (v) = D(v) = D@ (v) for
every vertex v € [n]. Moreover, since (G,v); is a rooted tree, using the rooted tree (G, v)y,
in Definition 3.4, we realize that the pair (8(v), D% (v)) is graphical. On the other hand,
since H € G (5, 2h + 1), the colorblind graph CB(H) is h tree-like. Consequently, the set A,
in Proposition 3.6 coincides with [n]. Thus, the first part of Proposition 3.6 implies that for
all v € [n], we have (MCB;(H),v), = (G, v), which completes the proof. O

Corollary 3.3. Letn € N and h > 1. Let G € G, be an h tree-like graph. Define
Nu(G) = {G € G, : UG, = UG} (3.13)

Then, we have

Nu(G) = n(D, B)|G(D, 2h + 1)),

where D := DD and f = (8(i) : 1 < i < n) with B(i) := 7(i). Here n(D, 3) denotes the
number of distinct pairs (D™, ™) where m ranges over the set of permutations 7 : [n] — [n]
and where, for 1 <1 <n, D™(i) := D(n(i)) and 57(i) := B(w(7)).

Proof. For a permutation 7 : [n] — [n], define G™ € G, to be the marked graph obtained from
G by relabeling vertices using m. More precisely, for v € [n], we have 76« (v) := T¢(7(v)).
Also, we place an edge between the vertices v and w in G™ if w(v) and 7(w) are adjacent in G.
In this case, we set {g= (v, w) = Ea(m(v), m(w)). With this, for any permutation 7 : [n] — [n]
and H € G(D",2h + 1), Corollary 3.2 implies that U(MCB, (H)), = U(G™)y = U(G)x-
On the other hand, if the permutations 7 and «’ are such that (5”, 5”) and (5“’, g”’) are
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distinct, the sets {MCBg, (H) : H € G(D™,2h+1)} and {MCB, (H') : H' € G(D™ ,2h+1)}
are disjoint. Moreover, part 2 of Proposition 3.6 implies that for any permutation 7 and any
H e G(D™,2h+1), C(MCBj, (H)) = H. Thereby, distinct elements Hy, H, € G(D™,2h + 1)
yield distinct marked colorblind graphs MCB. (H1) and MCBj, (Hz). This establishes the
inequality N,(G) > n(D, 3)|G(D,2h + 1)|. The other direction can be seen by observing
that if G’ € G, is such that U(G");, = U(G)y, then there exists a permutation 7 : [n] — [n]
such that, for each vertex v € [n], we have (G',v), = (G,7(v)),. Consequently, for all
vertices v € [n], we have D) (v) = D) (7(v)) = D™(v) and 76/ (v) = 76(7(v)) = B7(v).
Also, since G is h tree-like, so is G'. Hence, with H := C(G"), we have H € G(D™,2h + 1)
and G' = MCB, (H). This shows that Nu(G) < n(D, 3)|G(D,2h + 1)| and completes the
proof. O

3.3.6 Realizing Admissible Probability Distributions with Finite
Support

Next, using the tools developed above, we show that, for all A > 1 and any admissible
probability distribution P € P(7*) having finite support, there exists a sequence of marked
graphs which converges to P in the sense of local weak convergence. This result can be
considered a generalization of Lemma 4.11 in [BC15].

Lemma 3.2. Let h > 1 and P € P(T"). Assume that P is admissible and has finite support.
For z,2' € £, let d, o := Ep [deg?m/(o)} and d = (dy o = x,2" € E). Moreover, for § € ©,
let qg be the probability of the mark at the root in P being 6 and define Q = (g : 0 € O).
If m™ and ﬁ("l are sequences of edge and vertex mark_ count vectors such that (m™, ™)
is adapted to (d,Q), then there exists a finite set A C T and a sequence of marked graphs

G, € le()n) 2y Such that the support of U(Gy)y is contained in A for each n, and U(G,), =
P. ’

Proof. Let S = {ry,...,r.} C T be the finite support of P. Since S is finite, we can
construct, for each n € N, a sequence (¢ (i) : 1 < i < n) where ¢/ (i) € S, 1 <i <n, and

1 n
- > Sy = P (3.14)
=1

Let 6 be the maximum degree at the root over all the elements of S. Moreover, let F C
= x T'7! be the set comprised of T'[o,v],_; and T[v,0],_; for each [T,0] € S and v ~7 o.
Since S is finite, F is finite, hence can be identified with {1,..., L} with L := |F|. With
this, define the color set C := F x F.

For each n € N, define the sequences 5™ = (3 (i) : 1 < i < n)and D™ = (DM (3) : 1 <
i <n) as follows. For 1 <i < n, let 3 (i) € © be the mark at the root in ¢ (i). Further,
let D™ (i) € Mg) be such that, for ¢ € C, Dgn)(z’) = Eu(c)(g™(i)). Here, Ej(c)(g™(i)) =
En(t,t") (g™ (3)) with ¢ = (¢,t), as was defined in (2.6).
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Now, we try to construct directed colored graphs given D™, However, it might be the
case that D™ ¢ D,,. Therefore, we modify D® slightly to get a sequence in D,,. In order to
do this, for ¢ € C, let S = S, D™ (i). Moreover, for ¢ € C_, let S = QLSC(n)/QJ, and
forc € C, let S = M ASMM  Note that, because of (3.14), for all ¢ € C, Sé")/n — ep(c) as
n — co. On the other hand, as P is admissible, we have ep(c) = ep(c). Hence, |S™ — S| =
o(n) for all ¢ € C. Therefore, we can find a sequence D'™ = (D'™ (i) : 1 < i < n) such that
for all 1 <4 < n we have D' (4) € ./\/lg), and for all ¢ € C we have D;(n)(i) < p (1), and we
have 327, DA™ (i) = S Moreover, since Y e 158 — 8| = o(n), we may construct D'(™
such that, for all but o(n) vertices, we have D'™ (i) = D™ (;). In particular, if P € P(Mf))
is defined to be the law of D = (D, : ¢ € C), where D. = Ej(c)(r) with r having law P, we
have

1 & ~
o Z5D’<n)(i) = P. (3.15)
i—1

Indeed, due to (3.14), we have (3 7, 5D(n>(i))/n = P, which implies (3.15) since D™ (3) =
D'™(4) for all but o(n) many 1 < i < n. Note that, by definition, S is even for ¢ € C_
and, for ¢ € C, S = 8™ Therefore, D'™ € D,

Furthermore, since conditions (3.5a) and (3.5b) are both satisfied for D™ and P, The-
orem 3.5 then implies that G (ﬁ/("), 2h + 1) is non empty for n large enough. For such n, let
H®™ be a member of G(D'™ 2h+1) and let G™ = MCB 5 (H™). Since for each 1 < i < n,
B (;) and D™ (i) are defined based on g™ (i) € T*, they form a graphical pair in the sense
of Definition 3.4. Also, D'(™ (i) = D™ (i) for all but o(n) vertices. On the other hand, all
the degrees in G™ are bounded by §. Therefore, the number of vertices v in G™ such that
(8™ (w), D'™ (w)) is graphical for all vertices w in the h-neighborhood of v is n — o(n).
Moreover, since H™ & Q(ﬁl(”), 2h + 1), G™ has no cycle of length 2h + 1 or less, which

means that G™ is h tree-like. Thereby, Proposition 3.6 implies that the number of vertices
v in G™ such that (G™,v), = ¢ (v) is n — o(n). This means that U(G™), = P.

Now, the only remaining step is to modify G to obtain a simple marked graph in
gg(ll) =+ 1o do this, note that if (m™(z,2") : x,2" € Z) is the edge mark count vector of
é(”), we have

] e ,
m (z,2') = 12”:711 “_’.”f(g)) T x,,
3 2ot Dea'(v) =2,
where / /
Dz(g(v) = Z thg) (v).
t,t/eF
t{m]=xz,t'[m|=x'
This together with condition (3.15), implies that for x # 2’ € = we have m™(z,2')/n —
dyr, and for x € = we have m™ (z, x)/n — d, . /2. Consequently, |m™ (z,z")—m™ (z,2")| =

o(n). On the other hand, if (™ () : § € O) is the vertex mark count vector of G™ since
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3™ is the vertex mark vector of G™, (3.14) implies that for § € ©, @™ (6)/n — q5 and
hence Yo g |0™(0) — u™(0)| = o(n). Now, we modify G™ to obtain G™. In order to do
this, for each < 2’ € = such that m™(z,2’) < m™ (z,2"), we add m™ (z, 2") — m™ (x, ")
many edges with mark x,z’. We can do this for all such z,2’ so that all vertices in the
graph are connected to at most one of the newly added edges. This is possible for n large
enough since = is finite, > _ ez [m™ (2, 2') — m™ (z,2')| = o(n), and the total number
of edges in G™ is O(n). Next, for z < 2’ € Z such that m™(z,2') > m™(z, '), we
arbitrarily remove m(™(z,2') — m™ (x,2') many edges with mark z,2’. Moreover, since
> pee [u™(0) —u™(6)| = o(n), we may change the vertex mark of all but o(n) many vertices
so that for all # € ©, the number of vertices with mark 6 becomes precisely equal to u(™(6).
Let G™ be the resulting simple marked graph, which is indeed a member of Qr(g&),ﬁ(n).

Note that, by construction, all the degrees in G™ are bounded by § + 1. Hence, the
support of U(G™), is contained in the set A, defined as the set of [T, 0] € T/* such that
the degrees of all vertices in T are bounded by 6 + 1. Note that A is finite. Also, adding
or removing each edge affects the h-neighborhood of at most 2(§ + 1)"*! many vertices.
Likewise, changing the mark of a vertex can affect the h-neighborhood of at most (§+ 1)"*1
many vertices. Hence, (G™, v), = (G™, v), for all but o(n) vertices v € [n]. Consequently.
U(G™), = P and the proof is complete. O

3.3.7 Local Weak Convergence of a Sequence of Graphs obtained
from a Colored Configuration Model

In Lemma 3.2 in the previous section, given h > 1 and an admissible P € P(T*) with finite
support, we constructed a sequence of marked graphs G™ such that U(G™), = P. In
this section, we show how to use a colored configuration model based on this sequence to
generate marked graphs which converge to UGWT(P) in the local weak sense. In the process
of doing this, we also draw a connection between the marked unimodular Galton—Watson
trees introduced in Section 2.7 and the colored unimodular Galton—Watson trees introduced
in Section 3.3.3.

Fix h > 1. Let A C 7" be a fixed finite set. Let P € P(7") be admissible with support
contained in A. We write F for the set of 1o, v],—1 and T[v, 0],—1 arising from [T, 0] € A
and vertices v ~p o. Since A is finite, F is also finite. We use the notation L := |F]|.
Define the color set C := F x F. Let d be an upper bound for the degree of each vertex of
each [T,o] € A. For r € A, define D(r) € /\/lf) to be the matrix such that, for ¢,¢' € F,
Dy (r) = Ey(t,t')(r). Furthermore, define §(r) € © to be the mark at the root in 7.

Proposition 3.7. With the above setup, let (I';, : n € N) be a sequence of marked graphs,
with T',, having the vertex set [n| and the support of U(L',)n contained in A for each n, and

such that U(T',), = P. Define D™ = (D™ (v) : v € [n]) where forv € [n], D™ (v) € Mg) is
defined such that for t,t' € F, Dytb,)(v) .= By (t, ) (T, v). Moreover, define 5™ = (8™ (v) :
v € [n]) such that B (v) == 1, (v) for v € [n]. Forn > 1, let H, be a random directed
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colored graph uniformly distributed in G(D™,2h + 1), and assume that (H, : n € N) are
independent on a joint probability space. Let G, := MCBg(n)(Hn). Then, with probability
one, we have U(G,) = UGWT(P).

We prove this proposition in two steps. First, in Lemma 3.3 below, we draw a connection
between UGWT,(P) and a colored unimodular Galton-Watson tree. Then, we use this to
state Lemma 3.4, which will then complete the proof of the above statement. Before this,
we need ‘to set up some notation.

Let P € P(Mg)) be the law of D(r) where r ~ P. Since P is admissible, we have
Es[D.) = Ez[Dg for all ¢ € C. Now, we generate a random rooted directed colored tree
(F,0) using the procedure described in Section 3.3.3 by starting with D = D(r(©) with
r© ~ P at the root, and then adding further layers as in the colored unimodular Galton—
Watson tree. Let Q € P(0 x G,(C)) be the law of the pair (8(r(?), [F,0]). Furthermore,
let Q@ and Q, be the law of 6(r) and [F, 0], respectively. Note that Q; = CUGWT(P). For
vertices v, w in F| let ¢(v, w) € F be the first component of the color of the edge going from
v towards w. For a vertex v in F' other than the root, let p(v) be the parent of v, and let
¢(v) be the shorthand for (c(v, p(v)), c(p(v),v)). Moreover, for a vertex v, let M(v) € M(La)
be such that for ¢ € C,

Me(v) == {w : p(w) = v, ¢(v,w) = c}].

In fact, M(v) is the part of the colored degree matrix of v corresponding to its offspring, so
that if v # o, DF(v) = M(v) + E°®) and D¥(0) = M(0). Recall that E°") € M, is the
matrix with value 1 in entry c¢(v) and zero elsewhere.

A matrix D € Mg) is said to be A—graphical if there exists r € A such that D = D(r).
It De Mg) is A—graphical and nonzero, define #(D) to be the mark at the root for some
r € T} for which we have D = D(r). To see why #(D) is well-defined for D # 0, take
r,r" € A so that D = D(r) = D(r’). Since D is nonzero, there exist ¢,t' € = x F such that
Diy = Dyy(r) = Diy(r") > 0. Hence, the marks at the root in both r and r’ are the same as
the mark at the root in the subgraph part of ¢, i.e. t[s]. This shows that 6(D) is well defined.
In fact this together with Lemma A.4 in Appendix A.2 implies that if D # 0 is A—graphical
there is only one r € A such that D = D(r).

We say that a rooted directed colored graph [F,o] € G.(C) is A-graphical if for each
vertex v in F', D (v) is A—graphical. Let H be the subset of © x G,(C) which consists of
the pairs (60, [F,0]) such that [F, o] is a A—graphical rooted directed colored graph, and if o
is not isolated in I we have 6 = 6(D*(0)). For (0, [F,0]) € H, by an abuse of notation, we
define MCBy(F) to be the simple marked graph defined as follows. Let §(o) := 6, and for
v # oin F, define 8(v) := (DT (v)). Note that if v is a vertex other than the root, since F is
connected by definition, v is not isolated and hence D¥ (v) is not the zero matrix. Thereby,
0(DF (v)) is well-defined. With this, let 3 be the vector consisting of 5(v) for vertices v in F,
and define MCBy(F') := MCB3(F'). Note that if (6, [F,0]) ~ @ then, with probability one,
we have (6, [F,o0]) € H. The reason is that D¥(0) = D(r(®) and 8 = 0(r®), where r® is in
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the support of P and hence in A. Moreover, by the construction of CUGWT(P) and (3.6),
with probability one, for all vertices v # o in F, D¥(v) = M (v) + E°™) is in the support of
P, and hence DF (v) is A—graphical.

Now we are ready to state two lemmas. Lemma 3.4 will prove Proposition 3.7, and itself
depends on Lemma 3.3. The proposition will be proved assuming the truth of the lemmas,
and then the lemmas will be proved.

Lemma 3.3. If (0,[F,0]) has the law Q) described above, then [MCBy(F'),0] has the law
UGWT,(P).

Lemma 3.4. With the above setup, assume that a sequence D ¢ D,, together with a
sequence [ = (™ (v) : v € [n]) are given such that 5™ (v) € @ for all v € V. Moreover,
assume that for each n € N and v € [n], we have D ™ (v) € ./\/l and (3™ (v), D™ (v)) =

(6(r), D(r)) for somer € A. Also, with Q being the law of (8(r), D(r)) when r ~ P, assume
that

1 — _
ﬁ Z 5(ﬁ(”>(v),D<">(u)) = Q. (3.16)
v=1

With H,, uniformly distributed in Q(ﬁ(”), 2h+1) and independently for each n, define G, =
MCB ) (H,). Then, with probability one, we have U(G,) = UGWT(P).

Proof of Proposition 3.7. Note that since U(I',), = P, the sequences 57") and D™ obtained
from I',, as in the statement of the proposition satisfy (3.16). Therefore, Lemma 3.4 completes
the proof. n

Proof of Lemma 5.3. Note that, with probability one, (6, [F,o]) € H. Let T := MCBy(F).
Since [F,o| is almost surely A-graphical and T' is a simple marked tree, Proposition 3.6
implies that, for all vertices v in T, we have [T, v], € A almost surely. Therefore, given
r € A, using Proposition 3.6, we have (T, 0), = r iff M (o) = D(r) and 6 is the mark at the
root in r, i.e. (6, M(0)) = (0(r), D(r)). By the definition of @), this has probability P(r). To
sum up, we have P ((T,0), = 1) = P(r).

Now, assume that v ~7 o is an offspring of the root in 7" such that T'(o,v),—1 =t and
T(v,0)p_1 =t'. If t € Zx T is such that #;,_; = ¢, Lemma A.2 in Appendix A.2 implies that
T(o0,v), = tiff (T,v), =t @t Since [T,v], € A almost surely, T(0,v), =t has probability
zero unless 1 ' € A. Assuming that 1 ¢’ € A is satisfied, by the construction of MCBy(F)
and Proposition 3.6, we know that (T,v), = t @ t' iff DF(v) = D(f ® t'), or equivalently,
M(v) = D(t@t') — E®). From (3.6), the probability of this is precisely
~e(v p c(v)

5 a0y = ) + DPQIE) + E0)
ep(c(v))

Since c( ) = (t, '), we have My (v) +1 = Dyt S t) = E(t,t')(f ® ¢'). On the other
hand, P(M(v) + E<®) = P(D(E @ t')) = P(f ® t'). Comparing this with (2.7), we realize
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that
P (T(o,v)h =t|T(0,v)h_1=t,T(v,0)p1 = t’) =1 [f@ t e A] IS,W({) = Igw(f),

where the last equality uses the fact that the support of P is contained in A. Comparing
these with the definition of UGWT,(P), the proof is complete by repeating this argument
inductively for further depths in 7" and noting that the choice of M (v) in F is done condi-
tionally independently for vertices with the same parent. O

Proof of Lemma 3./. From Theorem 3.6 we know that, with probability one, we have U(H,,) =
Q2 = CUGWT(P). Moreover, we claim that, with probability one,

1 n
n Z 0500 (v), [ o)) = @ (3.17)
v=1

Recall that [H,,v] € G.(C) is the isomorphism class of the connected component of v in H,
rooted at v. Since H, € G(D™ 2h + 1), for each v € [n], it holds that [H,(v),v] € G.(C)
is a simple colored directed rooted graph. Here, to make sense of the weak convergence, we
turn © x G,(C) into a metric space with the metric

d((@, [Hv O])v (9/’ [H/> Ol])) = d6(97 9/) + dg*(C)([H, O]’ [H/> Ol])a

where dg in the first term on the right hand side is an arbitrary metric on the finite set ©,
e.g. the discrete metric, and dg, ¢y denotes the the local metric of G, (C) from Section 3.3.3.
To show (3.17), we take a bounded continuous function f : © x G,(C) — R and show that

S FE ), (o)) / fAQ  as. (3.18)

With such a function f, define f; : G.(C) — R as follows: for [F, 0] € G.(C), if 0 is not isolated
in F' and D" (o) is A-graphical, define fi([F,0]) := f(0(D¥(0)),[F,o0]). Recall that, since
DT (0) is nonzero and A—graphical, §(D*(0)) is well-defined. Otherwise, if o is isolated in F
or if D¥(0) is not A—graphical, define f([F) 0]) to be zero. Moreover, define f, : O x My — R
as follows: for 6 € © and D € My, if D is not the zero matrix, define f(0, D) to be zero.
Otherwise, define f5(0, D) := f(0,[F,0]) where [F, 0] € G.(C) is an isolated root. Now, take
(0,[F,0]) € © x G.(C) such that (0, D (0)) = (6(r), D(r)) for some r € A. If o is isolated
in F, fi([F,o]) = 0 and f2(6, D" (0)) = f(0,[F,0]). Otherwise, fi([F,0]) = f(0,[F,0]) and
f2(6, DF(0)) = 0. In both cases, we have

F(0,[F, o)) = fi([F,0]) + f2(0, D" (0)). (3.19)

On the other hand, if (6, [F,0]) ~ @, with probability one, we have (6, D¥(0)) = (0(r), D(r))
for some r € A. Thereby,

f(0,[F,0]) = fi([F,0]) + f2(6, DF(0)) Q-a.s.. (3.20)
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Note that, by assumption, for all n € N and v € [n], we have (3™ (v), D™ (v)) =
(0(r), D(r)) for some r € A. Also, we have D" (v) = D™ (v). Consequently, from (3.19),
for all n € N and v € [n], we have

f(ﬁ(n) (U)> [an U]) = fl([HmU]) + fQ(B(n) (U)> D(n)(v)> a.8.. (3'21)

Moreover, if (0, [F,o]) ~ Q, [F, o] is distributed according to Qy and (6, D¥(0)) is distributed

according to (). Thereby, using (3.20), we have

[ riQ= [ naa.+ [ pad (3.22)

It is easy to see that if f is continuous, both f; and f, are continuous. Therefore, using the
fact that, with probability one, U(H,,) = @2, we realize that,

LS n) = [ favtn) - [ fae. as. (323)

n . ()2 ﬁ 7‘[ QdQ' ‘21

Substituting (3.23) and (3.24) into (3.21) and comparing with (3.22), we arrive at (3.18)
which shows (3.17).

Now, define the function J that maps (6, [F,0]) € H to [MCBy(F), 0] € G.. It is easy to
see that J is continuous. Moreover, Lemma 3.3 asserts that the pushforward of () under the
mapping J is precisely UGWT,(P). On the other hand, since for all n € N and v € [n]| we
have (8™ (v), D™ (v)) = (0(r), D(r)) for some r € A, we realize that, with probability one,
(B™(v), [Hyn,v]) € H and J(B™(v),[H,,v]) = [MCB ) (Hy),v] = [Gr,v]. Consequently,
the pushforward of the left hand side in (3.17) under the map J is precisely U(G,,), while
the pushforward of its right hand side under the map J is UGWT(P). This means that, with
probability one, U(G,,) = UGWT(P) and this completes the proof. O

3.4 Properties of the Entropy

In this section, we give the proof of steps taken in Section 3.2 in order to prove Theorems 3.1,
3.2 and 3.3. First, in Section 3.4.1, we prove Propositions 3.1 and 3.2, which specify con-
ditions under which the entropy is —oo. Afterwards, in Section 3.4.2, we prove the lower
bound result of Proposition 3.3. In Section 3.4.3, we prove the upper bound result of Propo-
sitions 3.4. Finally, in Section 3.4.4, we prove the upper bound result of Proposition 3.5.
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3.4.1 Conditions under which the entropy is —occ

In this section, we prove Propositions 3.1 and 3.2. Before that, we state and prove the
following useful lemma:

Lemma 3.5. If, for integers n and 0 < m < (g), Gn.m denotes the set of simple unmarked
graphs on the vertex set [n] having exactly m edges, we have,

()] s mwenemn (52).

where s(v) := § — $logx for v > 0 and 5(0) := 0. Moreover, since s(z) < 1/2 for all x > 0,
we have in partzcular

log |Gnm| = log

log |Gm| < mlogn + g

Proof. Using the classical upper bound (;) < (re/s)*®, we have

log

n 2
(2) §mlogE:mlogn+mlogE:mlogn+ns(2m/n),
m 2m 2m

which completes the first part. Also, it is easy to see that s(x) is increasing for = < 1,
decreasing for # > 1 and attains its maximum value 1/2 at = 1. Therefore, s(z) < 1/2.
This completes the proof of the second statement. O]

Proof of Proposition 3.1. Suppose EJQ<M)‘(m(n)ﬁ(n)) > —o0o. Then, for all e > 0, gfﬁ'?n) oy (145 €)
is non empty for infinitely many n. Therefore, there ex1sts a sequence of integers nl going
to infinity together with simple marked graphs G(™) € gq(n , such that U (GM)) = pu.

This already implies that if 3 J‘Q(M)|(m(n),ﬁ(n)) > —o00, i must be sofic and hence unimodular.

—;(n

In other words, if p is not unimodular, ECZQ(u)km(n)ﬂ(n)) = —00.

_ Consequently, it remains to show that if either d # dgg(,u) or Q # Ti(x) we have
EJ’Q(u)km(n)’ﬁ(n)) = —oo. Similar to the above, assume Ede(uﬂ(m(n)ﬂ(n)) > —oo and take the
above sequence of simple marked graphs G("). First note that, for any a > 0, and z, 2 ez,
the function [G, o] — degg” (0) A v is continuous and bounded on G,. Thereby,

[ et @dU(G)((610l) = [ (degis” (0) A a)dU (G (Gro)
=+ [ (degt” (0) n@)au((Go]).

Sending « to infinity on the right hand side and using the monotone convergence theorem,
we realize that

11— 00

liminf [ deg” (0)dU(G)(G.0]) 2 deg, (1), (3.25)
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On the other hand, we have

m") (z,2')/n x # 2,

2m™i)(x, 2') /n  x = 2.

[ dei (@)U (G)((610l) = {

We know that if x # 2’ we have m™ (z, 2') /n — d, », and we also have m™ (z, z)/n — d, . /2
for all . Comparing this with (3.25), we realize that if ECZQ(,u)](m(n)’ﬁ(n)) > —o0 then, for all
r,7" € Z, we have d, ,» > deg, ,,(11). Similarly, using the fact that for all § € © the mapping
(G, 0] = 1 [rg(0) = 0] is continuous and bounded on G,, we realize that, if EJ:Q([L) | m @y >
—00, with the sequence G as above we have u(™)(0) — II4(p). But u(™(0)/n — go. This
means that () = ﬁ(,u) As a result, to complete the proof, we assume that for some 7,7’ € =,
we have dzz > deg; z(u) and then we show that EiQ(yﬂ(ﬁ(n)ﬁ(n)) = —o0. In order to do
this it suffices to prove that for any sequence ¢, — 0 we have

timsup = (log |G, 2o (s €n)| = [m™][1logn ) = —oc. (3.26)

n—o0

For an integer A > 0 define Ax := {[G,0] € G. : degg’j,(o) > A}. Recall that, by definition
of the Lévy-Prokhorov distance, if G™ € G (i, €,) then

mn) gn)
U(G™)(An) < (AR) + €n, (3.27)

where A% is the e,—extension of the set Ax. Note that if we have d.([G, o], [G’, 0']) < 1/2 for
[G,0] and [G’, 0] in G, then we have [G,0]; = [G’, 0], and hence degé’j/(o) = deggfil(o’). This
implies that if €, < 1/2, which indeed holds for n large enough, then AY = Aa. Therefore,
using (3.27), we realize that if n is large enough so that €, < 1/2, for any A > 0 we have

[{v € [n] : degi (1) > A} < n(u(As) + €). (3.28)
A similar argument shows that, for n large enough such that ¢, < 1/2, for any integer k& and

any G™ ¢ g\ (i, €,), we have

ORI

{o € [n] + deglif (v) = K} < (1 ({[G.0] : degl(0) = k}) + €0 ) (3.29)

Now, fix a sequence of integers A, such that as n — oo, A, — oo, but A2¢, — 0. For
instance, one could make the choice A,, = feﬁl/g]. Using (3.29) for k =0,...,A,, we realize
that, for n large enough and for any G € gf;?n) =y (15 €n), We have

Z deg’;’g)(v) < AZ kn (u ({[G, o] : degg‘%/(o) = k}) + en>

ue[n}:degg(ﬁi) ()<A, _
<n (Eu [degéil(o)]l [degéil(O) < An“ + A727,6n>
< ndeg; 5 (1) + nAle,.

(3.30)
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On the other hand, for G™ ¢ Qg&w 2 (11 €n) We have

Moreover, asn — oo, for # # &’ we have m™ (%, ') /n — dz » and we also have m™ (%, Z)/n —
dz z/2 for all Z. Consequently, we have

Z degG(n) (di,i’ —+ ozn),
vE[n]
where «, is a sequence such that a,, —> 0 as n — oco. Comparing this with (3.30), we realize

that for n large enough and G™ ¢ g™ (1, €,) we have

m(n) g(n)

Z degg’fn) (v) > n(dzz — degsz 7 (1) + an — Aley).

ve[n]:degz(i) (v)>Ap

Recall that, by assumption, dzz > deg; z(u), Oén — 0 and A2¢, — 0. Hence, there exists
§ > 0 such that for n large enough and G™ ¢ gm(n ﬁ(n)(,u, €,) we have

Z degh?) (v) > nd. (3.31)

veln:deg”( (v)>An

G(n)

Comparing this to (3.28), we realize that, for n large enough, G™ € Qg&)ﬂ(n) (i, €,) im-
plies that for the subset S,, C [n] defined as S,, := {v € [n] : deggi)(v) > A,} we have
Y ves degg’f;) (v) > nd and |S,| < nB,, where 3, ;== u(Aa,) + €,. Note that, since A,, — oo
and €, — 0, we have 3, — 0. Observe that > _¢ degé’(@:)(v) > nd implies that there are at

least nd/2 many edges in G with mark &, #’ with at least one endpoint in the set S,. Let
S, denote the family of subsets S, C [n] with |S,| < ng,. For S, € S,, let B,(S,) denote

the set of simple marked graphs G™ e Qr(:()n) 2 such that there are at least nd /2 many
edges with mark Z, %’ with at least one endpoint in S,,. The above discussion implies that,
for n large enough, we have

g::()n) ) (1, €n) U By( (3.32)
SES’,L

Now, in order to find an upper bound for the size of the set on the right hand side, note that
for S, € S, there are (‘S") + [Sul(n — |S |) many slots to choose for the edges with at least
one endpoint in S, and with marks Z, 7. Since there are at least nd/2 many such edges, the
number of ways to pick the Z, ¥’ edges of a graph in B, (S,,) is at most

((linl) - |:g\/ (2n - |Sn|)) (m(n)@ g ) nm) VEH . 01 ().
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Here, the term om™ (@) i3 an upper bound for the number of ways we can apply the marks
Z and 7' for the chosen edges (if £ = &/, this number is in fact 1). Now, since |S,| < ng,
for S, € S,, using the standard bound (Z) < (re/s)® and Lemma 3.5, if n is large enough so
that g, < 1/2, we get

< —
5 os () = 75 los 2

Ba _
nd (TLG 2 + Bn(l ﬁn)) + (m(n)(f,i/) . n5/2) logn

+ g +m™(Z,7) log 2

m™ (%, 3

1 6 6, ¢
= m™(z, 7)1 -+ - ——log= log 2
m"™ (z,%")logn +n 2—1—2 20g2—|— og

K} 2

Note that § > 0 is fixed. On the other hand, as n — oo, m™ (&, 3")/n either converges to
dzz or dzz /2, depending on whether  # &' or & = &’ respectively. But, in any case, it
remains bounded. However, 3, — 0, hence 6 log(3%/2 + 8.(1 — 3,)) — —oo. Consequently,
we have

n—oo N SeS,

1
lim — (max log C(Sy) — m™ (%, 7' log n) = —o0. (3.33)

Now, in order to find an upper bound for |B,(S,)| given S,, € S,, we multiply the term
C,(S,) defined above by the number of ways we can add vertex marks to the graph and also
add edges with marks different from z, 7', to get

Bu(Sl < Cusler 1 <m<>((2;3~ x/))zm%,x/)_

z<z’/€=

(z,2")#(Z,2")

Using (3.33) and Lemma 3.5 for each term, we realize that

n—oo 1,

1
lim — (gn%xlog |B,.(S,)| — ||m™ |1 log n) = —00. (3.34)
E€Sn

Moreover, if n is large enough so that (3, < 1/2, we have

1S,] < :ZBO (Z) < (1+nBy) (ngn)

Observe that, since £, — 0, we have %log |S,,| — 0 as n — oo. Putting this together with
(3.34) and comparing with (3.32), we arrive at (3.26), which completes the proof. O
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Proof of Proposition 3.2. Let G, denote the space of isomorphism classes of rooted simple
unmarked connected graphs, which is defined in a similar way as G,, with the difference that
vertices and edges do not carry marks. We can equip G, with a local metric similar to that
of G.. With this, let F': G, — G, be such that [G, o] is mapped to [G, o] under F, where G is
the unmarked graph obtained from G by removing all vertex and edge marks. For [G, o] and
[G', 0] in G,, let G and G’ be obtained from G and G by removing vertex and edge marks,
respectively. Observe that if [G, o], = [G, 0], for h > 0, then [G, o], = [G, 0],. This means
that F'is 1-Lipschitz, and in particular continuous.

Now, let (™, @™ be any sequences such that (=™, @™) is adapted to (deg(), Ti(1))
and define m,, = ||m™|];. Moreover, for integer n, let G, ., be the set of simple unmarked
graphs on the vertex set [n] having m,, edges. Observe that if G™ ¢ gfg()") 2 (14 €) for some

e>0and n €N, and G ¢ G, is the unmarked graph obtained from G by removing

all vertex and edge marks, then U(G®™) is the pushforward of U(G™) under the mapping
F. Let p € P(G.) be the pushforward of p under F'. Since F' is 1-Lipschitz, it is easy to
see that for G € Qg()n) 2(my» We have dpp(U(G™), p) < dpp(U(G™), 1) < €. Therefore, if
Gn.m,, (p, €) denotes the set of unmarked graphs H € Gnm,, such that dpp(U(H),p) < €, the
above discussion implies that for G € Qfg()n) () ¢
a simple unmarked graph H € G, ,,, there are at most (|Z*)™|©|" many ways of adding
marks to vertices and edges. Thereby,

1G5 0 (1) < G (0, ) (2P O

we have G € G, ... (p, €). Moreover, for

Note that as n — oo, m,/n — d/2 where d = deg(u) = deg(p). Consequently,

log |G o (i €)] — 7|1 log n 1 ]
lim sup —— 72 < Tim sup (28 [9nma (2 )] = log
n—o00 n n—00 n

+ dlog |=| + log |©)].

(3.35)

Now, the assumption u(7.) < 1 implies that p(7.) < 1. Hence, Theorem 1.2 in [BC15]
implies that the unmarked BC entropy of p is —o0, i.e.

10g |G, (0s €)| — mylogn

lim lim sup = —

=0 noco n
Comparing this with (3.35), we realize that idgg(u) i ()] aow ) = —0o which completes
the proof. n

3.4.2 Lower bound

In this section, we prove the lower bound result of Proposition 3.3.
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Proof of Proposition 3.3. Yor x,2" € Z, let dy = deg, (1) and d = (dyy : z,2' € E).
Furthermore, for 6 € ©, let gy := Ilp(n) and @Q := (gp : 0 € ©). We prove the result in two
steps: first we assume that P has a finite support, and then relax this assumption.

Case 1: P has a finite support: Using Lemma 3.2 from Section 3.3.6 we realize that there
exists a finite set A C T* containing the support of P, and a sequence of simple marked
graphs I, € Q(fl()n) 2 such that U(T',), = P and, for all n, the support of U(T,)y is

contained in A. To find a lower bound for ng J (i, €), we may restrict ourselves to the
graphs G € Qm(n) = such that U(G), = U(['y)p, since

|gm<n> am ()] > [{G € gf:()n) 2o UG =U(L0)n, dip(U(G), p) < e}l (3.36)

In order to find a lower bound for the right hand side of (3.36), we employ the tools from
Section 3.3.

More precisely, define F C = x 7,71 to be the set comprised of T'[o,v],_1 and T[v, o]s_1
for all [T',0] € A and v ~7 o. Since A is finite, F is also finite and hence can be identified
with the set of integers {1,..., L} where L = |F|. Moreover, define the color set C := F x F.
Also, let 6 be the maximum degree at the root among the members of A. Since the support
of U(',)p lies in A, the colored version of Ty, C(I,), is a member of G(C). Let D™ :=
D) be the colored degree sequence of C(T',,). Recall that, for t,# € F and v € [n], we
have D, t,)( ) = En(t,t")(I's,v). Moreover, since the support of U(T',,); lies in A, we have
D™ (v) € MY for all n and v € [n]. Furthermore, define 5™ = (8™ (v) : v € [n]) such that
for v € [n], B (v) := 1, (v).

From Corollary 3.3, we know that N,(I',,), which is the number of simple marked graphs
G in G, such that U(G), = U(Ty)n, is precisely n(D™, 3™)|G(D™ 2k + 1)|. Note that
it U(GQ), = U(Ty), then 1 = mr, = m™ and dg = dp, = @™, thus G € G .
Moreover from the proof of Corollary 3.3, we know that for two permutations 7 and 7' ,

—

if (D)7, (B00)7) # (D™), (B™)™), the sets {MCB g« (H) : H € G((D™)",2h +
1)} and {MCB 0 (H) : H € G((D™)™ 2h + 1)} are disjoint. On the other hand, for
H, # H' € G(D™, 2h + 1), we have MCB s (Hn) # MCBj., (Hy). These observations,

together with (3.36), imply that with H,, being uniformly distributed in G (5("), 2h+1) and
G, = = MCBj() (H»), we have

G2, )] = (B, GO H, € GB™, 28+ 1) : dyp(U(MCB g (), ) < e}
— (D" ,6(” ) ’g W (D™ 2h + 1)‘ iy (de(U(é ), 1) < e>
— Ny(T',)P (de(U(Gn), W) < e) .

From Proposition 3.7, we know that, for any € > 0, P (de(U(én), p) < e> — 1 asn — oo.
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Therefore, we have

10g 1920, o (11,€)] = 171 log

log N, (T,,) — [|m™]|; 1
lim inf > lim inf 0g Ni(I'n) — [ |l ogn‘

n—00 n n—oo n

Consequently, if we show that

lim © (log No(Ty) — 7)1 log ) = Ju(P), (3.37)
n—oo N
then we can conclude that for € > 0, X7, (1 €)|gaom gy = Ju(P) and hence Xz (1) zm a0y =
Ji(P), which completes the proof for this case. Thereby, it suffices to show (3.37).
In order to do this, first note that, as a result of Lemma A.4 in Appendix A.2, for
v,w € [n] we have (I, v), = (D, w)y, iff (8™ (v), D™ (v)) = (8™ (w), D™ (w)). Thereby,
since U(T",), = P and A is finite, we have

1 oo o
lim —logn(D™, ™) = H(P). (3.38)

n—oo 1,

Moreover, from Corollary 3.1 and Stirling’s approximation, if, for ¢ € C, S denotes
S D (v), we have

log |G(D™,2h +1)| = Z (S log S — S + Z ( 5 log S{™ — 5

ceCc ceC=
— Z Z log D™ (v)! + o(n) (3.39)
ceC v=1
= %Z (S log S = SM) =33 “log DI (v)! + o(n).
ceC ceC v=1

Here, we have used the following facts: (i) logk! = klogk — k + o(k), (ii) log(k — 1)l =
Elogk — & + o(k), (iii) for all ¢ € C, limsup,,_, S In < oo or equivalently S = O(n),
and (iv) for ¢ € C, ST = S™. Note that, since U(I';), = P and A is finite, for each
c = (t,t') € C we have

1 1 « / /
—Sén) == E ; D((:n)(v) — IE:P [Eh(t>t )(Tv 0)] = €P<t’ t )

n n—00

Likewise, for ¢ = (¢,t') € C, we have

1 n
— g log D™ (v)! — Ep [log Ex(t,t')(T,0)] .
n n—00

v=1
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Using these in (3.39) and simplifying, we get

log |G(D™,2h + 1)| = ZZ( log 25— + .

n n n
ceC

—nz ZlogD(" !+ o(n)

CEC (340)
= [l ||y log n — |||, + 3 Z ep(t,t')logep(t,t)

tt'eF

—-n Z Ep [log Ey(t,t") (T, 0)!] + o(n),

tteF

ccc. S = 2||m™||;. Note that, since 7™ and @™

are such that (m™, @™) is adapted to (deg(u),Ii(1)), as n — oo we have ||m™|,/n —
deg(u)/2. From (3.38) and (3.40), with d := deg(u), we get

where in the second line we have used )

log Ni(T's) — [[m™ |1 log n d 1 : /
- =H(P) -5 +3 > ep(t,t)logep(t,t)

tt'eF
— Y Epllog Ex(t,t))(T,0)!] + o(1)

tteF

d d t,t t,t
:H(P)—§+— Z %Oogd—klog%‘l’))

2
tyeFr

— Y Ep[log Ex(t,t')(T,0)!] + o(1)

@ —s(d)+ H(P) + % Y. et t)logmp(tt)

teExT !
— S Epllog Balt,£)(T,0)!] + o(1)
tteExT !

= Jn(P) +o(1),
where in (a) we have used the facts that the support of P is contained in A and
Y eptt) =d
teExT !

This shows (3.37) and thus completes the proof for the finite support case.

Case 2: For general P: We use a truncation procedure together with the proof in the
above finite support case. More precisely, for an integer £ > 1, we start from a random
rooted marked tree (T, 0) with law p and, for all vertices v in T with degree more than k,
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we remove all the edges connected to v. Let T®) denote the connected component of the
root in the resulting forest. With this, define p(®) to be the law of [T o]. It is easy to see
that p*) is unimodular. Furthermore let Py, := (u®), € P(T) be the law of the depth h
neighborhood of the root in p®). Since p® is unimodular, P, is admissible. On the other
hand, P, has a finite support, and hence P is strongly admissible, i.e. P, € Py,

With the above construction, we have deg, (1) < deg, () for all z,2’ € = and
ﬁ(u(k)) = ﬁ(u) We do not directly apply the result of the previous case to P, since the
sequences m(™ and @™ are such that (m™, @™) is adapted to (deg(u), Ii(x)) which might
be different from (deg(p®), Ti(1™®)). Instead, we modify 1*) to obtain a measure i) such
that (deg(a®), Ti(z®)) = (dgg(u), Ti(2)). In order to do this, for each pair of edge marks
r < a’ € 2, we choose an integer d, ,» > 2(|Z|*d, . V 1). Moreover, define v, . to be the law
of [T, 0] € T, where (T 0) is the random rooted marked d, ,regular tree defined as follows.
With probability 1/2, we have

x  distr(o,w) is even,
w) = Vo, w € V(T),
ér(v,w) {J;’ distr (o, w) is odd, o @

and with probability 1/2, we have

' distr(o,w) is even,

) ) Yo, w e V(T).
x  distr(o,w) is odd,

Er(v,w) = {

Additionally, each vertex in T is mdependently given a mark with distribution H(,u). It is easy
to check that v, v is unimodular, TI(v, /) = TI(1), and deg, o (Vewr) = degy ,(Vaer) = dy o /2.
Let U, o = (Vm; )n € P(T") be the law of the depth h neighborhood of the root in v, ... Due
to the way we chose czm;/ for x < 2’ € =, we can Choose pr € [0, 1] together with nonnegative

numbers (o ., : x < 2’ € ) so that py + Y, ez @k = 1 and such that with
ﬁk = kak + Z Oéi’m/wal, (341)
r<z’'€Z

we have Ep [deg?xl(o)] = dy o for all z, 2" € 2. More precisely, with d¥ , := deg, ,.(u¥),
we may set

1 _Zx<xez2da¢x/d~x1‘
1 _Zm<x€:2dxx/dmx

Pk =

and, for x < 2’ € =2,
k. Q(d%m/ B pkdlzz,m/)
dm,:p’

Then, using ciwcz > 2(|2|*d, V1) and d];x, < d, 4, all the desired properties mentioned above
would follow. On the other hand, since deg, ..(u*) 1 deg, ..(11) as k — oo, we have p, — 1
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as k — oo. Furthermore, since P, is admissible and Va o/ + is unimodular, Py is admissible, and

in addition has a finite support. This 1mphes that 13’“ is strongly adm1531ble ie. Pk € Py.
Thus, with i®) := UGWT,(B;), we have II(z®) = II(x) and deg(a®) = deg( ). Now, we
claim that

Jlim e (t, Y =ep(t,t) VLT € ZEx TN (3.42)
—00
In order to show this, note that from (3.41) we have
ep (L) =prep (L) + Y ok ey (1), VLT EEX T (3.43)
r<z'€=

But U, . are fixed, Z is finite, and o , — 0. Hence, to show (3.42), it suffices to show that

Jlim ep, (t,t') =ep(t,t)  Vtt' € = x TN (3.44)
—00

Observe that for ¢, € Zx T~! we have ep, (t,t') = E, [Ey(t,t')([T™, 0])]. But, for [T, 0] €
T., if k is large enough, [T'®), 0], = [T, 0],. Thereby, Ej(t,t)([T™,0]) — E(t,t')([T,0]) as
k — 0o. On the other hand, Ej(t,t')([T™, o]) < degrw (0) < degy(0). Hence,

E, [En(t,)((T%, o))] < E, [degr(0)] < oo.

This together with the dominated convergence theorem implies (3.44). Thus, we arrive
at (3.42). On the other hand, we have P, = P, and from (3.41) we have P, = P. Therefore
Lemma 2.4 in Appendix A .4 implies that g = 1 as k — oco. Therefore, from Lemma 3.1
and the lower bound for the finite support case, we have

Z(ZQ(,u)km(n) )y = limsup ZdQ(UGWTh(Pk)ﬂ A gmy = limsup Jh(Pk) > hm mf Jh(Pk)

k—o00 k—o0
(3.45)
Here, all the entropy terms are obtained via the same sequences m™ and @™. Therefore, it
suffices to show that liminfy_,o Ju(Py) > Ju(P). Note that, by definition, we have

rp)— S Ep log Balt.t)],

2 =h
tteEx T 1

Jh(]gk) == —S(d) + H(ﬁk) -

where d = deg(p). We claim that
lim inf J,(By) > liminf J,(Py). (3.46)
k—o00 k—ro0

Note that P is admissible and is finitely supported, and hence H(P;) < oo. Furthermore,
since d > 0, for k large enough Py has positive expected degree at the root. Hence J(Fy) is
well defined for k large enough. In order to show (3.46), first note that if dj, is the average
degree at the root in P then we have d, — d as k — oo. Hence we have

lim s(dy) = s(d). (3.47)

k—00
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On the other hand, using (3.41), we have

N 1 1
H(P) =prlog—+ > af wlog —— -+ peH (Py) + > af H(Usw

Pk r<z'€E 9335 z<a'€E

Here, U, ,» are fixed distributions and have no dependence on k. Also, p;, — 1 and ag’j’z, — 0
for all x <2’ € Z. Hence, if we show that the sequence H(Fy) is bounded, we can conclude
that liminf,_,. H (ﬁk) > liminfy_,o H(Pg). In order to show that the sequence H(FPy) is
bounded, recall that P, is the distribution of [T o];,. Observe that [T®, o], is a function of
[T, 0]141. The reason is that, by definition, ) is obtained from T by removing all the edges
connected to vertices with degree more than k, and the degree of a vertex with distance at
most A from the root is completely determined by [T, 0]541. This means that H(Py) < H(R)
where R := .1 € P(T}*!) is the law of the h + 1 neighborhood of the root in p. From
Lemma 2.6, we have R € Pp, 41 and hence H(R) < oco. This shows that H(Fy) is a bounded
sequence and

liminf H(P,) > hm mf H(Py). (3.48)

k—o0

On the other hand, from (3.43), we have

damc’ k
Oéw,:l?’ﬂ-Ua:,x .

dy,
Tp, = Epkﬂ'Pk + Z

r<z’'€Z

But, as k — oo, we have d, — d, p — 1, and a’;@/ — 0 for all x <2’ € Z. Also, U, .+ for
x < a2’ € = are fixed and do not depend on k. Thereby, we conclude that

limsup H(7p ) < limsup H(7p, ). (3.49)

k—o0 k—o0

Moreover, from (3.41), we have

Ep, Z log E(t,t')!| = prEp, Z log Ey(t,t")!

tt €EX T tHeEx Tt

+ Z a’;’m/EUm, Z log Ej(t,t")!

z<z'€E tHeEx Tt

Again, as k — 0o, we have p, — 1 and o , — 0 for all z < 2’ € =. Hence

z,x’

limsup Ep E log E(t,t')!| <limsupEp, E log Ep(t, t)! . (3.50)
k—o0  —he1 k—o0 — ~h_1
tt'€EXTy tt'€EX T,
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Putting together (3.47), (3.48), (3.49) and (3.50), we arrive at (3.46). Comparing this
with (3.45), in order to complete the proof, it suffices to show that

—»00

Without loss of generality, for the rest of the proof, we may assume that J,(P) > —oo,
otherwise nothing remains to be proved. In order to show (3.51), it suffices to show the
following

hlgn inf H(Py) > H(P), (3.52a)
—00
Jim > EpflogEn(t,t)]= > Ep[logEytt)], (3.52b)
it eEXTI! ttEEXT
limsup H(7p,) < H(mp). (3.52¢)
k—ro00

First, to show (3.52a), note that for all [T,5] € T, we have Py([T,d]) = [ 1[[T
[T, 6])du([T, 0]). Therefore, the dominated convergence theorem 1mphes that Pk([T : 0]) —
P([T,0]) as k — oo. Hence, (3.52a) follows from this and lower semi-continuity of the
Shannon entropy (see, for instance [HY10]).

Now we turn to showing (3.52b). Define C := (2 x T*71) x (2 x T}~1). Moreover, for
re T, let F(r) =Y. .clog Ey(c)(r)!. With this, we have > tvesxh-1 Ep [log En(t, )] =
E, [F([T®, m Recall that [T™ o] € 7., as defined above, is the rooted tree obtained from
[T o] by removing all edges connected to vertices with degree larger than k followed by taking
the connected component of the root. Likewise, the right hand side of (3. 52b) is precisely
E, [F([T,0])]. Observe that for each [T,0] € T., if k is large enough, [T™® o], = [T, o].
Thereby, F([T™"), o]) — F(|T,o]) pointwise. Now, for [T,o] € 7., using the inequality
loga! < aloga that holds for any nonnegative integer a by interpreting 0log0 = 0, we get

F([T,0]) <Y En(c)(T,0)log Ey(c)(T, 0)

Consequently,

Ep [|F([T%, 0])|] = Ep [F(IT™, 0])] < Ep [degrw (0) log degre (0)] < Ep [degr(0) log degy(0)] -

The fact that P € Py, implies that the right hand side is finite. Thereby, we arrive at (3.52Db)
using the dominated convergence theorem.
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Next, we show (3.52¢). Recall that, without loss of generality, we have assumed that
Jn(P) > —o0, which means H(mp) < oo. Consequently, we have

Z lep(c)logep(c)| < Z lep(c)logep(c) —ep(c)logd| + |lep(c)logd|

ceC ceC

—Zep 1og +Zep )logd (3.53)

ceC

= dH(7p) +dlogd < 00,

where, in the second line, we have used the fact that ep(c) < d for all ¢ € C. Therefore, the
sequence ep(c)logep(c) is absolutely summable. Hence, we may write

H(mp) =) GPCEC) log

ceC

1
=logd — p Z ep(c)logep(c).

ceC

d
ep(c)

On the other hand, P, has finite support. Hence, with dj, = " .. ep, (c) being the expected
degree at the root in Py, we have

1
H(T‘-Pk) = 1Og dk: - d_k Z €p, (C) log €py, (C)
ceC

Therefore, as dy T d, in order to show (3.52¢), it suffices to show that

lim inf ep,(c)logep, (c >Zep Ylogep(c (3.54)

k—o00
ceC ceC

Recall from (3.44) that for all ¢ € C, we have ep, (¢) — ep(c) as k — oo. Now, for a
nonnegative integer &, define C®) C C to be the set of (¢,#') € C such that all vertices in the
subgraph components of ¢ and t', i.e. t[s] and t'[s], have degrees bounded by §. Therefore,
due to (3.53) and the fact that C = U ,C%, we have

> lep(e)logep(c)| < e(d), (3.55)
c¢Cd)

where ¢,(§) — 0 as § — oo. Note that C® is finite. This together with (3.44) and (3.55)
implies that for 0 > 0 we have

]}1_{20 Z ep,(c)logep, (c) = Z ep(c)logep(c)
ceC(®) cec(® (356)
>Zep Ylogep(c) — €1(9).

ceC

Hence, we may write

limianepk c)logep,(c) > hmmf Z ep,(c)logep, (c )+11m1nf Z ep,(c)logep,(c)

k—o0
ceC ceC(d) cgC(®)
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> Zep )logep(c —eﬂé)—{—li}gi&f Z ep,(c)logep, (c).
ceC )

As this holds for all § > 0 and since €;(d) — 0 when § — 0, in order to show (3.54) it suffices
to prove that for all positive integers k£ and o such that £ > §, we have

Y en(o)logen,(c) > —ex(9), (3.57)

c¢Cd)

where €2(5) — 0 as § — co. Now, we fix positive integers k£ > ¢ and show that (3.57) holds
for an appropriate choice of €;(d). For an integer r > 0, let A} ) T be the set of marked

rooted trees of depth at most h where all degrees are bounded by r. We define Ah 1 C T+
similarly. Note that Py has a finite support and so the left hand side of (3.57) is a finite sum.

Indeed, P, is supported on the finite set Agk) C T and ep, (c) = 0 for ¢ ¢ C™. Consequently,
we have

S en@logen© = 3 | X AGEE) [lg | 3 REDE)

cgC(®) cECINC®) \ s M) s'e A

> Y Y Bs)Ea(e)(s) log(Pi(s) En(e)(s)).

c€CNCO) g 4
(3.58)
Note that if ¢ ¢ C9) and s € AE{S), we have Ej(c)(s) = 0. Thereby,

S en@logen(@ = S0 S Pus)Bul()(s)log(Pu(s) En(c)(s))

cgC®) SsEAPNAD ceClNCE)

> Yy > Pu(s)En(c)(s)log Py(s) (3.59)

Ss€ATNAD ceClNCE)

> Y degr(0) ([T, 0]) log Pi([T’ 0])
[T0]e AN\ AP

where the last inequality uses the fact that for [T, 0] € Agk) \Aﬁf), we have

Z ([T, 0]) < ZEh = degy(0),

ceC(F\C () ceC

and Py([T,0])log P.([T,0]) < 0. As we discussed above, for [T,0] € T., [T™, o], is de-
termined by [T, 0]p41, since the degree of all vertices up to depth h is determined by the
structure of the tree up to depth h + 1. Moreover, define F, : T — A(k such that for
[T, 0] € T, we have Fy,([T,0]) := [T™®), o],. With this, P, is the pushforward of R := fip+1
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under the mapping Fy, i.e. for [T, 0] € A,(f), Pi([T, o]) = R(F; '([T,0])). On the other hand,
for [T, 0] € A® if [T",0] € F ([T, 0]), then R([T",0]) < R(F; ([T, 0])) = P:([T’0]). Using
these in (3.59), we have

> en(@logen(e) > Y S degrlo)R(T, ) log Pi((T; )

cgc(® [T,0]e AP AL [T7,0')€F ([T 0])

> ) Y. degr(o)R(IT",0))log R([T", 0'])

[T0leAN\AY) [T7,0')eFyH (IT0])

= > [ARAT0) ¢ AP degp ) () RIT, o)) log R(T', ).

[T/’Ol]ej—*h-‘rl

Here, in the last equality, we were allowed to change the order of summations since all the
terms are nonpositive. Also note that, by definition, for [T, 0'] € T*** we have F,([T",0]) €

.Agk). Since the mapping F}, decreases the degree of all the vertices, for all [T”, 0] € T+ we
have 1 [Fk([T’,o’]) ¢ Aﬁf)} <1 [[T’,o’] ¢ Aﬁl} and degp, (7, (0") < degp (o). Using
these observations in the above chain of inequalities, since all the terms in the summation
are nonpositive, we get

> enle)logep(c) > > degy (o) R([T", 0']) log R([T", 0']). (3.60)

o) T,

Since P is strongly admissible, i.e. P € Py, Lemma 2.6 implies that R € P}1, which means
H(R) < c0. Also, Eg [degy(0) logdegr(0)] = Ep [degy(0) log degy(0)] < oco. Therefore, from
Lemma A.6, we have

Z degy (o) R([T', 0'])log R([T", 0']) > —cc.

[T/7o/]€7;h+1
: 5 -
Since U(sA;Lll = T, we have

>, degy/ (o) R([T", 0']) log R([T", 0]) = —€2(9),

[T0 €T AR,

where €2(0) — 0 as § — oco. Putting this into (3.60), we arrive at (3.57), which completes
the proof. O

3.4.3 Upper bound

In this section, we prove the upper bound result of Proposition 3.4.
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Proof of Proposition 3.4. Let P := up. Since p is unimodular and d < oo, from Lemma 2.3
we see that P is admissible. Further, since P € P(T.) with Ep[deg(0)] = d > 0 and
H(P) < oo, we see that J,(P), as introduced in (2.9), is well-defined. From the local
topology on G, one sees that, for all A > 1 and € > 0, there exists 7;(¢) such that, for all
p1,p2 € P(G.), dip(p1, p2) < € implies dpv((p1)n, (p2)n) < m(e). Here the function ()
depends only on h and has the property that n;(¢) — 0 as € — 0. Therefore, if for § > 0 we
define

A(n)

() G

(P,0) = {G € G,y s+ drv(U(G)n, P) < 0},

we have
gr(,;)n)@(m (1, €) C Af7§3n>,ﬂ<n>(P, m(e)).
Hence, to show (3.3), it suffices to show that

1
lim lim sup — <log 1A™ (P, €)] — |m™| log n) < Jn(P). (3.61)
n

R ), g(n)

In order to do this, fix a finite subset A C 7" and define F(A) C Zx T*~! to be the set of
To,v]p—1 and T'[v,0]p_1 for [T, 0] € A and v ~7 0. Since A is finite, F(A) is also finite and
can be identified with the set of integers {1,..., L} where L = L(A) := |F(A)|. With this,
define the color set C(A) := F(A) x F(A). Furthermore, let F(A) := F(A) U {*, : z € =},
where x, for x € Z are additional distinct elements not present in F(A). Note that F(A) is
finite, thus can be identified with the set of integers {1, ..., L} where L = L(A) = L(A)+|=],
where the first L elements represent F(A). Finally, extend the color set C(A) to C(A) :=
F(A) x F(A).

Now, for a fixed A as above, given a simple marked graph G on the vertex set [n], we
construct a simple directed colored graph G' € G(C(A)) on the same vertex set, [n], with color
set C(A), as follows. For each edge between vertices u and v in G, if ¢ (u,v) € C(A), we
place an edge in G directed from u towards v with color ¢ (u,v), and another edge directed
from v towards u with color @l (v, u). Otherwise, if ¢ (u,v) & C(A), we place an edge in G
directed from u towards v with color (%.,*,/) and an edge directed from v towards u with
color (%, %), where # = £¢(v,u) and 2’ = &¢(u, v). Let DC be the colored degree sequence
of G. More precisely, for a vertex v, D%(v) € Mp(a) has the following form. For ¢ € C(A),

Dg(v) is the number of vertices w ~¢g v such that ¢%(v,w) = ¢. Moreover, for z,z’ € =,
D(Ciﬂw*z’) _
¢a(v,w) = 2’. Note that, for x € = and t € F(A), we have ng,t) (v) = Dg*x)(v) =0.

With an abuse of notation, for a marked rooted graph (G,0) on a finite or countable
vertex set, and ¢ € C(A) of the form ¢ = (x;, %), ,2" € Z, we define

Eh(*xa*z’)(Gv 0) = |{U ~G 0! @Z(Oa U) ¢ C(A)a€G<Ua 0) = 1’750(0, U) = l’l}|, (362)
and, for x € =, we define

En(x0,1)(G,0) = Ep(t,%.)(G,0) =0, Vit e F(A). (3.63)

(v) is the number of vertices w ~¢ v such that p&(v,w) ¢ C(A), ég(w,v) = z and
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With this convention, define the map Fa : G — © x M(a), such that for [g,o} c gh,
F([G,0]) := (0, D) where § = 7¢(0) is the mark at the root in G, and for ¢ € C(A), D. =
En(c)(G,0). Moreover, let P2 € P(© x My a)) be the law of Fa([T,0]) when [T’ 0] ~ P.
Note that if G is a marked graph on the vertex set [n]|, with the directed colored graph G
defined above then for all vertices v in G, we have (7¢(v), DG( )) = Fa(|G,v]s). Therefore,
if Ge A ﬂm)(P, €), since dpy(U(G)n, P) < €, we have

1 & -
dry (5 > trotwpéy P ) <e (3.64)

i=1

Let Bfg()n) = (P, A, €) be the set of pairs of sequences (5, D), B=(B>G):1<i<n)and
D= (D(i):1<i<n)eD, where, for 1 <i<n, (i) € ©, D(i) € M a) are such that

with
R ] —
R(B,D) := - Z 0(8(i),D(3)) (3.65)
i=1
we have
drv(R(B, D), P®) < e, (3.66a)
> Defi) = 2™y, (3.66b)
i=1 ceC(A)
> 1[B(i) = 0] =u(h), VoeO, (3.66¢)
=1
Dg,ty(v) = Dyyy(v) =0, Vo e=Zt e F(A),i € [n]. (3.66d)
Let 7g denote (17¢(v) : v € V(G)). Note that, from (3.64), for G € Am(n) w (P €) we
have (7g, ﬁG) € Bi:gn) 2o (P, A, €). Now, we claim that for (5, D) e Bf:()n) = (P A €) and a
colored directed graph H € G ( ,2), there is at most one marked graph G € Am("> 2 (P €)

such that 7o = E and G = H. The reason is that, to start with, the condition 75 = B uniquely
determines vertex marks for G. Moreover, since G = H, vertices v and w are adjacent in
G iff they are adjacent in H. Let v and w be adjacent vertices in H with ¢ € C(A) being
the color of the edge directed from v towards w. Note that, by the definition of the set
B (P, A,€), cis either of the form (¢,t") where ¢,#' € F(A), or ¢ = (%y,,*z,) for some

(n) ()
21,79 € 2. Since G = H, in the former case, we have &g(w,v) = t[m] and &g(v,w) = #'[m],
while, in the latter case, we have {g(w,v) = x; and &c(v,w) = zo. This implies that there
is at most one marked graph satisfying 75 = ﬁ and G = H. Consequently, we have

A 2o (PO < B0 o (P A, )] max G(D,2)]. (3.67)

(g D_‘)EBW?()n) 2(n) (P,Ae)
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Now, we find bounds for the two terms on the right hand side of (3.67).
Bounding |B$(L) = (P, A €)]: we claim that

1 n
lim lim sup — log |[B"), .. (P, A, €)| < H(P). (3.68)
n m

0 psoo R

Note that P and P> are not necessarily finitely supported, so this is not a direct consequence
of (3.66a) and requires some work. In order establish the claim, fix a finite subset X C
© X Mg of the form X = {(8',D'),..., (8, D)}, With this, for 1 < j < [X],
let ]5] = PA(Bj,Dj). Furthermore, define py := 1 — Z'j)ﬂlp] = 1- PA(X). Now, fix
(ﬁ, ) () w (P, Ae) and let I; := {i € [n] : (B(¢), D(i)) = (8, D7)} for 1 < j < |X].

m(n)
Additionally, let Iy == {i € [n] : (B(i),D(i)) ¢ X}. Moreover, define a; := |I;|/n for
0 < j < |X|. Then, because of (3.66a), we have |a; — p;| < e for 0 < j <|X]|. Also, due to

(3.66b), we have

|X|
> 2 by =2mlh=3_ > > D
i€lo ceC(A) J=1i€l; ceC(A)
|X|
— M)y, —
= 2[|m'"™ ||, Znaj Ce%:)DJ (3.69)
|X| |X|
< 2™y —n> p; Y Dit+nedy Z D’
Jj=1 ceC(A) =1 ceC(A

= 2[|[m™||; — nd(X) + nea(X),

where
X):=Yp; Y. Di=Ep |L[(BD)€X] Y D.|,
Jj=1  ceC(A) ceC(A)
and
1X|
") =Y. Y D)
J=1 ceC(A)

Motivated by this, in order to find an upper bound for Bg()n)ﬂ(n)(P, A, €), we may first

count the number of choices for Iy, .. [ x|, and then the number of pairs (5 , 5) consistent

with each of them. For this, let Y™ be the set of (ag, ..., ax)) such that 77 ja; = 1
and such that for 0 < j < \X] we have na; € Zy and |a; — p;| < e. We can see that

n

Y| < (2ne)*+1X1. Moreover, given (aq, . .. ,ajx|), there are (nao--.mlpq

) many ways to chose
a partition o, ..., I|x| of [n] such that |I;| = na;, 0 < j < |X|. Fixing such a partition,
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for i € I, j # 0, we must have (5(i), D(i)) = (87, D?). Hence, we only need to count the
number of choices for {(B8(i), D(i)) : i € I,}. Note that, there are at most |0|/! < |@|nPote)
many ways to choose 5() for i € Ip. On the other hand, for (D, (i) : i € Iy,c € C(A)) there
are |IH|C(A) = nao|C(A)| many nonnegative integers satisfying (3.69). Hence, there are at
most B
< m™||; — nd(X) + nea(X) + na0|C(A)|>
nao|C(A)]

many ways to choose D(i) for i € Iy. Putting all these together, we have

n
log |B~(n> 2o (P A )] < (14 |X]) log(2ne) + max  log ( ) + n(po + €) log |O|
(a0, x )€Y nag . .. Nax|

M, — nd(X X c(A
b g () ) e
(agy--s a|X‘)EY na0|C(A)|
(3.70)
Furthermore, using Stirling’s approximation, one can show that for (ao,...,ax|) € Y™, we
have
n | X
log (nao . na|X|) <1+- 5 logn — nZaJ log a;
|X‘ (3.71)
1
<1+ 5 logn — anj log p; + nna(e),
=0

where, in the second inequality, 7:(¢) — 0 as € — 0, and we have used the fact that
x — zlog x is uniformly continuous on (0, 1] and also the assumption that |a; — p;| < € for
0 <j < |X|. Note that

1X| - B B -

=Y pilogp;=—| Y PAB,D)log PA(5,D) | — (1 - PA(X))log(1 — PA(X))
Jj=0 (8,D)eX
< H(P®) < H(P),
(3.72)

where the last inequality follows from the fact that P> is the pushforward of P under Fh.
Putting (3.72) back in (3.71), we get

1
lim lim sup — max log ( " ) < H(P). (3.73)
e—0 5300 ’I’L( ..... a|X\) Y( n) nag na|X‘
On the other hand, using the general inequality log (;) < log2" < r, which holds for
integers r > s > 0, together with ag < py + €, we realize that for all (ao, ..., ax|) € Y™ we
have

m™||; — nd nea nag|C m™, - ~ _
g (A mnd) = P el <o) reax) il
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Since the sequences (™ and @™ are such that (™, @™) is adapted to (deg(u), II(1)), as
n — oo we have |||, /n — d/2, where d = deg(y) is the average degree at the root in p.
Therefore,

. 1 2|l — nd(X) + nea(X) + nag|C(A)]
lim lim sup — max log -
—0 500 N (qq,..., a|X\)€Y( 1) n(lo‘C(A”
< d—d(X)+(1-PHX))CA)]. (3.74)

Using (3.73) and (3.74) in (3.70), we get

hr%hmsup log|B( ) g (P A, €)] < H(P) +d — d(X)+ (1 — PA(X))(log 8] + [C(A)]).

n—oo
(3.75)
Since this holds for any finite X C © X M), we may take a nested sequence X}, converging
to © X Mp(ay41 so that P2(X;) — 1 and

d(Xp) =Epa [1[(B,D) € X;] Y Dc| - Eps | Y De| =Epldeg;(0)] = deg(p) = d.
ceC(A) ceC(A)

Using this in (3.75), we arrive at (3.68).
Bounding |G(D, 2)|: Now, we find an upper bound for the second term in the right hand

side of (3.67). We claim that for (E, 5) € Bfg()n)j(n)(P, A, €), we have

[Tececa). S (D) Tleceqa)_ (S(D) — 1)1
eceea o) De(0)! !

IG(D,2)| < (3.76)

where S ( D) = >y De(v). In order to show this, we take a simple directed colored graph
H € G(D,2) and construct N := [L.ccia) [1o=1 De(v)! many configurations in the space X.
Recall from Section 3.3.2 that ¥ is the set of all possible matchings of half edges. Note that
by the definition of the set Bﬂ()m = (P A €), we have D € D, and ¥ is well-defined. For

v € [n] and ¢ € C(A), we consider all the possible numberings of D.(v) many edges going
out of the vertex v, which is D.(v)!. It is easy to see that since H does not have loops and
there is at most one directed edge between each two pair of vertices, the N many objects
constructed in this way are all distinct members of ¥. Also, for distinct simple directed
colored graphs H # H' € Q(E,Z), the N many objects corresponding to H are indeed
distinct from the N many objects corresponding to H'. Hence, |G(D,2)|N < |Z|. But [

is precisely [].cea). SU(D (D )'Hcec (S(" (D) — 1)!I. This establishes (3.76). Applying
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Stirling’s approximation to (3.76), in a manner similar to what we did in (3.39), we get

log|g(5,2)| S% Z (Sé”)(ﬁ)logSén)(ﬁ) _S(n ) Z Z log D.(v)! + o(n)

ceC(A) v=1 ceC(A
)R ()7 ()R
n Se (D), SV(D)  Se (D
=5 2 ( - log - Z Z log D.(v
ceC(A) v=1 ceC(A
1 —
+ 3 S™(D)logn + o(n)
ceC(A)
_n $7(D),  5D) _5D)Y SN 10w b (o]
T2 Z n 2T a _Z Z o8 De(v)!
ceC(A) v=1 ceC(A)
+ |17y log n + o(n),
(3.77)
where the o(n) term does not depend on D. Now, we claim that, for ¢ € C(A),
lim sup lim sup max 1SM(D)/n — Epa [De] | = 0. (3.78)

e—0 n—oo  (§,D)eB f‘()n) () (P,Ae)

Note that for ¢ € C(A), we have Epa [D.] < d = deg(u), which is finite. On the other hand,
we have S )( D)/n=Eg B 5y [De]. Therefore, condition (3.66a) implies that for any integer
3,D) € B

k>0 and any (3, D) () am (Py A €), we have

SO(D)/n > By 5 [De AK] > Epa [Do A K] — 2ke.

Taking the liminf as n — oo and then sending € to zero, we get

)P
lim inf lim inf min S (D) > Epa [D.NE].
e—0 n—00 (B‘D‘)GB(II()M ) (P,Ae) n
Furthermore, sending k£ — oo, we get
s&(D)
lim inf lim inf min > Epa [D.]. (3.79)

0T (BD)EBY ) (P T

Now, we show that a matching upper bound exists. To do this, note that due to (3.66b),
for ¢ € C(A), we have SI(D) = 2||m™|); — Yueewn, STH(D). Using 2|m™ ||y /n — d =
c'#c
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deg(11) € (0,00) and (3.79), since C(A) is finite, we get

n) (73 ™A
D Sy (D
limsuplimsup ~ max e (D) <d-— liminfliminf ~ min o (D)
=0 nooo (§,D)e ﬂ()n) i (PAG T e €20 n—oo (B,D)GB(f()n) PG
d#c
<d- Y Epas[D,]
ceC(n)
/#C
- Y Bnlpl- Y B
c’eC(A) eC(A)
c#ec
=Epa [D.].

This together with (3.79) completes the proof of (3.78).
On the other hand, observe that for (3, D) € B

() )
Er p) [log D.!]. Therefore, a similar truncation argument as in (3.79) implies that

lim inf lim inf min — Z log D.(v)! > Epa [log D.!]. (3.80)

e—0 n—oo (E D_‘)EB(n()n) (n) PA e

m

Note that log D.! > 0, hence Epa [log D.!] is well-defined, although it can be co. Also, C(A)
is finite. Therefore, using (3.80) together with (3.78) in (3.77) and simplifying, we get

lim sup lim sup max

e—0 n—00 ( )gB(j’()n) —(n)
1

<< Y (Epa[DJlogEpa [D) —Epa [De]) = > Epa[log D]
ceC(A) ceC(A)
d Epa [Do], Epa|D,]
= —s(d) + 3 Z log - Z Epa [log D.!].

ceC(A) d d ceC(A)

(108195, 2) ~ 7]}, 1og )

S|

(P,Aje)

(\]

Note that, for each ¢ € C(A), 0 < Epa [D.] < d < 0o, hence each term in the first summation
is nonpositive and finite. Also, Epa [log D.!] > 0 for ¢ € C(A). As a result, the bound on
the right hand side is well-defined, although it can be —oo. Also, since each term in the first
summation is nonpositive while each term in the second summation is nonnegative, we may
restrict both the summations to C(A) C C(A) to find an upper bound for the right hand
side. But for ¢ € C(A), we have Epa [D.] = ep(c) and Epa [log D.!] = Ep [log Ey(c)!], which
yields

lim sup lim sup max

e—0 n—00 (E,D)GB( ()n) ()
d

< —s(d) + 5 > mp(e)logmp(c) = Y Ep[log By(c)!].

ceC(A) ceC(A)

(108165, 2)| - [l 1og )

SRS

(P,Aje)
(3.81)

(P,Ae)andc € C(A), 23" log D,(v)! =
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Again, note that the terms in the first summation are finite and nonpositive, while the terms
in the second summation are nonnegative, but possibly +o0c. Thereby, the above bound is
well-defined, although it can be —oc.

By assumption, we have H(P) < oco. Therefore, we can put the bounds in (3.81) and
(3.68) back in (3.67) to get

1 n .
lim lim sup — <log \A(d) (P, €)| — ||m™]; log n>

A Hmsup ) )
d 1 (3.82)
< —s(d)+ H(P) — 5 Z mp(c) 10gm - Z Ep [log Ep(c)!] .
ceC(A) ceC(A)

Note that this holds for any finite A C T, and that mp(c) log #(c) > 0 and Ep [log Ei(c)!] >

0 for all ¢ € (2 x T*71) x (2 x T~1). Interpreting the summations on the right hand side of
(3.82) as integrals, restricted to C(A), with respect to the uniform measure on (Z x T*71) x
(2 x T71), by sending A to T* and using the monotone convergence theorem, we arrive at
(3.61) which completes the proof. ]

3.4.4 Proof of Proposition 3.5

In this section, we prove the upper bound result of Proposition 3.5.

Proof of Proposition 3.5. Let P := p; € P(T}) be the distribution of the depth-1 neigh-
borhood of the root in p. Borrowing the idea in the proof of Corollary 2.1, note that each
rooted tree equivalence class [T, 0] € T! is uniquely determined by knowing the integers

Ngﬁ:(T, 0):=[{v~ro:&r(v,0) =xz,77(0) =0,&(0,v) =2, 71 (v) = 0}, (3.83)

for each z,2’ € Z and 6,0’ € ©. Now, for z,2’ € Z and 6,0’ € O, we have Ep [Ng:z:(T, 0)} <
Ep [degr(0)] < oo. Consequently, when [T, 0] ~ P, the entropy of the random variable

Ni’z:(T, 0) is finite for all x,2' € = and 6,0’ € ©. Therefore, since = and © are finite sets,
we conclude that H(P) < oo. Hence, using Proposition 3.4 for h = 1, we have

— d
Zd_‘g(u)fl(u) (/J/)|(,,—ﬁ(n)7ﬁ‘(n)) S —S<d) + H(P) - —H(?Tp) — Z Ep [10g El(t, t,)'] . (384)

2 _
t,t'€EXTY

Now we show that there exist ¢ and ¢’ in = x T such that Ep [log E;(t,t')!] = oco. Since
every element of 7. is a marked isolated vertex, 7. can be identified with ©. With an abuse
of notation, we may therefore write t,t' € = x T? as t = (z,0) and ¢’ = (2/,0’) respectively,
where z,2' € Z and 6,0" € ©. With this, for [T, 0] € T., we have Ey(t,t')(T,0) = Ni’g/(T, 0).
Therefore, from (3.84), it suffices to prove that Ep |log Ng;ﬁj (T,0)!| = oo for some z,2’ € =,
0,0 € ©.
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We prove this by contradiction. Assume that Ep [log Ng:g: (T, 0)!] < oo for all z,2" € Z,

0,0" € ©. Using Stirling’s approximation, for k& > 0, we have logk! > klogk — k, where
0log0 is interpreted as 0. Therefore, for z,2’ € =Z and 6,6’ € ©, we have

0 > Ep [logN (T, 0)! } > Ep [Nj;ﬁi(T, 0)log N%¥/(T, 0)} _Ep [N;fﬁi (T, 0)} . (3.85)

On the other hand, deg,(0) = >, .re= Nf z,
0,0'cO

deg(p) < co. Hence Ep [Ng:z:(T, 0)] < ooforallz,z’ € Eand 0,0 € ©. Using this in (3.85),

we realize that

(T, o) for all [T, o] € T.. Also, we have Ep [deg(0)] =

Ep [Nj;ﬁﬁ(T, o) log Ni’g:(T, 0)} < 00 Vo, 2' € Zand 0,6 € © (3.86)
Moreover, for [T,0] € T,, using degp(0) = Y., .e= N” (T,0) and the convexity of x
6,6'co
x log x, we have
degy (o) degy (o) 0,0’ 0.0’
— log — < = N, (T, 0)log N, (T, 0),
Erer % ErieR < T 2
iico

where as usual, we interpret 0log 0 as 0. Taking the expectation with respect to P on both
sides we realize that Ep [deg,(0)logdegr(0)] < oo, which is a contradiction. Hence, there

must exist z, 2’ € = and 0,0’ € © such that Ep [log Nﬁ;ﬁﬁl] = 0o. Finally, using this in (3.84)

implies ¥ - dza(w.fi(w) ()| o gy = —oo and completes the proof. O

3.5 Conclusion

In this chapter, we introduced the marked BC entropy, which is a notion of entropy for
probability distributions on the space of marked rooted graphs, and discussed its properties.
This is a generalization of the notion of entropy defined in [BC15] for the marked regime.
We saw that the marked BC entropy is only interesting for probability distributions which
are unimodular and are supported on marked rooted trees. As we will see in Chapters 4
and 5, the marked BC entropy can be considered as a natural counterpart of the Shannon
entropy rate in the context of local weak convergence.
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Chapter 4

Universal Lossless Compression of
Graphical Data

The problem of graph compression has drawn a lot of attention in different fields. There
have been two main type of work in the literature under the subject of graph compression.
Some authors assume that the graphical data is generated from a certain statistical model
and the encoder aims to achieve the entropy of the input distribution. For instance, Choi
and Szpankowski studied the structural entropy of the Erdés—Rényi model, i.e. the entropy
associated to the isomorphism class of such graphs [CS12]. Moreover, they proposed a
compression scheme which asymptotically achieves the structural entropy up to the first two
terms. Aldous and Ross studied the asymptotics of the entropy of several models of random
graphs, including the sparse Erd6s—Rényi ensemble [AR14]. Abbe studied the asymptotic
behavior of the entropy of stochastic block models, and discussed the optimal compression
rate for such models up to the first order term [Abbl16]. They also considered the case
where vertices in a stochastic block model can carry data which is conditionally independent
given their community membership. Luczak et al. studied the asymptotics of the entropy
associated to the preferential attachment model, both for labeled and unlabeled regimes,
and built upon their analysis to design optimal compression schemes [EMS19]. Turowski
et al. studied the information content of the duplication model [TMS20]. They analyzed
the asymptotic behavior of the entropy of such models for both the labeled and unlabeled
regimes, and designed compression algorithms to achieve their entropy bounds.

A second line of research offers an alternative approach to compress specific types of
graphical data, such as web graphs [BBH"98, SMHM99, BKM*00, BV04], social networks
[CKL*09, MP10, BRSV11, Mas12], or biological networks [DWvW12, ADK12, KK14, SSA*16,
HPP16]. These works usually take advantage of some properties specific to a specific data
source, where such properties are often inferred through observing real-world data samples.
For instance, the web graph framework of [BV04] employ the locality and similarity proper-
ties existing in web graphs to design efficient compression algorithm tailored for such data.
The locality property refers to the fact that a web page usually refers to other web pages
whose URLSs have a long prefix in common, while the similarity property refers to the fact
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that if we sort web pages based on the lexicographic order of their URLs, web pages that are
close to each other tend to have many successors in common. Therefore, techniques such as
reference encoding and gap encoding are useful in compressing web graphs. Due to the na-
ture of this approach, results in this category of work usually do not come with information
theoretic guarantees of optimality. The reader is referred to [BH18] for a survey on graph
compression methods.

The key property distinguishing our approach from the existing ones is universality.
More precisely, in this chapter, we introduce a compression scheme which roughly speaking
has the property that if a sequence of marked graphs is given to the encoder which is
converging in the local weak sense of Chapter 2, the normalized codeword length associated
to this sequence does not asymptotically exceed the marked BC entropy (as was defined
in Chapter 3) associated to the limit. This scheme is universal in the sense that the above
condition holds without a priori knowledge of the local weak limit of the sequence. In addition
to this, recalling from Chapter 3, the notion of marked BC entropy captures the per vertex
growth rate of the size of the typical graphs after carefully separating out the leading term.
This is while the existing literature usually consider the random graph ensemble entropy
up to only the leading term. Finally, since we allow for marked graphs instead of simple
unmarked graphs, our framework is capable of modeling information associated to vertices
and edges in the graph on top of the connectivity structure. This in particular is highly
advantageous from a practical point of view.

This chapter is organized as follows. Then in Section 4.1, we precisely formulate the
problem and state the main results. In Section 4.2, we introduce our universal compres-
sion scheme and provide the proof of its optimality. Finally, we conclude the chapter in
Section 4.3.

To close this discussion we introduce some notation that will be needed when we develop
our compression algorithm for graphical data. For a locally finite graph G' and integer A,
let G® be the graph with the same vertex set that includes only those edges of G such
that the degrees of both their endpoints are at most A (without reference to their marks).
Another way to put this is that to arrive at G* from G we remove all the edges in G that
are connected to vertices with degree strictly bigger than A. This construction is used as
a technical device in the proof of the main result, the main point being that the maximum
degree in G® is at most A.

4.1 Main Results

Recall that G, is the set of marked graphs on the vertex set {1,...,n}, with edge marks
from = and vertex marks from ©. Our goal is to design a compression scheme, comprised
of compression and decompression functions f, and g, for each n, such that f, maps G,
to {0,1}* — 0 and g, maps {0,1}* — 0 to G,, with the condition that g, o f,(G) = G
for all G € G,. Motivated by the notion of entropy introduced in Chapter 3, we want

our compression scheme to be universally optimal in the following sense: if u € P(7,) is
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unimodular and G is a sequence of marked graphs with local weak limit s, then, with

—

mm = Meam), we have

MY — ™41
s P2EU2(G)) = ] Togn

n—00 n

< (). (4.1)

In Section 4.2, we design such a universally optimal compression scheme and prove its opti-
mality. This is stated formally in the next theorem.

Theorem 4.1. There is a compression scheme that is optimal in the above sense for all

w € Pu(Ts) such that deg(p) € (0, 00).

We also prove the following converse theorem, which justifies the claim of optimality for
compression schemes that satisfy the condition in (4.1).

Theorem 4.2. Assume that a compression scheme { fp, gn}>2, is given. Fix some unimod-
ular 1 € Py(T,) such that deg(u) € (0,00) and X(u) > —oo. Moreover, fix a sequence m(™
and @™ of edge mark count vectors and vertex mark count vectors respectively, such that
(m™, @™ is adapted to (deg(p), Ti(1)). Then, there exists a sequence of positive real num-
bers €, going to zero, together with a sequence of independent graph—valued random variables
{GMYee | defined on a joint probability space, with G™ being uniform in gfg()n)ﬂw (i, €n),

such that with probability one
™YY — lm 1, 1
L mats(f,(G) )] logn

n—00 n

> X(w).

Proof. First note that any marked graph on n vertices can be represented with O(n?) bits.
Hence, without loss of generality, we may assume that, for some finite positive constant c,
we have nats(f,(G™)) < en? for all G™ on n vertices. Consequently, by adding a header of
size O(logn?) = O(logn) to the beginning of each codeword in f,, in order to describe its
length, we can make f,, prefix—free. Thus, without loss of generality, we may assume that f,
is prefix—free for all n.

From the definition of ¥(u), one can find a sequence of positive numbers ¢,, going to zero,
such that
log G, o (1. €)| = 11721 Jog n

X(p) = liminf

n—00 n

From Theorem 3.2, we have ¥(u) = ¥(u), and since ¥(u) > —oo by assumption, QS(L) 2y (15 €n)
is nonempty once n is large enough. Using Kraft’s inequality, we have

Z efnats(fn(G)) < 1.

()
GEG ) atmy (Hoen)

With G™ being uniform in QS&) =) (1; €n), the Markov inequality then implies that

n n 1
P (nats(fu(G™)) < 10g ]G50, (11, ea)| — 2l0gn) < =.
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From this, using the Borel-Cantelli lemma, we have nats(f,(G™)) > log \QT(;Z(L) 2 (15 €0)] —
2log n eventually. Therefore, with probability 1, we have

nats(f,(G™)) — [|m™||; log n 108 G500 s (11 €)] = 1771 log n

lim inf > lim inf
n— 00 n n— 00 n
= X(p) = X(n),
which completes the proof. O

Remark 4.1. Note that the existence of a sequence of graph—valued random variables {G™}22_,
for which with probability one the normalized codeword length is asymptotically no less than
the BC entropy (), as is implied by Theorem 4.2 above, in particular implies the existence
of a sequence of deterministic graphs for which the normalized codeword length is asymptot-
tcally no less than the BC' entropy. This draws a connection between our converse setup of
Theorem 4.2 and the achievability result of Theorem 4.1 in which a sequence of deterministic
graphs is considered which is convergent in the local weak limit sense.

4.2 The Universal Compression Scheme

In this section, we propose our compression scheme. First, in Section 4.2.1, we introduce
our compression scheme under certain assumptions. Then, in Section 4.2.2, we relax these
assumptions.

4.2.1 A First—step Scheme

We first give an outline of the compression scheme, then illustrate it via an example, and
finally formally describe it and prove its optimality. Fix two sequences of integers k, and A,
as design parameters, which will be specified in Section 4.2.2. Given a marked graph G™ on
n vertices, with maximum degree no more than A,,, we first encode its depth—k, empirical
distribution, i.e. U(G™), (defined in (2.2)). We do this by counting the number of times
each marked rooted graph with depth at most k, and maximum degree at most A,, appears
in the graph G. Then, in the set of all graphs which result in these counts, we specify the
target graph G, Figure 4.1 illustrates an example of this procedure. In this example, the
marked graph on n = 4 vertices in Figure 4.1a is given and the design parameters k,, = 1 and
A, = 2 are chosen. We then list all the rooted marked graphs with depth at most k, = 1
and maximum degree at most A, = 2, and count the number of times each of these patterns
appears in the graph, as depicted in Figure 4.1b. Finally, we consider all the graphs that
would result in the same counts if we run this procedure on them (shown in Figure 4.1¢ for
this example), and specify the input graph within this collection of graphs. In principle,
this scheme is similar to the conventional universal coding for sequential data in which we
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Ay

(a)
’ P11
o 0o 0 0 0
NN AA
0 0 0
(b)

27 0

Figure 4.1: An example of encoding via the compression function associated to our com-
pression scheme with the parameter & = 1 and the graph G® on n = 4 vertices, with vertex
mark set © = {e,m} and edge mark set = with cardinality 1, shown for (a) acting as the
input. (b) depicts all members in the set A; o with the corresponding number of times each
of them appears in the graph, i.e. the vector (ng()‘l) ([G,0])], ]G, 0] € A;2) and (c) illustrates
all the graphs with the same count vector, i.e. Wj.

first specify the type of a given sequence and then specify the sequence itself among all the
sequences that have this type.

Before formally explaining the compression scheme, we need some definitions. For inte-
gers k and A, let Ay a be the set of equivalence classes of rooted marked graphs [G, o] € G.
with depth at most & and maximum degree at most A. Note that since k and A are finite
and the mark sets are also finite sets, Ay A is a finite set.

For a marked graph G on the vertex set {1,...,n}, with maximum degree at most A,,,
and for [G,0] € Ay, a,, we denote the set {1 < i < n:[G™ i), =[G, 0]} by wg?n)([G,o]).
This is the set of vertices in G with local structure [G,o] up to depth k,. Recall that
[G™ 4]y, =[G, 0] means that G™ rooted at i is isomorphic to (G,0) up to depth k,. Note
that when the maximum degree in G™ is no more than A,,, [G™, ], is a member of A Ay
for all 1 < ¢ < n. Therefore, the subsets wg?n)([G,o]), as [G, o] ranges over Ay, a,, form a
partition of {1,...,n}.

We encode a marked graph G with vertex set {1,...,n} and maximum degree no more
than A,, as follows:

1. Encode the vector (|1/1(GT?H)([G,O])|, |G, 0] € Ay, a,). Since we have |¢(GT?,L)([G,O])| <n
for all [G, 0] € Ay, a,, this can be done with at most |Ag, A, |(1 + [log, n]) log2 nats.

2. Let W, be the set of marked graphs G on the vertex set {1, ...,n} with degrees bounded
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by A, such that
[WEN((G, 0] = [, (G 0Dl V(G d] € A, a, (4.2)

Specify G(™ among the elements of W, by sending (1 + [log, |W,|])log2 nats to the
decoder.

See Figure 4.1 for an example of the running of this procedure.

Remark 4.2. The vector (wgf()n)([G, o)) : [G,0] € Ay, a,) is directly compressed in the above
scheme; therefore, we are capable of making local queries in the compressed form without
going through the decompression process. An example of such a query is “how many triangles

exist in the graph?”

Now we show the optimality of this compression scheme under an assumption on k,
and A,, that allows us to bound the size of the set A, a,. Lemma 4.4, which is proved in
Appendix C.1, shows that the assumptions made in Proposition 4.1 below are not vacuous.
To avoid confusion, we use fn for the compression function in this section and f,, for that of
Section 4.2.2 (which does not require any a priori assumed bound on the maximum degree
of the graph on n vertices, G™).

Proposition 4.1. Fiz the parameters k,, and A, such that |A, a,| = o(+=), and k, — oo

logn
asn — 0o. Assume that a sequence of marked graphs {G™}>° | is given such that G™ is on
the vertex set {1,...,n}, the mazimum degree in G™ is no more than A,, and {G™M}>,

converges in the local weak sense to a unimodular pu € P,(T.) as n — oo. Furthermore,
assume that deg(u) € (0,00). Then we have

Famy _ m®, 1
o sup PE(G) = (7] ogm

n—00 n

< E(w), (4.3)

where ™ 1= M50 .

Before proving this proposition, we need the following tools. Lemma 4.1 is stated in a
way which is stronger than what we need here, but this stronger form will prove useful later
on. The proofs of Lemmas 4.1 and 4.2 are given in Appendix C.1.

Lemma 4.1. Let G and G' be marked graphs on the vertex set {1,...,n}. For a permutation
m € S, and an integer h > 0, let L be the number of vertices 1 < i < n such that (G,i), =
(G',7(i))n. Then, we have

dp(U(G), U(G)) < max {1% - %} |
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Lemma 4.2. Assume that a unimodular p € P,(T.) is given such that deg(u) € (0,00).
Moreover, assume that sequences of edge and vertex mark count vectors m™ and @™ re-
spectively are given such that

(n) /
lim inf (z,2) > deg, (1), Vo # 2’ € E; (4.4a)
n—00 n ’
(n) d
liming ) 5 dgea() o (4.4b)
n—r00 n 2
(g
im O ), weeo. (4.4c)
n—00 n

Then, for any sequence €, of positive reals converging to zero, we have

log |G, o (1. €a)] = |||, log n

lim sup
n— o0 n

< X(). (45)
Proof of Proposition j.1. For our compression scheme, we have

nats(fn(G(”))) — ||7ﬁ(")|]1 logn | Ak, A, |(log 2 + log n)

lim sup < lim sup
n—00 n n—00 n
— ||
| log2+1og[W| — [lm ™[l logn 4 g
n
. log |[W,| — [[m™ 1 log n
= lim sup ,
n—00 n

where the last equality employs the assumption | Ay, a,| = o(n/logn). We now show that

n 1
Wn g gfﬁ()n)’ﬁ‘(n) <:u7 €n + H—k?) ) (47)

where €, := dpp(U(G™), ) and @™ := iigm. For this, let G € W,,. By definition, for all
|G, 0] € Ay, a,, we have |2/ng()n)([G’, )| = |1/zgl)([G’, o'])]. Hence there exists a permutation
7 on the set of vertices {1,...,n} such that (G™, i), = (G, 7(i))s, for all 1 <i < n. Using
Lemma 4.1 above with h = k,, and L = n, we have

1

dup(U(G™), U(G)) < T

Consequently,

We claim that for G € W,, we have mg = m™ and i = @™. To see this, note that for
0 € © we have

ug(0) = Z L[rg(i) = 0]
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= > o (i) =6].

(G 0'€AL,, A, iéwgl)([G’,o’])
Note that for i € w(n)([ G', 0']) we have 7¢(i) = 7¢/(0'). Therefore,
uG(6) = > w6 (16,0
[G"0'l€ Ak, Ay Tqr (0)=0
A similar argument implies
u™(9) = >, [0 &0, (G, ).
(G, 0')€Aky, Ay T (07)=0

Hence u™ () = ug(f). Likewise, for G € W, and x # 2’ € =, we can write, for n large
enough,

V=Y degl” (i)
i=1
= > degg () ([ 0))

(G, 0']€Ag,, Ay
= > deggl (i, (G )]
([G'0'|€Ak,, A
=m™(z,2).
The proof of mg(x,x) = m™(z,x) for x € Z is similar. This, together with (4.8), implies
that G € Qm(n) 2ty (s €0+ 1/(1 + ky,)) which completes the proof of (4.7).

Note that, for fixed ¢ > 0 and z, 2" € =, the mapping [G, o] — degé’x/(o) At is bounded
and continuous. Therefore, for x # 2’ € =, we have

- / degls” (0)dU(G™)([G, o))
> [(degis”(0) AAU(G) (G

m™ (z, 2"
n

n—oo

2% [ (deg® (0) A t)dy.

Sending t to infinity, we get
(n) /
T inf 7o 2)
n—o0

Z degm,z’ (:u) :

Similarly, for z € =, we have liminf,, o m,(z,z)/n > deg, ,(1)/2. On the other hand, for
6 € O, the mapping [G, 0] — 1 [r(0) = 6] is bounded and continuous. This implies that

lim u™(8) = Iy(p).

n—oo
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Thus, substituting (4.7) into (4.6), using the fact that ¢, + 1/(1 + k,) — 0, and using
Lemma 4.2 above, we get

~ (n) > (n
nats(f,(G™)) — [|m™||; logn log ‘gmm),mm </~‘7 €n + 1+1kn>’ — [l logn

lim sup < lim sup
n—o0o n n—oo n
< X(w),
which completes the proof. n

4.2.2 Step 2: The General Compression Scheme

In Section 4.2.1 we introduced a compression scheme which achieves the BC entropy of u by
focusing on the depth k, empirical distribution of the graph G in the sequence of graphs
{GMY°e  under the assumption that the maximum degree of G is bounded above by A,
which does not grow too fast, in the sense that | Ay, a,| = o(n/logn). In principle, we can
choose the design parameter k,, but we have no control over the maximum degree A,. In
order to overcome this and drop the restriction on the compression scheme in Section 4.2.1,
we first choose k, and A,, and then trim the input graph by removing some edges to make
its maximum degree no more than A,. Then, we encode the resulting trimmed graph by
the compression function in Section 4.2.1. Finally, we encode the removed edges separately.
More precisely, we encode a graph G™ € G, as follows:

1. Define A,, := loglogn.
2. Let G := (G(”))A" be the trimmed graph obtained by removing each edge connected

to any vertex with degree more than A,. Moreover, define

R, :={1 <i<n:deggzm(i) > A, or degswm (j) > A, for some j ~ym i},
which consists of the endpoints of the removed edges.

3. Encode the graph G™ by the compression function introduced in Section 4.2.1, with

k., = v/loglogn.
4. Encode |R,| using at most (1 + [log, n])log2 nats.
5. Encode the set R, using at most (1 + |log, (“;LH‘)J) log 2 nats.

(n)

6. Let m™ = migm and = Megwm - Note that the edges present in G™ but not in

G™ have both endpoints in the set R,,. So we can first encode m™ (z, z') — m™ (z, z’)
for all 2,2’ € Z by |Z|*(1 + [logyn?])log2 < 2|=1*(1 + |logyn])log2 nats and then
encode these removed edges using

[Rn|
Z (1 + {10g2 (m(n)(x,ng i 271(”)(1,7 I,))J> log 2

r<a/€E
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nats by specifying the removed edges of each pair of marks separately.

Now we show that this general compression scheme asymptotically achieves the upper
BC entropy rate, as was stated in Theorem 4.1. Before this, we need the results of the
following lemmas. We postpone the proofs of these lemmas to Appendix C.1.

Lemma 4.3. Assume that {GM™Y | is a sequence of marked graphs with local weak limit
w € P(T.), where G™ is on the vertex set {1,...,n}. If A, is a sequence of integers going
to infinity as n — oo, u is also the local weak limit of the trimmed sequence {(G(”))A" } .

Lemma 4.4. If A, <loglogn and k, < y/loglogn, then | Ay, a,| = o(n/logn).

Lemma 4.5. Assume that {G™Y | is a sequence of marked graphs with local weak limit
p € P(T.), where G is on the verter set {1,...,n}. Let {A,}32, be a sequence of integers
such that A, — oo and define

R, :={1 <i<n:deggm(i) > A, or degsm (j) > A, for some j ~gm) i}.
Then |R,|/n — 0 as n goes to infinity.

Proof of Theorem J.1. Let f, be the compression function of the scheme in Section 4.2.1.
We have

nats(fn(G(n))) < nats(fn(é(n))) + logn + log (UZ |>

+ 2|Z*logn

where C' = 2 + 3|Z|%. Using the inequality (7) < (re/s)* and Lemma 3.5 above, we have

nats(f,,(G™)) < nats(f,(G™)) + (1 + 2|Z|?) logn
ne

Using the fact that |R,| < n, this gives

nats(f,(G™)) < nats(f,(G™)) + (1 + 2|2|*) log n
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ne
+ |R,|log
| R
—~(n = (n)
+ (A" =l [l logn
R,||=
+’ |2’ + C'log 2
Hence,
= =(n)
)y — ||, (n)y _
lirnsupnats(fn(G ) — [|m ||1logn§hmsupnats(fn(G ) —|m |1 logn
: [RaE? [ Rn| e
+ lim sup + lim sup log :
n—00 n N—00 n ‘Rn’

Now, we claim that the conditions of Proposition 4.1 hold for the sequence G™ and the
parameters k, and A,, defined above. To show this, note that both k, and A,, go to infinity
by definition. Lemma 4.3 then implies that j is also the local weak limit of the sequence
G™. Moreover, by Lemma 4.4, | Ay, a,| = o(n/logn). On the other hand, the maximum
degree in G™ is at most A, Therefore, all the conditions of Proposition 4.1 are satisfied
and

~ = =(n)
(n)Y) —
ey PG 7 g n

n—o00 n

< X(p).

Furthermore, all the other terms in (4.9) go to zero, since, by Lemma 4.5, |R,,|/n — 0,
and the function ¢ — dlogd goes to zero as 6 — 0. Therefore,

nats( £, (G™)) — [l |, log n nats(f,(G) — 7", log n

lim sup < lim sup
n—oo n n—oo n
< X(u),
which completes the proof. ]

Remark 4.3. From Lemma 4.5 above, for typical graphs, |R,| = o(n). Hence, similar to
our discussion in Remark /.2, we are capable of answering local queries with an error of o(n)
without needing to go through the decompression process.

4.3 Conclusion

In this chapter, employing the local weak convergence framework from Chapter 2 and the
marked BC entropy from Chapter 3, we formalized the problem of compressing graphical
data without assuming prior knowledge of its stochastic properties. More precisely, we
proposed a universal compression scheme which is asymptotically optimal in the size of the
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underlying graph, where optimality is characterized using the marked BC entropy. Moreover,
this compression scheme is capable of performing local data queries in the compressed form,
with an error negligible compared to the number of vertices.
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Chapter 5

Distributed Compression of Graphical
Data

In Chapter 4, we introduced a universal compression scheme for a single source of graphical
data. As the data is not always available in one location, it is also important to consider
distributed compression of graphical data. This latter question is the focus of this chapter.
Traditionally, when dealing with time series, distributed lossless compression is modeled us-
ing two (or more) possibly dependent jointly stationary and ergodic processes representing
the components of the data at the individual locations. In this case, the rate region, which
characterizes how efficiently the data can be compressed, is given by the Slepian—Wolf The-
orem [CT12]. We adopt an analogous framework, namely that two jointly defined marked
random graphs on the same vertex set are presented to two encoders, one to each encoder.
Each encoder is then required to individually compress its data such that a third party, hav-
ing access to the two compressed representations, can recover both marked graph realizations
with a vanishing probability of error in the asymptotic limit of the size of the data.

We characterize the compression rate region for two scenarios, namely, a sequence of
marked sparse Erdés-Rényi ensembles and a sequence of marked configuration model en-
sembles. We employ the framework of local weak convergence of Chapter 2 as a counterpart
of stochastic processes for sparse marked graphs. Our characterization of the rate region is
best understood in terms of the marked BC entropy which was introduced in Chapter 3.

This chapter is organized as follows. In Section 5.1 we introduce the notation and formally
state the problem. In Section 5.2, we study the local weak limits of the marked sparse
Erdés-Rényi and the marked configuration model ensembles, we analyze the asymptotic
behavior of their entropy, and connect this asymptotic behavior to the marked BC entropy
of their respective local weak limits. Then, in Section 5.3, we characterize the rate region
for distributed lossless compression in the scenarios of Section 5.1. Also, in Section 5.3.5, we
generalize this result to the case where there are more than two graphical sources. Finally,
we conclude the chapter in Section 5.4.
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5.1 Problem Statement

In this chapter, for the sake of simplicity, we assume that in all marked graphs, and in all
edges in such a marked graph, the two marks towards the endpoints of that edge are the
same. In other words, each edge effectively carries one mark. Therefore, with an abuse
of notation, an edge mark count vector in this setting is a vector of nonnegative integers
m = (m(x): x € ), where m(z) denotes the number of edges with mark z.

Let G be a marked graph on a finite vertex set with edges and vertices carrying marks
in the sets = and O, respectively. With an abuse of notation, we denote the edge mark
count vector of G by mg = {mg(x)}zez, where mg(z) is the number of edges in G carrying
mark x. In fact, comparing to the notation in Section 2.3, we have mg(x) = mg(z, x), and
mg(z,2’) = 0 when x # 2/. Also, recall from Section 2.3 that we denote the vertex mark
count vector of G by tg = {ug(f)}eco, where ug(6) denotes the number of vertices in G
carrying mark 6. Additionally, for a graph G on the vertex set [n], we denote the degree

sequence of G by CEG = (degg(1),...,degq(n)), where deg, (i) denotes the degree of vertex
i. For a degree sequence d = (d(1),...,d(n)) and a nonnegative integer k, we define

—

er(d) = {1 < i < n:d@i) = k). (5.1)

Also, for two degree sequences d = (d(1),...,d(n)) and d = (d'(1),...,d(n)), and two
nonnegative integers k£ and [, we define

ca(d,d) = {1 <i<n:d@)=kd(i) =1} (5.2)

Given a degree sequence d = (d(1),...,d(n)), we let Qén) denote the set of simple unmarked
graphs G on the vertex set [n] such that degg (i) = d(i) for 1 <i <mn.

When discussing distributed compression of graphical data with two sources, we assume
that =, and =, are two fixed and finite sets of edge marks and ©; and ©, are two fixed
and finite sets of vertex marks. For ¢ € {1,2} and n € N, let g§") denote the set of marked
graphs on the vertex set [n| with edge and vertex mark sets =; and ©; respectively. For two
graphs G € an) and G4 € Qén), G1 @ (G5 denotes the superposition of G; and G5 which is
a marked graph defined as follows: a vertex 1 < v < n in G; @ G5 carries the mark (6, 65)
where 6; is the mark of v in G;. Furthermore, we place an edge in GG; & G5 between vertices
v and w if there is an edge between them in at least one of GG; of G5, and mark this edge
(1, xs), where, for 1 < i < 2, x; is the mark of the edge (v,w) in G; if it exists and o;
otherwise. Here o and o, are auxiliary marks not present in =; U Z,. Note that G; @ G5 is
a marked graph with edge and vertex mark sets = o := (21 U{o1}) x (EaU{02}) \ {(o1,02)}
and O; 5 1= O; X O, respectively. We use the terminology jointly marked graph to refer to
a marked graph with edge and vertex mark sets =; 5 and ©; 5 respectively. With this, let
Qﬁlz) denote the set of jointly marked graphs on the vertex set [n]. Moreover, for i € {1,2},
we say that a graph is in the i—th domain if its edge and vertex marks come from =; and
©; respectively. For a jointly marked graph G2 and 1 < ¢ < 2, the ¢~th marginal of G o,
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denoted by G, is the marked graph in the i~th domain obtained by projecting all vertex and
edge marks onto =; and ©;, respectively, followed by removing edges with mark o;. Note that
any jointly marked graph G, is uniquely determined by its marginals G and G5, because
G2 = G1 ®G,. Given an edge mark count vector 17 = {m(x)}yez, ,, for , € Z;U{o;} and
Tg € 23 U {09}, with an abuse of notation we define

m(z) = > m((z),75)),  m(zg) = > m((zy,25)).  (5.3)
(2, ,@})E€E1 2 : ¢ =1 (],25)€E1 2 1wy =2

Likewise, given a vertex mark count vector @ = {u(f)}¢co,,, we define, for §; € ©; and
82 S 627

w(th) == Y u((B1,65),  ul(fy) =Y u((6;,62)). (5.4)
9/2€@2 9/1691
Assume that we have a sequence of random marked graphs GYLQ) € QYLQ), defined for

all n sufficiently large, drawn for each n according to some ensemble distribution on Qf;).
Additionally, assume that there are two encoders who want to compress realizations of such
jointly marked graphs in a distributed fashion. Namely, the i—th encoder, 1 < ¢ < 2, has

only access to the i—th marginal ng). We assume that the distribution of G%) is known.
Definition 5.1. A L LYY codes i triples (f, f57, gt

efinition 5.1. A sequence of (n, Ly, Ly") codes is a sequence of triples (f; ', fs ,g"™),
defined for all sufficiently large n, such that

5GP S, e

and
g™ (L] % LSV — 6.

The probability of error for this code corresponding to the ensemble of GY;), which is denoted
by Pe(n), 1s defined as
PO =P (g (A7 (G 157 (E) £ 613).
Now we define our achievability criterion.

Definition 5.2. A rate tuple (ay, Ry, o, Ry) € R* is said to be achievable for distributed
compression of the sequence of random graphs G§”2) € ang) if there is a sequence of (n, Lﬁ”), Lé’”)
codes such that

log L™ — (a;nlogn + Rin)

lim sup <0

n—oo n

. ie{1,2), (5.5)

and also P — 0. The rate region R € R* is defined as follows: for fived oy and o, if

there are sequences Rgm) and Rém) with limit points Ry and Rs in R, respectively, such that

for each m the rate tuple (o, Rgm),QQ,Rém)) is achievable, then we include (aq, Ry, oo, Ra)

in the set R.
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In this chapter, we characterize the above rate region for the following two sequences of
ensembles:

A sequence of Erd6s—Rényi ensembles: Assume that nonnegative real numbers
7 = {Pz}sez,, together with a probability distribution ¢ = {gs}eco,, are given such that,
for all 1 € Z; and x9 € =5, we have

E P(a}.ay) > 0 and § : Payap) > 0, (5.6)
(e, @h)€Zq o (@ ,2h)€E 2
;1;’1:1'1 112,2:1‘2

and, for all (6,6,) € ©; 2, we have

Z qo,05) >0 and Z 4(e;,0,) > 0. (5.7)
05€02 0,€6,

For n € N large enough, we define the probability distribution G(n; 7, ¢) on Qfg) as follows:
for each pair of vertices 1 < i < j < n, the edge (7,7) is present in the graph and has
mark = € =5 with probability p,/n, and is not present with probability 1 — szELQ P/ M.
Furthermore, each vertex in the graph is given a mark 6 € O, 5 with probability gy. The
choice of edge and vertex marks is done independently.

The conditions in (5.7) and the conditions for z; € Z;, i = 1,2, in (5.6) are required only
to ensure that the sets of vertex marks and edge marks are chosen to be as small as possible,
and these conditions could be relaxed if desired.

A sequence of configuration model ensembles: Fix A € N. Suppose that a prob-
ability distribution 7= {r;}4_, supported on the set {0,...,A} is given, such that ro < 1.
Moreover, assume that probability distributions ¥ = {7,}sez,, and ¢ = {gg}oco,, on the
sets 219 and Oy 9, respectively, are given. We assume that, for all z; € =; U {o;} and
To € 29 U {0}, we have

> Vatap >0 and > Vg >0, (5-8)
(¢}, 2H)€E1 2 (¢} ,25)€E7 2
x’lzml 27’2::/82

and, for all (6, 6,) € ©; 2, we have

D deoy >0 and Y g > 0. (5.9)
05€02 UASSH

Furthermore, for each n, the degree sequence d™ = {d™(1),...,d™(n)} is given such
that, for all 1 < i < n, we have d™(i) < A and also Y., d™(i) is even. Let m, =
(> d™(i))/2. Additionally, if, for 0 < k < A, ¢e(d™) denotes the number of 1 < i < n
such that d™ (1) = k, we assume that, for some constant K > 0, we have

A
Z ek (d™) — nry| < Kn'/?. (5.10)
k=0
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Now, for fixed 7, ¥ and ¢ as above, and a sequence dm) satisfying (5.10), we define the law
Q(n;cﬁ”),i,q—’,fﬁ on g{f;), for n € N large enough, as follows. First, we pick an unmarked
graph on the vertex set [n] uniformly at random among the set of graphs G with maximum
degree A such that for each 0 < k < A ck(c?gg) = ¢,(d™)." Then, we assign i.i.d. marks
with law ¥ on the edges and i.i.d. marks with law ¢ on the vertices.

The conditions in (5.9) and the conditions for z; € Z;, i = 1,2, in (5.8) are required only
to ensure that the sets of vertex marks and edge marks are chosen to be as small as possible,
and these conditions could be relaxed if desired. However, the conditions in (5.8) for z; = o;,
1 = 1,2, are essential, as will be pointed out at the appropriate point in the proofs, since
they ensure that neither of the two underlying unmarked graphs is a subgraph of the other.

As we will discuss in Section 5.2 below, the sequence of Erdés—Rényi ensembles defined
above converges in the local weak sense to a marked Poisson Galton Watson tree. Moreover,
the sequence of configuration model ensembles converges in the same sense to a marked
Galton Watson process with degree distribution 7. In Section 5.3, we will characterize the
achievable rate regions for lossless distributed compression of graphical data modeled as
coming from one of the two sequences of ensembles above in terms of these limiting objects
for the above two sequences of ensembles respectively. The formulation of this result will be
in terms of the marked BC entropy which we discussed in Chapter 3.

Remark 5.1. It should be pointed out that a rate region in the sense of Definition 5.2 need not
be a closed set, in contrast to what one is used to in the discussion of the Slepian- Wolf region
in the traditional case. Further, while oy and ag can be restricted to being nonnegative, Ry
and Ry should be thought of as real numbers. Indeed, the rate regions for the two sequences
of ensembles considered in this chapter, which are characterized in Theorem 5.1, are not
closed sets. The correct way to think of such a rate region is in terms of the subsets of
(R1, Ry) € R?, parametrized by (a1, ) € R%, for which (ay, Ry, s, Ry) lies in the rate
region, and each such subset is closed as a subset of R%. Further, for any (a1, Ry, s, Ry) in
the rate region, if oy > aq then (o, Ry, as, Rs) lies in the rate region for all R} € R, and a
similar statement holds if one replaces the index 1 by the index 2.

5.2 Asymptotic of the Erdés—Rényi and the
configuration model ensembles

In this section, we first study the local weak limits of the marked sparse Erdos—Rényi and
the marked configuration model ensembles introduced in Section 5.1. Then, we analyze the
asymptotic behavior of the entropy of each of the two models, and connect it to the marked
BC entropy of the limit associated to that model.

!The fact that each degree is bounded by A, 9 < 1 and the sum of degrees is even implies that dm™ is
a graphic sequence for n € N large enough. This is, for instance, a consequence of Theorem 4.5 in [BC15].
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5.2.1 The local weak limit of the Erdos—Rényi and the
configuration model ensembles

Let G ) be a random jointly marked graph with law G(n; p, ) and let v, be a vertex chosen
unlformly at random in the set [n]. A simple Poisson approximation implies that D,(v,),
the number of edges adjacent to v, with mark x € =;,, converges in distribution to a
Poisson random variable with mean p,, as n goes to infinity. Moreover, {D,(vy)}zez, , are
asymptotically mutually independent. A similar argument can be repeated for any other
vertex in the neighborhood of v,,. Also, it can be shown that the probability of having cycles
of any fixed length converges to zero. In fact, the isomorphism class of (G" 2,’Un)  converges
in distribution to that of a rooted marked Poisson Galton Watson tree with depth h.

More precisely, let (Tg‘,o) be a rooted jointly marked tree defined as follows. First,
the mark of the root is chosen with distribution ¢. Then, for z € Z; 5, we independently
generate D, with law Poisson(p,). We then add D, many edges with mark z to the root o.
For each offspring, i.e. vertex at the other end of an edge connected to the root, we repeat
the same procedure independently, i.e. choose its vertex mark according to the distribution
¢ and then attach additional edges with each edge mark from the corresponding Poisson
distribution with mean p,, independently for each edge mark in =, ,. Recursively repeating
this, we get a connected jointly marked tree TIE;R rooted at o, which has possibly countably
infinitely many vertices. Let lh B denote the law of the 1somorphlsm class [T; 1E§, o]. Note that
,uEl; is a probability distribution on G.(Z12,01). ;LLQ depends on the underlylng choice of
the parameters (7, ), but we suppress this from the notation, for readability. The above
discussion implies that, for all h > 0, [GS"Q) , Un]1, converges in distribution to [TF3, o],. In fact,
even a stronger statement can be proved, which is the following: If we con81der the sequence
of random graphs G mdependently on a joint probability space, U (G1 2) converges weakly
to ubl 12 B with probablhty one. With this, we say that, almost surely, “1,2 is the local weak

limit of the sequence G%), where the term “local” is meant to indicate that we require the
convergence in distribution of the isomorphism class of each fixed depth neighborhood of a
typical vertex (i.e. a vertex chosen uniformly at random).

With the construction above, let T be the i-th marginal of 775, for 1 < i < 2.
Moreover, let uf® be the law of [T ER (o ) 0]. Therefore, uI™® is a probability distribution on

G.(5;,0 ) Similarly to the argument above, one can see that, almost surely, P! is the local

weak limit of the sequence Gi

A similar picture also holds for the configuration model. Let (T%w’ 0) be a rooted jointly
marked random tree constructed as follows. First, we generate the degree of the root o with
law 7. Then, for each offspring w of o, we independently generate the offspring count of w
with law 1/ = {r}}2=} defined as

k -+ 1)7“k+1
r’:(—, 0<kE<A-1,
F E[X] -

where X has law 7. We continue this process recursively, i.e. for each vertex other than the
root, we independently generate its offspring count with law /. The distribution # is called
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the size-biased distribution, and takes into account the fact that each vertex other than the
root has an extra edge by virtue of its being defined via an edge to an earlier defined vertex,
and hence its degree should be biased in order to get the correct degree distribution . Then,
for each vertex and edge existing in the graph Tf%\/[, we generate marks independently with
laws ¢ and 7, respectively. Let ufy be the law of [T15", 0]. Moreover, for 1 < i < 2, let
™ be the law of [T°™(0), 0]. It can be shown that if GYB) has law G(n;d™,7,q,7), with
these random graphs being constructed independently on a joint probability space, then,
almost surely, uf’y is the local weak limit of thlz), and ™ is the local weak limit of ng),
for 1 < < 2. ,@4 depends on the choice of the underlying parameters (¥, q,7), but we
suppress this from the notation, for readability.

5.2.2 Asymmptotic behavior of the entropy for the Erd6s—Rényi
and the configuration model ensembles

The following general lemma, whose proof is straightforward using Stirling’s approximation,
is often used in this chapter. See Appendix D.1 for a proof.

Lemma 5.1. Let k € N. Let a, and by,...,b} be sequences of integers, defined for all
sufficiently large n.

1. Assume that a, = Zle by for all n. If an/n — a > 0 and, for each 1 < i < k,
b/ — by > 0 where a = Y b;, we have

n—o0 N {0 h<i<k @) 1<i<k

2. Assume that a, > S5 by for all n. If an/(3) — 1 and b7 /n — b; > 0, we have

an k n
: log <{b?}1<i<k) - <Zi:1 bi) logn k
lim Sis _

s(2b;),

=1

where s(x) is defined to be § — 5 logx for x >0 and 0 if v = 0.

We next connect the asymptotic behavior of the entropy of the ensembles defined in
Section 5.1 to the marked BC entropy of their local weak limits. We first consider a sequence
of Erdés-Rényi ensembles. Let n € N be large enough, and assume that ngz) has law
G(n; 0, q). Let dif := deg(yy's) = > ez, , Do For z; € Z; and 0; € ©;, 1 <0 < 2, let

Pz, = Z Px1,24))  Pzp = Z Pt ,x2)5

zheEaU{oa} zje=1U{o1}

Qo= Y onsy) G = ) G0

9’2692 9’1691

(5.11)
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For 1 <i < 2, let i := deg(ui™) = >, cz Py If Q = (Q1,Q2) has law ¢, it can be
verified that we have

ER
H(GYLQ)) = d12’2n10gn +n | HQ)+ Z s(px)) + o(n), (5.12a)
$€ELQ
dER
H(GY) = 17n10gn+n H(Q1)+ Y s(ps) | +o(n), (5.12b)
r1€581
dER
H(GyY) = = -nlogn +n | HQ2)+ Y s(psy) | +o(n). (5.12¢)
T2 €2

Using Theorem 3.3 from Chapter 3, it can be seen that the coefficients of n in equations
(5.12a)—(5.12¢) are B(uyy), (™) and X(u5"), respectively.

Before discussing configuration model ensembles, we state two lemmas, which are used
at several points. The proof of the following Lemma 5.2 is straightforward, and is therefore
omitted.

Lemma 5.2. Let A € N. Let Y be a random variable taking values in {0,1,..., A}, and let
0 <e<1. Let {Vi}i>1 be a sequence of i.i.d. Bernoulli random variables with P (V; = 1) = ¢,
and let Y1 := ZLI Vi, where Y7 =0 when'Y = 0. Then, we have

HUYLLY = ¥i) = H(R.Y) = H(Y) + BT H0A) - B [1og ().

O
The proof of the following Lemma 5.3 is given in Appendix D.2.

Lemma 5.3. Let A € N. Let Y be a random variable taking values in {0,1,... A}, such
that d := E[Y] > 0. For all n € N large enough, let @™ = (a™(1),...,a™(n)) be a degree
sequence of length n with entries bounded by A such that b, ==, a(”)(i) s even and, for
0< k<A, we have c,(@™)/n — P(Y = k). Then, we have

log |Q§Z’2> | — % logn
m —

n—00 n

—s(d) —E[logY!],

where we recall that Qg% denotes the set of simple unmarked graphs G on the vertex set [n]
such that degg (i) = a™ (i) for 1 <i<n.

Remark 5.2. The assumption E[Y] > 0 in the above lemma is crucial and cannot be relazed.
To see this, consider the following example: let Y = 0 with probability one, and let @™ be
such that a™ (1) = a™(2) = 3 and a™ (i) = 0 for i > 2. Then, although b, is even, @™ is
not graphic and G

= 15 empty. Therefore, the above limit of interest is —oo and the equality
does not hold.
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Consider now a sequence of configuration model ensembles. Namely, for all n € N large
enough, let GYQ be distributed according to G(n; dm 5, ¢,7). Let X be a random variable
with law 7 and T% = (I}, T%), 1 <k < A, an i.i.d. sequence distributed according to 5. With
this, let

X X
Xp=Y 1M #0],  Xp:=) 1[I #0y], (5.13)
k=1 k=1

where X7 = X5 = 0if X = 0. Then, if d{}' := deg(p{}") and, for 1 < i < 2, dPM =
deg(uS™M), it can be seen that

dCM
H(GYY) = =nlogn + n( = s(aSy) + H(X) ~ Elog X1
dgy'
+ H(Q) + = H(D)) + o(n) (5.14a)
CM

n d
H(Gg )) = 1T?”Llog;n + n( — s(d?™) + H(X,) — E[log X,!]

dCM
+ H(Q1) + - H(I1[Ty # ol)> +o(n), (5.14b)
dCM
H(GM) = 2Tnlogn + n( — s(d5™) + H(X5) — E[log X>!]
CM
+H(Q)) + dQTH(mr2 ” 02)) +o(n), (5.14c)

where I' is distributed according to 4. Also, using Theorem 3.3 from Chapter 3, it can be
seen that the coefficients of n in equations (5.14a)—(5.14c) are S(uf3!), S(uf™) and S(us™),
respectively. The proof of equations (5.14a)—(5.14c), which is given in Appendix D.3, and
depends on both Lemma 5.2 and Lemma 5.3.

If 1112 is any one of the two distributions pf"§ or uf3', and 1 and ps are its marginals, we
define the conditional marked BC' entropies as X(po|p1) := X(p12) — X(p1) and X(p|pe) =

Y(pa2) — B(p2).

5.3 Main Results

Now, we are ready to state our main result, which is to characterize the rate region in
Definition 5.2 for a sequence of Erdés—Rényi ensembles and a sequence of configuration model
ensembles. In the following, for pairs of reals (o, R) and («/, R'), we write (a, R) > (/, R') if
either @ > o/, or « = o and R > R'. We also write (o, R) = («/, R') if either (o, R) > (/, R')
or (a, R) = (¢, R)).

Theorem 5.1. Assume (12 is a member of either of the two families of distributions ,ufg
(parametrized by (p,q)) or p{y' (parametrized by (7,q,7)) defined in Section 5.2. Then,
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if R is the rate region for the sequence of ensembles corresponding to p12, as defined in
Section 5.1, a rate tuple (a1, Ry, an, Ro) € R if and only if

(o1, R1) = ((di2 — d2) /2, ¥(pa|p2)), (5.15a)
(a2, Ra) = ((di2 — d1)/2, X (p2lp1)), (5.15b)
(on + ag, R1 + Ro) = (d12/2,X(p12)), (5.15¢)

where dy o = deg(p12), di = deg(p1) and dy = deg(pz).

We prove the achievability for the Erdés—Rényi case and the configuration model case in
Sections 5.3.1 and 5.3.2, respectively. Subsequently, we prove the converses for the two cases
in Sections 5.3.3 and 5.3.4, respectively.

As is the case for the classical Slepian—Wolf theorem, one can generalize the above result
to more than two sources. The definition of the rate region as well as its characterization can
be naturally extended to this case. In Section 5.3.5 below, we generalize the Erdés—Rényi and
configuration model ensembles to more than two sources, define the corresponding Slepian-
Wolf rate region, and characterize the rate region for each of these cases in Theorem 5.2.
The proof structure is similar to that for the scenario with two sources, and is highlighted
in Appendix D.6.

5.3.1 Proof of Achievability for the Erdos—Rényi case

Here we show that a rate tuple (ay, Ry, ag, Rs) is achievable for the Erd6s—Rényi ensemble
if it satisfies the following

(o, Ru) = ((diy — dy™) /2, 5(pr" | ), (5.16a)
(a2, Re) = ((dy — d™)/2, S(pp " |ur™)), (5.16b)
(Oél + Qg Rl + Rg) - (dEPQ{/Q, E(MEI;{)) (5160)

Note that if a rate tuple (o}, R}, b, R}) satisfies the weak inequalities (5.15a)—(5.15¢) then,
for any € > 0, (o), R} + €, a4, R, + €) satisfies the strict inequalities (5.16a)—(5.16¢). As
we show below, this implies that (o), R} + €, o, R, + €) is achievable. Hence, after sending
e — 0, we get (o], R, o, R,) € R.

We show that any (o, Ry, ag, Ry) satisfying (5.16a)—(5.16¢) is achievable by employing

a random binning method. More precisely, for ¢ € {1,2}, we set Lgn) = |exp(a;nlogn +

R;in)| and for each G; € G, we assign f™(G;) uniformly at random in the set [L{™] and
independent of everything else.

To describe our decoding scheme, we first need to set up some notation. Let M) denote
the set of edge count vectors 7 = {m(x)},e=,, such that

Z Im(z) — np, /2| < n?/?.

TEE] 2
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Moreover, let U™ denote the set of vertex mark count vectors i = {u(f)}oco, , such that

Z lu(6) — ngg| < n?/?

0€O1,2

Furthermore, we define g 5z to be the set of graphs H1 5 € g(”) such that m m € M™ and

H<n € U™. Upon receiving (i, ) € [Lgn)] X [L(" ], we form the set of graphs H1 3 Q(n)

such that f{" (an)) =iand f\"(H) = j, where H™ and H{" are the marginals of H1,2'
If this set has only one element, we output this element as the decoded graph; otherwise, we
report an error.

In what follows, assume that GYB) is a random graph with law G(n;p, ¢). We consider
the following four error events corresponding to the above scheme:

&M = 1{G\) ¢ 603,

& = {3H\Y € G H\" # Gi"% H“‘) # Gy S EM) = (G {12},
e = 3" £ 65 GV e HYY pq D RPHES) = (PGS,

e = 3u" £ 6" HY @ G e g, 1M(H") = [P (GI)}.

Note that outside the above four events the decoder successfully decodes the input graph
G,

Using Chebyshev’s inequality, for some x > 0 we have P(€™) < kn~'/3, which converges
to zero as n goes to infinity. Moreover, using the union bound, we have

P (&) < L§">L§"> (5.17)

Note that, for each graph H{”Q) € g](%), the mark count vectors m,m and @, are in
) ) 1,2

HY
the sets M™ and U™ respectively. Additionally, we have |M™| < (2n?/3 + 1)‘42' and
U™| < (2n2/3 + 1)1912l Therefore,

1G] < (203 4 1)(EraltOrzl max A, (m, @), (5.18)
mem(n)
aeu(n)

A, 9) = <{u<e>7feeel,2) ({m<m(>})>

Now, let m™ and @™ be sequences in M and U™, respectively. Then, for all z € =, 2
and 0 € O, we have m™(z)/n — p,/2 and u™(0)/n — gy. Thereby, using Lemma 5.1,
we have

where

log Ay (m(™, @™ — (3,2, , m™(z))logn
lim —

n—00 n
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Cf)“‘z = Y (ury)-

TEE1 2

99

Substituting this into (5.18) and using the fact that > |m™ (z) — np, /2| < n??, we have

log |g£”2| - n@ logn ER
= < E(MLQ)'

lim sup
n—00 n

Substituting this into (5.17) we have
lim sup — logIP’ (52n)>

1 (") _ @1 —nY ER
Og‘gﬁ@’ n—-logn n (:ul,Q)

< lim sup
n
dER ER
. N(T—al_a2)10gn+n(z(/~L12)_R1_R2)
+ lim sup - :
4 lim sup MeL T @2)logn + n(f + Ry) — log Ly ,
n

(5.19)

The first term is nonpositive due to (5.19), the second term is strictly negative due to the

assumption (5.16¢), and the third term is nonpositive due to our choice of L
Consequently, the RHS is strictly negative, which implies that ]P’(é’z(”)) — 0.

™ and L

Now, we show that ]P’(E(") \ ™) vanishes. In order to do so, for H™ € G\, define

s )(H(")) = {(H" eg HY ¢ HW € Qﬂ} Using the union bound, we have

2
n n n n S
P(E\E) < S Rt = i) S

L(n)
Hyeof) :

Gy max S5 (H{™M)|.
L2 H1,2egﬁ,q

It can be shown that (See Appendix D.4)

ER dER
max log \Sén)(an)ﬂ — 22

. H{ €6y 2 ER| ER

lim sup < B(pg ™),

n—00 n

logn

where H\" is the first marginal of H fT;) Substituting this in (5.20), we get

dE
1 1 2 1 + 3 (uER|ERY L(n)
lim sup — log P (Eén) \ 51(”)> < lim sup n ogn +n¥(uy " [pui) — log Ly
n n
dis—dit ER|, ER
< limsup "z — 02)logn + n(S(uER) — o)
B n
_ (n)
+ limsup nog logn + nRy — log L,

n

(5.20)

(5.21)

(5.22)
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Note that the first term is strictly negative due to the assumption (5.16b), while the second
term is nonpositive due to our way of choosing Lé”). This means that JP’(&,E") \El(n)) goes to

zero as n goes to infinity. Similarly, P(ES™ \ £M™) converges to zero as n — co. This means
that there exists a sequence of deterministic codebooks with vanishing probability of error,
which completes the proof of achievability.

5.3.2 Proof of Achievability for the Configuration model

Our achievability proof for this case is very similar in nature to that for the Erdds—Rényi
case, with the modifications discussed below.

Let D™ be the set of degree sequences d with entries bounded by A such that ck(cf) =
ck(cﬁ”)) for all 0 < k < A. Moreover, redefine M™ to be the set of mark count vectors
i such that - o  m(z) = m, and 3 Im(z) — mny.| < n?3, where we recall that
m, = (35, d™(i))/2. We use the same definition for 4™ as in the previous section, i.e.
the set of vertex mark count vectors @ such that ), o  |u(0) —nge| < n?/3,

In what follows, let X be a random variable with law 7, X7 and X, defined as in (5.13),
and I' = (T'y,'y) a random variable with law 7.

We define W® to be the set of graphs H\) € G\") such that: (i) dg,m € D™, (ii)
) ) 1,2
M) € M™) | (4ig) Upm) € U™, (iv) for all 0 < 1 < k < A, recalling the notation in (5.2),
1,2 1,2

we have

mEEl’g

— —
ki (dg g, dg o) — 0P (X =k, X1 = 1) | < n/?, (5.23)

and (v) for all 0 <1 <k < A we have
— —
ki (dg e, dgym) —nP (X =k, Xy =1) | < n?/3, (5.24)
1,2 2

We employ a similar random binning framework as in Section 5.3.1. For decoding, upon
receiving a pair (i, ), we form the set of graphs H{Z) € W™ such that f™(H™) =i and
fén)(HQ(")) = j. If this set has only one element, we output it as the source graph; otherwise,
we output an indication of error. In order to prove the achievability, we consider the four
error events Si(”), 1 < i < 4, defined exactly like those in the previous section, with QZ(%)
being replaced with W™,

It can be shown that if ngz) ~ G(n;d™, 7,q,7), the probability of ngz) e W™ goes to
one as n goes to infinity (see Lemma D.1 in Appendix D.3). Therefore, P(gl(”)) goes to zero
as n — oo.

To show that P(Eén)) vanishes, similar to the analysis in Section 5.3.1, we find an asymp-
totic upper bound for log [WW™|. By only considering the conditions (4), (#i) and (ii) in the
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definition of W) we have

log |W(”)] < log ( ) + log ]Q(") |

n
{Ck (J(n))}kA:o dtr

+ log ((2712/3—{—1)'51’2 max ( i >) (5.25)

meM®) {m<x>}$651,2

+1lo ( o2n?3 4 1)1012l max ( " )) :
g | ( ) aeu \{u(0)}oco,

By assumption, we have rq < 1, hence dlcgd > 0. The condition (5.10) together with
Lemma 5.3 in Appendix D.3 then implies that

n dCM n
log |gfi(3)| —n—=<>logn _ log |QC(T(2>| —mplogn  (m, —ndf}/2)logn
lim + lim :
n—00 n n—0o0 n n— 00 n

= —s(dlcy) —E[log X],

(5.26)
where on the second line we have used the bound |m,, — ncllcg/I /2| < KAn'/? which is implied
by (5.10). Using this together with Lemma 5.1 for the other terms in (5.25), we have

dEM
log W™ | — n==logn

lim sup < —s(dPy) + H(X)
n—00 n ’
dyy'
AL 1)+ H(Q) ~ E oz X1) = S5,

where I and ) are random variables with law ¥ and ¢, respectively.

Now, in order to show that ]P’(Sén) \81(”)) vanishes, we prove a counterpart for (5.21). For
H™ € 6™ we define S (H!™) to be the set of graphs HY"” € G such that H™ & H{"
W), Then, it can be shown (see Appendix D.5) that

dCM o dCM
max  log | S (H™M)| = n—2—1 logn
' H{TLQ)EW(M 2 M1 OM (527)
lim sup 0 < B(py” ).
n—oo

Then, similar to (5.22), this shows that P(E{ \ £™) vanishes as n — co. Similarly, P(E{™ \
51(")) vanishes as n — oo. This completes the proof of achievability.

5.3.3 Proof of the Converse for the Erdos—Rényi case

In this section, we show that every rate tuple (aq, Ry, ag, Re) € R for the Erdés—Rényi sce-
nario must satisfy the conditions (5.15a)—(5.15¢). By definition, for a rate tuple (ay, Ry, ag, Rs) €

R, there exist sequences R™ and RY™ such that for each m, (a1, B\™, a, R{™) is achiev-

able and, besides, we have R{"™ — Ry and R™ — R,. If we show that (aq, R™, as, R{™)
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satisfies (5.15a)—(5.15¢) for each m, it is easy to see that (a, Ry, g, Ry) must also satisfy
the same inequalities. Therefore, it suffices to show that any achievable rate tuple satisfies
(5.15a)(5.15c¢).

For this, take an achievable rate tuple (aq, Ry, g, Re) together with a corresponding

sequence of (n, L L) codes (f™, i, ¢™). By definition, we have

log L™ — (a;nlogn + Rin)

lim sup <0 i€ {1,2}, (5.28)

N—00 n

and also the error probability pm goes to zero as n goes to infinity. Now, we define the set

A C gff;) as

AM =gl n {1y € G - g™ (A (™M), £V (HY)) = HYY, (5.29)

76‘

where Qgg was defined in Section 5.3.1. In fact, A™ is the set of “typical” graphs with
respect to the Erdés—Rényi model that are successfully decoded by the code ( fl(n), fQ(n), g™).
In the following, let G(n ~ G (n; ﬁ q_) be distributed according to the Erdos—Rényi model.
Moreover, let P be the law of GIQ, 1e for Hl(n2 € QIQ, ")(Hl( 2y = P(GgQ) = Hff;)).
With this, we define a random variable G\ 12 ) whose distribution is the conditional distribution

of Gg"Q) , conditioned on lying in A™), i

(n) ()
P (é(n) _ Hw) _ AR e 1Y e A (5.30)
1,2 1,2 0 otherwise.

where 7, ;=P (GYLQ) € A(")> is the normalizing factor. Note that, since P = 0asn — oo

and P(G( 15 € AM) — 1 asn — oo, we have 7, > 0 for all sufficiently large n, and in fact
T, — 1 as n — oco. Additionally, let f’é%) be the law of ég’g If, for i € {1, 2}, ]\Zli(") denotes
F™(G™), we have

(2 3

log L") +log 13" > H(NL") + H(My") > H(ML", M) (5.31)
= H(GYY), |
where the last equality follows from the fact that, by definition, G ) takes values among the

graphs that are successfully decoded, and hence is uniquely 1dent1ﬁed glven M (n) and M
Now, we find a lower bound for H (G( )) For doing so, note that for H ) € g1 5 and n
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large enough, we have

n n ZI g, Pz
~og R = = 3 myg@)lox — | () = 3 myge o) 1o (1—%)

:BE_l 2 1651,2

- Z <n) 0) log .

0€01 2
(5.32)
On the other hand, due to the definition of Qp g it H1 9 gE”Z then, for all x € =5 and
0 € ©12, we have
Pz 2/3 < pPe 2/3
no _mHg)()_ 2+n , and

nge — n?/® < “H}";(G) ngy + n?3.

Substituting these in (5.32) and using the inequality log(l — z) < —xz which holds for
€ (0,1), for n large enough, we have

n n pCC
~log PR(ATY) = 3 (n2 = n*?) (logn — log )

TEE] 2
n Pa 2/3 ergm Pz
1(5) - X ()| Zee
re=12
- Z (ngs — n*?)log go.
96@1,2

Using > .= L Pz = dlE2 and simplifying the above, we realize that there exists a constant
¢ > 0 that does not depend on n or H1( 5, such that, for all H1 9 € ggj; and thus, in particular,
for all H ) ¢ A we have

dER
—logPé%)(H{g)) > n% logn —n Z: %bgpx +n Z: % —-n Z golog gg — ecn*?logn
TES] 2 TrES] 2 9€®172
ER

d
= n% logn + nX(uyy) — en?/3

logn.
(5.33)

Now, if é§"§ is the random variable defined in (5.30), we have
H(GY) == >0 BR(HY)log B (H3)
HeAm

1 n n n n
= logm, — py Z PE()R)<H£2)> log P}gf{)(Hl(g))-
" HeAm
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Note that since the probability of error of the above code vanishes, i.e. P 0, and
P (G@ € Qgg) — 1, we have m, — 1 as n — oo. On the other hand, with probability

one, we have ég"Q) € Qg;. Also, by the definition of 7,, we have ZH(")GA(”> P(")(Hl(g)) =T,.

Thereby, employing the bound (5.33), we have

~ ER
H(G™) — n21ogn
lim inf (G12) - B0 > B, (5.34)

Now, using the assumption (5.28) together with the bound (5.31), we have

log L™ + log L — (a1 + an)nlogn — n(Ry + Ro)

0 > limsup
n—oo n
~(n dER
> lim inf H(GY'3) — n* logn — n%(75) (5.35)
+ lim inf n—>logn + n¥(pyy) — (a1 + az)nlogn — n(Ry + R)

The first term is nonnegative due to (5.34). Consequently,

dER

=2 —ay — ()42) logn 4+ n(S(uty) — Ry — Ra)

n (5
0 > lim inf

n—o00 n

(5.36)

Note that this is impossible unless oy + oo > di'5 /2. Furthermore, if ay + oy = dy, it must
be the case that Ry + R, > X(u}}). But this is precisely (5.15¢) for p15 = pi’s.
Now, we turn to showing (5.15a). We have
log Ly > H(M,™) > H(M{" ")
= H(GY, MV |My") — H(GY 1M, 0y
(2) ~(n) | 1r(n
= H(G| M) (5.37)
®) ~(n)| ~(n
> H(GY"|GYY)
= H(GY3) — H(GY"),
where (a) uses the facts that M" is a function of é ™) and also, since é%) e AM given

]\2[1(”) and M," (™) Wwe can unambiguously determine G 2 and hence G . Also, (b) uses data

processing inequality. Now, we find an upper bound for H (G( )) Note that since Gl 2 € A
with probability one, we have N
H(GY") < log |4,"), (5.38)

where
Ag") = {HQ( € 92 ; (”) ® H, " e A™ for some H{n) € an)}.
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Now, take H\™ € A and let ™ € G be such that H1(TL) = H" @ HM ¢ A Since
A C QZ(%), by definition we have that, for all z € =5 and all 6 € ©; 5,

Z |mH£nQ> (z) — npy /2| < n?? and Z |uH§n2)(6’) — ngg| < n?3.

TEE1,2 0€O1,2
Moreover, for xo € Z5 and 6y € ©, we have U (x9) = leealu{ol}mH@((l’l?@)) and
U (02) = > 9 co, M) ((01,02)). Using this in the above and using the triangle inequality,
we realize that for Hg(n) € .Aé") we have rﬁHém € Mé”’ and ﬁHZE”) € Z/lz(n), where ./\/lé") is the

Im(x3) — npg, /2| < n?? and LIQ(n) is the
set of vertex mark count vectors @ such that Y, o |u(fa) — ngs,| < n*?. Consequently, we
have

(n) n2/3 (1B2l+1©2D) [ ax (;L) max .
AT = (2 +1) (FneMé’” ({m<$2)}x2652)> (ﬁeué") <{u(92)}92€92)> '

Using Lemma 5.1 and the definition of Mé”) and L{Q(n) above, with Q = (Q1,Q2) ~ ¢, an
argument similar to the one that was used to establish (5.19) implies that

set of edge mark count vectors m such that ng ez,

ER
. log |AY| — n%2"logn
lim sup 2 : < H(Qq) + Z $(Pas) = B(p5 ™)

n— 00 n

T2EED

Substituting this into (5.38), we get

. log H(GY") — n@logn
lim sup
n—o0 n

Using this together with (5.34) and substituting into (5.37) we get

< S(uy™).

ER_ JER
~ . log Lg") — n% logn
lim inf
n—00 n

> S(uyy) — S5 = Sy pgh).

Using a similar method as in (5.35) and (5.36), this implies (5.15a). The proof of (5.15b) is
similar. This completes the proof of the converse for the Erdos—Rényi case.

5.3.4 Proof of the Converse for the Configuration Model

The proof of the converse for the configuration model is similar to that for the Erdos—
Rényi model presented in the previous section. Take an achievable rate tuple (v, Ry, g, Ro)

together with a sequence of (n, L™ LY} codes (£, £ ¢™) achieving this rate tuple.
Moreover, redefine the set A™ to be

AW =W N € G g™ (M), 17 (HY) = B} (539)
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where the set W™ was defined in Section 5.3.2. Now, let Gl 9~ Q(n d™ 5.7, 7) be dis-
tributed according to the configuration model ensemble, and let G1,2 € A™ have the distri-
bution obtained from that of Gﬁ’Q by conditioning on it lying in the set .A™. Note that the
normalizing constant m, := P(GYQ € A™) goes to 1 as n — oo since ]P’(GYE) e W) -1
and the error probability of the code, P, vanishes. Morcover, let Pé?v)[ and Pgﬁ be the

laws of G§"2) and é§’”ij , respectively. In the following, we show that

O R
17£r_1>})r01f n > X(p1s ), (5.40)
and _ Lo

lim sup H(ng)) —nTylogn < S(pS™). (5.41)

Nn—00 n

The rest of the proof is then identical to that of the previous section, so we only focus on
proving the statements in (5.40) and (o 41).

For (5.40), note that for ng) € gl? such that dgH(m € D™, where D™ was defined in

Section 5.3.2, we have

—log P&y (H{'Y) = log <{ RENTS 0)+10g|9(§?2>|— D My (2)10g7a— D o (6)log gp.

TEE1,2 0cO1 2

Now, if Hl(g) € W using the definition of W we realize that there exists a constant
¢ > 0 such that

0

TEE] 2

— Z ngglog gy — en®® =: K,,.
0cO 2

Note that the right hand side is a constant independent of H 1(712) and is denoted by K,. Since
éﬁ@ falls in YW with probability one, this means that H (65”2)) > logm, + K,,. But 7, = 1
as n — oo. Therefore, using the assumption (5.10) together with (5.26) from Section 5.3.2
and also the fact that m,/n — d’}'/2, we realize that

~ CM
H(G)) —n%21 dy!
i g 21\ C12) T 0B S(d5Y) ~ Eflog X1) + 2 H(T) + H(Q),

n—00 n

where X ~ 7, ' ~ 4 and Q ~ ¢. Note that the right hand side is precisely E(,u(fg/[) Hence
we have proved (5.40).
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In order to show (5.41), note that H (é(")) < log |A2 )| Where .A( consists of graphs
=" e 6i" such that for sorne H™ € G we have H™ & H{™ € A™. Since A™ C W(r
we have for all H2 € .A2 that

Z |mH£n> (22) — MnYa,| < n?/? and Z |uH§n)(92) — ngg,| < n*3. (5.42)

22€5> 02602
On the other hand, the condition (5.24) implies that dgHW € D ) where D( ") denotes the
set of degree sequences d of size n with elements bounded by A such that
lc(d) —nP (Xo = k)| < (A+1)n*3,  YO<k<A, (5.43)
where X, is the random variable defined in (5.13). Consequently, we have

= m n) (L
log |"4 | < 10g|D(n |+ max log|g(" |_|_ <maX 10g (zmzéug Hé )( 2))

eAf” {mHém (22) sz, (5.44)

n
+ max log ( ) .
aMeal™ {u a{™ (02) }o,c0,

Note that (5.43) implies that |DY| < (2(A+1)n?3+1)2+! max -
Lemma 5.1 implies that

Jep( ({Ck(d% kA:o)' Therefore,

lim sup — log Dy \ < H(Xy). (5.45)

n—oo

On the other hand, the assumptions ry < 1 and (5.8) imply that dS™ > 0. Hence, using
Lemma 5.3, we have

ax _p(m 10g |GC(Z")| — n@ logn
lim sup : < —s(d$™) — E[log X5!] . (5.46)

n—00 n

Moreover, if HQ(”) is a sequence in Ag”), from (5.42), for all xo € =5, we have

M) ($2)
lim = = Tz =P (I'y = 22|y # 03),

N0 Zx €=y Hé”) (33’/2) Zx’QGEQ Yzl
where I' = (I',T'y) has law 4. Additionally, we have

. g™
v ; Mg (X2) = —5—.
Thereby, from Lemma 5.1, we have
1 raezy My (T ds™M
limsup — max log (z 2652 " Hy ) 2)) < 2 H(Ty|Ty # o0y). (5.47)
noo T g ealm {mHén) (9) }onez, 2
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Finally, as we have wu,,m)(02)/n — gy, for all 65 € Oy, another usage of Lemma 5.1 implies

that

"

1 n
limsup— max lo ( ) < H(Q9), 5.48

where @ = (Q1,@2) has law ¢. Now, combining (5.45), (5.46), (o 47) and (5.48) and substi-
tuting into (5.44), and also using the bound H(GY) < log |AS"|, we realize that

H é(n) _ndg_Mlo n dCM
(G3”) 2 08 < H(XQ)_S(dSM)—E[lOgXQ!]+QTH(F2|F2 # 02) + H(Q2).

lim sup
n—00 n

But the right hand side is precisely (uS™). This completes the proof of (5.41). As was
mentioned before, the rest of the proof is identical to that in the previous section.

5.3.5 Generalization to more than two sources

Assume we have k > 2 sources of graphical data. For 1 <i < k, let ©; and =; denote the
vertex and edge mark sets for the ith domain. For i € [k] and n € N, g}") denotes the set
of marked graphs on the vertex set [n| with vertex and edge marks coming from O; and
=i, respectively. Given A C [k] nonempty and for G; € gl.(”), i € A, we define @, ., G; to
be the superposition of graphs in A, which is a simple marked graph on the vertex set [n]
such that a vertex v € [n| carries a vertex mark (6; : ¢ € A) € ©4 =[], GA@ such that
0; is the mark of v in G;. Moreover, an edge between vertices v and w exists in €, , G; if
such an edge exists in at least one of the graphs G;, ¢ € A. If this is the case, the mark of
this edge is defined to be (z; : i € A), where for i € A, x; is the mark of the edge (v, w)
in G; if such an edge exists in G;. Otherwise, we set x; = o;, where o; for i € [k] is an
auxiliary mark not present in Z;. For nonempty A C [k], we denote (o; : i € A) by o4. Note
that with 24 := ([[;c4(E: U {0i})) \ {oa}, @D, 4 Gi is a marked graph with vertex and edge
mark sets ©4 and =4, respectively. Let QXL) denote the set of marked graphs in domain A,
which is the set of marked graphs on the vertex set [n] together with vertex and edge mark
sets ©4 and Z4, respectively. Given G € g[(,g) and A C [k], we can naturally define the
projection of G onto domain A by projecting all vertex and edge marks onto © 4 and =4,
respectively, followed by removing edges with mark o A It can be checked that the resulting
graph, denoted by G4, hes in domain A, i.e. G4 € g

A sequence of (n, LZ- : i € [k]) codes is defined as a sequence of tuples (( e

(2

[k]), ™) such that f™ : G™ — [L™)] for i € A are encoding functions, and g™

Hiem [L; n) | — G[k]) is the correspondlng decoding function. Given a sequence of ensembles

GE:}) on g[k] , the probability of error P{") is defined to be the probability that g™ ((f"(G™) :
€ [k) # Gy

We say that a rate tuple ((ay, R;) : i € [k;]) is achievable for the distributed compression

of the sequence of random graphs GE € g[k] if there is a sequence of (n, LE") 21 € [k]) codes
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such that for i € [k],

(n)

log L;”" — (aynlogn + R;n)

lim sup
n—o00 n

Soy

and also P — 0. We say that ((ay, R;) = 1 € [k]) lies in the rate region R if there exist
sequences Rz(m) for i € [k| such that Rgm) — R; as m — oo and, for each m, ((«, Rz(m)) S
[k]) is achievable.

We can naturally generalize the Erdés-Rényi and the configuration model ensembles of
Section 5.1 to the above setting.

A sequence of Erd6s—Rényi ensembles: Given a sequence of nonnegative real num-
bers p'= {p; }zez;,, and a probability distribution ¢ = {gs }scoy,, assume that for all i € [k]
and z; € =; we have

> Pajijerr) > 0- (5.49)

(fl‘; IS [k‘])GE[k] IfL =x;

Moreover, assume that for all ¢ € [k] and all 6; € ©; we have

Z Q(Gg:z‘e[k]) > 0. (5.50)
(nge[k})ee)[k] :9;292'

For n € N large enough, the probability distribution G(n; 7, q) on gf,;) is defined as follows:
for each pair of vertices 1 <1i < j < n, the edge (7,7) exists and has a mark x € Zp; with
probability p,/n, and is not present with probability 1— ZzeE[k] pz/n. Moreover, each vertex
is independently given a mark ¢ € O with probability gg. The choices of edge and vertex
marks are done independently.

The conditions in (5.49) and (5.50) are required only to ensure that the sets of vertex
marks and edge marks are chosen to be as small as possible, and these conditions could be
relaxed if desired.

A sequence of configuration model ensembles: Similar to the configuration model
ensemble for two sources as we defined in Section 5.1, assume that A € N and a probability
distribution 7 = {r;}2, is given such that 7y < 1. Moreover, for each n, the degree sequence
d™ = {d™(1),...,d™(n)} is given such that for i € [n], d™ (i) < A, S, d™ (i) is even,
and (5.10) is satisfied. Additionally, assume that probability distributions 7 = {%}xegm
and ¢ = {QQ}gee[k] are given such that for all i € [k] and z; € E; we have

> Vialisel)) > 0, (5.51)

(Z‘; ]E[k‘])EE[k] ac;:;rl

and for all A C [k] nonempty, A # [k], we have

Z ’y(x;_:je[k]) > 0. (5.52)

(x5 €[k]) EE k) (x] i€ A)=04
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We also assume that for all i € [k] and 6; € ©; we have

> q0;:5elk)) > 0. (5.53)

(0):5€[K)) €O 4:0/=0)

With these, for n large enough, we define the probability distribution G(n; J(")ﬂ’, q,7) on
g[(,?}) as follows. Similar to the ensemble for two sources, we pick an unmarked graph on the
vertex set [n] uniformly at random among the set of graphs with maximum degree A such

that for 0 < k < A, ck(dgg) = ¢,(d™). Then, we assign i.i.d. marks with law 7 on the edges
and i.i.d. marks with law ¢ on the vertices.

The conditions in (5.51) and (5.53) are required only to ensure that the sets of vertex
marks and edge marks are chosen to be as small as possible, and these conditions could be
relaxed if desired. However, the conditions in (5.52) are essential, since they ensure that
for all A C [k] nonempty, A # [k], the underlying unmarked graph of the projection of the
overall graph onto domain A is not a subgraph of the underlying unmarked graph of the
projection onto domain A€.

Similar to our discussion in Section 5.2, it can be seen that the local weak limit of the
sequence of Erdés—Rényi ensembles above is a marked Poisson Galton—Watson tree, which
we denote by pfR. Likewise, the local weak limit of the sequence of configuration model
ensembles above is a marked Galton—Watson tree with degree distribution F which we denote
by /L[(,?]v[ For A C [k] nonempty, we denote the projection of ,uﬁ and p[k to domain A by

phR and pGM, respectively. For nonempty A C [k], A # [k], we define X(p5R|ubR) to be
Z(u%{) Y(phR). We similarly define S (uSM|uSM).

We are now ready to characterize the rate region for the multi-source scenarios above in
the following Theorem 5.2. This is a generalization of Theorem 5.1, and its proof is similar
to that of Theorem 5.1. We highlight the proof of Theorem 5.2 in Appendix D.6.

Theorem 5.2. Assume py is either of the two distributions uﬁ;} or uk] defined above.
Then, if R is the rate region for the sequence of ensembles corresponding to puy), as defined
above, a rate tuple ((a;, R;) =i € [k]) € R if and only if for every nonempty A C [k], A # [k],

we have
(Z %ZR> ((dpy — dac) /2, E(palpac)),

€A €A

and
D i Y Ri| = (dw/2, (i),
1€[k] 1€[k]

where dj) = deg(pp) and dge = deg(prae).
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5.4 Conclusion

We gave a counterpart of the Slepian—Wolf Theorem for distributed compression of graphical
data, employing the framework of local weak convergence. We derived the rate region for
two families of sequences of graph ensembles, namely sequences of Erdés—Rényi ensembles
having a local weak limit and sequences of configuration model ensembles having a local weak
limit. Furthermore, we gave a generalization of this result for Erd6s—Rényi and configuration
model ensembles with more than two sources.
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Part 111

Load Balancing
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Chapter 6

Asymptotic Behavior of Load
Balancing in Hypergrphas

So far, in Chapters 4 and 5, we have studied compression for sparse graphical data. We
did so by viewing the local weak convergence framework as a counterpart of the notion of
stochastic processes for sparse graphical data. This viewpoint suggests that the applicability
of this framework should not be considered as being limited to the problem of graphical data
compression. In fact, this framework can potentially be employed in any context involving
sparse graphical data. In particular, in this chapter, we employ this framework to study the
problem of load balancing. A load balancing network consists of a set of tasks and a set
of servers. Each task has an amount of load which can be distributed among a subset of
the servers that are accessible to that task. In order to ensure the efficiency of the network,
it is important to balance the load among the servers. When the problem size is large, it
may be expensive to compute the detailed characteristics of an optimal or sufficiently good
allocation of the load. Instead, it is interesting to focus on the statistical characteristics of
the allocation, such as the empirical distribution of the load faced by a typical server in the
network. This chapter is concerned with developing such a viewpoint in the context of a
specific kind of the load balancing problem which has broad applicability. Specifically, we
build upon the notion of load balanced introduce by Hajek [Hajo0].

The structure of this chapter is as follow. In Section 6.1, we present our model and
discuss the prior work. In particular, we model the load balancing network as a hypergraph.
In Section 6.2, we set up our notation, and discuss the extension of the local weak convergence
framework to hypergraphs. We then state our main results in Section 6.3, and discuss the
proof techniques and details in the subsequent sections.

6.1 Model and Prior Work

We model the load balancing problem by a bipartite graph in which every node on the right
represents a task and every node on the left represents a server. Each server is accessible to a
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certain subset of the tasks. Equivalently each task has access to only a certain subset of the
servers. We view the bipartite graph as a hypergraph, with each vertex of the hypergraph
representing a server and each hyperedge representing a task. The vertices of a hyperedge
are then the servers that are accessible to it. Let {vy,...,v,} and {ey,... e, } denote the
set of servers and tasks, or equivalently vertices and hyperedges, respectively. Therefore,
v; € e; means that server v; can be used to contribute to the performance of task e;. See
Figure 6.1 for an example. In general, we might want to consider the scenario where task
e; has an amount of load equal to /;, which could be arbitrarily allocated among the servers
v; € e;. For simplicity, we will consider in this chapter only the case where all the /; equal
1, but we leave the discussion general for the moment. Let 6 be an allocation of the load
of tasks among the servers, i.e. 6(e;, v;) is the amount of load coming from task e; assigned
to server v;. Hence, 6(e;,v;) > 0 and Zw@j (e;,v;) = l;. For a server v;, let 06(v;) be the
total amount of load assigned to v;, i.e. 90(v;) = Zej:vieej 0(e;,v;).

This formulation of load balancing was studied by Hajek [Haj90] who, in particular,
formulated the notion of a balanced allocation. It is natural to expect that a task would be
happier to use servers that are currently handling less load, if available, as opposed to those
handling more load. An allocation 6 is said to be balanced if no task desires to change the
allocation of its load. For finite load balancing problems, this turns out to be equivalent to
the statement that the allocation minimizes ), f(96(v;)) for any given fixed strictly convex
function f. One can think of ). f(00(v;)) as the aggregate cost we need to pay to process
all the tasks. Hajek showed the existence of balanced allocations and uniqueness of the total
load at nodes under any balanced allocation, and suggested algorithms to find a balanced
allocation. It is particularly remarkable that the notion of a balanced allocation does not
depend on the specific choice of the strictly convex cost function f.

With the aim of understanding the statistical characteristics of balanced allocations in
large load balancing problems, Hajek assumed that each task could be performed by only two
servers — hence the underlying hypergraph reduces to a graph — and he assumed that each
edge in this graph carries one unit of load. He then studied such a load balancing problem
in large random graphs [Haj90]. In particular, Hajek considered the sparse Erdés—Rényi
model to generate these graphs, where an edges are distributed among n vertices uniformly
at random, with « being a fixed parameter. Recall from Chapter 2 that the asymptotic
structure of the local neighborhood of a typical vertex in a sparse Erdés—Rényi model is given
by a Poisson Galton—Watson tree. This suggests that the behavior of balanced allocations in
Galton—Watson trees might be a good proxy for the load distribution in large Erdos—Rényi
graphs. Hajek conjectured that the recursive nature of a Galton-Watson process helps one
analyze the distribution of balanced allocations by studying fixed point equations. He was
even able to suggest the form of the fixed point equation for the Poisson Galton—Watson
tree. However, it turns out that this approach is more subtle than it looks. For one thing,
Hajek realized that the notion of balanced allocation in an infinite graph as a proxy for large
graphs is not well defined [Haj96]. See Figure 6.2 for an example.

Hajek’s conjecture for the graph regime (i.e. when each task could only be distributed



CHAPTER 6. ASYMPTOTIC BEHAVIOR OF LOAD BALANCING IN
HYPERGRPHAS 115

20(2) =1

00(3) =1 90(4) = 1

Figure 6.1: Load balancing with 3 tasks and 4 servers. (a) illustrates the bipartite rep-
resentation together with an allocation. While the load of e; could be served by nodes in
{v1,v9,v3}, half of its load is being assigned to v; and the other half to vs, i.e. O(eq,v) = 1/2,
0(e1,v2) = 0 and f(ey,v3) = 1/2. (b) shows the hypergraph representation. The total load
at a node i is denoted by 06(i). For instance, 00(vs) = 0(eq, v3) + 0(es, v3) = 1/2.

Figure 6.2: Hajek’s example to show non—uniqueness of the load for infinite graphs. Con-
sider the rooted 3-regular graph with infinite depth as shown. We send all of the unit load
corresponding to each edge in the direction of the shown arrows. The red path goes to
infinity in both pictures. The allocation in (a) makes the total load at every vertex equal
to 2 while that in (b) makes the total load at all vertices equal to 1. Therefore, both are
balanced.
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among two servers) was settled by Anantharam and Salez [AS16]. They achieved this by
employing the framework of local weak convergence that we discussed in Chapter 2. In
particular, they settled Hajek’s conjecture by first defining a notion of balancedness for uni-
modular random rooted graphs. Moreover, they showed that if a sequence of finite graphs
G, converges to a random rooted graph in the above local weak sense, the total load asso-
ciated to a balanced allocation at a vertex chosen uniformly at random in G,, converges in
distribution to the total load associated to the balanced allocation at the root of the limit.
Additionally, they managed to express a certain functional of the distribution of the load at
the root of the Galton—Watson tree in terms of a fixed point distributional equation, settling
Hajek’s conjecture in the graph regime. Beyond this, they also proved the convergence of the
maximum load for a sequence of finite graphs resulting from a certain configuration model
to that of their local weak limit, under some additional conditions.

6.1.1 Owur Contributions

We study the above load balancing problem in the more general regime where each task
could have access to more than two servers, i.e. the underlying network is a hypergraph
instead of a graph.

Our machinery for deriving results analogous to those in the graph regime will be a gen-
eralized method of local weak convergence on hypergraphs. One novelty of our development
is to introduce a notion analogous to unimodularity for processes on random rooted hyper-
graphs. We believe that this generalized framework could be of independent interest in a
variety of problems in which the underlying model is best expressed in terms of hypergraphs
rather than graphs.

In particular, we prove that for any unimodular probability distribution on the set of
rooted hypergraphs with finite expected degree, there exists a balanced allocation which
is consistent with the local weak limit theory, i.e. the load distribution of a sequence of
hypergraphs converges to that of the limit. For a special class of branching process on
rooted hypertrees which is a generalization of Galton—Watson processes, we show that the
distribution of the load at the root can be specified via a fixed point distributional equation.
Finally, we study the convergence of the maximum load for a sequence of random hypergraphs
generated from a configuration model to that of the limit, under some additional conditions.

6.2 Prerequisites and Notation

In this section, we set up our notation, and discuss our extension of the local weak conver-
gence for hypergraphs. Throughout this chapter, R, denotes the set of nonnegative real
numbers. Moreover, Q denotes the set of rational numbers. N denotes the set of positive
integers and Ny := NU {0}. For a real number = € R, we denote max{z,0} by z*, and we
denote min{z*, 1} by [z];.
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6.2.1 Hypergraphs

We work with simple hypergraphs defined on a countable vertex set, where each edge is a
finite subset of the vertex set. For a hypergraph H, the sets of vertices and edges are denoted
by V(H) and E(H), respectively. We write H as (V. E), where V = V(H) and F = E(H).
We say a hypergraph is simple if E(H) c 2V#) This means that in any edge each vertex
can show up at most once, and that each subset of vertices can show up at most once as
an edge. All hypergraphs appearing in this chapter will be simple, unless otherwise stated.
For a vertex i € V(H), denote its degree by deg (i) := |{e € E(H) : e > i}|. For a given
hypergraph H, let

U(H) :={(e,i):e€ E(H),i € e} (6.1)

denote the set of all edge-vertex pairs in the hypergraph.

Definition 6.1. A hypergraph H is said to be locally finite if degy (i) is finite for alli € V(H)
and e is finite for all e € E(H).

Note that the above definition does not imply that there is a uniform bound on edge
sizes or vertex degrees. Hence, a locally finite hypergraph can have arbitrarily large edges
or vertex degrees. Throughout this chapter, we assume that all the hypergraphs are locally
finite, unless otherwise stated. Thus, by default, the term hypergraph in this chapter means
a simple, locally finite hypergraph on a countable vertex set.

For technical reasons, it is sometimes easier to work with bounded hypergraphs in proofs
and then relax the boundedness condition.

Definition 6.2. A hypergraph H is said to be bounded if degy (i) < A for alli € V(H) and
also le| < L for all e € E(H), for finite constants A and L.

A path from node i to node j is an alternating vertex—edge sequence ig, €1, i1, €2, 02, - . ., €n, Iy
with ¢ = ¢ and 7,, = j, and 7 € ey for 0 < k < n. The length of such a path is defined to
be n. The distance between vertices ¢ and j, denoted by dg (i, j), is defined to be the length
of the shortest path between ¢ and j if ¢+ # j, and 0 when ¢ = j. A path is called closed if
10 = Up-

Definition 6.3. A hypergraph H is called a hypertree if there is no closed path
105 €1,01, - s €n—1,In—1, €n, In
with n > 2 such that i; # 4 and e; # ¢, for 1 < j#1 <n.

Remark 6.1. Note that a hypertree need not be connected. It is straightforward to prove
that if there is a path between vertices i and j in a hypertree, then the shortest path between
these vertices is unique.
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Definition 6.4. For a hypergraph H and a subset W C V(H), define Eg(W) = {e €
E(H) :e C W} Eg(W) is comprised of the edges of H with all endpoints in the set W.
Forie V(H) and d > 0, define Vi :={j € V(H) : du(i,j) < d} and D[} .= {j € V(H) :
dy (i, j) = d}. In particular, Vi§ = Dffy = {i}.

Definition 6.5. A wvertex rooted hypergraph is a hypergraph H with a distinguished vertex
i € V(H). We denote this by (H,i). An edge-vertex rooted hypergraph is a hypergraph with
a distinguished edge e € E(H) and a distinguished vertex i € V(H) such that i € e. This is
denoted by (H, e, i) .

Definition 6.6. We say that two hypergraphs H and H' are isomorphic and write H = H'
when there is a bijection ¢ : V(H) — V(H') such that e € E(H) if and only if ¢(e) :=
{6(j) : j € e} € E(H'). Also we say two vertex rooted hypergraphs (H,i) and (H',i) are
isomorphic and write (H,i) = (H',d’) if the above bijection ¢ exists and we have ¢(i) = i’
as well. Furthermore, we say two edge-vertex rooted hypergraphs (H,e, i) and (H',€',i") are
isomorphic and write (H,e,1) = (H',€',i") if the above bijection exists, and we have ¢(i) = i’

and ¢(e) = €.

Instead of working with global isomorphisms as above, we can consider local isomor-
phisms, i.e. comparing two rooted hypergraphs up to some given depth.

Definition 6.7. We say two vertex rooted hypergraphs (H,i) and (H',i") are isomorphic up
to depth d and write (H,i) =4 (H',1") if their truncations up to depth d are isomorphic,
i.e. (VIL,Eq(VH) = (Kﬁé,EH/(V;f{C;)) and also ¢(i) = i, where ¢ : VI — VL,H(; is the
vertex bijection establishing this isomorphism. Also, for d > 1, we say two edge-vertex
rooted hypergraphs (H,e,i) and (H',€',i") are isomorphic up to depth d and write (H, e, i) =4
(B¢, 1) if (VE, En(VE)) = (VI E(VED), 6() = 7, and 6(c) = ¢, where ¢(c) i~
{6(j) : j € e}. Here ¢ : V;g — V;f[é is the vertex bijection establishing this isomorphism.

Definition 6.8. Given two hypergraphs H and H', for i € V(H) and i’ € V(H') we say
that (H,1) has a local embedding up to depth d > 1 into (H',7") and write (H,i) —4 (H',i’)
iof there is an injective mapping ¢ : Vlz — Vfé such that:

1. ¢(i) =1, and
2. for alle € Eg(V), we have ¢(e) € E(H') where ¢(e) :={d(j) : j € e}.

Definition 6.9. Given a hypergraph H, a node i € V(H) and d > 1, let (H,i)q denote the
vertex rooted hypergraph ((V%y, Ex(V/})),i). In fact, (H,i)q is the d-neighborhood of vertex
1.
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6.2.2 Balanced allocations on a hypergraph

Definition 6.10. An allocation on hypergraph H = (V, E) is a mapping 0 : V(H) — [0, 1]
such that 0(e, i) with i € e € E tells us how much load from resource e is being given to node
1. More formally, it is characterized by the properties:

f(e,i) >0, Ve e E(H),i€e, and
Y Oej)=1, Ve E(H).
Jj€e

In any allocation, a given vertex i € V(H) receives a portion 6(e,i) of the total unit
load of resource e. The total load at the vertex is then the sum of portions it receives from
resources e O i. The following definition establishes the notation to discuss this load.

Definition 6.11. Given an allocation 6 on a hypergraph H = (V, E), define the function
00 - V(H) — RZO by

00(i) := Z 0(e,q) , foralli e V(H).

ei€e

Definition 6.12. For a hypergraph H = (V, E), an allocation 6 is called balanced if for all
e € E and1,) € e we have

00(i) > 00(j) = H(e,i) =0.

Much of the chapter is concerned with understanding the structure of balanced allocations
on hypergraphs, and of the load resulting from such allocations. As we will soon see via
examples, balanced allocations can exhibit phenomena analogous to phase transitions in
statistical mechanics models. This is because the hard constraint defining balancedness can
be thought of as analogous to a zero temperature limit. Following this analogy further, it
is therefore convenient to deal with what might be called a positive temperature notion of
balancedness, and then to send the temperature to zero. This is captured in the concept of
e—balance.

Definition 6.13. For a hypergraph H = (V, E), an allocation 0 is called e-balanced, if for
all e € E and 1 € e we have

exp(—909(i)/€)
> jee Xp(—00(j)/€)

Remark 6.2. Let 6 be an e-balanced allocation on a hypergraph H. Note that if e € E and
i,j € e are such that 00(i) > 06(j) then

exp(—00()/e)  _ I
X, (0000 = 1+ e (220

O(e, 1) =

O(e,i) =
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Roughly speaking, if 00(i) > 00(j) and € is small, then 6(e,i) ~ 0 and hence 0 is approx-
imately balanced. Also, roughly speaking, the smaller € is, the more balanced an e-balanced
allocation 1s.

In the above, we defined balancedness when all the loads come from the edges of the
hypergraph. We can generalize this to the case where, in addition to the internal load
imposed by the edges, we have external load as well. External load is modeled by a function
b:V(H)— R, called the baseload function. For a vertex i € V(H), b(i) denotes the external
load applied to node i. Throughout this chapter, we assume that each baseload function is
bounded, but we do not assume a uniform bound on all baseload functions. More precisely,
for each baseload function b on a given hypergraph H, we assume that there exists M < oo
such that [b(7)| < M for all i € V/(H), where the constant M may depend on H and b. The
concept of balancedness can be extended to the scenario with baseloads as follows.

Definition 6.14. For a hypergraph H = (V,E), together with a baseload function b :
V(H) = R, an allocation 0 : V(H) — [0, 1] is called balanced with respect to the baseload b,
if for alle € E and 1,j € e we have

00(i) + b(i) > 90(j) + b(j) = 6(e,i) = 0.

Note that 06(i) + b(i) is the total load at node i where 96(i) is the internal load and
b(i) is the contribution from the external load. We use the notation 0,0 as a shorthand for
00 +b.

The concept of an e-balanced allocations can be similarly extended to the scenario with
baseloads.

Definition 6.15. For a given hypergraph H = (V| E), together with a baseload function
b:V(H) — R, we say an allocation 6 : W(H) — [0,1] is e-balanced with respect to the
baseload b, if for all e € E(H) and i € e we have

exp (—0y0(i)/€)
> jce XD (=0u0(j)/€)

It is known that if the hypergraph is finite, then balanced allocations exist with respect
to any baseload and the resulting load vector is the same for all balanced allocations for
the given baseload (see Theorem 2 and Corollary 5 in [Haj90]). This result is stated in the
following proposition.

(e, i) =

(6.2)

Proposition 6.1. If H = (V, E) is a finite hypergraph, and b : V(H) — R is a given
baseload function, then there exists at least one balanced allocation 0 on H with respect to
the baseload b. Moreover, if 8 and 0’ are two balanced allocations on H with respect to b,

then 0,0(i) = 0,0’ (i) for alli € V(H).
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Figure 6.3: A graph with 3 vertices and three edges and two different balanced allocations
with zero baseload. Note that the total load at each vertex is the same for the two allocations
and is equal to 1 at each vertex.

Later, in Section 6.4, we will study e-balanced allocations with baseload for hypergraphs
that are not necessarily finite. In particular, we will show in Corollary 6.4 therein that for
bounded hypergraphs, for any baseload function, the total load at any vertex corresponding
to any e—balanced allocation is uniquely defined.

Note that for finite hypergraphs, although the balanced allocations with respect to a
given baseload might not be uniquely defined, the total loads at the vertices resulting from
any two balanced allocations necessarily have to be the same. See Figure 6.3 for an example.
The case for infinite hypergraphs is more complicated though; in this case, the loads at
the vertices also may not be unique, see Figure 6.2. See [Haj96] for more discussion on
this. However, we can state a weak uniqueness result in this case. The proof is given in
Appendix E.1.

Proposition 6.2. Given the hypergraph H = (V, E) with the baseload function b:V(H) —
R, suppose 6 and 0" are two balanced allocations on H with respect to the baseload b. If

ZZ.GV(H) |0,0(i) — OB’ (7)| < 0o then 00(i) = Op0' (i) for alli € V(H).

6.2.3 H, and H..

It is easy to check that the isomorphism between vertex rooted hypergraphs defined in
Definition 6.6 is an equivalence relation. For a vertex rooted hypergraph (H,1i), let [H, 1]
denote the equivalence class corresponding to (H, 7). Also, the isomorphism between edge-
vertex rooted hypergraphs defined in Definition 6.6 is an equivalence relation. Let [H, e, 1]
be the equivalence class corresponding to (H, e, 7).

Definition 6.16. Let H, be the set of all equivalence classes of connected vertex rooted
hypergraphs and H.. the set of all equivalence classes of connected edge-vertex rooted hyper-
graphs. Hence, each element of H. is of the form [H,i|, where [H,i| denotes the equivalence
class of (H,1), where i € V(H) for some connected hypergraph H = (V| E). Similarly, each
element of H.. is of the form [H, e, i|, where e € E(H) and i € V(H) such that i € e for
some connected hypergraph H = (V, E).
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Definition 6.17. For two vertex rooted hypergraphs (H,i) and (H',i'), define

1
d.((H,7),(H', 7)) := ———
(0, (1)) =
where m* :=sup{m > 1: (H,i) =, (H',7)}, and m* := 0 if there is no m > 1 satisfying
this. For two equivalence classes [H,i] € H, and [H',{'] € H., define dy, ([H,i],[H',i])
to be d.((H,1),(H',1")) where (H,1) and (H',i") are arbitrary members of [H,i] and [H',i'],
respectively. For two edge-vertex rooted hypergraphs (H,e, i) and (H',€',i"), define

1
dw((H,e,i), (H' 1)) i = ————
(Hesi), (. 0)) =
where m* = sup{m > 1 : (H,e,i) =, (H',e¢,i')}, and m* := 0 if there is no m > 1
satisfying this. For two equivalence classes [H,e,i| € H. and [H' €' € Haw, define
dy..([H, e i, [H' ¢,i']) to be du((H,e,1),(H' € ,i")) where (H,e,i) and (H',€',i") are arbi-
trary members of [H,e,i] and [H' €', i'], respectively.

Since all members of [H,i] are isomorphic, it is not difficult to see that dy, is well-
defined. Note that (H,i) =,, (H',7) and (H',i') =, (H",7") implies (H,1) =min{m,m
(H”,7"). Hence dy, satisfies the triangle inequality. Moreover, dy, ([H,1],[H',i]) = 0 iff
(H,i) =, (H',7') for all m, i.e. [H,i] = [H',7']. Hence dy, defines a metric on H.. We will
show in Appendix E.2 that H, with the metric dy, is a Polish space (see Corollary E.1).
Similarly, dy,, is well defined and gives a metric on H,,. In Appendix E.2 we will also show
that H.. with dy,, is a Polish space.

Remark 6.3. One can think of a function f on H, as a function on vertex rooted hypergraphs
which is loyal to the isomorphism relation, i.e. f((H,i)) = f((H',i")) whenever (H,i) =
(H',7"). This allows us to abuse notation and write f(H,1i) instead of f([H,i]). We will
follow a similar convention for functions on H...

Definition 6.18. By abuse of notation, let T, and T, denote the set of equivalence classes of
connected vertex rooted hypertrees and connected edge—vertex rooted hypertrees, respectively.
It can be checked that T, (respectively T..) is a closed subset of H, (respectively H.x).

The set 7, of the above definition should not be confused with the set of rooted trees
from Chapter 2. Throughout this chapter, and throughout Appendix E, we use 7, to denote
the set of equivalence classes of connected vertex rooted hypertrees.

6.2.4 Operators for total load and average load: 0 and V
Definition 6.19. For a function f : H.. — R, define 0f : H. — R as follows. For an
equivalence class [H,i] € H, pick an arbitrary (H',i") € [H,i| and define

af([H’Z]) = Z f([Hlvelvi/])

e'€E(H") e/ 31/
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Remark 6.4. Note that in the above definition, [H', €' i'] denotes the equivalence class of
edge—vertex rooted hypergraph (H' €' i'). Also, since all the representatives of [H,i] are
1somorphic, it is easy to check that the above expression is not dependent on the specific
choice of (H',i"). More precisely, if (Hy,i1) and (Ha,ia) are both members of [H,i|, then
if ¢ : V(Hy) — V(Hs) is the function establishing the isomorphism, ¢ gives a one to one
mapping between the set {e € E(Hy),e 3 i1} and {e € E(Hs),e > iy} and also [Hy, e, i1 =
[Hy, ¢(€),1is]. Hence

Z f([Hhe’il]) = Z f([HQ’eJ.?])’

e€E(H1),e311 e€E(Hz2),e2iz
which shows that Of is well-defined.

Remark 6.5. By the above discussion, we may write Of(H,i) = > .. f(H,e,i), where by
(H,1) we mean any arbitrary member of [H,1i].

Remark 6.6. By abuse of notation, we can think of Of as a function on H.. by identifying
Of(H,e,i):=0f(H,i). This will be helpful when we have functions both on H. and H.. and
want to unify the domain.

Definition 6.20. For a function f : H.. — R, define the function Vf : H.. — R as follows.
Given [H,e,i] € H., take an arbitrary representative (H',€',i') € [H,e,i] and define

VI([H,e,i]) = |1—| S° L ).

j/eel

Remark 6.7. As in our discussion in Remark 6.4, it can be easily checked that the above

expression does not depend on the specific choice (H',€',i"). We can therefore abuse notation
and write Vf(H, e, i) = 1‘ dice [(H e, ).

fel

Definition 6.21. For a distribution u € P(H.,), define

deg(p) == / degy (i)dp.

6.2.5 From p € P(H.) to its directed version i € M(H..)

Definition 6.22. Given p € P(H.) with deg(p) < oo, define the measure i € M(H.x) as
the one with the property that for any Borel function f : H.. — [0,00), we have

fdi= | ofdu.
Hox Hax
Note that deg(u) = f?—t** ldji = ji(H.) is the total mass of fi. Hence the assumption
deg(p) < oo guarantees [i(H..) < oo and so i € M(H..).
This following useful lemma is proved in Appendix E.3.
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Lemma 6.1. (i) Assume A C H, happens pu—almost surely Then ACH,. defined as

A:={[H, e i] € H..: [H,i] € A},

happens [i—almost everywhere, i.e. [i(A) = [I(H.s). )
(17) Assume B C H.. happens fi—almost everywhere. Then, B := {[H,i| € H, : [H,e,i] €
B Ye > i} happens p—almost surely.

The following fact relating the convergence of a sequence of functions on H, and that of
their counterparts on H,, will be useful later. This is proved in Appendix E.3.

Lemma 6.2. Let f;, : H, — R, k > 0, be measurable functions sugh that we have limy_, o fr =
fo, p—almost surely. Then, if we define their H.. counterparts fr : Hi — R via

fk(H>eﬂi> = fk(H>Z)7
then we have fk — fo, [i—almost everywhere.

Another useful lemma is the following one, which relates the convergence of a sequence
of functions on H,, to that of their 0 on H,. This lemma is also proved in Appendix E.3.

Lemma 6.3. Given u € P(H.) and a sequence of functions fr : H. — R, k > 0, assume
that we have fr, — fo fi—almost everywhere. Then we have Of, — 0fy p—almost surely.

6.2.6 Local Weak Convergence

For a finite hypergraph H, define uy € P(H.) by choosing a vertex uniformly at random
in H as the root. More precisely, if ¢ is a vertex in H and H(:) denotes the connected
component of i, define

1
Uy = OTH ()41
v VZ(H) o
The reason why we take the connected component of H is that H, is the space of equivalence
classes of connected vertex rooted hypergraphs.
If, for a sequence of finite hypergraphs {H,}, ug, converges weakly to some measure
p € P(H,), we say that p is the “local weak limit” of the sequence H,,. The following lemma
is useful in checking when local weak convergence occurs. See Appendix E.4 for a proof.

Lemma 6.4. Given a sequence {fi,}n>1 in P(H.), and p € P(H.) such that supp(p) C T,
W = iff the following condition is satisfied: for all d > 1 and for all rooted hypertrees
(T,i) with depth at most d, if

A(T,i) = {[Hnﬂ € H* : (Ha])d = (T,Z)},

then pin(Away) — 1(Am)-
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The way to understand ugy, = p is that the local structure around a uniformly chosen
vertex in H,, where local means up to a fixed depth, looks more and more similar to that
corresponding to u, hence the term “local” weak convergence. In particular, Lemma 6.4 says
that if we have a sequence of finite hypergraphs H,, then uy, = p, where p € P(7.), if
and only if for each d > 1 and all rooted hypertrees (T,1), if we choose a vertex v in H,
uniformly at random, the probability that the local structure of H, rooted at v, i.e. (H,,v)q,
is isomorphic to (7',7) of depth at most d converges to the probability that the rooted tree
with law g up to depth d is isomorphic to T'. See [BS01], [AS04], [ALO07], [Bor14] for a review
of the notion of local weak convergence in the graph regime.

6.2.7 Balanced allocations with respect to a distribution on H,

Definition 6.23. A function © : H,. — [0, 1] is called a Borel allocation, or just an alloca-
tion, if © is a Borel function and also
, 1
VO(H,e,i) = Tl
From Definition 6.20 and using our simplified notational conventions, we can equivalently
say that © is an allocation precisely when it is a Borel function and ) ... ©(H, e, i) = 1 for the
edge—vertex rooted hypergraph (H, e, 7). It may seem strange that the condition is required
only at the root edge. This will become more clear when we discuss unimodular measures
in the next subsection, see especially Proposition 6.3.

Definition 6.24. Assume p € P(H.). A Borel allocation © : H.. — [0, 1] is called balanced
with respect to w if for [i almost all [H,e,i] € Hae and any (H',€',i") € [H, e, 1] we have:

le,jg € 6/, 6@([[{’, €l,j1]) > 8@([[{/, €l,j2]) = @([Hl, e’,jl]) =0.

Remark 6.8. As in our discussion in Remarks 6./ and 6.7, the above predicate does not
depend on the specific choice of (H',e',i") € [H,e,i]. Hence, by abuse of notation, we may
write the above predicate simply as “for [i almost all (H,e,i) and j1,j2 € e, 0O(H, j;) >
0O(H, j2) implies ©(H, e, j1) =07,

Similar to our notion of e-balanced allocation for a specific hypergraph, we can define
e-balanced allocations with respect to a measure u € P(H.). As in the discussion in Re-
mark 6.8, we use a simplified language in describing the definition.

Definition 6.25. Assume u € P(H,). A Borel allocation O, : H.. — [0,1] is called e~
balanced with respect to p if for i almost all [H,e,i| € H.. we have

exp (—00.(H,i)/€)
ZjEe exXp (_aGE(HJ ])/6) .

O.(H,e,i) =
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6.2.8 Unimodularity
Definition 6.26. A probability measure pu € P(H.) is called unimodular if for every Borel

function f: H.. — [0,00) we have
/fdﬁ—/Vfd/J.

We denote the set of unimodular measures on H. by Py(H.).

See [ALO7] for a definition of unimodularity for graphs. It can be easily checked that our
definition of unimodularity reduces to the definition in [ALO7] when we restrict to graphs,
i.e. when we restrict p to have support on hypergraphs with all edges having size two.

It can be shown that for a finite hypergraph, uy defined in Section 6.2.6 is unimodular.
Moreover, if a sequence of finite hypergraphs has a local weak limit x, then p is unimodular!.
See Appendix E.5 for a proof. Roughly speaking, unimodular measures are extensions of
the kinds of measures on equivalence classes of vertex rooted hypergraphs that arise from
choosing the root uniformly at random in finite hypergraphs.

The following property of unimodular measures is crucial in our analysis. It essentially
says that “everything shows at the root” of a unimodular measure. See Appendix E.5 for
its proof.

Proposition 6.3. Assume 7 : Hee — R and p € Py(H.) is a unimodular probability measure
such that 7 =1 fi—almost everywhere. Then there exists some A C H.. such that [i(A°) =0
and

V[H,e,i|€ A 7([H,€,i])=1, Ve € E(H),i' € ¢,V(H,e,i) € [H,e,i] .

Note that this statement is consistent with our intuition regarding unimodular measures:
when some property holds at the root, since the root is chosen “uniformly” and so all vertices
have the same “weight”, that property should hold everywhere. See Lemma 2.3 in [AL07]
for a version of the above statement for graphs.

6.2.9 Unimodular Galton—Watson hypertrees

In this section, we introduce an analogue of Galton Watson processes on graphs for hyper-
trees. In the graph regime, a Galton—Watson process is defined by generating the degree of
the root at random from a given distribution and then, iteratively, the degree of each child
is generated at random and so forth. In order to generalize the notion of a Galton—Watson
process to hypertrees, since there might exist edges of different sizes, one needs to make
sense of the “degree” of edges of each possible size at each node.

To this end, we introduce the notion of type as a generalization of the notion of degree.
The type of each node is a vector of integers specifying how many edges of each size a node

"'Whether the converse is true is an open question, even in the graph regime
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is connected to. More precisely, since we want all the hypergraphs to be locally finite, we
define the set of types, denoted by A, as

A:={ye€ Né2’3""} :v(k) =0,k > ko for some ko > 2}, (6.3)

where Ny := NU {0}. For a type v € A, (k) determines the number of edges of size k a
node is connected to. For instance (2,1,0,1) means a node is connected to 2 edges of size
2, 1 edge of size 3 and 1 edge of size 5 (we haven’t shown the rest of the sequence, which is
7€ro).
For v € A define
Il =D (k), (6.4)
k>2
and
h(7y) := max{k > 2: y(k) > 0}. (6.5)
For k > 2, define @, € A to be the vector with value 1 at coordinate k and zero elsewhere.
Assume P € P(A) is a probability distribution over the set of types, such that E [I'(m)] <

oo for m > 2, where I' is a random variable with law P. For m > 2 such that E [['(m)] > 0,
we define the size biased distributions P, as

5 (o - (M) +DP(y + en)
)

(6.6)

where it is easy to check that the normalizing term makes P, a probability distribution. In
case E[['(m)] = 0, or equivalently I'(m) = 0 with probability one, we define P,, to be an
arbitrary distribution, e.g. f’m(y) = 1 when 7 is the type with all coordinates being zero.

Let () denote the root of the Galton—Watson hypertree and let Nygex denote the set
of vertices, s0 0 € Nygtex. Let Negge denote the set of hyperedges of the Galton-Watson
hypertree. Each non-root element of Nyeex Will be of the form (s1,eq, 11, ..., Sk, €k, ix) Where
s;>2,e;>1,and 1 <i; <s; —1forall 1 <j <k Thesemantics of (s1,es,7;) is that it
is the vertex numbered i; of the e;-th copy of a hyperedge of size s; attached to the root,
and so on. Thus, for example (3,5,2,5,8, 3) represents the vertex numbered 3 of the eighth
hyperedge of size 5 that attaches to the vertex labeled 2 of the fifth hyperedge of size 3 that
attaches to the root. The elements of Negge are thus of the form (sq,eq,41,..., sk, €;), where
s;>2,e,>1,and1 <4, <sj—1foralll1 <j<k-1.

Given a sequence of types {7a }aeNeae s We can construct a hypertree with vertex set and
edge set Nyertex and Negge, respectively, where for a € Nyerex, 7o determines the type of the
node a in the subtree below node a. See Figure 6.4 for an example.

Definition 6.27. Let P € P(A) such that E[I'(m)] < oo for m > 2, where I' has the distri-
bution P. Construct a random rooted tree (T, () by generating (Tq, @ € Nyeper) independently
such that Ty has law P and for any non-root node a = (s1,€1,01,. .., Sk, €k, k), Lo has law
P,.. Then UGWHT(P) is the law of [((T,0),0)] where [((T,0),0)] denotes the equivalence
class of (T,0),0) in H., with (T,0) being the connected component of O in T



CHAPTER 6. ASYMPTOTIC BEHAVIOR OF LOAD BALANCING IN
HYPERGRPHAS 128

(3,1,2)

(3,1,2,2,1,1)

Figure 6.4: The tree rooted at () generated by the sequence {7, }aen e, Where g = (2,1).
Furthermore, 31,2y, which determines the type of (3,1,2) in the subtree below (3,1,2), is
equal to (2) (which results in the single edge of size 2 below (3,1,2)), and 7, is the zero
vector for all other nodes a.

One important observation is that UGWHT(P), as in Definition 6.27, is unimodular. See
Appendix E.6 for the proof.

Proposition 6.4. Assume P € P(A) is a distribution over types such that E [I'(k)] < oo for
k > 2, then UGWHT(P) is unimodular.

Note that if (7', 0) is generated as in Definition 6.27 and (s, e1,41) is a child of the root
present in 7', the subtree rooted at i; has a similar distribution to (7',0) except that the
type of its root has law f’sl. It is useful for our subsequent discussion to define a notation
for this distribution.

Definition 6.28. Let P € P(A) such that E[['(I)] < oo for 1 > 2 and fiz some k > 2.
Construct a random rooted tree (T,0) by generating (I'y,a € Nyerer) independently such
that Ty has law Pk and for any non-root node a = (81,€1,01, .., 8r, €r,0,), L4 has law PST.
Then GWT(P) denotes the law of [(T,0),0] where [(T,0),0] denotes the equivalence class
of ((T,0),0) in H..

6.2.10 Equivalence classes of marked hypergraphs: #.(=) and
H.u(E)

Recall that H. and H.,. are Polish spaces of isomorphism classes of vertex rooted hypergraphs
and edge—vertex rooted hypergraphs respectively. We can extend the procedure by which
these spaces were created to hypergraphs with marks on their edges. Hypergraphs with
marks on their edges would be called “hypernetworks”, following the terminology in Aldous
and Lyons [ALO7]. However, we prefer to call them marked hypergraphs.

Definition 6.29. Assume H is a locally finite simple hypergraph on a countable vertex set
and = is a complete separable metric space. A Z—valued edge mark on H is a function

¢:U(H) = =,
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where we recall that W(H) denotes the set of edge-vertex pairs of H. A hypergraph carrying
such a mark is called a marked hypergraph, and is denoted (H,().

A wvertex rooted marked hypergraph is a marked hypergraph (H,§) together with a distin-
guished vertex i € V(H), and is denoted ((H,§),1). An edge-vertex rooted marked hypergraph
is a marked hypergraph (H,§) together with a distinguished edge e € E(H), and a distin-
guished vertez i € e. It is denoted ((H,§),e,1).

Remark 6.9. To simplify the notation, we employ the notation H to denote a marked hy-
pergraph, where its mark function is denoted by £z, and its underlying unmarked hypergraph

is denoted by H. Moreover, we may use V(H), E(H) and V(H) instead of V(H), E(H)
and V(H).

Definition 6.30. We call two vertex rooted marked hypergraphs (Hy, i) and (Hy,iy) iso-
morphic, and write (Hy,i,) = (Hy,iy) if there is a bijection ¢ : V(H,) — V(Hy), such that
#(i1) = iy, and e € E(H,) iff ¢(e) € E(Hs), where ¢(e) := {¢(i) : i € e}. Moreover, for
(e,i) € W(H,), we require that £, (e,1) = &g, (p(e), ¢(7)).

We say two edge-vertex rooted marked hypergraphs (Hy, ey,i1) and (Ha, e3,i5) are isomor-
phic, and write (Hy,e1,i1) = (Ha, ey,1), if there is a bijection ¢ : V(H,) — V(H,), such
that ¢(i1) = ia, d(e1) = ey, and such that e € E(H,) iff ¢(e) € E(Hy). Moreover, we must
have g, (e,1) = &g, (P(e), ¢(2)) for (e, i) € W(H,).

Definition 6.31. Let H.(Z) be the space of equivalence classes of connected vertex rooted
marked hypergraphs with marks taking values in Z, with the equivalence class of (H,1) being
denoted [H,i]. Similarly, let H..(Z) be the space of equivalence classes of edge-vertex rooted
marked hypergraphs with marks taking values in =, with the equivalence class of (H,e,1)
being denoted [H e, i].

We endow H.(Z) with the metric d, where the distance between [H;,i;] and [Hy,is] is
defined in the following way: take arbitrary representatives (H},4}) € [Hy,4,] and (H},i)) €
[Hy, 5], then let m* be the supremum over all m such that (Hj,i,) =,, (Hj, i), and the
=-distance between the corresponding marks up to level m is at most 1/m, i.e. if ¢ is the
level m isomorphism, then

1 H

d=(6m (6,1), €m, (00, 0(0) < — . Ve e By (V1)

where dz denotes the metric on =. If there is no m satisfying the above conditions, we set
m* to be 0. Then, d,([H,,1],[Hs,1]) is defined to be 1/(1 +m*). Since all the members
in [H,i] are isomorphic as vertex rooted marked hypergraphs, d, can be easily checked to
be well defined. One can also check that it is a metric; in particular it satisfies the triangle
inequality.

Similarly, we endow #,.(Z) with the metric d,, where the distance between [Hy, e, ]
and [Hy, €5, 5] is defined in the following way: take arbitrary representatives (H{, ¢}, 1)) €
[Hy,ey,i1] and (Hj, ey, i5) € [Hy, e,15], then let m** be the supremum over all m such that



CHAPTER 6. ASYMPTOTIC BEHAVIOR OF LOAD BALANCING IN
HYPERGRPHAS 130

(Hy,€\,i)) = (Hj, i, e)) and the =—distance between the corresponding marks up to level
m is at most 1/m. If there is no m satisfying these conditions, we set m* to be 0. Finally,
define d,.([Hy, e1, 1], [Ha, €a,12]) to be 1/(1 4+ m**).

In Appendix E.2 we prove that H, (=) and H...(Z) with their respective metrics are Polish
spaces, see Proposition E.1.

Similar to what we did for H, and H,., we can define 0 and V operators as follows, where
we use a simplified notation, whose validity can be justified as in Remarks 6.5 and 6.7:

Of(H,i):== Y f(H,e,i),

e€E(H),edi

and

Vf(H,e,i):= €|ZfH€]

jEe

Remark 6.10. The preceding notation, strictly speaking, applzes only to real valued functions
on H... However, if we consider the function f : H..(Z) — = defined as f(H e,i) =Egle, i),
then, when = has an additive structure, we may define Of : H.(Z) — = as

af(H7Z) = Z f(H’eai)_ Z §H(6 Z)

ecE(H),e>i e€ EY

By abuse of notation, we may use the notation 0&g(i) instead of Of (H,i) with f defined
above, and similarly for VEg(i). We will use such notation in this document because the
marks we are interested in will be real valued.

For a probability measure u € P(H.(E)), we define ji € M(H..(Z)) in a manner similar
to what was done in Section 6.2.5. Namely, /i € M(H..(Z)) is defined by requiring that for
every nonnegative Borel function f : H..(Z) — [0, 00) we have

/ﬁw—/ww.

A probability measure p € P(H.(Z)) is called unimodular if for every nonnegative Borel
function f : H..(Z) — [0,00) we have

/ﬂw—/VMﬁ

By removing marks, we get a natural projection Projy =) . . H,(Z) — H, defined as

Proj. (=)0, ([H, 1)) = [H.d] . (6.7)

This can easily be checked to be continuous.
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As was done in Section 6.2.8, choosing a vertex uniformly at random from a finite marked
hypergraph results in a unimodular measure. More precisely, if H is a finite hypergraph
together with a mark £ taking values in =,

1
= _ E Oiarin -
Upg vV (H)| [H(i),i]

i€V (H)

is unimodular. Here, H(i) denotes the connected component of i in H. Moreover, the
local weak limit of finite marked hypergraphs, i.e. the weak limit of the measures uy,, is
unimodular, if it exists. See Appendix E.5 for a proof.

6.3 Main Results

We now summarize the main results of the chapter. We first prove some properties of
balanced Borel allocations, as defined in Definition 6.24.

Theorem 6.1. Let u € P(H.) be a unimodular probability measure such that deg(u) < oo.
The following are true.

1. There exists a Borel allocation © : H.. — [0, 1] which is balanced with respect to .

2. Let © be a balanced Borel allocation with respect to . Then we have the following
variational characterization of the mean excess load under © above the load level t.
For any t € R:

/(8@ —t)Tdy = max /fmmdﬁ— t/fdp,
"ol

where fmm 18 defined as

fmin(Haeai) = imlnf(Hu])

le] jee

3. The following are equivalent for a Borel allocation © : H,, — [0, 1]:

a) © is balanced with respect to p.

b) © minimizes [ f o dOdu among all Borel allocations, for some strictly convex
function f:[0,00) — [0, 00).

¢) © minimizes [ f o dOdu among all Borel allocations for every convex function
f:10,00) = [0,00).

4. Assume Oy is a balanced allocation with respect to p and © is any other allocation on
H... Then © is balanced if and only if 00y = 00, pu—almost surely.
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5. Let {H,}n>1 be a sequence of finite hypergraphs with local weak limit u. Let L,
denote the distribution of the total load at a vertex in H,, chosen uniformly at random.
Namely, Ly, = mziev(m) 000, (:), where (00,(i),i € V(H,)) denotes the load
vector corresponding to any balanced allocation 0,,, which we recall exists and is unique,
due to Proposition 6.1. Let L denote the law of the total load at the root of the balanced
allocation on p, i.e. the pushforward of i under the mapping 0O, which we have just
shown s well defined and unique, due to parts 1 and 4 of this theorem. Then Ly,
converges weakly to L.

The proof of the above theorem is given in Section 6.6. Before that, we first investigate,
in Section 6.4, the properties of e-balanced allocations for a specific hypergraph, as intro-
duced in Definition 6.13. We then investigate, in Section 6.5, the properties of e-balanced
allocations on H.,. for a given p € P(H.), as defined in Definition 6.25. Then, by sending e
to zero, we prove part 1 of the above theorem in Section 6.6.1. The proofs of other parts of
the theorem are given in Sections 6.6.2 through 6.6.5 respectively.

Note that, as a result of part 4 of the theorem, for a given ¢ € R, the value of the integral
[ (80 —t)"dp for a balanced allocation © does not depend on the particular choice of ©. It
only depends on p and ¢, so it can be written as

Q,(t) = /(8@ —t)*dp. (6.8)

The function ®, is called the mean-excess function. Knowledge of ®, is equivalent to
determining the distribution £ of the load at the root associated to a balanced allocation
©. We now describe ®, for the class of unimodular Galton-Watson process defined in
Section 6.2.9.

Recall the notation A defined in (6.3). Assume P € P(A) and ¢ € R are fixed. For a
sequence of Borel probability measures (Q;,1 > 2) on real numbers, let Fl(glft)({Ql}lzg) be the
distribution of the random variable

I(k')

t= Z Z [1 - le,i,l - le,i,k’—l}(l]a (6.9)

where I' has law Pk, and X}, ; are random variables which are mutually independent and
independent of I', with X}, ; having law )j». Note that P, is the size biased version of P
defined in (6.6). Also note that the first sum on the right hand side of (6.9) is a finite sum,
because I' has finite support, pointwise.

Let Q be the set of sequences {Q;};>2 such that, for all k£ > 2, we have:

Qr = F](let)({Ql}lZ2)- (6.10)

Now, we are ready to provide a characterization of the mean excess function. We give
the proof of the following result in Section 6.8.
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Theorem 6.2. Let P be a distribution on A such that E[||T'||,] < oo where I' has law P.
Then, with p:= UGWHT(P), for any t € R, we have

> E (k)] k (") T'(k)
ulh) = 2 P(Y XG<l])—tP|{> > Yei>t 11
u() {nglki}jeg < k (il ki )) ki =] (6.11)

k=2 k=2 =1

where, in the first expression, I' is a random variable on A with law P and {Xy,;}x; are
i.i.d. such that Xy; has law Q. Also, in the second expression, I' has law P and {Yy;}x.
are independent from each other and from I', with Y}, ; having the law of the random variable
1—(Z] +- -+ ZF )], where Z; are i.i.d. with law Q..

For a finite hypergraph H, we define o(H) to be the maximum load corresponding to a
balanced allocation on H, i.e. if # is a balanced allocation on H,
H) = 00 6.12
o(H) := max 06(v), (6.12)
which is well defined due to Proposition 6.1. From [Haj90, Corollary 7] we know that there
is a duality between this parameter and the subgraph of maximum edge density, i.e.
B (95)]
H) — 6.13
o(H) =, max | T (6.13)
where Ey(S) denotes the set of edges of H with all endpoints in S.
For a unimodular probability distribution p on H, with finite deg(u), we define

o(p) :=sup{t € R: ¢,(t) > 0}, (6.14)

where ®,,(.) is the mean excess function defined above. In other words, if © is the balanced
allocation corresponding to p introduced in Theorem 6.1 and £,, is the law of 0© under p,
then
o(p) =sup{t e R: L,([t,00)) > 0}.

One question is whether local weak convergence implies convergence of maximum load, i.e.,
if H, is a sequence of graphs with local weak limit p, does o(H,,) converge to o(u)? Similar
to the graph case, this is not true in general, since we can always add an arbitrary but
bounded clique to boost o( H,,) without changing the local weak limit. We prove convergence,
under some conditions, for the special case where the limit p is the UGWT model defined
in Section 6.2.9 and, for each n, H, is a random hypergraph obtained from a generalized
hypergraph configuration model defined in Section 6.9.1.

Theorem 6.3. Let P be a probability distribution on A such that, if I is a random variable
with law P, P(I'(k) > 0) > 0 for finitely many k and E[I'(k)] < oo for all k > 2. Moreover,
let = UGWHT(P). Then, if {H,};°> is a sequence of random hypergraphs obtained from
a configuration model, under some conditions stated in Proposition 6.18, o(H,) converges in
probability to o(i).

This theorem is proved in Section 6.9.
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6.4 e—balancing with baseloads

In this section, we analyze the properties of e-balanced allocations with respect to a baseload,
which were introduced in Definition 6.15. Note that throughout this section, we are dealing
with a given hypergraph, not a distribution on H,. By setting the baseload function b to zero,
our results here reduce to those for e-balanced allocations as introduced in Definition 6.13.

6.4.1 Existence

The existence of e-balanced allocations with respect to a baseload b on hypergraphs is a
consequence of the Schauder—Tychonoff fixed point theorem (see, for instance, [AMO09]).
Here we give the details. Fix a hypergraph H = (V, E) and define the topological vector
space W to be:

W={0:V(H) —» R} =R

with the product topology of R. Here, we recall that W(H) is the set of all edge—vertex pairs
of the hypergraph (6.1), and that this is a countable set. Define the following convex subset
of functions with values in [0, 1]:

A= 1{0:U(H) - [0,1]}.

Since we have employed the product topology, Tychonoff’s theorem tells us that A is a
compact set (see, for instance, [Mun00]). Define the mapping 7': A — A via:

exp (_abee(i)>
Y. exp (_abem) '
Jj€e €

We want to show that 7" has a fixed point. In order to do so, we need to show that T' is
continuous. Since we have employed the product topology, we need to show that, for all
(e,1) € W(H), the projected version T, ; defined as:

(TO)(e,i) =

Te,i(e) = (TH)(67 2)7

which is a mapping from A to [0, 1], is continuous. In order to show this, note that T, is
the concatenation of a projection Proj, : A — RIV¢l, where

U.:={(c,j): € €eE,dnNe#0,j€ene},

and an addition function from RVl to Rl which gives us the vector [90(j)]jc., and then a
function f : Rl‘ = R defined as:

o= (@iFb(i))/e
Hsliee) = =z
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Since all these three functions are continuous (note that U, is a finite set since we have
assumed that the graph is locally finite and all edges have finite size), T" is also continuous.
Therefore, since W is Hausdorff and locally convex, A is compact, and 7' is continuous, the
Schauder—Tychonoff fixed point theorem implies that 7" has a fixed point (see, for instance,
[AMO09, Theorem 8.2]). Note that 0" := T'(0) satisfies > ... 6 (e,i) = 1 for any 6 € W.
Therefore this fixed point is an allocation in the sense of Definition 6.10, and is also e—
balanced.

6.4.2 Monotony and Uniqueness

Intuitively, we expect that when we add more edges to a hypergraph and increase baseloads,
the total load for an e-balanced allocation would increase. We also expect that the effect of an
increase in baseload at any vertex tends to dissipate as one moves away from the vertex, when
comparing the respective balanced allocations. Lemmas 6.5 and 6.7 below quantify these
phenomena. They are formulated in the language of vertex rooted hypergraph embedding
from Definition 6.8.

Lemma 6.5 (depth 1 local contraction). Assume the vertex rooted hypergraph (H,i) can be
embedded up to depth 1 into the vertex rooted hypergraph (H',i'), i.e. (H,i) <1 (H',d"), with
embedding ¢ : fo — V;f]l/ . Let 0. and 0. be e-balanced allocations on H and H' respectively,
with respective baseload functions b and b, with b(i) < V'(i'). If
M= max 9y0.(j) — 0. (6(5)),
Jidm (1,5)=1

then we have
DR

D44

where Dfl is the set of nodes at distance one from node i as was defined in Definition 6./.

Oy (i') > 8,0.(1)

Note that, in this lemma, 6. and . are two arbitrary e-balanced allocations on H and H’
respectively, with respective baseload functions b and ¥'. We know from Section 6.4.1 that
such allocations exist, but they might a priori not be unique. We will later prove uniqueness
for the special case of bounded hypergraphs, which were introduced in Definition 6.2.

Before proving this result, we need the following tool, whose proof is given after the proof
of Lemma 6.5.

Lemma 6.6. Assume that for € > 0, the function f. : R¥ — R is defined in the following
way:

1
f($1,~-- $k):—x
‘ ’ L+ 3, e e
Then, for arbitrary real valued sequences (x1,...,xx) and (2}, ..., x}), we have,

fe(ze, .. my) — fe(oh, .. x)) < iZ[xZ — 2t
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Proof of Lemma 6.5. Since ¢(e) € E(H') for e 3 i, and 0. is a nonnegative function, we have

PNACKIED P ACONI] (6.15)

2T =1

On the other hand, we have

Op0c (i) — O b, ZQ e,1) 292(6/ i’

edi e/>¢
(b) ] , )
<Y be(esi) = 0o(e), 1)
edi
(© 1
B Z ( 0u0e ()~ e (i)
=i \ 1+ EJ.-? exp | — 2L (6.16)
VE)

_ 1 )
L Xe. xp <_8b/0€<¢u>2—6b/ee<z ))
= D0 D @46.07) — 30.6)) — (AL(6()) — AL

ed1 je€e
JF#i

where (a) results from b(:) < b'(i’), (b) uses (6.15), (c) is a substitution from Definition 6.14,
and (d) uses Lemma 6.6.
Now, let

Li={(e,g): 21,5 €e,j 7#1,00(5) = Oy 0((5)) = D0c (i) — Dy 0 (i')}-
Then the inequality in (6.16) together with the definition of M implies

d)1

1
0u(1) = O Oc(i') < -ITI(M = (9p0c(i) — By (1)),
€
Rearranging the terms, we get

LY T

Oue(i) — O B(i) < 1]+ DI | +4e

which is exactly what we wanted to prove. O]

Proof of Lemma 6.6. First we prove the statement for & = 1. In this case, the function
fe(x) = 1+17£ is i—Lipschitz and increasing in x, hence the statement holds for & = 1.
e €

Now assume k > 1 is arbitrary. We have

fe(xla"'axk)_fe(xllw"ax;;):Z A ¢ - (617)
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Now, for each 1 <1 <k, if 2} > x; then

<1 + Zf:l 6_%> (1 + 25:1 6_%5> e

On the other hand, if z; < x;, then we have

IN

1 1
1"‘67% 1—’_6_%;
1

< Zx, — 2T

—4€[x'l zz]?

where the last step uses the statement for £ = 1. Therefore, in either case, we have proved
that for all 1 <3 < k we have:

2!
_ T Zq

e —e « 1
‘ < < —[z; — 2T,

<1 +Zf=1 ei%> <1 +Zi:1 ei%s) A

Substituting this into (6.17) we get the desired result. O

Now we generalize Lemma 6.5 to depth d local embeddings.

Lemma 6.7 (depth d local contraction). Assume (H,i) <4 (H',i") with embedding ¢ :
Vi <= Vfg Also let 6. and 6. be e-balanced allocations on H and H' respectively, with
respective baseload functions b and b, where b(j) < b'(¢(7)) for all j such that dy (i, 7) < d—1.
Then we have:

d
8,]/02(2")28;,96(@')—( LA ) M

4e + LA
where
My = max 90 (j) — O 0. ((4)),
]EDfd
and
L:= max |e|,
e€En (V)
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Proof. Take some j € V(H) with dg(i,j) = k. If j/ € V(H) is such that dy(j,j') = 1, the
triangle inequality implies that

Thus
D c Dl ,uDluDj. . (6.18)

Hence, if dy(i,j) < d — 1, using the same embedding map ¢ we have (H,j) <1 (H', ¢(j)).
Hence, if we define

My = max y0.(7) — 0. (0(5)) 0<k<d,

J:du (i,5)=k
and
LA
o= —
4e+ LA’
then using Lemma 6.5 and (6.18) we have
My <a(MP,VMSVML)  1<k<d-1, (6.19)
and
My < aM;. (6.20)

We show by induction that M, < oM, for 0 < k < d— 1. For k = 0, this follows from
(6.20) and the fact that x — =™ is increasing. For k > 1 we have from (6.19) that

M,j < O‘(M/j—l v Ml:r \% Mlj+1) < O‘<<O‘Mk+ \% M/j) \ Mlj+1) = O‘(—Mk+ N M/j+1)-

We claim that M, < aM; ;. The above inequality means that either M," < «M, or
M < aM, 1+ The latter case is precisely what we have claimed, while in the former case,
as a < 1, we have My = 0 and the inequality M," < aM,}, ., is automatic. This implies that
My < oM and completes the proof. O]

Using the above local results, we now show that if we add edges to a hypergraph and/or
increase the baseload, the total load should increase.

Proposition 6.5. Let H and H' be two hypergraphs defined on the same vertexr set V =
V(H) = V(H'), such that E(H) C E(H'), and H is bounded (but H' is not necessarily
bounded). Suppose two bounded baseload functions b,b' : V. — R are given, such that b(i) <
b'(i) for alli € V. If 0. and 0. are two e-balanced allocations on H and H', respectively, for
the respective baseload functions b and V', then we have 0,0.(i) < Oy0.(i) for all i € V.

Proof. Since H is bounded, there are constants A and L such that, for alli € V', deg, (i) < A
and |e| < L for all e € E(H). Also, as b is bounded, for some K > 0 and all ¢ € V', we have
b(3) < K.
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Now, fix some i € V. Since F(H) C E(H'), we have (H,i) < (H',i) with the identity
map as the embedding function. With this, define

M = sup 340.(j) — db.())-
jev
Note that, since 9,0 is bounded to A + K, the above quantity is finite and well defined.
Now, using Lemma 6.5, we have

/ AL
b)) — o0’ (1) < ———MT.
8b6’6(z) 81, ‘95 (2) ~ 4E—|—ALM

Taking the supremum over i on the left hand side, we get

AL

M< — _M*
~ 4e + AL ’

AL

1Az < 1, implies M < 0 and completes the proof. O

which, since

If we have a fixed bounded hypergraph H with a baseload function, and 6., 6. are two
e-balanced allocations on H, repeating the above proposition twice, we get 96, < 906’ and

00, < 90., which implies uniqueness. To sum up, we have:

Corollary 6.1. If a hypergraph H 1is bounded, there is a unique e—balanced allocation with
respect to any given baseload on it.

6.4.3 ¢—balanced allocations for unbounded hypergraphs with
respect to a baseload: canonical allocations

We now produce e-balanced allocations on a hypergraph H with respect to a given baseload
even when the hypergraph is not necessarily bounded. Note that we do not make any claims
about uniqueness.

For a given hypergraph H and A € N, define H® to be the hypergraph with vertex set
V(H) and edge set £, where

E%:={ec E(H):|e| <A degy(i) <A Vicel (6.21)

Given the baseload function b, define #2 to be the unique e-balanced allocation on H” with
respect to the baseload b, where the existence and uniqueness of 62 is a consequence of
Corollary 6.1 above. Since E® increases to E(H) as A increases, Proposition 6.5 implies
that 9,02 is pointwise increasing in A. Since it is also pointwise bounded, it is convergent.
For a node i € V(H), define

I := lim 0,0°(i),

A—00
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Now, for e € E(H) and i € e, define
b
B(e,i) = ——F ( €>l_ . (6.22)
ecexp ()

Now we prove that 6, is an e-balanced allocation with respect to the baseload b. First,
observe that, because of the normalizing term in the denominator, > ._ 6.(e,i) = 1 for all
e € E(H). We now show that [; = 9,0.(7). Note that

206(6’2.)22 exXp (%)l>

edi =1 ZjEE €Xp <_?

i€e

exp (~ 220
- Ahm M2\
—00 o> Zjee exp (—%)

Observe that, for A > max.s, (|| V max;c. degy(4)), we have e € E2 for all e 5 4. Hence,
the term inside the summation is 02 (e, i), because #* is the unique e-balanced allocation on
H? with respect to the baseload b. Since we are taking A — 0o, we can assume it is big
enough to get

O0c(i) = b(i) + lim_ Z@f(e,i) = lim 9,02 (i) = ;.
ed1

Substituting this into (6.22), we conclude that 6, is e-balanced, with respect to the baseload
b.

Remark 6.11. Note that the above procedure gives rise to an e—balanced allocation with
respect to any given baseload, but we do not know if it is the only possible e~balanced allocation
or not. In fact, we have proved uniqueness for bounded hypergraphs only. To emphasize this
and avoid confusion, we call the e~balanced allocation resulting from the procedure above the
“canonical” allocation with respect to the given baseload. A special case of the procedure
yields the canonical e-balanced allocation when there is no baseload.

Now, we generalize the monotonicity property of Proposition 6.5 to the case of not
necessarily bounded hypergraphs, for these canonical allocations.

Proposition 6.6. Given hypergraphs H and H' on the same vertex set V, with E(H) C
E(H'), and baseload functions byt : V- — R such that b(i) < b'(i) for alli € V, if 0. and
0. are the canonical e-balanced allocations on H and H', with respect to baseloads b and V',
respectively, then 0,0.(i) < Oy 0.(1) for alli € V.

Proof. Set E := E(H) and E' := E(H'). Note that since £ C E’ and the vertex sets are
the same for H and H', E® C E’ for any A. Thus, if #2 is the unique e-balanced allocation
on (V, E®) with respect to the baseload b and @ is the canonical e-balanced allocation on
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(V, E') with respect to the baseload ', Proposition 6.5 implies that 9,02 (i) < 9y’ (i) for all
i € V (note that in Proposition 6.5 only the smaller hypergraph needs to be bounded, hence
we only need to truncate E). By sending A to infinity, we get the desired result. O

6.4.4 Nonexpansivity

Proposition 6.7. Let H be a given hypergraph and b, b be two baseload functions. Let 6 and
0" be the canonical e-balanced allocations on H with respect to b and V', respectively. Then,
we have

||8596 — 5’1,/92“,1(‘/(1{)) < Hb - b/”ll(V(H))

Proof. To start with, assume that H is bounded. Later, we will relax this assumption.
Consider first the special case b(i) > ¥'(i) for all i € V/(H). Then, using the monotonicity
property of Proposition 6.5, we have 9,0.(i) > 0y 0.(i) for all i € V(H). In particular,

||ab96 - ab’eéHll(V(H Z 01, 8];/02(2)

i€V (H

Now, let {V,} be a nested sequence of finite subsets of V(H) converging to V(H), i.e.
Vo T V(H). Let 0, and 0, be the e-balanced allocations on (V,,, Ey(V,)) with respect to
the restrictions of b and b to V,,, respectively. The monotonicity property of Proposition 6.5
and an argument similar to the one given in Section 6.4.3 above, implies that 0y6,, . and 06/, .
converge to e-balanced allocations on H and H’ with respect to b and ¥’, respectively. Since
H is bounded, there is a unique e-balanced allocations with respect to any baseload function.
Therefore, we have Oy0,c T Opf. and Oy0; . T Oyt as n — oo. Using the conservation of
mass, we have

Zab ne(1) — Oy 0, Zb ) —=b'(i) < Zb ) =@ =110 =Vl vy »

1€V 1€V 'ZEV

where we have used the assumption b > ¥'. In fact, for any finite subset of vertices K C V(H),
we have K C V,, for n large enough and so using 940, T 0y and 9y t;, . T Oy0; and also the
monotonicity property of Proposition 6.5, we have

Z 81)96( ab’ = 1}220 Z ab n, 6 ab’ 9/ ( )

€K €K
hm E 8;, ne 81,/0/ ()
n—00
ZEVn

< 16 =Vl
Since this holds for every finite subset K C V(H), we conclude that

| Ov0c — ab/QQHll(v(H)) <|lb— b,”ll(V(H))
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Now, continuing to assume that H is bounded, suppose the condition b > b does not
necessarily hold. Define v := b Al with 67 being the unique e-balanced allocation on H
with respect to b”. Due to monotonicity property of Proposition 6.5, we have 0,0, > 0y6”
and Oy 0. > Op6”. Thus, using the above argument and the triangle inequality, we have

1060 — Oy Oclyxvrcaryy < 11060 — 007 |1 (v oy + 110000 — OO 13 -y

<16 ="My + 10" = 0"y

= > b(i) = b(i) + V(i) — V(i)
ieV (H)

= Z 16(i) = ') = 116 = V'l (v ay) -
ieV (H)

Finally, we relax the boundedness assumption on H.

We take a not necessarily bounded hypergraph H and let H® be the truncation of H,
as defined in Section 6.4.3. Let #2 and °* be the unique e-balanced allocations on H2,
with respect to the baseloads b and ¥, respectively. Since H” is bounded, using the above
argument, we have

A A
Habee - 81)’92 Hll(V(H)) < “b - b,”ll(V(H)) :
Hence, for any finite subset K C V(H), we have
Ay A A A

Z |8b0€ (Z) - ab’eé (Z)| < Habee - ab’eé Hll(V(H)) < ||b_ bl”ll(V(H))'

€K
Sending A to infinity and using the facts that 90> and 902 converge to 96, and 9.,
respectively, and also the fact that K is finite, we have

D 10008 = D 0L(D)] < (10 = V'l oy -
€K
Since the above is true for all finite K, we have
||8bee - 3b'92\|11(V(H>) < ”b - b/”ll(V(H)) )
and the proof is complete. O]

6.4.5 Regularity property for canonical e-balanced allocations
with respect to a baseload

In this section, we give a regularity property of canonical allocations which is crucial in our
analysis.

Let T be a hypertree. For a node i € V(T') and e € E(T), e > i, define T,._,; to the
connected subtree with root ¢ that does not contain the part of T directed from e. To be
more precise, the vertex set of T, ,; is the set of vertices j € V(T') such that the shortest
path from ¢ to j does not contain e. The edge set of T,_,; contains all the edges with all their
end points in this subset, i.e. Er(V(T.-;)) in the notation of Section 6.2.1.
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Proposition 6.8. Let T' be a hypertree, b a baseload function on T, and 6 the canonical
e-balanced allocation on T with respect to the baseload b. Let e € E(T) and i € e, and let
Or. .. denote the restriction of 0 to T._;, i.e.

Or, (e, i) =0(c,i) e e BE(T,.,;),i €.

e—1

Then, O

e—i

b defined as

18 the canonical e-balanced allocation on T,_,; with respect to the baseload function

b(i) = b(i) + 0(e, i),
and b(j) = b(j) for j € V(Tosy) \ {i}-

Proof. 1t is straightforward to check that 61, . is an e-balanced allocation on 7T._,; with
baseload function b. Thus, the content of the theorem is the statement about this e-balanced
allocation being the canonical e-balanced allocation on T,_,; with the baseload function b.

Let 6 denote the canonical e-balanced allocation on 7. v_s; with respect to the baseload b.
Moreover, let 02 denote the unique e-balanced allocation on the bounded tree (Teﬂ-)A with
respect to the baseload b. Throughout this proof, we assume that A > Aq where

Ay := |e| V max{deg(j) : j € e}.
If A satisfies this property, then e € E(T?), and one can also check that
(Te—>i)A = (TA)e—m'a (623)

so we can unambiguously write T2, for this tree. (Note that T need not be connected, but
this is not relevant.) If 2 denotes the unique e-balanced allocation on T with respect to
the baseload b and 9%6 _,, Is its restriction to TA,,, then, since A > A,, 9%6 _,, is the unique -
balanced allocation on T2,; with respect to the baseload b* defined as b (i) = b(i) + 0> (e, 1)

and b2 (j) = b(j) for j # i. Now, #* and 02 are canonical e-balanced allocations on T)2,;
with respect to the baseloads b and b>, respectively. Using Proposition 6.7, we conclude that
for an arbitrary vertex k € V(T,_,;) we have

< 6%(e, i) — 0(e, 1)|.

Bpab2 (k) — 0-6°(k <Hau9A — 9,6°
|b THi<) b ()’— b3V Ty b N(V(Tesss))

Now, sending A to infinity and noting the fact that 62 (e, i) — (e, i), we have |92 65 (k) —
950”2 (k)| — 0. Since 07 . is the restriction to T.2,; of the e-balanced allocation 2 on T

with respect to the baseload b, we have 9,002 (k) = 9,02 (k) for all k € V(T2,;). Since
0™ (k) — 0,0(k) and 956°(k) — 950(k) for all k € V(T) as A — oo, we conclude that

0(k) = 00(k), Yk e V(T.).

But it is straightforward to check that 0,0(k) = 0;0r. ,,(k) for all & € V(T.,;). From
the definition of e-balanced allocations, we conclude that 6, (¢/,i') equals 6(e’,i') for all
¢ € E(T.;) and all ¢/ € ¢, i.e. that Or,_, is the canonical e-balanced allocation on T,_,;
with respect to the baseload b, which was what was to be shown. O



CHAPTER 6. ASYMPTOTIC BEHAVIOR OF LOAD BALANCING IN
HYPERGRPHAS 144

6.5 ¢—balanced allocations on H..

In this section, we discuss how to find an e-balanced allocation on H.., in the sense of
Definition 6.25, with respect to a unimodular measure p € P(H,). Recall that this is a
Borel allocation O, : H.. — [0, 1] such that
—00.(H,1
O(H, e i) = exp( ( Z)/E) ,  fi—a.e..
ZjEe exp(—@@e(H, j)/é)

What we do here is in fact stronger, in the sense that we introduce a Borel allocation O,
such that the above condition is satisfied pointwise, i.e.

exp(—00.(H,1)/e)
2 jee XP(=0O(H, j)/€)

In fact, we can define ©.(H, e, 1) to be 6 (e, i) where 87 is the canonical e-balanced allocation
for H, as was introduced in Section 6.4.3. Defining ©. in this way guarantees that (6.24) is
satisfied. Therefore, it remains to show that ©, is a Borel allocation. In the following, we
construct ©, differently, but as we will see later, the ©.(H, e, 1) we construct will be equal
to 01 (e, i) (see Remark 6.12 below).

For the construction, given A € N, define F2 : H, — R via FA(H,i) := 90H° (i),
where H? is the truncated hypergraph introduced in Section 6.4.3. The uniqueness property
of e-balanced allocations for bounded hypergraphs (Corollary 6.1) implies that the above
definition does not depend on the specific choice of (H, ) in the equivalence class. Therefore,
FA is well defined. We claim that F2 is a continuous function on H.. Indeed, if (Hy,i;) =4
(Ha, is), then (HA,i1) =41 (HS, i), and using Lemma 6.7 we have

A2 d—1
<
- <46+A2> A

This implies that F2 is (uniformly) continuous. Moreover, Proposition 6.5 implies that F2
is pointwise increasing in A. On the other hand, F2~(H,i) < degy(i). Hence, there is a
pointwise limit

O.(H,e,i) = V[H, e,i] € Ha. (6.24)

DO1E (i) — 6% (i)

F.(H,i) := lim F~(H,1q). (6.25)
A—o0
We now define O, : H,. — [0, 1] in the following way:
exp(—F.(H,1)/e)
> jee exp(—Fe(H, j)/€)

We want to show that ©, is an e-balanced allocation on H... Since F€A is continuous, F,
is Borel, and hence ©, is a Borel map. Also, the normalization factor in the denominator
guarantees that » .. O.(H, e, i) = 1, and hence O, is a Borel allocation. Comparing (6.24)
with (6.26), it suffices to show that

00.(H,i) = F.(H,i). (6.27)

O.(H, e, i) = (6.26)
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In order to show this, note that

= Z@e(H,e,i)

e

exp(—F.(H,1)/€)
-2 2 (H 3/€)

edi JeeeXp
, exp(—F2(H,1)/e)
=1
) s FA(H e

edi Jjee

Now, when A > max,s; |e| and also A > max;e. .s; degy(j)), we have e € E(H?), and we
have

exp(=FA(H0)/) _ _ exp(=08 (/) _ pus iy,
Yjee XP(=FAH, j)[€) — X exp(—00F*(H j)Je) = 77
Consequently,
a() __zgyg;)zgj(9Hr f{ e, Z

edi
= lim 907" (H, 1)
A—00
= lim F2(H,1i)
A—00
= F.(H,17).

Therefore, we have shown (6.27), which shows that ©, satisfies (6.24) and hence is an e~
balanced allocation (both pointwise and fi—almost everywhere).

Remark 6.12. Note that (6.25) means that F.(H,i) = 007 (i), where 07 is the canonical -
balanced allocation in H. Hence, (6.26) implies that ©(H, e, 1) is pointwise equal to 09 (e, ).

The following Proposition proves an almost sure uniqueness property for Borel e-balanced
allocations which is similar in flavor to part 4 of Theorem 6.1. The proof of this statement
is given in Appendix E.8.

Proposition 6.9. Assume i is a unimodular measure on H, such that deg(p) < oco. Given
€ >0, let O, be the e-balanced allocation defined in this section, and let ©. be any other e
balanced allocation, both with respect to u. Then, we have 00, = 00., u—a.s. and O, = O,

ji—a.e..

6.6 Properties of balanced allocations

6.6.1 Existence

In this section we prove the existence of balanced allocations (part 1 of Theorem 6.1):
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Proposition 6.10. Assume p € P(H.) is unimodular with deg(p) < oco. Then, there is a
sequence € | 0 such that ©, converges to a balanced allocation ©¢, with the convergence
being both in L*(fi) and fi—almost everywhere.

Proof. First, we show that ©, is Cauchy in L?(ji). To do so, we take €,¢ > 0 and try to
bound ||©, — @€/||L2(ﬁ). For an integer A > 0, define the function ©2 on H,., as follows:

08 (e,i) if e € E(H®),

0 otherwise,

O2(H,e,i) = { (6.28)

where H? is the truncated hypergraph introduced in Section 6.4.3 and ® is the unique
e-balanced allocation associated to it.

Take a locally finite hypergraph H and an edge e in E(H?). As #7° is e-balanced on
H” and e € E(H?), for i,j € e we have
07 (e,i)  exp(—007°(i)/e)

€

01 (e,j)  exp(—=0017(5)/€)

By the definition of ©2, if e € E(H%), then for all j' € e, ©2(H, e, j') = 07 (e, j) and

€ )

dO2(H, j') = 907" (j'). Taking logarithms on both sides of the above equation, we have

002 (H,i) + elog O (H, e,i) = 002 (H, j) + elog ©2(H,e,5), Vi, j € e,

with this equation holding pointwise whenever e € E(H?). As this equality holds for
all i,j € e, any two convex combinations of the values of 902 + elog ©2 evaluated at
nodes in e are equal, whenever e € E(H®). In particular, if ©% denotes the ¢—balanced
allocation on H,, defined similarly to the above, then, whenever e € E(H?), we have
i O2(H, e,i) = >, O5(H, e,i) = 1. Hence we have:

Y O2(H,e,i) (002(H, i) + elog O (H, e, 1))
ree (6.29)
= O5(H,e,i) (002 (H,i) + elog O (H, e, 1)) ,
i€e

which holds pointwise, whenever e € E(H?). On the other hand, if e ¢ E(H?), then, by
definition, ©2(H, e, j) as well as ©2(H, e, j) are zero for all j € e. In this case the above
equality again holds, with 0log 0 being interpreted as 0. In other words, pointwise on H.,.,
we have

V(02(002 + elog ©2)) = V(05 (002 + elog ©62)),

where, by abuse of notation, we have treated 902 as a function on H,, rather than on .,
via 902 (H, e,i) :== 002 (H, i), and likewise for 90%5. Rewriting the above identity, we have:

V (02002 + 02 log 02 — 02002 = V(05 log O2). (6.30)
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Note that d©2 is pointwise bounded by A by definition. Moreover, deg(u) < oo, which
implies that j has finite total measure. Hence, all terms in the above equation have finite
integral. On the other hand, from the definition of /i, we have:

[(e2~e2002di~ [oe? - o002 - [ (002 - s02)002 4
Substituting this into (6.30) and using unimodularity, we have
(002 — 00%,00%) + E/G)A log ©2dji = e/@ log ©2dji, (6.31)

where (.,.) denotes the inner product of two functions in L?(x). Now, changing the order of
e and €', we have

(008 — 962,905 4 ¢ / 02 10g O3 dji — ¢ / 02 1og O2dji (6.32)

Summing up these two equalities, we have:
= e/@f, log ©2dji — e/@f log ©2dji
e'/@eA log ©5dji — e'/@ﬁ log ©5dji.

We now use the following information theoretic notation. For functions ©,0" : H,, — [0, 1],
we define

002 —

(6.33)

H(©):= —/@log@dﬁ, and

D(©|©") ::/@log gd,u,

where 0log 0 is interpreted as 0, and ©(H, e, i) is assumed to be zero whenever ©'(H, e, 1) is
zero (by definition, ©2 and ©2 have this property). Rearranging the terms in (6.33),

loes — o

(©2107) +¢D(e(167) = (¢ — ) (H(O7) — H(O7)).  (6.34)

Note that, since deg(,u) < 0o and 902 and 9O% are pointwise bounded to A, all the terms
are finite. With, A := {[H, e,i] € H..: e € E(H*)}, we have

o3
D(e202) = [ 62 lox gy

A <@A o 8A> W (6.35)

_ / iD B(H, e, 1))jecll(O2(H, e, ))see)dii(H, e, 1)
0,

>
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where Dxr, denotes the standard KL divergence, and for [H, e, i] € A, by definition, (0% (H, e, 7)) ;ece
and (05 (H, e, j))jee are vectors of nonnegative values summing up to one. Similarly, one

can show that D(©2|©5) > 0. Therefore, all the terms on the left hand side of (6.34) are
nonnegative. As a result

€>¢ =  H(0%) > H(©53). (6.36)

As H(©2) > 0 for all € > 0, the above inequality implies that H(©2) converges to some
value as € | 0. Another result of (6.34) is that for € > ¢/,

eD(07]02) < (e — ) (H(O2) — H(O7)).
Dividing by € and using € > ¢ and H(©2) > H(0%), we get

D(eg||e7) < H(e7) — H(e7). (6.37)

Using (6.35) and Pinsker’s inequality (see, for instance, [CK11]),

1 . . ,
D(ezlles) = AEDKL((%(H’ ¢.5))jecll(O2 (H, e, ))jec)dji

(a) 11 . . 5
S / LIS~ 031, e, j) - 02 (H, . )7
Alel2 4=
1
v3 [ 1e2-e2pd
A
1 A All2
:§H@€ _@e’ 2

where (a) uses the Pinsker’s inequality, and (b) uses unimodularity of u. Combining this
with (6.37), for €, ¢ > 0 we have

|02 —e2||, <21H(©2) - H(O3).

Now, as we send A to infinity, ©* converges pointwise to the function ©, defined in Sec-
tion 6.5. Moreover, deg(i) < oo and the function xlogx is bounded for = € [0, 1]. Hence,
using dominated convergence theorem, we have

16, — Ou3 < 2|H(O,) — H(O.)]. (6.38)
Similarly, sending A — oo, (6.36) implies that
e>e >0 = H(©,) > H(O.). (6.39)

This means that, as H(0,) > 0 for all e > 0, H(O,) is convergent as € | 0. In particular, this
together with (6.38) implies that there is a sequence of positive values €, converging to zero
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such that ©,, converges to some O : H,, — [0,1] in L?*(fi). Therefore, there is a subsequence
of this sequence converging to Oq ji—almost everywhere. Without loss of generality, we may
assume this subsequence is the whole sequence. With this, ©,, converges to ©, both in
L*(fi) and fi—almost everywhere. Using Lemma 6.3, we have 00,, — 00, p—almost surely.
Lemma 6.3 then implies that for u—almost all [H,i] € H., 00, (H,j) — 00¢(H,j) for all
J € e. Following Remark 6.6, we can treat 00, and the 00, as functions on H,. instead of
H.. Then, Lemma 6.2 implies that

00, (H,e,j) = 00¢(H,e,j) Vj € e, ji—a.e.. (6.40)

Now, we are ready to show that ©g is actually ji—balanced. To do so, assume that 00 (H, i) >
00¢(H, j) for some i,j € e. Equivalently, 00¢(H,e,i) > 00¢(H,e, 7). Then (6.40) implies
that, outside a measure zero set, for some fixed 9, and for k£ large enough,

00, (H,e,i) — 00, (H, e, j) > 6 ji—a.e..
On the other hand, using the definition of an e-balanced allocation, we have

1 1
, — < .
1+ exp (_89% (H,e,j)—00¢, (H,e,z)) 1+ eXp((S/Ek)

€k

O (H, e, 1) <

Sending k to infinity, since ¢ is fixed, the above inequality implies that ©., (H, e, i) converges
to zero. Also, we know that ©,, — O fi—almost everywhere. Thus, we have shown that

00 (H,i) > 00y(H, j) fori,j €e = Oo(H,e,i) =0, ji—a.e.,

which shows that ©q is balanced and the proof is complete. n

6.6.2 Variational characterization

In this section, we prove the variational characterization (part 2) of Theorem 6.1.

Proposition 6.11. Assume © is a Borel allocation on H.. and p € P(H.) is unimodular
with deg(p) < co. Then, for all t € R we have

Joo—iyauz sw [ fudi-t [ fan (6.41)

FiHx—[0,1
Borel

where fmm 1s defined as
. 1
fmin(H,€,7) = — min f(H, j).

le] jee

Furthermore, equality happens for all t € R if and only if © is balanced. Moreover, when ©
1s balanced, the function f = lye>¢ achieves the supremum.
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Proof. Note that for any real number z, we have x* > zy for y € [0, 1]. Therefore, for any
Borel function f: H, — [0, 1], we have

/ (00 — t)"dy > / (00 — t) fdp = / F0Odu —t / fdu. (6.42)

The assumption that deg(u) < oo guarantees that both integrals on the RHS are finite, and
hence [(96—t)fdu exists. It is easy to see that f0O = d(fO), where f : H,. — R is defined
as f(H,e,i) := f(H,1i). Therefore, using the unimodularity of y, we have

/ foOdu = / fodj = / V(f0)dj. (6.43)

Now, we have

V(fO)H.c.i) = 13 3 F(H.c. /)0 (H.c.j)

1 , ;
:méymmeW> (6.44)

@ 1 ,
> — min (1, )

~ lef gee

= fmin(Haeai)a

where (a) holds since ;. O(H,e,j) = 1 and O(H, e, j) > 0 for all j € e. This, together
with (6.42) and (6.43), proves (6.41).

Now, we show that equality holds if and only if © is balanced. First, assume O is balanced.
We show that equality holds in (6.41) for all ¢ € R. Take f = 1pg~;. Then, (6.42) becomes
an equality. Therefore, it remains to show that (6.44) also becomes an equality, ji—almost
everywhere. Note that if f(H,j) =0 for all j € e or f(H,j) =1 for all j € e, equality holds
in (6.44). Thereby, it suffices to consider the case that for some j € e, f(H,j) = 0 and for
some other j' € e, f(H,j') = 1. This implies 00(H,j') >t > O(H,j). As © is balanced,
outside a measure zero set, we can conclude from the above that ©(H, e, j') = 0, and so its
contribution in (6.44) vanishes. Since this is true for any j' with f(H,j’) = 1, both sides of
the inequality (a) in (6.44) become equal to zero. As this argument holds outside a measure
zero set, the above discussion shows that (6.41) becomes an equality when © is balanced.
Moreover, the function f = 19+ achieves the supremum.

Now, we show that if (6.41) is an equality for all ¢ € R, then © is balanced. Fix some
t € R. First, we claim that the supremum on the RHS of (6.41) is a maximum. To see
this, note that we have already shown in Section 6.6.1 that a balanced allocation ©, with
respect to u exists, and the above discussion then implies that f = lse,~+ achieves the
equality in (6.41) with © being replaced with ©¢. But the RHS of (6.41) has no dependence
on ©. Thereby, the RHS of (6.41) always has f := 1pg,~¢ as a maximizer, whenever p is
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unimodular with bounded mean. Since f € [0, 1], we have (00 —t)* > (00 —t) f pointwise.
However, equality holds in (6.41), so by (6.44), we must have

(00 —t)f = (00 — )T p—a.s.. (6.45)

Using Lemma 6.1, this means that

(00 —t)f = (00 —t)* ji—a.e., (6.46)

where, by abuse of notation, we have treated 00 as being defined on H.,, via 00(H, e, i) =
0O(H,i). On the other hand, (6.44) must be an equality and

V(fO) = fuin  fiae.. (6.47)

Now, we show that © must be balanced by checking the conditions in Defintion 6.24. For
the above fixed t, if for some [H,e,i] € H.. and some j € e we have

0O(H,e,i) >t > 00(H,e,j),

then (6.46) implies that outside a measure zero set, we can conclude that f(H,i) = 1 and
f(H,j) = 0. This can be seen by comparing the left hand side and right hand side of (6.46)
in each of the two cases, and then recalling that f(H,e,i) = f(H,1).

Hence, by definition, fmin(H ,e,1) = 0. Therefore, (6.47) implies that outside a measure
zero set, we have

0=V(fO)(H,e,i) = %Z f(H, k)O(H, e, k)

kee

> — f(H,i)O(H,e.i)

which implies that O(H, e, i) = 0.

So far we have shown that, for a fixed ¢, for almost all [H,e,i] € H., if for some j € e
we have O(H,e,i) >t > O(H,e,j), then O(H,e,i) = 0. Since this holds for all ¢t € Q,
and Q is countable and dense in R, we can conclude that for ji—almost every [H,e,i] € H.x,
0O(H,i) > 0O(H,j) for some j € e implies that ©(H,e,i) = 0. Using Proposition 6.3,
we can conclude that for fi—almost all [H, e, i] € H.., 00(H,e,j1) > 0O(H, e, js) for some
J1,je € e implies that 0O(H, j;) = 0. Thus, O is balanced. O

6.6.3 Optimality

In this section, we prove part 3 of Theorem 6.1. We do this in three steps:
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(a) = (c) Let © be a balanced allocation with respect to u. Let © be any other allocation,

and f:[0,00) — [0,00) be convex. We will show that

/fo@@dug/foé@’du.

Using Proposition 6.11, since © is balanced and ©’ is a Borel allocation we have, for any
teR,
/(8@ —t)"du=sup /fmindﬁ— t/fdu < /(8@' — ) dp. (6.48)
]

fiHx—[0,1
Borel

/8@d,u - /@dﬁ: /V@dﬁ: %dﬁ.

The same chain of equalities holds for ©'. Hence, [00di = [9©'dji. Standard results in
the convex ordering of random variables (see Theorem 3.A.1 of [SS07] for instance) show that
(6.48) implies that © < ©', where <., denotes the partial order defined by the property
that [ fo®du < [ fo©'du for any convex function f.

(¢) = (b) Just restrict to the given strictly convex function.

(b) = (a) Assume Oy is a balanced allocation w.r.t. p (from Section 6.6.1 we know it

On the other hand,

exists). As we showed above, [ fod0¢du < [ fodOdy for the given strictly convex function
f:]0,00) = [0,00). But © is a minimizer. Therefore,

/fo@@du:/foa®odu.

Now, define ©" : H,, — [0,1] as ©' = (O 4+ ©)/2. Note that ©' is a Borel allocation. Also,
using the convexity of f, we have

/ fod@du < % ( / fo000du+ / f o@@odu> = / 0 00dp. (6.49)

On the other hand, since © is a Borel allocation and ©y is balanced, the (a) = (c) part
implies that

/fo(?@odu < /fo&@’d,u.
Hence, we have equality in (6.49). As f is nonnegative, it must be the case that

f000,+ fodO
2

Now, since f is strictly convex, this implies that 00 = 00, py—almost surely. Therefore, for
any value of ¢, we have

fo00 =

[—a.s..

/ (00 — t)*dy — / (000 — £)* dy.

Comparing this with (6.41), we realize that © achieves the equality therein, which means,
from Proposition 6.11, that © is balanced.
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6.6.4 Uniqueness of 00

In this section we prove part 4 of Theorem 6.1. If © is balanced, part 3 of the theorem, which
was proved in the preceding section, implies that for a strictly convex function f, f fo0Odu
is minimized. Then, in the proof of the (b) = (a) part of Section 6.6.3 it was shown that
00 = 00 p—almost surely. This is precisely what we want to show.

For the converse, assume that 00 = 00, u-almost surely. Then, for all ¢, we have

@ -07du= [ 060t dn.

so Proposition 6.11 implies that © is balanced, by the same logic that was used at the end
of the preceding section.

6.6.5 Continuity with respect to the local weak limit

In this section we prove Part 5 of Theorem 6.1. Prior to that, we need some notation and
tools.

Recall the notion of marked hypergraphs from Section 6.2.10. Let Projy,_ =)y, : H.(Z) —
H. be the function that removes marks, i.e.

Proi. 2o (171, 1]) = [, 1, (6.50)

where H is the underlying hypergraph associated to H. It can be easily checked that
Projy. z)-. i a continuous map.

Note that allocations could be considered as marks with values in [0, 1]. Hence, we can
capture the notion of a balanced allocation using the formalism in Section 6.2.10, via the
following definition.

Consider the function f : H..(Z) — = defined as f(]:{ e,i) = &gle,i). When = has an
additive structure (e.g. = = [0, 1]) we may consider df : H.(Z) — =, defined as
Of(H,i) = Z f(H,e,i) = Enle, ). (6.51)
ecE(H),e3i e€E(H),edi

By abuse of notation, we may write 9¢z(i) instead of Of (H,i) with the above f.

Definition 6.32. A measure i € P(H.([0,1])) is called balanced if for ji—almost every
[H,e,i| € H.([0,1]), we have
> éaled) =1, (6.52)
jee
and
0g(g) > 0g(j) for somej,j’ee = Egle,j)=0. (6.53)

Before proving the result of this section, we state the following lemmas and postpone
their proofs until the end of this section.
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Lemma 6.8. If [i, is a sequence of balanced probability measures on H.([0,1]) with weak
limit i, then pi is also balanced.

Lemma 6.9. Assume 0y,...,0, and 61,...,0. are non-negative real numbers such that
>0 = >0, = 1. Also, assume that nonnegative real numbers ly,... 1, and I}, ... 1,
are given such that for 1 < i,j < n, l; > l; implies 0; = 0. Similarly, assume that l; > I

implies 0, = 0. Then, we have

> (0 = 0) 150 < 0.

i=1

Lemma 6.10. Assume K is a compact subset of H. and = is a compact metric space. Define
K C Hi(2) as ) ) )
K :={[H,i] € H.(Z): [H,i] € K}.

Then, K is compact in H.(Z).

Proposition 6.12. Let {H,},>1 be a sequence of finite hypergraphs with local weak limit pu.
Then, if Ly, denotes the distribution of balanced load on H, with a vertex chosen uniformly
at random, and L is the law of 0O corresponding to the balanced allocation © on u, we have

EHn = L.

Proof. Define 6,, to be a balanced allocation on H,, and H, to be the marked hypergraph
obtained by adding 6,, to H,, as edge marks, i.e. g (e,i) = 0,(e, 1) for (e,i) € W(H). Note
that H,, is a finite hypergraph; hence, 6,, is well defined and 96,,(7) is unique for i € V(H,).
Now, define fi,, € P(H.(]0,1])) to be the distribution of [H,,,v] where v € V(H,,) is chosen
uniformly at random. We claim that {/,}>°  is a tight sequence, which means that it has a
convergent subsequence. Since p,, converges weakly to p, Prokhorov’s theorem implies that
W, is tight in P(H,) (see, for instance, [Bill3, Theorems 5.1 and 5.2]). Consequently, for
€ > 0, there is a compact set K C H, such that u,(K¢) < € for all n. Define

K :={[H,i € H.([0,1]) : [H,i] € K}.

From Lemma 6.10, K is compact in H.,([0, 1]). It is easy to see that ji,(K¢) = p,(K¢) which
means that ji,, is a tight sequence. Hence, it has a subsequence converging weakly to some
ji € P(H.). In order to simplify the notation, assume that this subsequence is the whole
sequence.

With the projection map Projg_(o1)—%. defined in (6.7), define v, and v to be the push-
forward measures on H. corresponding to i, and fi, respectively. As Projy (o 1))—3. removes
marks, we have v, = i, and v = p. Now, note that fi,, = i implies (Projs, (0.1))-. )«fin =
(Projs. (0,17)—#. )«# which means that p1,, = (Projg, (j0,1))—2. )«f- On the other hand, we know

ftn = p1. Thereby, (Projg (o1))—, )+t = H-
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~ Note that, with the above construction, Ly, is the pushforward of fi,, under the mapping
[H,i] — 0&g(i) defined in (6.51). Therefore, as i, = fi, Ly, converges weakly to the law of
0€g (i) under 1. Consequently, to show that Lg, = L, it suffices to show that

0p(i) = 000([H,i])  pas. (6.54)
From Proposition E.2 in Appendix E.5 we know that i is unimodular. Hence, we have
| @¢ati) - d0u(et. )" ana. i
— [ (©u(0) — 0Ou((H. 1)) Logy 30000 ([ 1)

/ (€ale,i) = Oo([H, e.i])) Log, iy>o00(1ma)di([H s €, )

1 N
/E > (&ale, 5) — Ool[H, €, 1)) Loey o0 dil([H, e,1),

JjE€e

where the last equality follows from unimodularity of z. From Lemma 6.8, i is balanced
in the sense of Definition 6.32 above. Also, Lemma 6.9 together with the balancedness
of n and ©g, implies that the integrand is non—positive almost everywhere, which means
that 0¢z(i) < 00¢([H,i]) p-almost surely. It could be proved in a similar fashion that
00¢(H, i) < 0&g(i) -almost surely. This proves (6.54).

So far, we have shown that Ly, has a subsequence Ly, such that Ly, = L. This
argument could be repeated for any subsequence of H,, i.e. any subsequence H,, has a
further subsequence H,, such that EH% = L. This implies that Ly, = L (see, for

instance, Theorem 2.2 in [Bil71]). O
Proof of Lemma 6.8. First, we show that i satisfies (6.53). Define

A= {[H, e,i] € H.u([0,1]) : V5, j' € €,0Ea(j) > 0a(5') = Eale,j) = 0},

and
A, = A{[H,i] € H.([0,1]) : Ve 34,5, € e,0q(j) > 0x(5") = Eale,j) = 0}.

We claim balancedness of i € P(H.([0,1])) is equivalent to ji(A.) = 1. By definition, f
being balanced means ji(A..) = [(H..([0,1])). This is equivalent to [14..dji = [ 1dji, or
[ 014,.din = [ degy(i)dfi. But we have 91 4,, < degy/(7) pointwise. Therefore, 01 4., (H,1,§) =
degy (i), fi-almost surely. This is equivalent to [H,e,i] € A,, for all e > 4, i-almost surely,
or [H,i] € A, ji—almost surely which is in turn equivalent to fi(A,) = 1.

Now, we claim that A, is closed in H.([0,1]) (with respect to the topology induced by
the distance d, defined in Section 6.2.10). Equivalently, we show that A¢ is open. Take
an arbitrary [H,i] € A¢. Since [H,i] ¢ A., there exists e > i and j,j' € e such that
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06z(5) > 0€5(5") but Ex(e,7) > 0. If [H',4'] € H,([0,1]) is such that d := d,([H, 1], [H',])
satisfies d < 1/4, then [H, 4] =3 [H',4'] (recall that H and H' are the underlying unmarked

hypergraphs associated to H and H', respectively). Moreover, if we define
N AN (s
e:min{aéH(j) 9 (J) fH(eaJ)}7

3 ’ 2
and
A= k:dzr%%ggdeng(k),
then if .
d < @,

one can check that 0z/(o(j)) > 0¢m:(P(5')) while Eg/(o(e), #(5)) > 0, where ¢ is the local
isomorphism between H and H' following from [H,i| =3 [H’,4]. This in particular means
that [H',i'] ¢ A,. Consequently, the ball with radius min{1/4,1/(1 + (A/e))} around [H, 1]
is in AS. This means that A, is closed.
Notice that since fi, is balanced, fi,(As) = 1. On the other hand, as i, = f and A, is
closed, we have
A(AL) > limsup fin(A,) = 1,

which means that i(A,) =1 and f is balanced.
Now we turn to showing that i also satisfies (6.52). Similar to the above approach, if we
define
Bi.:={[H,e,i] € Ho([0,1]) 1 Y &nle ) = 13,
j€e
and
B, :={[H,i] € H.([0,1]) : [H,e,i] € B..Ve > i},

we can show that for fi-almost every [H, e,i] € H..([0,1]) we have . &g(e, j) = 1. Hence,
all the conditions in Definition 6.32 are satisfied and z is balanced. [l

Proof of Lemma 0.9. Define L := min;l; and A := {1 < ¢ < n :1[; = L}. Likewise, let

L' :=min; ] and A" := {1 <i <n:1[] = L'}. The given condition implies that §; = 0 for
J ¢ A and similarly ¢ = 0 for j ¢ A".
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First assume that L > L’. In this case, we have

S0 - 0L D ST (0 01

i i€ AUA!
= Z (0; — 011> +Z — 0,5
1€ A\A’ i€ A’
b)
o Z Oil >y + Z 0:)L151
1€ A\A’ €A’
O S i+ Y0
i€A\A! ieA!
< DO+ 66
iEA\A! e A/
=1-1=0,

where (a) holds since 6 and ¢ are zero outside AU A’, (b) uses ¢, = 0 for i ¢ A’, and (c) uses
the fact that forie A", [; > L > L' =1.
Now, for the case L < L' we have

n

S 0= 0)Lsy = (0 — ) Lsy + Y (6 — 0Ly

i=1 i€A IEAN\A
DN (0 - 0
iEAN\A
2 Z —0;1;,5
iEA\A
<0

where (a) follows from the fact that for i € A, [; = L < L' <} and (b) employs 6; = 0 for
i ¢ A. This completes the proof. ]

Proof of Lemma 6.10. We take a sequence [H,,i,] in K and try to find a converging sub-
sequence. Notice that [H,,i,] is a sequence in K. Therefore, it has a convergent subse-
quence. Without loss of generality, assume this subsequence is the whole sequence, con-
verging to some [H,i] € H,. By reducing to a further subsequence, we may assume that
dy. ([Hn, i), [H,1]) < 1/(n+1). This means that, for all m > n, we have (H,,, i,,) =, (H,1).
Since (H,i) is locally finite, there are finitely many marks up to level n in (H,7) which
all have values in the compact space =. Hence, there is a subsequence where the marks
in the first n levels in H, are convergent. With this, we may associate marks to (H,1i),
using the limiting values. Since this is true for all n, via a diagonalization argument we may
construct a marked rooted hypergraph (H,i) together with a subsequence (H,,,,i,,,) such
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that the underlying unmarked hypergraph is identical to H and also, for any integer £, the
marks up to depth k in (H,,,4m,) converge to those in (H,i) as m — oo. This means that
[Hp, s im,| — [H, ] and completes the proof. O

6.7 Response Functions

Let H be a fixed hypergraph (not necessary bounded) and i € V(H) be a vertex in H. Fix
€ > 0. The response function pfy ;) : R — R is defined as follows: p(; ;(¢) is the total load
at node 7 corresponding to the canonical e-balanced allocation with respect to an external
load with value t at node i (recall the definition of canonical e-balanced allocations from
Section 6.4.3). More precisely, given ¢t € R, let b;; : V(H) — R be the baseload function
such that b;;(7) =t and b, ;(j) = 0 for j # i. Moreover, let 62" be the canonical e-balanced
allocation on H with respect to the baseload b, ;, as was defined in Section 6.4.3. We then
define

pEH,i) () := abt,iegt’i (7).
It turns out that this function has the following properties:

Proposition 6.13. Given a vertex rooted hypergraph (H,i), for any e > 0 and x < y, we
have
0 < p{ui(Y) — pluy(z) <y—w (6.55)
Also,
0 < ey (x) o < degy (i) (6.56)

Proof. Let 62" be the canonical e-balanced allocation with respect to the baseload b, ;, as
defined above. Then, by definition, p{; ,(z) = szégm(z) Let b,,; and 62" be defined
similarly, with = being replaced by y. As x < y, Proposition 6.6 implies that 81,19?“(1) <
aby,iei’yﬂ' (), which means p{;; ;) (z) < piy ()

In order to show that pfy (y) — pEHji)(a:) <y —ux,let d;; be the baseload function such
that d,;(7) = 0 and d,,;(j) = —x for j € V(H), j # i. Moreover, let d,; be the baseload
function such that d, ;(i) = 0 and d,;(j) = —y for j € V(H), j # i. Let 0L> and 07" be
the canonical e-balanced allocations on H® with respect to by and b, ;, respectively. It is
easy to see that, on H?, ng’i’A and eﬁ’yv"’A are e-balanced with respect to d,; and d,,; as well,
respectively. This is because b, ;(j) = d,i(j) +x and b,,;(j) = dy,:(j) +y, for all j € V(H).
As d,;(i) =0 and b, ;(7) = x, we have

0, 03(0) = By 01() —
Likewise, 8dy7i9£y‘i’A(i) = 8by,i9£y’i’A(i) —y. On the other hand, as d,;(j) > d,(j) for all
j € V(H), using Proposition 6.5, 8dz’i9§“”’i’A(i) > 8dy’i(9?”"A(i). Comparing with the above,
this means that

Oy, 002 (1) — x> Oy, B2 (1) — .

x,1 € Y,1 €
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Sending A — oo, we have 01)%1.9?’1'(2')—81)1‘1.«9?2” < y—x. This means that p{y ; (y)—p(p ;) (z) <

y— .
To show (6.56), simply note that pfy , (z) — x is 892“(2’), which is the sum of degy(7)
many numbers in the interval [0, 1], hence is in the interval [0, deg (7)]. O

In view of Proposition 6.13, it is convenient to define the following class of functions:

Definition 6.33. For C' > 0, let Y(C') denote the class of functions g : R — R satisfying
the following conditions:

(1) g is nondecreasing.
(17) g is nonexpansive, i.e. for x <y we have g(y) — g(x) <y — z.
(i13) 0 < g(z) —x < C.

In this notation, Proposition 6.13 implies that for any vertex rooted hypergraph (H, 1)
and € > 0,

P () € T(degy(i)).

It is easy to check the following properties of this class of functions:
Lemma 6.11. For any function g € T(C) we have
(1) g is continuous.

)

(17) lim, 1o g() = £o00.

(i13) For anyt € R, the set {x € R: g(x) =t} is a nonempty bounded closed interval in R.
)

(iv) The function g7' : R — R defined as
g ' (t) = max{z € R: g(z) = t}, (6.57)

1s well defined, nondecreasing and right—continuous. Moreover, if D denotes its set of
discontinuities of g~*, D is countable. Furthermore, the set {x : g(x) =t} has exactly
one element iff t ¢ D.

(v) Let D be the set of discontinuities of g~* and t ¢ D. If for some a, a < g~*(t), then
we have g(a) < t. Moreover, if for some a we have a > g~'(t), then we have g(a) > t.
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6.7.1 Recursion for Response functions on Hypertrees

Recall from Section 6.4.5 that if 7" is a hypertree, then for (e,i) € ¥(7T'), T._,; is obtained
by removing e from 7" and looking at the connected component of the resulting hypertree
rooted at 1.

Given z € R, let b, be the baseload function on T, _,; with b,(i) = z and b,(j) = 0, j # 1.
With this, let Qi’f be the canonical e-balanced allocation on T,_,; with respect to b,. As was
discussed above, pf,  (x) = + 00 (7).

Now we attempt to find some recursive expressions for such response functions. Before
that, we need the following general lemma, whose proof is postponed to the end of this
section.

Lemma 6.12. Given C' > 0 and a collection of nondecreasing functions g; : [0,1] — R,
1 <i < n, the set of fized point equations

0; = S EG 1<i<n, (6.58)

has a unique solution (64,...,6,) € [0, 1]".

Proposition 6.14. Assume T is a locally finite hypertree (not necessarily bounded), € > 0,
and (e,i) € U(T). Then, pf, . (.) is an invertible function, and for t € R, we have

() =t= Y <1— > C;,j), (6.59)

e/ die’ #e jee’ j#i

where {C5 ;} fore' 3, ¢' #e, j €€, j#i are the unique solutions to the set of equations

( pETe,#(C;,,j))
exp | ———L—
(6.60)

(€8

Corj =
/o5 T .
- —tle 3 Py e

€ lee! l1#i exp €

Proof. Note that Lemma 6.11 implies that the set A(t) := {z € R : pg_ (x) = t} is not
empty. Hence, in order to show that p%.  (.) is invertible, we should show that A(t) is a
singleton for all ¢ € R. By definition, x € A(t) means that we have

t=z+ Y (1— > eﬁw(e’,j)>. (6.61)

e'3i,e' #e jee’ jF#i

For each (¢/, j) in the above summation, as Te,_,; is a subtree of T._,;, we can treat 9?’“ as an
allocation on T _,; via the identity projection. With this, Proposition 6.8 implies that G
is the canonical e-balanced allocation on T,/_,; with respect to the baseload function that
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evaluates to 0°(¢/,j) at j and zero elsewhere. Thereby, by the definition of the response
function, for each such pair (¢’, j), we have 96% (j) = p%g/_)j(@f(e’ ,7)). Consequently,

( 5 ,(92f(e2j))>
exp | ——— .

_ T - (921 e\’
e—t/e + Zlee,#i exp (__ el 51 . )

O (e, j) =

Lemma 6.12 guarantees that for each €’ 3 i, € # e, there is a unique set of solutions to these
equations. From (6.61), we realize that for any ¢ € R, there is a unique solution for z. This
implies the invertibility of p5. . Rearranging (6.61), we get (6.59), with (e ; = 0b=(e',5). O

Now, we will send € to zero in the above Proposition and show that, under some con-
ditions, the sequence of response functions converges pointwise to a limit which satisfies a
certain fixed point equation. To do so, we need the following lemma, whose proof is given
at the end of this section.

Lemma 6.13. Assume {g,}°, is a sequence of functions in Y (C') that converge pointwise to
a function g, i.e. g(x) =lim, o gn(x) for allz € R. Then, g is also in Y(C). Furthermore,
if D,, denotes the set of discontinuities of g, and D denotes the set of discontinuities of g,

then fort ¢ (U,, D) U D we have

lim g, *(t) = g7 (¢). (6.62)

n—oo

Now, we can write recursive equations for the limit of p%, . if it exists.

Proposition 6.15. Assume T is a locally finite hypertree (not necessarily bounded) and €,

s a sequence of positive numbers converging to zero, with 0., being the canonical €, -balanced
allocation on T. If l; := lim,_, 00, (i) exists for all i € V(T), then, for all (e,i) € U(T),
pT._.(.) converges pointwise to some pr,_,,(.) € T(degr(i) — 1). Moreover, for allt € R, we

have
TOETEEDY [1— ) (p;;j<t>)+] , (6:63)

e'3ie' Fe jee jF#i 0

where the inverse functions are defined as in (6.57). Furthermore, for a node i € V(T') we

have
>t = 2[1— 3 (p;;j(t)f] >t (6.64)

JjeejF#i

Proof. First we fix x € R and (e, i) € ¥(T) and show that, as n — oo, p7 () is convergent.
We call the limit pr, ,(z). Let 6> denote the canonical ¢,~balanced allocation on T,_,; with
baseload b,, which equals z at i and is zero elsewhere. By definition, p% () = 2+ 06%(i).
Thus, it suffices to show that 96 (i) is convergent. Note that 6> is a sequence in the
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compact space [0, 1]¥7e=) equipped with the product topology. On the other hand, 89?5(2’)
is a bounded sequence depending only on a finite number of coordinates, namely deg;.(i) — 1.
As a result, in order to show that 96% (i) is convergent it suffices to show that if 6, and 6,
are two subsequential limits of 6% in [0, 1]¥e~4), then 06, (i) = 00(i). Passing to the limit

in (6.2), we realize that both 6; and 0, are balanced allocations on T,_,; with respect to the
baseload b,. Using Proposition 6.2, it suffices to show that |[061 — 06> ||y, ,)) < 00. From
Proposition 6.8, we know that the restriction of 6. to T._,; is the canonical €,-balanced
allocation with baseload 6., (e,7) at i and zero elsewhere. Hence, if K is a finite subset of
V(Te—:) \ {i}, using Proposition 6.7, we have

> 1068 (5) — 006, ()] < |l + 6c, (e,7) < || +1.

JjeEK

Using the triangle inequality, for integers n and m,

> 1062 (j) — 06 (7)) < (| + 1) + ) |06, (j) — 8., ()]-

JEK JEK

Now, send n to infinity along the subsequence of 922 that converges to #,. Likewise, send
m to infinity along the subsequence of 92:3 that converges to 6. Using the assumption that
9., (7) is convergent, and since K is finite, we get

> " 1001(5) — 005(5)| < 2(]z| + 1).

JjeEK

Since K is arbitrary, sending K to V(T.;) \ {i} we get

D 106:1(5) — 002(5)| = [961(i) — 90a(i)|+

jeV(Te%i)
> 106:(5) — 962(5)]
JEV(Tem)\ {1}
2(Jz| + 1) + 2degy (i) < oo,

which means [|061 — 062||;1y(7. ) < co. This means that for all z € R and (e, i) € V(T),
p7_ (w) = pr,.(x). As p7_ () € Y(degp(i) — 1), this in particular implies that pr, ,(.) €
T(degy (i) — 1).

Now, we prove (6.63). Using part (iv) of Lemma 6.11, both sides of (6.63) are right
Continuous functions of ¢. Hence, if D denotes the union of the discontinuity sets of p;l
and pT for e’ 3iand j € €, D is countable and hence D¢ is dense in R. Thus, due to the
right contlnulty, it suffices to show (6.63) for t ¢ D.

Now, take some ¢t € D¢. Using Lemma 6.13 we have

prl (1) = Jim (o) (1),

n—oo
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for t in a dense subset of D°. By abuse of notation, we continue to denote this subset by D¢.
Using Proposition 6.14, (p7:_ )~" is expressed in terms of ¢ & which are solutions to (6.60).
Comparing this to (6.63), it “suffices to prove that for each e’ > i, €’ # e, we have

ggr—Ejgazb—Ej(%WmY]. (6.65)

jE€e j#i j€e j#i 0
.. ;o o, o Yoo s
Fixing such an ¢, since for each j € €', j # i, the sequence {(e,’jj}nzl is in the compact set

[0, 1], it suffices to show that if for all j € ¢/, j # i, there is a subsequence ¢’ % converging to
some (J ;, then
1

+
S o,- [1 CY (i) ] | (666
JjEe j#i jee j#i
Without loss of generality and in order to simplify the notation, we may assume that the

subsequence is the whole sequence, i.e. for all j € ¢/, j # i, (&*; — (5 ;. We show (6.66) in
different cases:

+
Casel: 3, i <pT/ (t)) < 1t since D e i <pT/ (t)) is nonnegative, it suffices

e —j e —j

to show that ¢} ; = (pT, (t)) for each j € €', j # i. For such a j, we do this in two
5] el —j

subcases:
Case Ia: First, assume p;l ( ) <0, in which case we should show (}, ; = 0. If this is

not the case, as ¢ ; € [0,1], there must be the case that Gy >02> PT, (t) Then, part
(v) of Lemma 6.11 1mphes that pr, (¢ ;) > t+ ¢ for some 5 > 0. With thls

@%@gﬁ—@,<> o ()
+o7, (Cy) — PTS,W( o)

+ o1, (Co ) —

> —[¢ — Gl
,05?, (Gy) = pTe/_”(C:’,j)

+ o1, (G ) —

Note that the first two terms converge to zero as n — oo and hence they could be made

smaller than ¢/3 by choosing n large enough. Thus p7*, ((5;) —t > /3 for n large enough.
e/ —j B

On the other hand
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Sending n to infinity, since 0 is fixed, we realize that Cg/"] converges to zero, which is a
contradiction with the assumption that ¢ ; > 0.

Case Ib: Now consider the case P:F:,H ) >0 If¢,; > pT ( ), following a similar
argument as in case [a, we can conclude that Co; = 0, which is “a contradiction. Hence,
assume ( ; < ,0;61, (t). Since t € D¢ is a contmulty point of pT , using Lemma 6.11 part
(v), we have pr, ](Ce ;) <t —20 for some § > 0. An argument smnlar to that in case la
implies pé!;qj((e J) <t —9/3 for n large enough. Now

Z C;',l:JE{}ol— Z Cer'

lee! l#i lee! l#i
1
= lim )
n—o0 pr!, (S )—
1+ ZlEe’,lii exp ( len >
. 1
< lim - -
n—00 an (Cenj)*t
1+ exp | ——<=
1

S 1T G

Since ¢ is fixed, sending n to infinity we realize that _, 12 Gory = 1. This, together with
our earlier assumption of Case I, means that

S =12 Y (L 0) = X sl

lee I#i lee I#i lee I#ipz),  (H)>0
el —

Since we have assumed that ¢}, ; < pr. (t), this means there exists some j' € €/, j/' # i such
2 e'—g
that p}jﬁj/ (t) >0and ¢} ; > p}jﬁj (t) > 0. This, as we discussed above, results in ¢} ; = 0,
which is a contradiction. Hence, ¢, ; should be equal to p;ll (t) and the proof of this case
2 e'—g
is complete.
+
CaseIl: ) ;. i (,oT/ (t)) > 1, in which case we need to show that 1-> ", ., (5, =

e —j

0 to conclude (6.66). Since
D Cog=lm >
jeelvjii ]EBZ]#%
D e A eXP(_P?,%( enz)/e)

( ;,”l)/e)

= lim
n—oo e~ t/€ 4 El@, It eXp( pT/

e’ —l
1< Z <pT/ ) ’

jee’ j#i

IN
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there should exist some j* € ¢/, # 4 such that ¢ ;. < pr. () and p;! > 0. Since
2 e'—g e'—g
t ¢ D, using Lemma 6.11 we have PT,, - (C:,J*) <t — ¢ for some § > 0. Using calculations

similar to those in case Ia above, for n large enough we have p# (Cg,"j*) <t—4/3. Now,
el —j )

. 1
L= Z Celj = pre, (G )t
jee j#i 14+ Z]Ee’,j;éi exp _WT,
1
< €. €
- pTZ’—)j* (Ce/n;j*)_t
14 exp B —

1
S 15 G

*

jeer ji Gorj = 0, which completes

Since ¢ is fixed, sending n to infinity we conclude that 1—
the argument of this case.

Having verified (6.66) in all cases, we conclude (6.63). Now, we prove (6.64). Note that
in the above discussion we started with the rooted tree T._,;. However, it can be verified
that all the arguments are valid if we start with the tree T rooted at an arbitrary vertex
i€ V(T),ie. (T,i). Convergence of p(r; is also similar. In this case, repeating the above

argument, (6.63) becomes

p@%n(t>=t—Z[1— > (p;;j<t>)+] : (6.67)

e jEe,jFi 0
On the other hand, note that

li = lim 00,(i) = lim pig; (0) = p(r,p)(0).

n— oo
Hence, I; > t iff pi1,;)(0) > t, or equivalently, using part (v) of Lemma 6.11, p(’Tli)(t) < 0.

Substituting into (6.67), we conclude (6.64), and the proof is complete. O

Proof of Lemma 6.12. Assume (64,...,0,) and (07, ...,60) are two distinct solutions to this
set of equations. We claim that it cannot be the case that 8, > 6, for some ¢ and 9;- < 0; for
some other j # i. Assume this holds. Since the right hand side of (6.58) is positive, all 6;’s
and 6!’s are positive. On the other hand, we have

e—9i(07) 02 0; e—9i(0:)

e~ 9i(95) - 9} 0; e—9i(05)’

which means

9i(07) + 9;(05) < g;(0) + gi(0;).
But 0] > 0; implies g;(6;) > g:(0;) since g; is nondecreasing. On the other hand, ¢ < 0;
implies g;(0;) > g;(¢;) which is a contradiction with the above inequality.
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Hence, without loss of generality, we may assume that ¢, > 6; for all 1 <7 < n. If it is
not the case that 6; = 6, for all 1 <i <n, then

i

’L

On the other hand, #, > 6; and g; being nondecreasing implies that e=%(%) > ¢=9(%) for all
1 <2 < n, which is in contradiction with the above inequality. O

Proof of Lemma 6.13. Sending n to infinity in the three conditions of Definition 6.33 and
using the fact that g, converges pointwise to g implies that g is in T(C'). To show (6.62),
given t ¢ (U, D») U D, define z,, := g,'(¢) and z := ¢ *(¢). Since g, € T(C), we have
Ty < gnl(zyn) <z + C or x, € [t — C,t], which is a compact set. Hence, it suffices to show
that any subsequential limit of x,, is equal to x. Thus, without loss of generality, we may
assume that x,, — 2/, and we show that 2’ = z.

If ' < x, since t is a continuity point for g, Lemma 6.11 part (iv) implies that g(z’) < t.
Thereby, g(z') <t — ¢§ for some 6 > 0. Now,

9n(Tn) = Gn(Tn) = gu(@') + gn(2') — g(2') + g(2')
< oy — 2| 4 [ga(2') — g(2")] + g(2'),

where the last inequality employs the fact that g, € T(C). Since z, — 2’ and g,, converges
pointwise to g, for large n the first two terms could be made smaller than 6/3. Thus, for
large n, g,(x,) <t —9/3, which is a contradiction with g, (z,) =t. The assumption =’ > z
similarly results in contradiction. As a result, 2’ = x, and the proof is complete. O

6.8 Characterization of the Mean Excess Function for
Galton Watson Processes

In this section, we prove Theorem 6.2. This is done in two steps. First, in Section 6.8.1, we
prove that for any set of fixed points {Q;};>2, the LHS of (6.11) is no less than the RHS.
This is proved in Proposition 6.16. Later, in Section 6.8.2, we show that there exists a set
of fixed points achieving the maximum in (6.11). This is done in Proposition 6.17.

6.8.1 Lower Bound

In this section, we use the indexing notation Nyerex and Neqge, which was introduced in
Section 6.2.9. The level of a vertex (sq,€1,%1, .., Sk, €k, ik) € Nyertex 1S defined to be k, and
the level of () is defined to be zero. Likewise, the level of an edge (s1, €1, 1, - ., Sk, €x) € Nedge
is defined to be k. Also, recall that for v € Nygrex, s > 2 and e > 1, (v, s,¢€) is an element
in Negge Obtained by concatenating (s, e) to the end of the string representing v in Nyegex.
Likewise, for s > 2, e > 1and 1 <i <s—1, (v,8,€,1) € Nygex is defined similarly.



CHAPTER 6. ASYMPTOTIC BEHAVIOR OF LOAD BALANCING IN
HYPERGRPHAS 167

We need the following tool before proving our lower bound. In the following lemma,
Projg. m)—w. © H«(R) — M. is the projection defined in (6.7).

Lemma 6.14. Let t € R together with distributions P and {Q}r>2 € Q be given as in
Theorem 0.2. Given a probability distribution W on A, there is a random marked rooted
tree (TW,Q)), with marks taking values in R, and with vertex set and edge set Nyeper and
Neage, respectively, such that the underlying unmarked rooted tree is a Galton Watson tree
such that the type of the root is distributed according to W, and the type of a non—root vertex
v = (S1,€1,71, ..., S, €r,10.) in the subtree below v is distributed according to PST. Moreover,
the marks of Ty satisfy

1

Grplei)=t— Y 1= Y & (.57 . (6.68)

e/ >i,e'#e jee’ jF#i

for all (e,i) € U(Tyw). Furthermore, for any L > 1, conditioned on the structure of the
tree up to depth L, the set of marks from edges in level L towards vertices in that level
are independent, and for any edge-vertex pair (e,i) both in level L, &3, (e, 1) is distributed
according to Q. where k 1s the size of e.

In particular, when W = P, the measure v € P(H.(R)), which is defined to be the law
of [Tp, 0], is unimodular and (Projy, @) _,)s¥ = UGWHT(P).

Proof. We first generate the collection of random variables I'y, (I'y, X4 )veNyerer\ 0}, SUch that
[, for v € Nyerex takes value in A and X, for v € Nygex \ {0} takes values in R, with the
following properties: (i) (I'y)veN,ne, are independent from each other such that I'y has law
W and for v = (s1,€1,%1, ..., 5, €, 0r) € Nyertex, Lv has law f’sr; (73) For any v € Nyepex \ {0},

we have
R(I'y) T (K)

1
== Z Z [ (v ki1 X(JZ ool k— 1)]0 (6.69)
k=2 =1
(73i) For any L > 1, X, for nodes v at level L are independent and for v = (sq, e1,41,...,51,€er,4z)

at level L, X, is distributed according to @), .

We construct the law of the above random variables satisfying the above conditions using
Kolmogorov’s extension theorem (see, for instance, [Taoll]). For an integer L > 1, define A,
to be the set of nodes in Nygtex With level at most L. For each L > 1, we introduce the law
of a subset of the above family of random variables, namely I'g, (X, I'y)veca,\ {03, and denote
this law by vy. To start with, we generate I',, v € Ay independently such that 'y has law W
and I, for v = (s1,e1,11,..., 8, €,14,), X, has law PA’ST. In the next step, we generate X, for
nodes v with depth equal to L independently such that X, for v = (sq,e1,41,...,51,€r,iL)
has law @)s,. Next, we define X, for nodes at levels 1 through L — 1 using the relation
(6.69) inductively starting from level L — 1 all the way up to level 1. Using the fact that
Qr = F,&’fﬁ({@,},zz), see (6.9), and also that T', for v = (s1,e1,41,...,5,€,1,) has law
]ADST, it is evident that the set of measures {v}1>1 are consistent. Therefore, Kolmogorov’s
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extension theorem implies that the set of random variables with the conditions stated above
exist.

Now, we turn these random variables into a marked random rooted tree Ty having vertex
set and edge set Nyerrex and Negge, respectively. To do so, we first construct the underlying
unmarked tree Ty given the types 'y, v € Nygex- In the next step, for any edge e and
vertex v being at the same level in the tree, we set &5, (e,v) := X,. It can be easily seen
that the “upward” marks, i.e. marks from edges towards nodes above them, are immediately
unambiguously defined. To see this, for an edge e at level 1, we define &z, (e, ) using (6.68).
We then inductively go down one level at a time, to define all the other upward marks.

Now, we show that the measure v, which is defined to be the law of [Tp, (}], is unimodular.
Our proof technique is similar to that of Lemma E.2 in Appendix E.6. Take a Borel function
[ Hw(R) = [0, 00) and note that due to our above construction,

h(F@ Ty (k)

/fdy_/afdu_ lz;f']l‘p,kl ,0)

Using the symmetry in the construction, we have

/fdy_ZP Z B)E [f(Tp, (k,1),0)|Ts =] .

yEA

As all the terms are nonnegative, we may change the order of summation. Also using the
definition of P, if ' is a random variable with law P, we get

/ fdi =Y ELH0)] S PnE [£(Tp, (k,1),0)|To = 7+ ]

yEA

Now, for each k > 2, define ﬁk to be the law of the random variable I'y + e; where I';, has
law P;,. With this, for each k& > 2, the inner summation over 7 in the above expression could
be interpreted as an expectation with respect to a tree with root type distribution Py, i.e.
T 5. In fact, this shows that

/fdﬁ:Z]E[F(kz)]E[f(Tﬁk,(k,l),@) . (6.70)

Now, note that for each k > 2, due to the definition of Py, the tree (Tﬁk)(k,l)ﬁw rooted at ()
(which we recall is obtained by removing (k, 1) and then taking the subtree rooted at () has
an underlying unmarked structure which is precisely GWT(P). This, in particular, implies
that &rﬁk((k’ 1),0) has law Q. Also, by construction, for 1 < i < k —1, (Tp )(k 1) (k,1,4)

have independent underlying unmarked structures, all with law GWT(P). Moreover, the
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downward marks in (Tﬁk)(kjl)ﬁ@ and (Tﬁk)(kjl)ﬁ(m,i) for 1 < i < k — 1 are independent
from each other and have the same distribution. Thereby, (&t ((k,1),v) for v € (k, 1) are
k

independent and all have distribution Q. Now, we claim that for all v € (k, 1), (T ﬁk)(kvl)ﬁv
are equal in distribution. To see this, note that for all v € (k,1), the unmarked structure
of (Tﬁk)(k,l)%v is GWTy(P) and the downward marks are constructed following the same
recipes. As was discussed above, to construct upward marks, we start from the root and go

down inductively. The fact that &r ((k,1),v) for v € (k, 1) are i.i.d. with law @ guarantees
k

that the downward marks in (T ﬁk)(m)ﬁv are equally distributed for all v € (k,1). This in
particular implies that for 1 <¢ <k —1,

E[£(T5,. (k1),0)] = E [£(Ts,, (k. 1), (k, 1,1)]

Using this and writing (6.70) for [ 'V fdu, we conclude that [ fdv = [ V fdi/ which completes
the proof of the unimodularity of v. m

Before proving our lower bound, we state a modified version of our variational represen-
tation in Proposition 6.11 and a general lemma. The proof of the following lemmas are given
at the end of this section.

Lemma 6.15. Assume p is a distribution on H. with deg(u) < oo and v is a unimodular
distribution on H.(R) such that (Projg*(RHH*)*l/ = u. Then, for any Borel allocation
O : H.. — [0,1] and any function f : H.(R) — [0, 1], we have

/ (00 — t)Tdu > / Frnind? — t / fdv,

where 1
Smin([H, €,4]) := - min f([H, j]).
|€’ j€e
1
Lemma 6.16. Assume x1,...,x, are real numbers. Then x; < [1 — Z#i xﬂ for all
0

1<i<nifandonlyif Yz < 1.

Proposition 6.16. Assume P is a distribution on A such that E[||['||,] < co where I' has
law P. Then, with p = UGWHT(P), for any t € R, and any set of probability distributions

on real numbers {Qy }r>2 such that for all k > 2 we have Q) = Flﬁ’ft)({Ql}lzg), it holds that

B [L(H)] K h(T) T(k)
D, (t) > (ZTP (ZX,;; < 1)) —tP )Y V>t
k=2 i=1 k=2 i=1

Here, in the first expression, I' is a random wvariable on A with law P and {Xy,;}x,; are
independent such that Xj,; has law Q. Also, in the second expression, I' has law P and
{Yk.i}r: are independent from each other and from I' such that Yy; has the law of the random
variable [1 — (Z1 + -+ Z;7 )]} where Z; are i.i.d. with law Qy.
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Proof. Note that the condition E[[|T[,] < oo guarantees that deg(y) < oo. Define the
functions F': H..(R) — [0,1] and f : H, — [0,1] as
1
R e = 1= T e ] ,
JEe,j#i
and f([H,i]) := Lyp(@,i)>+- Using the unimodular measure v constructed in Lemma 6.14
and the variational characterization in Lemma 6.15, we have
0= [ fuwds~t [ s, (6.71)
where
Fain(F ., 5) = — min f(A,j) = 1[0F(H,j)>tVjee].

Je] e H

Following the proof of Lemma 6.14, and in particular Equation (6.70) therein, we have

/ Foind? = 3B L(R)E [ foin( T, (k,1),0)] (6.72)

k>2

Due to the definition of f, fmin('ﬂ‘ﬁk, (k,1),0) = +1 [GF(Tﬁk,v) >t Yo e (k, 1)] For v €
(K, 1),

OF(Tp,,v) = ZF(Tﬁk,e',v)

e'3v

= (1- Z fﬂ_l‘ﬁk(<k71)’w)+ +

we(k,1),w#v 0
1

_ - / +
> - ¥ @]
e'dv,e’#(k,1) wee' ,w#v 0

Using (6.68), this yields

8F<T15k7v) = [1- Z éTﬁk((kvl)vw)Jr +t_£’ﬁ‘ﬁk<(k71>7v>'

we(k,1),w#v 0

Therefore, 8F(T§k,v) > ¢t for all v € (k,1) if and only if for all v € (k, 1),
1

f’ﬂ‘ﬁk((k> 1)>U) < |1- Z gﬁ‘ﬁk((ka 1)7w)+

we(k,1),w#v 0
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Using Lemma 6.16, this is equivalent to >2 . )&z, ((k,1),v)" < 1. Therefore,
’ k

E[fmin('ﬂ‘ﬁk,(lﬁ,l),@)} - %1@ > &, <1

ve(k,1)

But as was shown in Lemma 6.14, &z ((k,1),v) for v € (k,1) are i.i.d. with law Q.
k
Consequently, substituting in (6.72) we get

/fmindﬁ: i E[L(E)p (Z X< 1) , (6.73)

where Xy ;, k> 2,1 < ¢ < k are independent such that X} ; has law Q.
On the other hand,

B h(T'g) Ty (k) -
/fdz/ — P (0F(Tp,0) > t) = P F(Tp, (k,i),0) > t
k=2 1i=1
h(Lg) T () k-1 !

&t (K, ), (K1, 7)) ] >t

0

But, as we saw in Lemma 6.14, &5, ((k, 1), (k,4,7)) for k > 2,1 <Ty(k), 1 < j <k —1, are
independent, and &5, ((k, 1), (k,7,7)) has law Q. Thereby,

h(r
/fdu— ZY,“>t , (6.74)

k=2 i=1

ol

=2 =1 7j=1

with Y} ; being independent from each other such that Y, ; has the law of the random variable
1 —(Zf + -+ Z )]} with Z;’s being i.i.d. with law Q. The proof is complete by
substituting (6.73) and (6.74) into (6.71). O

Proof of Lemma 6.15. By interpreting © as a function on #,.(R) via ©(H, e,1) := ©(H, e, i)
(where we recall that H is the underlying unmarked hypergraph associated to H), and also
using the inequality ™ > xy which holds for y € [0, 1], we have

/ (06 — t)"dp / (00 — t)Tdv > / F0Odv — t / fdv. (6.75)

Since deg(u) < oo, all the integrals are finite and well defined. Due to the definition of
and the unimodularity of v we have [ f0Odv = [ fOdvV = [ V(f©O)dv. On the other hand,

V(O)(H.c.i) = 12 30 F(H.)OH.e.J) = 1ormin f(.5) = FunlF.1),
JE€e

where the inequality holds since ;. ©(H,e,j) = 1 and O([H,e,j]) > 0 for all j € e.
Substituting this into (6.75) completes the proof. O
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1
Proof of Lemma 6.16. First, assume that x; < [1 — Z#i xﬂ for all 2. If x; < 0 for all
0

7 then nothing remains to be proved. Hence, assume that x; > 0 for some ¢. Since x; <
1

[1 — D i xj]g, we have 0 < 37,2 < 1, which means that 1-37_, ;" € [0, 1]. Therefore,

1
[1 — D i x;r]o =1-3" ;. On the other hand,

1
o =1 < [1—295;1 zl—ij,

J#i 0 JF#i

which implies >" z < 1.
In order to prove the other direction, take 1 < ¢ < n and note that

n
B ST S St
k=1 i £
Moreover, 37, a7 < > af < 1. Thereby, 1 — > 2 € [0,1] and 1 — > 2] =

1
[1 -> i ZL‘;—] . Substituting this into the above inequality completes the proof. O

6.8.2 Upper Bound

In this section, we show that there exists a family of probability distributions {Qg}r>2
satisfying the fixed points equations (6.10) and achieving the maximum on the RHS of
(6.11).

Proposition 6.17. Assume P is a distribution on A such that E[||T'||,] < oo, where I' has
law P. Let p = UGWHT(P). Given t € R, there exists a family of probability distributions
{Qi}1>2 on the set of real numbers such that, for each k > 2, Q) = Flg]ft)({Ql}lzg), and such
that we have

oo k h(I") T'(k)
B, (1) = (Z @p (ZX,;;. < 1)) DD RAET

Here, in the first expression, I' is a random variable on A with law P and { X ;}r; are i.i.d.
such that Xy ; has law Q. Also, in the second expression, I' has law P and {Yy,}x,; are
independent from each other and from I' such that Yj; has the law of the random variable
1—(Z] +--+ Z )]} where Z; are i.i.d. with law Qy.

Proof. The condition E[||I'||,] < oo guarantees that deg(y) < oo. Therefore, Proposi-
tion 6.10 implies that there exists a sequence ¢, | 0 such that the sequence of ¢,-balanced
allocations O, converges ji-a.e. to a Borel allocation ©¢ which is balanced with respect to p.
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As ji is supported on 7T, Proposition 6.3 then implies that for ji—almost all [T e,i| € T.., we
have that for all (¢/,i") € U(T'), O, (T,€',i") — Oy(T,€,i'). Since all hypertrees in T.. are
locally finite, this means that for fi—almost all [T e,i] € T, we have that for all /' € V(T),
90, (T, i) = 06¢(T, 7). Recall from Remark 6.12 that O, (T’ e, i) = 07 (e,i) where 67 is the
canonical €,~balanced allocation for T'. Thereby, for ji—almost [T’ e,i] € T.., the conditions
of Proposition 6.15 are satisfied. Thereby, for fi—almost all [T e, ], for all (¢/,i") € U(T),
p7, ., (.) converges pointwise to some pr,_,(.). Moreover, for fi-almost all [T’ e, ], we have

that for all (¢/,4") € U(T),

ol =t— 3 [1— > (pT;,ﬁj<t>)+] , (6.76)

e/’ il el e’ jee' j#i! 0

and
1

> t. (6.77)

00(T, i) >t = Y [1— > (p;j,,ﬂ.(t))+

e/l jee! ji

0
For [T, e,i] such that O, (¢',i") is not convergent for some (¢',7') € W(T'), we may define
,0;1”_)_” (.) arbitrarily for (¢”,4”) € U(T'). This will not impact our argument, as this happens

only on a measure zero set. Using Lemma 6.1 part (i7), we conclude that for p—almost all
[T,i] € T, we have that for all (¢/,i") € ¥(T'), (6.76) and (6.77) hold.
With this, we define the functions F' and G on 7, as follows:

G(T,e,i) := pr (1),

and ) .
+
N -1 - -+
F(T,e,i) := [1 -y (pTHJ_ (t)) ] - [1 - Y G(T.e.j) ] .
JEe,j#i j€e,jFi 0
Moreover, define the function f: 7, — {0,1} as f(T,7) = Lop(r:)>e. From (6.77), p-a.s. we
have f = 15¢,>¢. Hence, using the variational characterization in Proposition 6.11, we have

/ 00y — t) dp = / Foindfi — / fdu, (6.78)

where fmin : Hys — [0, 1] is defined as

fmin(Taeai) = iHHHf(T,])

] e
With this and the definition of f, we have

f(TGZ):{i aF(T7])>tVJ€@’

0  otherwise.
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From (6.76), for ji—almost every [T, e, i] we have
G(T767j):t_ Z F(Tuelaj):t_aF(T7]>+F<T767j)
e/'>j,eFe

Therefore, ji—almost everywhere, OF(T,j) > t iff F(T,e,j) > G(T,e,j). Consequently,
ji—a.e., we have

. L F(T,e,j) > G(T,e,j) Vj € e,
Fain(T, ;1) = { I (Tre.j) > GToe.j) Vi € e (6.79)
0 otherwise.

1
Note that, by definition, we have F (T, e, j) = [1 =D tcesn; G(T,e,1)7| . Thereby, using
’ 0
Lemma 6.16 in Section 6.8.1, ji—a.e. we have
1 .
- = _ G(T,e, )t <1,
fmin(T7€7 Z) = {'el Z]EE ( € ‘7)

0 otherwise.

Note that the condition E[||T'||,] < oo in particular implies that for all & > 2 we have
E [I'(k)] < co. With this, using Lemma E.2 in Appendix E.6, we have

[ Fondii= S E LW Y BB (AT, (1), 0T = + e,
k=2

YEA

where T is the random rooted hypertree of Definition 6.28. Following the argument in the
proof of Proposition 6.4 in Appendix E.6, this can be written as

[ it = ZE NE (T (k, 1), 0]

where for k > 2, Ty, is a tree with root @ that has an edge (k,1) of size k connected to the
root, with the type of the other edges connected to the root being P, and with the subtrees
at the other vertices of all the edges (including the edge (k,1)) generated according to the
rules of UGWHT (P). Now, using the definition of fmin, we have

/fmind/j = Z @P Z G(Tk, (k‘, 1),U)+ <1

ve(k,1)

Now, for every k and 1 < i < k —1, let T;“ be the hypertree below vertex (k,1,4) rooted
at (k, 1,7). Moreover, let Ty be the hypertree rooted at () obtained from T}, by removing
the edge (k,1) and all its subtree. Now, due to the construction of ']I‘k., ']I‘;w, for1 <i:<k
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are iid. GWT,(P) hypertrees. Hence, G(Ty, (k,1),v) for v € (k,1) are independent and
identically distributed. Let Qi be the common distribution. This means that

/ Foindil = i ELE)p <Z X< 1) , (6.80)

where for each k£ > 2, Xj;, 1 <14 <k are i.i.d. with law Q.
On the other hand, with T being the random rooted hypertree of Definition 6.28, we have

h(T'g) Ty (k

/fdu P (OF(T, ) > ZZF i),0) >t

k=2 =1

h(T'g) Ly (k) [ k-1 1

— ZZ 1—ZG k,z,j))] >t|,

k=2 i=1 j=1 0

where Iy is the type of the root in T. But by definition, G(T, (k, 1), (k,4,7)) = pq}(lk,i)_}(k . (t).
But T ks (ki ) for 2 <k < Ty, 1 <i <Ty(k), 1 < j < k—1 are independent and T ;) (i)
has law GWT(P). Comparing this to the above definition of the distributions Qy, k > 2, we
realize that G(T, (k,q), (k,1,7)) for 2 <k <Ty, 1 <i<Ty(k),1 < j<k—1 areindependent
and G(T, (k,i), (k,1i,j)) has law Q. Consequently, as Iy in the above expression has law P,

we have
/fdu P ZZY;“>L‘ , (6.81)

k=2 i=1

where I" has law P and {Y};}x; are independent from each other and from I" such that Y} ;
has the law of the random variable [1 — (Z; +--- + Z," )]} where Z; are i.i.d. with law Q.
This together with (6.80) and the variational expression (6.78), completes the proof. ]

6.9 Convergence of Maximum Load

In this section, we first introduce our configuration model and conditions under which it
converges to the unimodular Galton—Watson hypertree model defined in Section 6.2.9. This
is done in Section 6.9.1 below, specifically Theorem 6.4. We then state the conditions under
which we prove Theorem 6.3 in Section 6.9.2, Proposition 6.18 and give the proof.

Before introducing our configuration model, we need to formally define multihypergraphs.
Here, we only work with finite multihypergraphs.

Definition 6.34. A finite multihypergraph H = (V,E = (e;,j € J)) consists of a finite
vertex set V' together with a finite edge index set J such that each hyperedge e; is a multiset
of vertices in V.
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Here, the assumption of e; being a multiset allows for vertices to appear more than once
in each edge. In this case, we call such an edge “improper”. Moreover, it might be the case
that e; = ej for j # j € I, in which case we call e; and ej; “multiple edges”.

6.9.1 Configuration model on Hypergraphs

We proposed a generalized Galton Watson process for hypertrees in Section 6.2.9 and showed
that it is unimodular. In this section, we propose a configuration model which converges to
it in the local weak sense under certain conditions.

Assume that, for each integer n, a type sequence v™ = (4{", ... 4{") is given such that

™ e A and
yi(n)(k) =0 V1<i<n,k>n,and (6.82a)

B AWk v2<k<n, (6.82b)

where the latter means that & divides > | %(n)(k;). In what follows, we generate a random

(n)

multihypergraph on the vertex set {1,...,n} such that the type of node i is ;. For each

2<k<nand1l <i<n,weattach 71»(")(/@‘) many objects ef, ..., ek ™) 1y called “1/k—edges”
’ 1,7,

to the node i . For each k, let A (k) be defined as the set of all 1/k-edges, i.e.

U{ew..., b

and let A™ := U, A™ (k) be the set of all “partial edges”, where by a partial edge we mean
a 1/k—edge for some k. Also, let Al(-n) be the set of all partial edges connected to a node
ie{l,...,n}, ie.

Agn) — U {67, 19+ (n)(k)}

kv (™ (k)>0

For a partial edge e € A, define v(e) to be the node it corresponds to, i.e. V(eﬁj) = 1.
Also, define |e| to be the size of e, i.e. |e};| = k.

We say that a permutation oy is a k-matching on the set A™ (k) if it is a permutation
on A (k) with no fixed points and also with all the cycles having size exactly equal to k.
Due to the condition k| Y, yi(n)(/{:), such k-matchings exist for all k such that AM™ (k) # 0.
In fact, if for a finite nonempty set A, whose cardinality is divisible by k, we denote the set

of k—matchings on A by My (A), it can be easily checked that |[My(A)| = —kMVLA&W)

Given this, for each & such that AM™ (k) # (), we pick o} uniformly at random from
M (A™(k)), independently over k. With this, we generate a random multihypergraph
H, on the set of vertices {1,...,n}. This is done by identifying each cycle of o) such that
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1 1 1
€1,1 * 9?,2 * ®
€21 62,1
2 e 3
€5, ! 2 €32 33 2 3 29 3

Figure 6.5: An example of an instance of the configuration model on n = 5 vertices
with vertex types 1\ = (0,2), %" = (1,2), " = (0,3), 1" = (1,1), " = (1,2).
Here, a type 7 is represented by a vector where the first coordinate is 7(2), the second
is 7(3) and so on. (a) illustrates the set of partial edges connected to vertices. (b) de-
picts the multihypergraph H,, formed by matching the partial edges using the permutations
oy and o3 which are represented in the cycle notation as oy = (e3,,€7,)(e2,€2,) and
o3 = (€}, €3,,e5,)(e5, €35,e5,)(e35.€5,,e2). (c) illustrates the simple hypergraph H
formed by removing the multiple edges of size 3 on vertices 1,2,3 and also the improper
edge on vertex 5.

AW (E) # () of the form (e, oy (e), .. . ,J,(Ck_l)(e)) with the edge {v(e), v(ox(e)), ..., V(a,(f_l)(e))}
in H,. Here, e € A™(k) and a,(cl) denotes the permutation o, begin applied [ times. Note
that it is possible that two realizations of permutations as above result in the same multi-
hypergraph H,,. As an example, if n = 3, %n)(Z) =2, 4"(@2) = 75(5")(2) =1, and %-(n)(k) =0
for k # 2,1 < i < 3, then the two permutations o, and o} on A™(2) presented in the cycle
notation as oy = (€7}, €3,)(el,,€3,) and 05 = (e],,€3,)(e7,e35,) would result in the same
multihypergraph (which turns out to be a simple graph in this example).

Note that, in general, H, might not be simple. In particular, it might contain edges
which contain a vertex more than once (we call such an edge “improper”), or it might be the
case that two edges exist in H,, with the exact same multiset of vertices (we call such an edge
a “multiple edge”), or these two can happen simultaneously. Having generated H,,, we may
generate a simple hypergraph H¢ by deleting all such improper edges and multiple edges in
H,, i.e. we first remove all improper edges and, subsequently, we delete all edges with the
same set of endpoints. See Figure 6.5 for an example of an instance of the configuration
model.

If one fixes a type sequence 7 = (vfn), e ,%(Zn)) for each n, then the above configuration
model generates a sequence of random hypergraphs H;. Since H; is random, uye is also
a random probability distribution over H,. Let E [u H;J be the expectation with respect to
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the randomness of H¢, i.e. a weighted average over all the possible configurations of HS (the
number of such configurations is indeed finite for each n). Hence, E [an} is a sequence of
probability distributions over H, and one can ask whether it has a weak limit. On the other
hand, one can build all ¢ on a common probability space under which H; are independent
for different n. Then, for some p € P(H.), we say that uge = p almost surely when outside
a measure zero set in this common probability space, this convergence holds. The following
theorem shows that under some conditions on the type sequence, H; has a local weak limit.
See Appendix E.7 for a proof.

Theorem 6.4. Assume that a probability distribution P on A is given and define I := {k >
2: P({y € A:~(k) > 0}) > 0}. Furthermore, let v = (™ ,'y,(Ln)) be a type sequence
satisfying (6.82a) and (6.82b) such that

FM(ky=0 Vke¢l Vn,i, (6.83a)
1

lim ~ z; Lw_, =P(y)  VyeA, (6.83h)

: INIROIE
lim sup — ~ < 00. 6.83¢
mewp 3 I (6:53¢)

Additionally, assume that there are constants ci,co,c3,€ > 0 such that for n large enough,

max |7 < ex(logn)*, (6.34a)
max h(y") < e1(logn)*, (6.84b)
V2<k<n A™E) =0 or |[A™(K)|> csnc. (6.84c¢)

Then, if H;, is the random hypergraph generated from the configuration model corresponding
to 4™ described above, we have upge = UGWHT(P) almost surely.

Remark 6.13. Note that the index set I would allow us to consider cases where there are
only certain edge sizes in our model. For instance, when I = {2}, this theorem reduces to a
statement for the graph pairing model, and when I = {k : k > 2} it allows for all edge sizes
to be present.

Remark 6.14. For a fired k and for each n, define X,, to be an integer valued random
variable taking value ’yi(")(k) with probability 1/n for 1 <i < n. Then, the condition (6.83¢)
implies that the sequence { X, } is uniformly integrable. Also, (6.83b) implies that X, KN ['(k)
where T' has law P. Thus, E[X,] — E[['(k)], i.e.

o1
lim —
n—oo N

Zn:%”)(k) =E[I'(k)] Vk>1 (6.85)

This identity is useful in our future analysis.
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Remark 6.15. It can be proved that, under some reqularity conditions for P, when the type
sequence is generated i.i.d., the conditions of Theorem 6.4 are satisfied with probability one.
However, we omit the proof of this claim here, since it is not central to our discussion.

We will use the following simplified version of the above theorem in this section.

Corollary 6.2. Assume that a probability distribution P over A is given such that for a
finite set I C {2,3,...,}, if T is a random variable with law P, we have P (I'(k) > 0) > 0
fork € I and P(I'(k) > 0) =0 for k ¢ I. Furthermore, assume v = (%n), . ,w(Ln)) is a
type sequence satisfying (6.82a), (6.82b), (6.83a) and (6.83b). Additionally, assume that for
some 6 > 0,

lim sup — Z oyl (6.86)

n—oo 1

Then, uge = UGWHT(P) almost surely.

Proof. We check that in this regime, all the conditions of Theorem 6.4 are satisfied. Note
that

I e~ 211 (™ (k 211 (n)
DISUCEEE) SRR F) o)
i=1

which, together with (6.86), implies (6.83c). In order to show (6.84a), note that (6.86) implies
there is a constant A < oo such that = >7" 1 Il <\ for all . Now, exp(f maxi<i<, ||71 || ) <

S e 0™ < p. Hence Max)<i<n H% ||1 < (logn + log A)/6, which shows (6.84a). On
the other hand, h( ) < max{k : k € I} for all i and n. Hence, (6.84b) also holds.

For a fixed k € I using (6.85), which follows from (6.83¢) which was proved above, for n
large enough we have [A™ (k)| =37 | %(n)(k;) > nlE [['(k)] /2. Since there are finitely many
k € I, for n large enough we have |AM™ (k)| > nmingc; E (k)] /2. But for & € I, we
have E [['(k")] > P(I'(K') > 0) > 0 by assumption. Consequently, (6.84c) holds with € = 1
and c3 := ming e E[['(K)] /2 > 0. This means that all the conditions of Theorem 6.4 are
satisfied and uge = UGWHT(P) almost surely. O

6.9.2 Statement of the result

Here, we state the conditions under which we prove Theorem 6.3.

Proposition 6.18. Assume that a probability distribution P over A is given such that for
a finite set I C {2,3,...,}, if I' is a random variable with law P, we have P (I'(k) > 0) > 0
fork eI andP (I'(k) > 0) =0 fork ¢ I. Moreover, assume that for allk € I, E[I'(k)] < co.
Also, with k., being the minimum element in I, assume that P (T (ki) = 0)+P (T(kpin) = 1) <
1. Moreover, assume that a sequence of types ¥ = (fy("),...,fy?(l )) is gwen satisfying
(6.82a), (6.82b), (6.83a) (6.83b) and (6.86). Then, if H: is the simple hypergraph generated



CHAPTER 6. ASYMPTOTIC BEHAVIOR OF LOAD BALANCING IN
HYPERGRPHAS 180

by the configuration model in Section 6.9.1, o(HE) converges in probability to o(n), where
w=UGWHT(P).

Before proving this proposition, we need the following two lemmas, whose proofs are
given at the end of this section.

Lemma 6.17. With the assumptions of Proposition 0.18, there is a constant ¢4 > 0 such
that for n large enough, for any subset S C {1,...,n}, the number of edges in HE with all
endpoints in S s stochastically dominated by the sum of s independent Bernoulli random
variables, each having mean cysFmin=! [nFmin=1 “where s ==Y, o 7™ ;.

Lemma 6.18. With the assumptions of Proposition 6.18, if t > ﬁ, there exists 6 > 0
such that if Z(gz) denotes the number of subsets S of {1,...,n} with size at most nd where HE

has at least t|S| many edges with all endpoints in S, we have P (Z(gz) > O) — 0 as n — oco.

Proof of Proposition 6.18. Let p, denote uye, which is a random probability distribution on
‘H,.. Then, Corollary 6.2 guarantees that u, = p almost surely. As a result, if £, is the
law of the balanced load for H; and L is the law of 9O, where © is the balanced allocation
corresponding to u, then, using Theorem 6.1, we have £, = £ almost surely. Now, let
t:= o(u), and fix € > 0. Due to the definition of o(u), L((t — €,00)) > 0. As a result, using
the portmanteau theorem (Theorem 2.1 in Chapter 2) since p,, = p almost surely, we have

liminf £,,((t —€,00)) >0  a.s..

This means that
P(o(HS) <t—¢)=P(L,((t —€,00)) =0)— 0. (6.87)

Now we show that P (o(HE) > t + €) also converges to zero. To do so, fix some § > 0 and
note that
P (o(Hy) >t +¢) = P (La([t +€,00)) > 0)

=P (L ([t +€,00) > 8)+P(0< L,([t + ¢, 00)) <) (6.88)

The portmanteau theorem implies that P (L, ([t + €,00)) > §) converges to zero. Now, we
argue that the second term also converges to zero. If 6,, denotes the balanced allocation on
H¢, then, by the definition of £, on the event 0 < L, ([t + €,00)) < 4, the set S := {1 <
i <mn:00,(i) > t+ e} is non—empty and |S| < dn. Now if e € E(HE) with 4, j € e such that
i € Sand j e S then, since 00, (j) < t+ ¢ < 00,(i), we have 6,(e,i) = 0. Hence, for all
i €85, 00,(i) =3 cseenme) Onle ). Thus,

> 00n(i) = {e € B(H;) : e C S} = |Buy (5)].

ieS
On the other hand, we have ). 400, (i) > |S|(t + €). Hence, [Exe(S)| > (t + €)|S|, where
Epe (S) denotes the set of edges in Hy; with all endpoints in S. As a result, if Z éjﬁrg denotes
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the number of subsets S C {1,...,n} with size at most nd such that H¢ has at least (t+¢€)|S]
many edges with all endpoints in S, we have

P (0 < Lo([t +€,00)) < 0) gP(HSg (1,....n}, 0<|S| < on,

|Eng (S)] = (t+€)|5|>

<P (Z(") > 0) .

o,t+e

RANE
as n — oo and we are done. We now argue why this is the case. For this, note that
Proposition 6.10 together with Proposition 6.3 imply that there exists a sequence of €,,—
balanced allocations O, such that for p—almost all [H,i] € H., for all vertices j € V(H),
00.,,(H,j) — 00¢(H, j) where O is a balanced allocation with respect to p. Moreover,
using Remark 6.12, 99, (H,j) = 90 (j) where 6 is the canonical e-balanced allocation
on H.

On the other hand, the assumption P (T'(kpin) = 0) +P (T'(kwin) = 1) < 1 guarantees that
for all integer M > 2, there is a nonzero probability under p that the Galton—Watson process
has a finite sub-hypertree containing the root, and having M edges with all these edge having
size knin. It can be easily seen that a finite hypertree with M edges all having size ¢ has
1+ M (c—1) vertices and there is a balanced allocation on such a hypertree such that all the
vertices get the same amount of load, which is equal to H+M Motivated by the discussion
in the previous paragraph, for p—almost all [H,4] € H., 90(H, i) = lim,,_o, 96 (i) where
95; is the canonical ¢,,—balanced allocation on H. This, together with Proposition 6.6,
implies that for each integer M, there is a nonzero probability under p that 00q(H, 1) is at
least M /(14+M (kmin—1)). Sending M — oo, this means that t = o(u) > 1/(kmin—1). As was

> 0) — 0. Thus, P (o(Ht) >t +¢)

If we have t > 1/(kpm — 1), Lemma 6.18 above implies that P (Z(gn) > 0) goes to zero

discussed above, using Lemma 6.18, we have P (Zgﬁre

goes to zero as n goes to infinity. This together with (6.87) proves that o(H¢) = o(u). [

Proof of Lemma 6.17. For k € I, let s, := ) . ¢ %(n)(k) and my, := |[A™(k)|. As the set of
edges in HY is a subset of that of H,,, we may prove the result for H,, instead. This allows us
to directly analyze the configuration model. Let A be the set of the partial edges connected
to vertices in S. Note that |A| = s. We order the elements in A arbitrarily. At time ¢t = 1,
we pick the smallest element in A. Let k; be the size of this edge. Then, we choose k; — 1
other partial edges in A (k;) uniformly at random to form an edge in H,. We continue
this process until all the elements in A are used up. More precisely, at time ¢, we pick the
smallest available partial edge in A, namely ¢;, and if k; is the size of e;, we match e; with
k; — 1 other elements in the available partial edges in A (k;) uniformly at random to form

an edge in H,. At time ¢, let s, () and mg,(t) be the number of available partial edges of
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size k, in A and A (k,), respectively. With this, if p, denotes the probability that e, is
matched with partial edges all inside A,

L 02 sl (sl

M) — 1 m ) =2 ) — (k= 1)~ i (8)

Note that if [; denotes the number of partial edges of size k; among ey, ..., e, 1, my, () is
precisely my, — l;k;. On the other hand, sy, (t) < sg, — l;, where equality holds only if all the
partial edges of size k among ey, ..., e, 1 are matched with partial edges outside A. With
this,

Pt =

ket —1
This is because, if kisp, < my,, the even stronger inequality p; < (%) holds, while
t
otherwise the RHS is at least 1, and the inequality is trivial. Furthermore, as we saw in

the proof of Corollary 6.2, there exists a > 0 such that for n large enough and all k£ € I,
my, > na. This together with the fact that s, < s for all k& € I implies

k 1 S kmin_l
max
Pe S R ( na) ’

where k., denotes the maximum element in /. As this upper bound is a constant, and the
above process can continue for at most s steps until we match all partial edges in A, the num-

. o . . . . _ Femin—1
ber of edges with all endpoints in S is stochastically dominated by Binomial(s, kfmex—! (-£) ).
The proof is complete by setting ¢, 1= kFmax=1 /gFmin=1,

max

Proof of Lemma 6.18. For positive integers L and r, let X denote the number of subsets
S C {1,...,n} with size L such that H¢ has at least r many edges with all endpoints in S.

With this, E [Zéi } ZWJ E [ B (Lﬂ]. Now, fix integers L and r such that L < nd, with

d > 0 sufficiently small. Let Sy, denote the set of S C {1,...,n} with size equal to L. Using
Lemma 6.17 and the fact that for a binomial random variable Z, P(Z > r) < (E[Z])"/r!,
we have

krnin

(n)
. [ (Zes 11
E [X(L’)} = Z e nFmin—1

SeST,

Using the inequality 2™ < mle® which holds for # > 0 and integer m, this yields

(n) (rkmin)'c) 07"
E [XL,J <> g iy G —1) I
SeSL €S

L
' n
< (Tk'mm C4 Z 6”7( )Hl
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where 6 > 0 is as in the statement of Corollary 6.2. Using the assumption (6.86), there

exists A > 0 such that Y, I < p for all . Using this, together with the inequalities
L' > (L/e)* and (rkmin)!/r! < (rkmin)"®»n~Y | and rearranging the terms, this yields

s = (5 ()"
’ n

L kmin
Fmin —

where c5 1= kmincfminfl /0 T, Note that we may assume c5 > 1; otherwise, we may replace
it with ¢5 V 1 which makes this quantity even bigger; for, the exponent of c¢j5 is positive.
Using this bound for r = [Lt], we have

L8] (kmin—1 L
Elxm 1< (6 [Lt] i ) [ enA
Lv[Lt—l - n L

_ CS(L{I [Lt](kmin—1) (e/\)L £ [Lt](kmin—1)—L
L n ’

Using ¢5 > 1, L/n < 1, Lt < [Lt] < L(t + 1) and the assumption ¢t > 1/(kpin — 1), we get
the upper bound
(n) L\"
E |:XL,(Lt]:| S f (g) )

f({L') = 66$t(kmin_1)_17

with cg 1= eA(cs(t + 1))+ DEmin=) Note that f(L/n)l = exp(—ng(L/n)), where

where

g(x) := —xlogcg — (t(kmin — 1) — D)z log .

As t > 1/(kmin — 1), there exists a > 0 such that g(z) is strictly increasing and strictly
positive in (0,a). Now, we choose > 0 such that § < a and also f(J) < 1. This is possible
since the assumption ¢ > 1/(kmin — 1) guarantees f(6) — 0 as d | 0. With this, for any
0 < ({ <0, we have

1

) [nd]

=Y f(L/m) + > exp(—ng(L/n)).
L=1 L=[nC]+1

Using the facts that f is increasing in (0, 00), ¢ is increasing in (0,a) and 0 < L/n < § < a,
we have

[n¢]
B [257] < { 0" ) + ndexpl-nato),
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But f(¢) < f(6) < 1. Therefore,

E[Z{gz)}< 1) + nd exp(—ng(C)).

—1-f(Q)
Now, by sending n to infinity, the second term vanishes, because g(¢) > 0, and we get
limsup E [Zé(z)} < f(Q)/(1 = f(¢)). Furthermore, by sending ¢ — 0, we get E [Zgz)} — 0

which means P (Z(gz) > 0) — 0, as Zé(z) is integer valued. [

6.10 Conclusion

We studied the asymptotic behavior of balanced allocations for a sequence of hypergraphs
converging to a local weak limit. This is done by defining and analyzing balanced Borel
allocations directly on the limit. We expressed the mean excess for the Galton-Watson limit
in terms of fixed point distributional equations. Moreover, we proved the convergence of the
maximum load under some conditions.
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Chapter 7

Concluding Remarks

In this thesis, we discussed two main category of problems on large sparse graphs, namely
the graphical data compression, and load balancing. We employed the framework of local
weak convergence, or so called the objective method, to make sense of a notion of stochastic
processes for sparse marked graphs. We also discussed a notion of entropy for such processes
on sparse marked graphs, which we called the marked BC' entropy. In the process of studying
the problem of compression, we realized that this notion of entropy is indeed the information
theoretic limit of compression for our framework. In particular, we introduced a universal
lossless compression scheme which is capable of compressing a sequence of sparse marked
graphs converging in the local weak sense, without a priori knowing the limit. Specifically,
this compression scheme is capable of achieving the marked BC entropy associated to this
unknown limit. Furthermore, we discussed a distributed compression scheme for sparse
marked graphs. In particular, we introduced a version of the Slepian—Wolf theorem for
sparse marked graphs which characterizes the rate region when the statistical description
of the distributed graphical data can be modeled as being one of two types — as a member
of a sequence of marked sparse Erdés—Rényi ensembles or as a member of a sequence of
marked configuration model ensembles. Furthermore, we gave a generalization of this result
for Erdés-Rényi and configuration model ensembles with more than two sources.

In addition to studying the problem of compression, we studied the problem of load
balancing in networks. We did this by modeling the problem as a hypergraph where each
hyperedge represents a task carrying one unit of load, and each node represents a server. In
this model, the load of each hyperedge can be distributed among it endpoints. An allocation
is a way of distributing this load. Motivated by the work of Hajek [Haj90], we studied
balanced allocations, which are roughly speaking those allocations in which no demand
desires to change its allocation. We analyzed the properties of the empirical distribution
of the loads faced by the resources in balanced allocations for a sequence of hypergraphs
converging in the local weak sense as their size goes to infinity. In the special case of
unimodular hypergraph Galton—Watson processes, we characterized the asymptotic empirical
load distribution at a typical resource via a fixed point distributional equation. Moreover,
we characterized the asymptotics of the maximum load at a resource under some additional
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conditions. We achieved these in particular by generalizing the local weak convergence theory
to hypergraphs. Our work is an extension to hypergraphs of Anantharam and Salez [AS16],
which considered load balancing in graphs, and is aimed at more comprehensively resolving
conjectures of Hajek [Haj90].

Motivated by the fact that real-world graphical data is usually sparse, the framework
discussed in this thesis has broad applicability in studying problems involving sparse graph-
ical data. Additionally, since we allow for graphs to be marked, our framework allows for
modeling both the interaction between objects in a complex network, as well as additional
data associated to such objects as a marked graph. Examples of such scenarios include social
networks, internet graphs, and genomics and proteomics data.

Problems studied in this thesis should be considered as examples showing the wide-range
applicability of the local weak convergence theory and the notion of marked BC entropy. In
fact, this framework provides a viewpoint of stationary stochastic processes for sparse marked
graphs. The theory of time series is the engine driving an enormous range of applications in
areas such as control theory, communications, information theory and signal processing. It is
to be expected that a theory of stationary stochastic processes for combinatorial structures,
in particular graphs, would eventually have a similarly wide-ranging impact.
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Appendix A

Proofs for Chapter 2

A.1 Proof of Lemma 2.1

We first prove that if the condition mentioned in Lemma 2.1 is satisfied, then u, = pu.
Let f : G, — R be a uniformly continuous and bounded function. Since f is uniformly
continuous, for fixed € > 0 there exists 6 > 0 such that |f([G,0]) — f([G',0'])| < € for all
(G, 0] and [G’, o] such that d,([G, o], [G',0']) < 6. For this d, choose k such that 1/(1+k) < 6.
Note that since = and © are finite there are countably many locally finite rooted trees with
marks in = and © and depth at most k. Therefore, one can find countably many rooted trees
{(Tj,1;)}52, with depth at most k such that A’(“Tj’i]_) N7, partitions 7,. On the other hand, as

p is a probability measure with its support being a subset of 7., one can find finitely many
of these (T7},4;), which we may index without loss of generality by 1 < j < m, such that
> e ,u(Aij’ij)) > 1 — €. To simplify the notation, we use A; for A?Tj iy 1 < J < m. Note

that if [G, o] € A;, d.([G, 0], [T},i,]) < 717 < 0. Hence, if A denotes UJ-, A;, we have

‘ JEZED SRS

<3| i St

< (@411l

+ [ flloe (A%
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where the last inequality uses the facts that u(A°) <€, 1/(1+ k) < 6, and |f([G,0]) —
f([T;,14])] < e for [G,o] € A;. Similarly, we have

‘/&mM—i;ﬂmwmm&o

<| [ =3 )
+Z!f 5 i) (A7) = p(A))|

gwmmﬁ—gym&0+e
+wmm§yMum—ﬂm»w

Combining the two preceding inequalities, we have

‘/fdun—/fdu <flle (1 —iunmj))

+ 1l Zlun A+ e+ 1 Fll)-

Now, as n goes to infinity, u,(A;) — p(A;) by assumption and also 1 — > 77", i, (A;) —
wu(A€) < e. Thus,

lim sup
n—oo

[~ [ fdu‘ < 261+ [f]l.)

Since || f|l, < oo and € > 0 is arbitrary, [ fdu, — [ fdu, whereby u, = p.
For the converse, fix an integer h > 0 and a rooted marked tree (7',i) with depth at
most h. Since Lap,. ([G o)) = Lap, . ([G’ ') when d. (|G, o], [G',0]) < 1/(1+h), we see that

1,0 isa bounded continuous functlon This immediately implies that

(T,3)

tin (Al ) = /ﬂAh’ dpin %/HA?T) (Al ),

which completes the proof.
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A.2 Some Properties of Marked Rooted Trees of
Finite Depth

In this section we gather some useful properties of marked rooted trees of finite depth, which
are used at various points during the discussion.
Given a marked rooted tree (T),0), integers k,l > 1,t € 2 x T 1 and t' € = x T},
define
Ep (6, ) (T,0) :={v~ro0:T(v,0)_1 =t,T(0,v)_1 = t'}|.

When k = [ this reduces to the notation we defined in Section 2.7, i.e. Ey x(t,t')(T,0) is the
same as Fy(t,t")(T, o).

Lemma A.1. Assume (T,0) is a rooted marked tree with finite depth, and v and v' are
offspring of the root. Then, if T(o,v) = T(0,v") and &r(v,0) = & (V' 0), we have T'(v,0) =
T (v, o0).

Proof. We construct the rooted automorphism f : V(T') — V(T) as follows. We set f(0) = o,
f(v) =" and f(v') = v. Moreover, we use the isomorphism 7'(o,v) = T'(0,v") to map the
nodes in the subtree of v to the nodes in the subtree of v" and vice versa. Finally, we set f to
be the identity map on the rest of the tree. Indeed, f is an adjacency preserving bijection.
On the other hand, the assumptions &r(v,0) = &r(v',0) and T'(o,v) = T(o0,v’) imply that f
preserves the marks. Therefore, f is an automorphism which maps T'(v,0) to T'(v',0). This
completes the proof. O

Lemma A.2. AssumetM t?) € 2x TP andt' € ZxTF are given such that tD @t’ =t ot
Further, assume that t[m] = t@[m]. Then, we have tV) = (2),

Proof. Let (T,0) be an arbitrary member of the equivalence class t") @ ¢. Therefore, we
have T'(v,0) =tV and T(o,v) = t' for some v ~p 0. On the other hand, by assumption,
(T,0) is also a member of the equivalence class ¢t @ . This means that T(v',0) = t®
and T'(0,v") = t' for some v/ ~7 0. Moreover, by assumption, & (v, 0) = tM[m] = P [m] =
&r(v',0). Since T'(o,v) = T(o,v") = t/, Lemma A.1 above implies that T'(v,0) = T'(v',0), or
equivalently ¢ = ¢(2). O

Lemma A.3. Assume (T,0) is a rooted marked tree with depth at most k > 1. Moreover,
assume that, for some Il > 1, t € Zx T, and t' € = x TF1, we have Eyq4(t,t')(T,0) > 0.
Then,

Erg k6, t)(T,0) = [{v ~r 0: T(0,0)_1 = t',&r(v,0) = t|m]}]|.

Proof. From the definition of Ej4 x(t,t')(7, 0), we have

E k() (T, 0) = {v~ro:T(0,0)-1 =t',T(v,0), = t}|
<NHv~ro:T(o,v)p 1 =1, ér(v,0) = t[m]}|.
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Now, we show the inequality in the opposite direction. The assumption Ej1 x(t,¢')(T,0) > 0
implies that there exists v ~r o such that T'(o,v),_1 = t' and T'(v,0); = t. This in particular
means that &r(v,0) = t[m]. On the other hand, if v' ~p o is such that T'(o,v")r_1 = t' and
&r(v',0) = t[m], Lemma A.1 above implies that 7'(v/, 0) = T'(v, 0), which means T'(v/, 0); = t.
This establishes the other direction of the inequality and completes the proof. O

Lemma A.4. Given h > 1 and two marked rooted trees (T',0) and (1", 0') with depth at most
h, assume that the mark at the root in T and T" are the same and also, for allt,t' € Zx T 1,
we have Ey(t,t')(T,0) = En(t,t')(T",0"). Then, (T,0) = (T",0).

Proof. Note that the assumption regarding the mark at the root in 7" and that in 7" being
equal is necessary in this statement. To see this, consider the example where (T,0) and
(T",0") are isolated roots, then we automatically have Ej(t,t')(T,0) = En(t,t')(T",0) =0
for all t,¢' € Z x T, but (T,0) = (T",0') only when the marks at the root in the two
rooted trees are the same.

Since the root marks in [T, 0] and [T, 0'] are the same, it suffices to show that for all
r€Zandt €= x T we have

Hv ~r 0 :ér(v,0) =2, T(0,0)h1 =t} = [{v ~p 0 : Ep(v,0) =2, T (0, 0)h_1 = t}].
(A.1)
Note that if [{v ~r o : &r(v,0) = z,T(0o,v),—1 = t}| > 0 then there exists v ~p o
such that &r(v,0) = x and T(o,v),_1 = t. This means that with ¢’ := T[v, 0];_1, we have
En(t',t)(T,0) > 0. Moreover, Lemma A.3 implies that E,(t',t)(T,0) = |[{v ~r 0: &r(v,0) =
x,T(0,v)p_1 = t}|. On the other hand, from the hypothesis of this lemma, we also know
that Ey,(t',t)(1",0") = En(t',t)(T,0) > 0. Another usage of Lemma A.3 shows (A.1). So far,
we have shown that [{v ~7 o0 : &r(v,0) = x,T(0,v),—1 = t}| > 0 implies (A.1). Similarly,
H{v ~p0: & (v,0") = 2, T'(0,v)p,—1 = t}| > 0 implies (A.1). This completes the proof. [

A.3 Some Properties of Unimodular Galton—Watson
Trees with given Neighborhood Distribution

Fix h > 1 and P € P(T!) admissible. In this section, we prove some properties of
UGWT,(P).

Given [T, 0] € T, and v € V(T) with v # o, let p(v) denote the parent node of v. For
such v, we denote (T'[p(v),v]|p—1,T[v,p(v)]n-1) by c¢(v) and (T'[v,p(v)|s-1,T[p(v),v]n-1) by
¢(v). Let

P([T, o]p) v =o,
Mral(V) = | 5 (A.2)
Pc(v) (T[p(U), v]h) v 7& 0.

When the marked rooted tree [T, 0] is clear from the context we will simply write y(v) for
V[T,O](U)'
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Lemma A.5. Given [T,0] € T. and v € V(T) with distr(v,0) = k where k > 1, let
0 =g, v1,...,V =0 denote the path connecting v to the root.

Then, if y(v;) > 0 for all 0 < i < k — 1, we have P([T,v;]p) > 0 for 0 <i <k —1, and
ep(c(v;)) >0 for 1 <i<k.

Proof. We prove this by induction on k. First, consider £ = 1. In this case, we have
v(vo) = v(0) = P([T,0]1), and so the hypothesis that v(vy) > 0 implies that P([T,vo]n) =
P([T, 0],) > 0, which establishes the first claim. Using this, we get

ep(c(v)) = ep(T[v, 0ln-1, T[0,v]n-1) = P([T; 0]n) En(T'[v, 0ln-1, T[0, v]n-1)([T’, 0]1)
Z P([Tvoh) > 07

where the last equality uses the fact that, by definition, Ep,(T'[v, 0]n—1,T]0, v]n—1)([T, 0]n) > 1.
But, since P is admissible, we have ep(c(v)) = ep(¢(v)) > 0 which completes the proof for
k=1.

Now, for k > 1, we have ep(c(vg_1)) > 0 from the induction hypothesis. This implies
that, with t := T[vg_2, Vk_1]n_1, t' := T[vk_1, Vk—2]n_1 and t := T[vj_o, Vx_1]n, We have

0 < y(v—1) = Py (d)
_PEet)Eytt)(Iat)
€P(t, t/)

In particular, we have P(t®t') > 0. But t®t = [T, v;_1]5. This together with the induction
hypothesis implies that P([T,v;]n) > 0 for 0 < i < k — 1. Moreover, we have

ep(c(v)) = P(|T, vi-1]n) En(e(v))([T, ve-1]n) = P([T', ve-1]n) > 0,
where the last equality follows from the fact that, by definition, we have
Ep(@(0))([T, ve-1]n) = 1.
The proof is complete by noting that, since P is admissible, we have ep(¢(v)) = ep(c(v)). O

Corollary A.1. Let yp = UGWT,(P) with h > 1 and let P € P(T}"), i.e. P admissible.
Then, for p—almost all [T, 0] € T, we have Y0 (v) > 0 for all v € V(T) and ep(c(w)) > 0
for allw e V(T) \ {o}.

Proof. First recall that y7,(0) = P([T,0]s) is the probability of sampling [T’ 0], in the
process of generating [T, 0] with law yu = UGWT,(P). Hence, p—almost surely, we have
Yt (0) > 0. Moreover, for a vertex v € V(T) \ {o}, yr(v) = }A)C(U) (T'[p(v),v]) is the
probability of sampling T[p(v),v], given T'[p(v),v]n—1 and T[v,p(v)]p—1 in the process of
generating [T, o] with law u. Since there are countably many vertices in [T,0] € Ts, pu—
almost surely we have 7,4 (v) > 0 for all v € V(7).

Motivated by the above discussion, if [T,0] € 7. is outside a measure zero set with
respect to p, we have v (v) > 0 for all v € V(T'). Thus, Lemma A.5 above implies that
ep(c(w)) > 0 for all w € V(T') \ {o} and completes the proof. O
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A.4 A Convergence Property of Unimodular
Galton—Watson Trees with respect to the
Neighborhood Distribution

In this section we give the proof of Lemma 2.4.

Proof of Lemma 2.J. Let pu™ := UGWT,(P™) and u := UGWT,(P). We claim that for
any integer [ € N and [T, o] € 7?, we have
AL N — (A
7}3{)10# (A[T,é]) M(A[T,o})7 (A.3)
where

Ao ={[T,0] € T, - [T, 0, = [T, 6]}

Before proving our claim, we show why this implies ™ = . To do this, We take a bounded
and uniformly continuous function f : 7, — R and show that [ fdu™ — [ fdup. Fix

€ > 0. Due to the local topology on 7., there is [ € N such that for all [T,6] € 7! and
[T,0] € Ay 5, we have d. ([T 0], [T,6]) < e. Recall that d, denotes the local metric on 7.

Since f is uniformly continuous, this implies that |f([T, o]) — f ([T o])| < n(e) where n(e) — 0
as € — 0. Now, fix a finite collection S of marked rooted trees [T, 0] € T} such that

Z 1(Apgg) >1—e
[T,0]eS
Then, (A.3) implies that, for n large enough, we have

Z ,u [TO] > 1 —2e.

TOGS

This implies that

‘/fdu(”) — /fdp' < 2n(e) + 3¢ flloo + Z |f([T75])||M(n)(A[T,5}) = 1(Apg )|

[T,6)eS
By first sending n to infinity and then € to zero, we get our desired result.
We now get back to proving our claim in (A.3). First, observe that, by the definition of
UGWT,(P), we have
Ag ) =C [ (A.4)

veB

where C' is a constant which only depends on [T',6], and B := {v € V(T) : dist(v,6) <
(I=h)+} where (I=h) := max{l—h, 0}. Here, we have employed the notation y(v) = 7 5(v)
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from (A 2) in Appendix A.3. On the other hand, if we define 7™ by replacing P with P™
and PC (v) With PC((U) in the definition of v, we have

Agg)=C H gl (A.5)

veEB

Note that, as C' only depends on [T, 6], the constants on (A.4) and (A.5) are the same. With
this, we show (A.3) by considering two cases.
Case 1, (A ;) > 0: Using (A.4), this means that for all v € B, we have y(v) > 0. In

particular, P([T,4],) > 0 and Lemma A.5 above implies that for all v € B, v # 6, we have
ep(c(v)) > 0. Hence, for v € B, v # 0, we have

P(IT,v]1) Ex(c(v)(IT, v]s)
ep(c(v)) '

Consequently, we have P([T',v],) > 0. As a result, for n large enough, we have P™ ([T', v],) >
0. On the other hand, since epm)(c(v)) — ep(c(v )), for n large enough, we have epw) (c(v)) >
0 for all v € B, v # 0. Therefore, for v € B, v # 0 and n large enough, we have

iy PO Bl (T0l) | PUE 0Bl (ol _
7r) = epom ((0)) - er(e(v)) =) (A9

Moreover,

0 < 7(v) = Py (Tp(v), v]1) =

1"(8) = PO(T, 6)a) = P(IT,6]1) = +(0).
Thus, together with (A.6), and comparing with (A.4) and (A.5), we realize that u™ (A g) =
M(A[T,a])-
Case 2, (A ;) = 0: Using (A.4), there is at least one node v € B such that y(v) = 0.
If 4(6) = P([T,0]n) = 0, we have PC([T',6],) — P([T,06]s) = 0. Hence, n™(Ay ;) — 0
and we are done. Otherwise, let v € B, v # 0, be a node with minimal depth such that
v(v) =0, ie. if 1 <k =dists(v,6) and 6 = vy, v1, ..., v, = v is the path connecting v to the

root, we have vy(v;) > 0 for 0 <i < k — 1 and 7(vx) = 0. Using Lemma A.5, we conclude
that ep(c(vg)) > 0 and thus

P([T, vi]n) En(c(vr)) ([T, viln)
) ep(c(vr))

P([T, vn)

— ep(c(u))

A

where the last line uses the fact that Ej(c(vg))([T', vx]n) > 1. This implies that P([T,v]n) =
0. Furthermore, since P ([T, vi]n) — P([T,vk]n) = 0 and epw (c(vp)) — ep(c(v)) > 0, we
realize that for n large enough,

0=r(v) =

NO PO(T, viln) Bn(cw) (T, oeln) o

epwm (c(vg))

Consequently, using (A.5), we have /UL(”)(A[TA’é]) — 0 = pu(Ay; ;) which completes the proof.
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A.5 Unimodularity of UGWT,(P)

We give a proof of Lemma 2.5. Let h > 1 and P € P(7]") be an admissible probability
distribution. Let p = UGWT,(P). In order to show that ;i is unimodular, we need to show
that for any Borel function f : 7., — R, , we have

Zf(T,o,v)

v~TO0

Z f(T,v,0)

v~TO0

Without loss of generality, we may assume that deg(u) > 0, since otherwise nothing remains
to be proved. We have

Z f(T,0,v)

v~T0

=Y P(gE

ge’j'*h

= ) deg(g)P(9)E,

g€T:deg(g)>0

Zf(T,o,v)

v~TO0

(T’ O)h = g]

(T O)h = g]

(A.7)
where deg(g) denotes the degree at the root in g. Define the probability distribution P €
P(T]") such that

deg ZfTov

UNTO

P([T, o]) degy(0)

p ;
where d := Ep [deg;(0)] is the expected degree at the root in P. Moreover, define the
probability measure i € 73(7;) in a way identical to UGWT(P), with the exception that

(T, 0)p, in fi is sampled from P instead of P, and we use the distributions B v to extend (T, 0)p,
exactly as in UGWT(P). Since, by deﬁmtlon conditioned on (7, 0), the distribution of
(T, 0) is the same in u and fi, we may write (A.?) as follows

Z f(T,0,v)| =d Z ﬁ(g

v~TO geTH

P([T,0]) :=

deg ZfTov(To)h_g]

With © being a node chosen uniformly at random among the nodes v ~7 0 adjacent to the
root in [T, o] ~ fi, we may rewrite the above expression as follows,

Z f(T,0,v)

v~TO

= dE; [f(T, 0,0)]. (A.8)

Note that, fi-almost surely, degy(0) > 0 and © is well defined. Now, we find the distribution
of [T,0,0] € T.. when [T, 0] ~ fi and v is chosen uniformly at random among the neighbors
of the root, as was defined above.
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In order to do so, we define the probability measure v € P(7,.) to be the law of [H, 0, 0']
where H is a connected random marked tree with two distinguished adjacent vertices o and
o', defined as follows. We first sample ¢,# from the distribution wp(t,t') = ep(t,t')/d, and
construct H such that H(o’,0) = H(d',0),—1 =t and H(o,0') = H(0,0"),—1 = t'. Then,
similar to the construction of UGWT,(P), we extend H(o',0) and H(o,0’) inductively to
construct H. More precisely, first we sample ¢ from ]3,4/(.) and use it to add at most one
layer to H(o',0),_1 so that H(o',0), = t. Similarly, we sample ¢ from §/7t(.) and use it
to add at most one layer to H(0,0'),_; so that H(o,0'), = . Next, independently for
v~y 0,0 # 0, we sample £ from ﬁH[o,v]h_l,H[v,o}h_l(-) and use it to add at most one layer to
H(o,v)p—1 such that H(o,v), = t. We apply the same procedure to w ~pg o', w # o. We
continue this procedure inductively and define v to be the law of [H, o, 0'].

We now claim that if [T, o] has distribution f and 2 is chosen uniformly at random among
the neighbors of the root in T" as above, then [T’ 0, 9] has distribution v. Before proving this,
we show how it completes the proof of the unimodularity of u. Note that, with this claim
proved, (A.8) becomes

E, | > f(T,0v)| =dE,[f(H,o0,0)].

Lv~T0

Similarly, we have

E, Z f(T,v,0)| =dE,[f(H,,0)].

Lv~T0 .

However, the admissibility of P implies that 7p(t,t) = wp(t',t) for all t,#' € = x T/L.
Therefore, v is symmetric in the sense that [H, 0, o'] and [H, ¢', o] have the same distribution.
Therefore, we have E, [ZUNTOf(T, 0,v)] = E, [EUNTO f(T',v,0)], which is precisely what
we needed to show.

Therefore, it remains to prove that with [T, 0] ~ i and © defined as above, [T, 0,7] ~ v.
First, we claim that since [T, 0], ~ P, we have (T[,0]n_1, T]o,]5_1) has distribution mp.
In order to show this, note that due to the definition of P above, for [T, 0] ~ P, we have
degy(0) > 1 almost surely. Let @ be the distribution of (1[0, 0]p—1,T[0,0]p—1) with [T, 0]
and © as stated. Then, for t,#' € Z x T, we have

/ 5 Ew(t, t')(T),0)
e, #) = (T, o) = o
[T,O]GT*’L:Ed;gT(o)g degy(0)
= P([T, 0]) degy (o) En(t,¢')(T, 0)
: Z d degy (o)

[T,0]€TF:degy(0)>1

t,t
= b0 ),
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which completes the proof of our claim. This, in particular, implies that, g—almost surely,
we have 7p(T'[0, 0]p—1,T[0,]p-1) > 0. Moreover, we claim that for ¢, € TI=1 such that
7p(t,t') > 0 and t € T such that #;,_; = ¢, we have

Py (T[o, 0l = | Tlo, 0lh1 = ', T[i,0lh1 = t) = Pou(D). (A.9)
In order to show this, first note that, as was mentioned above, we have
]P)ﬂ (T[O, ﬁ]h—l = t/, T[QA), O]h—l = t) = Wp(t, t/). (AlO)
On the other hand, we have

. - " a ~ 1 ~ -
]Pﬁ (T[U, O]h = t, zﬁ[O7 'U]h_l = t/) (:) ]Pﬂ ([T, O]h =tP t,) mEh_i_l’h(t, t,)<t D t,)
Piat) o
=" F tLthtot
e LAAOLELD

1_ . - -
= Ep(t D t/)Eh_H’h(t, t/)(t D t/),

where (a) is obtained by employing the assumption that © is chosen uniformly at random
among the neighbors of the root, and the fact that conditioned on [T, 0], =t @ t, there are
precisely Ej15(t,¢')( ®t') many v ~p o such that T[v, o], = t and T[o,v],_; = t'. Here,
deg(t @ t') denotes the degree at the root in £ @ ¢'. Using this together with (A.10), we get

Ptot)Enant,t)(tot)
dﬂp(t, t/)
Plet)Enant,t)Eat)

ep(t,t') '

Pi (T[0,0ln = t| T[o, 0]p-1 =t', T[0,0lh—1 = t) =

(A.11)

Now, if 6 denotes the root in £ @ ¢/, we have

Enantt)(tet) @ {v ~jew 01 (B ) (0,0)h-1 =¥/, &op (v,0) = Tm]}|

2 o ~igw 61 (F8 )6, 0)1 = ¥, €aw (v,6) = tlm]}]

9 Bt Eat),

where in (a) we have used Lemma A.3, (b) is implied by the fact that t[m] = ¢[m], and in
(c¢) we have again used Lemma A.3. Substituting this into (A.11) and comparing with the
definition of ]3,5,75/, we arrive at (A.9).

So far, we have shown that the distribution of (7’0, 0];_1, T'[0, 0],) is the same as that of
(Hlo, 0|1, H[0',0]) when [H, 0, 0] ~ v. Observe that T'[o, 0],_1 and T[0, 0], together form
[T, 0], Moreover, by definition, conditioned on (T, 0),, (T, 0) is constructed using the f’t,t/(.)
distributions, in a way similar to the process of defining (H,0,0’) above. Consequently, the

distribution of [T, 0, 0] is identical to v. As was discussed above, this completes the proof of
the unimodularity of UGWT,(P). O
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A.6 Proof of Proposition 2.1

In this section, we prove Proposition 2.1.

Proof of Proposition 2.1. Let p := UGWT,(P). Using induction, it suffices to show (2.8)
only for k = h + 1, i.e. with Q) := pp.1, we claim that

UGWT 1 (Q) = 4. (A.12)

Recall from Section 2.7 that p is the law of [T, 0] where (T, 0), is sampled from P and the
distributions (ﬁt,t/ t,t' € = x T/1) are used to extend depth h — 1 rooted trees to depth
h rooted trees in a recursive fashion. However, this process is equivalent to the following:
first, we sample (7', 0)5+1 using @ and then recursively use (P : t,t' € Z x T*71) to extend
depth h — 1 trees to depth h trees, starting from nodes at depth 2. More precisely, for
v being an offspring of the root and w being an offspring of v, we extend T'(v,w),_; to
T'(v,w)p, using ﬁT[uw] w1 Tlwwln_.- Lhis is done independently for all nodes w with depth 2.
Equivalently, for each offspring v of the root, T'(0,v); is extended to T'(o,v)p41, independent
from all other offspring v’ of the root. However, motivated by the above discussion, in order
to extend T'(0,v)p, we need to know T'[v, w],—1 and T'|w, v],_1 for the offspring w of v. But
this is known if we are given T'(o,v), and T'(v, 0);, (in fact, it is easy to see that even knowing
T(o,v), and T'(v,0)p,_o is sufficient). In other words, the distribution of T'[o, v],1 is uniquely
determined by knowing T'[o,v], and T'[v, o],. Motivated by this, for s, s’ € = x T, such that
eq(s,s') =E, [Eni(s,s')(T,0)] > 0 and § € T*! such that §, = s, define P, () to be the
probability of T'(0,v),11 = § given T'(0,v);, = s and T'(v,0), = §’. The unimodularity of u
implies that if eg(s,s’) = 0 for some s,s' € = x T*, the probability under u of observing
a node w with parent v such that T'(v,w), = s and T(w,v), = s’ is zero; therefore, we
may define ﬁsﬁs/ arbitrarily for such s, s’. Continuing this argument recursively for nodes at
higher depths, we realize that u is the law of (T, 0) where (T,0),.1 is sampled from @ and
then (ﬁs,s/(.) : 5,8 € 2 x T") is used to extend subtrees of depth h to subtrees of depth
h + 1. Comparing this with the construction of UGWT, 1(Q), we realize that in order to
show (A.12), it suffices to show that for every s,s’ € = x T* with eg(s, s’) > 0, and for all
5§ €2 x T we have R

Qs (8) = Ps 5(5), (A.13)

where @373/ is defined using (2.7) based on the distribution (). More precisely, for s,s" €
= x T} such that eg(s,s') >0, and § € = x T+ we have
QG © ) Bran(s,5) (5@ )

Que(d) = 1[5 =] o)

(A.14)

We now fix s,s' € = x T and show (A.13). Without loss of generality, we may assume
that 5, = s, since otherwise both sides of (A.13) are zero. We claim that

~ -~ EH [E 1, Q(S/, §)(T, O)]
Far®) = Eu [EE(SZ s)(T; 0)]

(A.15)
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To see this, note that

Ey [Eniinia(s,8)(T0)] = Y Q(r)E,

r67f+1

> 1[T(v,0), = T(0,v)n1 = 5]

v~TO

(T,0)ps1 = r]

Z 1T (v,0),=5,T(0,v)n =s]1[T(0,0)p11 = 3§

v~ TO

= Z Q(r)E,

T€7f+1

(T,0)p41 = r] .

Note that the event {T'(0,v),.1 = 5§} is conditionally independent of the event {(T’,0),.1 =
r}, given the event {T'(v,0), = s, T(0,v), = s}. Therefore,

E, [Eninsa(s,8)(T0)] = 3 Q) Enia (5, 8)(r) Pu(8) = B, [Bra (', 8)(T, 0)] Po (3).

r67f+1
(A.16)
Using the unimodularity of u, we have
E, [Eni1(s', $)(T,0)] = B, [Enis (s, 8) (T, 0)] = eqls, o). (A17)

Thereby, eg(s, s’) > 0 implies that E,, [Ey11(s', s)(T,0)] > 0. Therefore, dividing both sides
of (A.16) by E,, [Ep11(5',5)(T,0)], we arrive at (A.15). Now, we simplify the right hand side
of (A.15) to establish (A.13). Using the unimodularity of u for the numerator, we have

Eu [Eni1ni2(s', ) (T, 0)] = By [Epyonia (3, 8)(T' 0)] -

Observe that Epiop41(8,8)(T,0) > 0iff (T, 0)p11 = $§@®s’. On the other hand, if (T, 0)p4+1 =
5@ s, we have Eji95:1(5,8)(T,0) = Epront1(5,8)(5 @ s'). Consequently,

By [Ehi1nra(s', 8)(T,0)] = Py (T 0)n41 = 3@ ') Epyopns1(5,8) (5@ 8)
/

=Q(3® 5 )Epi2n11(5,8) (5@ ). (A.18)

Note that § @ s’ by construction has the property that Ej, o p41(5,8) (5@ s') > 1. Thereby,
Lemma A.3 implies that Ej,42,11(8,8)(5B5") = [{v ~sas 0: (§B5)(0,0)n = 5, Eas (v,0) =
§[m]}|. Here, o denotes the root in § @ s'. Likewise, since §, = s, Epi1(s,8)(§ D §') > 1,
and another usage of Lemma A.3 implies that Ej, 1(s,8)(8 @ §) = |{v ~zes 0 : (8§D
)(0,0)n = ¢, &as (v, 0) = s[m]}|. Also, §, = s in particular means s[m| = §[m]. Therefore,
Epion+1(3,8) (5@ ") = Epya(s,s') (5@ s'). Substituting into (A.18), we get

B [Bntint(s',8)(T,0)] = Q(S® ') Epga (s, 5') (5 @ ). (A.19)

Putting (A.17) and (A.19) back into (A.15) and comparing with (A.14), we arrive at (A.13),
which completes the proof. O]



APPENDIX A. PROOFS FOR CHAPTER 2 199

A.7 Proof of Lemma 2.6

In this section we prove Lemma 2.6. First, we state the following lemma from [BC15] which
will be useful in the proof.

Lemma A.6 (Lemma 5.4 in [BC15]). Let P = {p,, x € X'} be a probability measure on a
discrete space X such that H(P) < co. Let ({)zex be a sequence with €, € Z,, x € X, such
that Y plylogl, < oco. Then — Y pyl;logp, < oo.

Proof of Lemma 2.6. By Lemma 2.3, since p is unimodular, P is admissible. Also,

Ep [degr(0) log degr(0)] = Ep [degr(0) log degr(0)] < oo.
Therefore, we only need to verify that H (P) < oo. Define v := UGWT,(P) and let P’ :=
Uni1 € P(T]1) be the distribution of the h+ 1-neighborhood of the root in v. Here we have
again used Lemma 2.3 to note that the unimodularity of p implies that P is admissible, and
hence UGWT,(P) is well-defined. Now, we claim that

~ 1

P(s)1 . A2
S Plsjlog s < (20
seTht!

Using Gibbs’ inequality, this implies that H(P) < oo and completes the proof. Hence, it
suffices to show (A.20). )
Recall that, by the definition of UGWT,(P), for [T, o] € T,"™! we have

Pl([T7 0]) = OP([Tv O]h) H ﬁT[O7U]h—17T[U70]h—1(T[07 U]h)v (A'21)

v~TO

where C' > 1 is a constant that only depends on [T, 0] and counts the number of extensions
of [T, 0], that result in [T,0]. Now, take [T, 0] € 7! such that P'([T,0]) > 0 and note
that, using (A.21), we have P([T),0];) > 0. This, together with the fact that P is admissible,
implies that for all v ~r 0 we have

1) En(T v, 0]p—1,T[0,v]h-1)(T, 0) (A.22)
]

Therefore, for v ~p o, with t := To,v],_1 and t' := T[v, 0],_1, we have ep(t,t') > 0 and,
using (2.7),
P([T, v]n) En(t, ') ([T, v]n)
ep(t,t’)
_ P o)
€P(t,t/) ’

P,y(Tlo,v]y) =
(A.23)
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where the last line follows from the fact that Ej(¢,¢')([T,v],) > 1. Note that, as we have

assumed P’'([T,0]) > 0, from (A.21) we have ﬁtvtl(T[o, v]p) > 0. Thereby, the first line
in (A.23) implies that P([T,v]) > 0. So far, we have shown that for [T, 0] € T**! such that
P'([T,0]) > 0, for all v ~7 o we have P([T,v],) > 0 and

DT, v]n)

ﬁ o v,0 T ) > ‘
T[ s ]h—lvT[ ’ ]h—l( [0 U]h) - GP(T[O7 U]h—l?T[U’ O]h_l)

Substituting this in (A.21), we realize that for [T, 0] € T**! with P'([T,0]) > 0, we have

log P’([;, O]) < log + szolog ‘|’ UNZOIOg 6P 0 U h— luT[Ua O]h—l)'
: : (A.24)
Next, we claim that P < P'. Observe that from (A.21), for [T, 0] € T, P'([T,0]) =0
implies that either P([T,0],) = 0 or P([T,0],) > 0 and ﬁT[o,v]h_l,T[v,o}h_l(T[Oa vlp) = 0
for some v ~p o. But if P([T,0],) > 0, (A.22) implies that for all v ~7 o, we have
ep(To,v]p—1,T[v,0]p—1) > 0. Therefore, using (A.23), if ﬁT[O,v}h_l7T[v7o]h_1(T[o, v]p) = 0 for
some v ~r o, it must be the case that P([T,v],) = 0. Consequently, P'([T,0]) = 0 implies
that either P([T,0];) = 0 or P([T,0]s) > 0 and for some v ~p o, we have P([T,v],) = 0.
Note that since P, = P, if P([T,0],) = 0, we have P([T,0]) = 0. Now, we claim that if
P([T,v],) = 0 for some v ~7 o, then P([T,0]) = 0. In order to establish this claim, using
pP= [he1, We have

Es |3 1[P(T, o) ] / S — 0] dyu([T; o])

@ [ 3 v o) = 0l dul(7: o)
_ / deg(0)1 [P([T, o], = 0)] dyu([T ])
©,

where (a) uses the unimodularity of p and (b) uses the fact that u, = P. This means that for
P-almost all [T, 0] € T+, P([T,v],) > 0 for all v ~¢ o. Equivalently, if P([T,v],) = 0 for
v ~rp 0, we have P([T,0]) = 0. To sum up, we showed that for [T, 0] € T, P'([T,0]) =0
implies P([T,0]) = 0 and hence P < P’. As a result, using this and (A.24), we may write
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the LHS of (A.20) as

~ 1 ~ 1
Z P(s)log Ps) = o Z i P(s)log Ps)

SEﬁh+1 7—h+1:P1() 0
=B DR (0))] (IS, A
70 0g ———7— og —
" rger ® P(IT oln) 8 P o)
[T,0]€T P/ ([T)0])>0 v~T0
+ 3 logep(Tlo.vl, mv,o]h_a).
v~T0
(A.25)

We may bound each component separately as follows. First, note that the facts P< P ,
P = ppy1 and P = pyp, imply that

~ 1 1
[TQETT;§;%HwD>OP<n:onlog;saifzﬁj‘—t/ﬁogiEGTTag>d“(”30D .
= — Z P(s)log P(s) = H(P) < o© |

We also have

Z P(|T, o)) Zlog /Zlog T o) du([T, o])

[T,0]eTHHL:P([T,0])>0 V0 v~TO

/Zm T o)

v~TO

= /degT(O) log mdﬂ(ﬂﬂv O])

— ) degy(0)P([T, 0])log P([T, o])
[T,0leT

(®)
< o0

(A.27)
where (a) follows from unimodularity of  and (b) follows from Lemma A.6 and the fact that
since P is strongly admissible, i.e. P € Py, we have Ep [deg,(0)logdeg,(0)] < oco. Finally,
for the third component, note that since

d=Epdegr(0)] =Ep | > E(t.t)T0)| = Y ep(tt),

tt €EX T tHeEx Tt
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we have ep(T[0,v]n_1, T[v,0ln_1) < d for all [T, o] € T/*! and v ~7 0. Consequently,

Z ﬁ([Tv O]) Z log eP(T[07 U]h,hT[U,O]h,I)

(Tl eT P (T.0])>0 oo

= / > logep(To, vln-r, T[v, 0]n-1)dp([T, 0]) (A.28)

v~TO

< /degT(o)(log d)du([T,o]) = dlogd < 0.

Putting (A.26), (A.27) and (A.28) back in (A.25) we arrive at (A.20), which completes the
proof. O

A.8 Proof of Proposition 2.2

In this section, we prove Proposition 2.2.

Proof of Proposition 2.2. Let p := UGWT,(P). If P has a finite support then, as implied
by Lemma 3.2 in Section 3.3.6 and Proposition 3.7 in Section 3.3.7, u is sofic. If P does not
have a finite support then, along the lines of the proof of Proposition 3.3 in Section 3.4.2,
for k > 1, let 4 be the law of [T'®), o] obtained from [T, 0] ~ p as follows. For each vertex
v € V(T), we remove all the edges connected to v if degy(v) > k. Then, we let T*) denote
the connected component of the root in the resulting forest. As was shown in the proof of
Proposition 3.3, with P := (u®);, as k — oo, we have P, = P and ep, (¢,t') — ep(t,t') for
allt,t’ € ZxTI ! (see (3.44)). Note that, from Lemma 2.5 in Appendix A.5, p is unimodular.
Thereby, it is easy to see that u®) is also unimodular. Furthermore, from Lemma 2.3, P,
is admissible. The above discussion together with Lemma 2.4 in Appendix A.4 implies
that UGWT(P;) = p. On the other hand, as we have discussed above, since Pj has a
finite support, UGWT(Py) is sofic. Therefore, a diagonal argument implies that p is also
sofic and completes the proof. It is worth recalling that we have earlier directly shown the
unimodularity of p in Appendix A.5. However, in general, being sofic might be a stronger
property than being unimodular for all one knows at the moment. O]
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Appendix B

Proofs for Chapter 3

B.1 Calculations for Deriving (3.2)

First note that since u(™(6)/n — gy for all § € ©, we have

n!

Hee@) u™(6)!

Furthermore, since m™ (z,2)/n — d, for x # a', we have

log =nH(Q) + o(n). (B.1)

" , (n) /
log 2%a<a’ m™ (@) — E m™(x, z') log 2
n

<z’

=n (Z dy . log2 + o(l)) (B.2)
<’
=n Z dy . log2 + o(n).

<z’

Moreover, from Stirling’s approximation for the factorial, for a positive integer k£ we have
log k! = klogk — k + O(log k). Moreover, since for all x # 2z’ € = we have m™ (z,2') /n —
dy . < 00 and for x € Z we have m™ (x,z)/n — dy /2 < 0o, we conclude that we have
m™ (z,2") = O(n) for all x,2’ € =, and so

n(n—1)
log ! _ n(n —1) log n(n—1) n(n—1)
[[ocorez m™(z, ) x (@ — ||m<n)||1>g 2 2 2
_ Z (m(n) (1’, :L"/) log m™ (:17, :1:/) . m(n)(:ﬂ, 1‘/))

<z’

- [(@ - r|m<">u1) log (@ - Hm(’”ﬂl) B (@ - Hm(mul)]
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+O(logn)

1 1)
:n(n2 )log 1 <Zm z, ') logm™ (x, z')

n(n—1 n(n —1 ~(n ~(n n(n —1 ~(n
-l >10g( )+ o (M < ) + o)
wn—1) 2], () m)(,2) )z, ')

S VN P i L 111 1 ST

2 og( n(n —1) nz n ©8 n nz n e n

z<x’ <z’

_ 7 (n)
= (n) o (n—1 [m™]
+ ||| 1 log {n ( o > + o(n).

Using the facts that 2||m™||;/n(n — 1) — 0 and log(1 — ) = —x + O(x?), this simplifies to

_ =) {_iufj_m!;w((sy:fllh )} —n(delogdm yt o 1o )

r<x’

T - (n) 77 |t ||1
1 .
7] Tog  + 20 1 Tog n -+ n 71t 1og +o(n)
n 2n n?

Since, by assumption, |m™||;/n — Y dow + >, dus/2 = Y e Qoo /2, this simplifies
to

7] I Ao Ay
=n—— _— E d, . logd E :
n n + 0 n(n—l x,x! 108 Uy 3 '+

<!

o)

da: x’ 1
+ |||y logn +n (Z 2 5 (1)) +o(n)

z,x’

= ||m™||; logn +n Z $(dya) —n Z dy 2 log 2+ o(n).

z,x’ <z’

Using this together with (B.1) and (B.2), we get

log [G0,) | = nH(Q) + [ 1 logn +n Y s(daa) =1y dy o log?2

z,x’ <’

+n Z dy . 10g2 + o(n)

<’

= ™l logn + nH(Q) + 1Y s(dyar) + 0(n)

which is precisely what was stated in (3.2).
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Appendix C

Proofs for Chapter 4

C.1 Proofs for Section 4.2

Proof of Lemma 4.1. Let A be the set of 1 <4 < n such that [G, ], = [G',7(i)]s. Then, for
any Borel set B C G,, we have

:%Z]l[[G,z’] € B

L
211 [G,i] € B] + 1——
zEA

Note that if for some i € A we have [G,i] € B then, since (G,i), = (G',7(i))n, we have

d.([G,i],[G’",m(i)]) < 137 This means that, for such i, [G’, 7(i)] € BOHI/0h) o arbitrary
0 > 0. Continuing the chain of inequalities, we have
5+1/(1+h L
Z]l i)] € BPHY/IHN] 41 — =
1€A n
] L
Z I]_ Gl E B5+1/ 1+h):| + 1— =
n
/ 6+1/(1+h L
=U(G) (B 41— =,
n

Changing the order of G and G’, we have

dip(U(G), U(C)) < max {1% 461 %} |

We get the desired result by sending d to zero. O]

Next, we prove Lemma 4.2. Before that, we state and prove the following lemmas which
will be useful in our proof. For a marked graph G on a finite or countably infinite vertex set,
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let UM(G) denote the unmarked graph which has the same set of vertices and edges as in
G, but is obtained from G by removing all the vertex and edge marks. Given a probability
distribution p € P(G,) on the space of isomorphism classes of rooted unmarked graphs, for
e > 0 and integers n and m, let G, ,,, (1, €) denote the set of unmarked graphs G on the vertex
set {1,...,n} with m edges such that dip(U(G), 1) < €.

Lemma C.1. For [G,0] and [G',0'] in G., we have
d.([UM(G), 0], [UM(G"), 0]) < d.([G, o], [G", 0]).

Proof. By definition, for € > 0, the condition d,([G, 0], [G’,0]) < € means that for some k
with 1/(1 + k) < €, we have [G, 0] = [G',0]. This implies [UM(G), o] = [UM(G"), o',
which in particular means that d.([UM(G), o], [UM(G"),0']) < 1/(1+ k) <e. O

Lemma C.2. Assume u € P(G.) is given. Let i € P(G,) be the law of [UM(G), o] when

[G,0] has law . Then, given an integer n, edge and vertex mark count vectors m™ and
@™ respectively, and € > 0, for all G € gg()n) = (115 €), we have UM(G) € Gy m,, (fi, €) where

my, = Hrﬁ(”)Hl.

Proof. Fix G € QT(??(L,) = (11, €). Note that UM(G) has m,, edges, and we only need to show
that de(U(UM(G)),}l) < e. Let § := dpp(U(G), ). This means that for all &' > 9, and
for all Borel sets A in G,, we have (U(G))(A) < u(A%) + ¢ and u(A) < (U(G))(AY) + &,
where, A% denotes the §—extension of A. Define T' : G, — G, that maps (G, 0] € G, to
[UM(G), 0] € G,. Lemma C.1 above implies that T" is continuous and in fact 1-Lipschitz. It
is easy to see that U(UM(G)) is the pushforward of U(G) under the mapping T'. Also, fi is
the pushforward of p under 7. Using the fact that 7" is 1-Lipschitz, it is easy to see that
for any Borel set B in G, and any ¢ > 0, we have (T-(B))* C T~1(B¢). Putting these
together, for ' > § and a Borel set B in G,, we have

U(UM(G))(B) = U(G)(T(B)) < u((T~(B))”) + ¢

Similarly,

Since this holds for any ¢’ > ¢ and any Borel set B in G,, we have dpp(U(UM(G)), 1) < § =
dip(U(G), 1v) < €. Consequently, we have UM(G) € G, 1, (1, €) and the proof is complete. [

Now, we are ready to prove Lemma 4.2.
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Proof of Lemma 4.2. To simplify the notation, for e > 0 define

181G o ()| = 7| Tog

n

an(€) :

Note that there exists a subsequence {n;} such that limsup,, . a,(€,) = limg_o0 an, (€5, )-

Moreover, there is a further subsequence ny, such that for all x,2" € Z, there exists d, ,» €
0, 00| where

= dy x # 1 (C.1a)
ler
2, (ks _
2mi(z, v) — g (C.1b)
nkr

Observe that since a,, (€, ) is convergent, it suffices that we focus on the subsequence {ny, }
and show that lima,, (e, ) < ¥X(u). Note that due to conditions (4.4a) and (4.4b), we
have d . > deg, .(u) for all z,2' € Z. Therefore, there are two possible cases: either
dyo = deg, (1) for all z, 2" € =, or there exist z, 2’ € = such that d,, > deg, ,(1). To
simplify the notation, without loss of generality, we may assume that the subsequence ny,
is the whole sequence, i.e. a,(€,) is convergent, and (C.la) and (C.1b) hold for the whole
sequence.

Case 1: d, v = deg, ,/(u) for all z, 2" € Z. We define edge and vertex mark count vectors

AL (m™ (z,2") : z,2" € Z) and A (@™ (0) : 0 € ©) as follows. For x,2’ € Z, define
m™(z,2') to be m™(z,2') if deg, (1) > 0 and 0 otherwise. Also, fix some 6, € © such

that Iy, (1) > 0. For 6 € ©, define
’ (
a™M () = < ul (o), To(u) > 0,0 # 6o,

Note that, by construction and from (C.la) and (C.1b), the sequences ﬁ_:b(n) and ﬁ(n) are

adapted to (deg(p), (p)). Also, m™ (z,2') > m™ (z, ') for all n and all z,2’ € =.

Now, fix € > 0, and pick an integer h such that 1/(1 + h) < e. Define B to be the set
of [G,0] € G, such that either for some z,2’ € = with deg, ,.(11) = 0 there exists an edge
in [G, o], with pair of marks z, 2, or, for some 6 € © with IIy(u) = 0, there exists a vertex
in [G, 0], with mark 6. Then, from Lemma 2.2, we have u(B) = 0. On the other hand,
for n large enough that €, < 1/(1 4 h), we have B> = B. Hence, for large enough n and
G e Qg&) 2 (1 €n), we have U(G)(B) < €,. For such G, we construct a marked graph G
which is obtained from G by removing all edges which have their pair of marks z, " with
deg, (1) = 0. Moreover, if a vertex v in G has mark ¢ with Ip(u) = 0, we change its

mark to fp in 67 with the 6y defined above. Note that G e g(:()n) Furthermore, since

=(n)*
u
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U(G)(B) < €,, the number of vertices v in @ such that (G, v), = (G, v), is at least n(1—e,).
Consequently, using Lemma 4.1, when n is large enough that €, < €, we have dip(G,G) <
max {1/(1 + h), e,} < e. This means that G € gﬁ(n) P (i, €n +€) C g( £ =00 (, 2€).

Motivated by this discussion, for n large enough we have
‘ ) gn) (s €n)| < | ~(n) =(n) (1, 6)’
) m
(n) N —in(n) /
v H |gn,m<n>(x,z’)—ﬁz(n>(x,x/)| w gm'™ (z,2")—m{") (z,2")
z<az'/€= (02)

deg,, . (1)=0

XGQQW ) -l <>|>

Here we have assumed that, since = is finite, it is an ordered set. For x < 2/ € = with
deg, ..(¢t) = 0, using Lemma 3.5, we have

log (|gn,m<")(a:,a:’)—mW)(:c,a:’)| x 2m(n)(:(:,z/)—ﬁ1(n)(a:,x/)> < (m(n)<x’ JI,) A (93, :17/)) log n
(2(m(”) (z,2") —m"(x, l")))

n

+ns

+ (m"(z,2") — m™(z,2")) log 2.

Note that, for all z,2’ € 2, L(m™(z,2) — m"(z,2")) — 0. Also, for all 6 € ©, L|u™ () —
™ (0)| — 0. Additionally, s(y) — 0 as y — 0. Using these in (C.2) and simplifying, we get

n =(n)
10g|GT o (s €0)| = [I7™]|y log n log |G, ) (1, 26) = 7 [l1 logm
lim sup U < lim sup T
n—oo n n—oo n

< Bigtutig (1 26) 500 700,

where the last inequality employs the fact that, by construction, ﬁjc(n) and 5(71) are adapted

to (deg(p), i(1)). The above inequality holds for all € > 0. Therefore, from Theorem 3.2,

as € — 0, the right hand side converges to 3(u). This completes the proof for this case.
Case 2: d, > deg, /(p) for some z,2’ € Z. Let d := ) dy.. Note that d > deg(u).

First, assume that d = co. Observe that

' €2

‘g,(?g()n)ﬂm) (s €)] < ’g,(ﬁn()mﬂ(n) |
n m(™ (z,a’
< |@| H |gn,m(")(x,:v’)|2 @ )

r<z'€E
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Using Lemma 3.5,

" . 2m™ (z, 2
G, (i )] < nlog|O] + 3™ | logn +n 3 ( (#) ™ (2, 2") log 2)

_ n
r<a/€E

(n) !
= nlog O] + ||m™ | logn + 2n Z s (w) :

~ n
r<zx'€=

(C.3)
Since we have assumed d = oo, there exist Z < 7’ € = such that d; » = co. Therefore, (C.1a)
and (C.1b) imply that m™ (z, z') /n — oco. On the other hand, s(y) — —oc as y — oo. Using
these in (C.3), we get limsup,, . a,(€,) = —oo which completes the proof. Therefore, it
remains to consider the case d < oo.

Let i € P(T.) be the law of [UM(T),0] when [T, 0] has law p, and let m,, := [|m™];.
From Lemma C.2, if G € Qr(g({l) =y (15 €n), we have UM(G) € Gy, (i1, €n). Moreover, by
finding an upper bound on the number of possible ways to mark vertices and edges for an
unmarked graph in G, ,,,, we have

my,!

Hmﬁm/ m(n) (l’, 33’)'

Note that m,,/n — d/2 < co, and m™(z,2")/n converges to d, . /2 when x = 2/, and d, .
when z # 2. Hence,

’gg()n),ﬁ(n)(uﬁ en)| < |Gnm, (11, €2)] X [O]" % x 2mn. (C.4)

.1 " my! - - d
S T ('@‘ ety )_log'@'ﬂ;@d“’k’gczm,

d 2d
22 log — =: av.
+ Z 5 og dm a

TeE

Note that, as d < 0o, a is a bounded real number. Also, since €, — 0, for each € > 0 fixed
we have €, < e for n large enough. Putting these in (C.4), we get

1 n,m ~7 - nl
lim sup ay,(€,) < a + lim sup 0g |Gnm. (i1 €)| —m ogn.

n—00 n—00 n

(C.5)

Note that deg(ji) = deg(y). Moreover, m,/n — d > deg(y) = deg(ft) > 0. Furthermore,
our notion of marked BC entropy reduces to the unmarked BC entropy of [BC15] when ©
and = have cardinality one. Therefore, since d # deg(fi), from part 3 of Theorem 3.1, (or
equivalently from part 3 of Theorem 1.2 in [BC15]), the right hand side of (C.5) goes to —oco
as € — 0. Therefore, limsup,,_,. a,(€,) = —00, which completes the proof. O

Proof of Lemma 4.3. Let p, and fi,, denote U(G™) and U((G™)?») respectively. For an
integer £ > 0 and a marked rooted tree (7',4) with depth at most &, define

AI(CT,z') = {[Gv 0] S g* : (G7O)k = (T7i>}7
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as in (2.4). From Lemma 2.1 in Section 2.4, in order to show fi,, = u, it suffices to show
that [Ln(A’(fTﬂ.)) — IM(AI(CT,i)) for all such k and (7',7). We will now do this. Fix some integer
k > 0 throughout the rest of the discussion. For an integer A, define

B2 :={[G,0] € G. : degi(j) > A for some j with distance at most k -+ 1 from o}.

1 (U (BA)°>

u(degG(j) < oo for all j with distanceat most k + 1 from 0)
1,

With this, we have

lim p((B2))

(C.6)

where the last equality comes from the fact that all graphs in G, are locally finite. Next,
define
C, = {i € V(G™) : degum (j) < A, for all nodes

4 in G™ with distance at most k + 1 from i}
= {i e V(G™) : [G™,i] € (BA)°}.
Now, since V(G™) = {1,...,n}, we have

in(Ama) = = S 1[(E)™ g = (T,9)]

= S [E™ =) + - S 1™ = (1]
jECh jece
= LS = 0]+ - S [(G) e = (1,9)
JECh jece
Comparing this to

we realize that )
i (Ary) — pn(Aray)| < E'C’ﬂ = pn(B27).

Now, fix an integer A > 0. Since A,, — 0o, we have A < A,, for n large enough. Moreover,
as B? is closed,

lim sup |fin (A(r)) = pin(Aira)| < limsup i, (B2)

n—oo n—o0

< u(B%).
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This is true for all A > 0; therefore, sending A to infinity and using (C.6), we have
|\fin (Ari)) — pin(A(r,i))| — 0. On the other hand, we have assumed that p,, = p. Therefore,
Lemma 2.1 implies that p,(Ars) — p(Awrs). This means that fi,(Aws)) — p(Aw))-
Since this is true for all k£ and (7',7), Lemma 2.1 implies that fi,, = u, which completes the
proof. n

Proof of Lemma 4./. In order to count | Ay, a,|, note that, for A, > 2, a rooted graph of
depth at most k,, and maximum degree at most A,, has at most

T4+ Ay + A% 4o A < ARt

many vertices, each of which has |©| many choices for the vertex mark. On the other hand,

such a graph can have at most A2kt many edges, each of which can be present or not,

and, if present, has |=|?> many choices for the edge mark. Consequently,
gy A2(kn 1) kn+1
[Ar,a,] < L +[EP)ST O
Therefore,

log [ A, a, < AZ ) log(1 + [E*) + A, log 6]
< A log(|0](1+ [E[%))
< AjFlog(|0[(1 + [E)),
where the last inequality holds for n large enough that k£, > 1. Note that in order to show
| Ay, Al = o(n/logn), it suffices to show that log |Aj, A, | —log(n/logn) — —oco. Motivated

by the above inequality, we observe that this is satisfied if A%*» = O(y/logn). Suppose now
that A, <loglogn and k,, < y/loglogn. For n large enough, we have

log(AXn) < 44/loglog nlogloglogn
1
< 5\/loglogn\/loglogn

= %log log n.
This means that for n large enough we have A% < \/logn. This completes the proof. [
Proof of Lemma 4.5. For A > 0, define Bo C G, as
Ba :={[G,0] € G, : degs(0) < A and deg (i) < A for all i ~¢ o}.
Since all graphs in G, are locally finite, we have pu(Ba) — 1 as A — oo. On the other hand,

Rl _

n

U(G™)(B4,)-
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Since A,, — 0o, we have Bn C Ba,, for n large enough, for any value of A. Moreover, By is
both open and closed. Therefore,

R| _

n

U(G™)(BY,) < UG™)(BY) — w(BY).

But this is true for all A, and pu(Ba) — 1 as A — oco. Consequently, |R,|/n — 0, and the
proof is complete. O
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Appendix D

Proofs for Chapter 5

D.1 Proof of Lemma 5.1

Throughout this section, we treat 0log0 as equal to 0. Consider the first part of Lemma 5.1.
Since a, /n — a > 0 as n — oo, using Stirling’s approximation we have loga,! = a, log a,, —
a, + o(n). Similarly, from the assumption that b?'/n — b; > 0 as n — oo for 1 < i < k,
we have log b7l = 0" log b} — b} + o(n), which holds irrespective of whether b, > 0 or b; = 0.
Hence we have

k k

Qn
lo =a,loga, —a, — b log b7 + b + o(n
i ({b?}1<z’<k> & ; & Z (n)

=1

k
an N
:anlogz— E b; logg—iro(n),
i=1

k o
where we have used a, =) _;_, bF. This gives

k
1 a
lim —lo " =aloga — E b; log b;
e O <{b?}1<i<k) : g

=1

an({4,)

Next, consider the second part of Lemma 5.1. Since an/(;) — 1 as n — o0, using

Stirling’s approximation we have loga,! = a,loga, — a, + o(n). As noted earlier, since
b'/n — by > 0asn — oo for 1 < i < k, we have logb!'l = b'logb! — b + o(n), which
holds irrespective of whether b; > 0 or b, = 0. Moreover, with b, := Zle b, we have

log(a, — by)! = (a, — by) log(a, — b,) — (a, — b,) + o(n). Therefore, we have

k k
a
lo " = a,loga, — a, — b; log b;" + b} — (a, — by) log(a, — b,
g ( {b?}1<z~<k> g ;:1 g ;:1 ( ) log( )
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+ (a, — by) + o(n)

k . _
= a,log - :b?logb—i—(an—bn)loga" b
n n
i=1

% 4 ofn),

where we have used a,, = b, + (a, — b,). This gives

k
—log< ¢ )—a—loga—— —’log—l—a loga +o(1)
n

{bIh<i<k n no =n n n n

V2

k

a b b a, —b b n b -
_ e (1222 ) L0 & T O o N 00 2 o)
nog( a)+nog = + o log g Znogn+0()

. (D.1)
Since b,/a, — 0 as n — oo, we write log(1 — b, /a,) = —b,/a, + O(b?/a?). Consequently,
we have ; ; 2
—a—n10g<1——n> :—n+0( . ),
and since b2 /(na,) — 0 we have
n b’n
lim — 2 log (1 - —) —b. (D.2)
n—o00 n n
Further, since (a, — b,)/(n*/2) — 1 we have
bn n bn
lim — log ¢ — = 0. (D.3)
n—oo N n-

2
Using (D.2) and (D.3) in (D.1), we get

an

log ({b?}lgigk) — b, logn
m

n—00 n

k
=b—blog2— > blogh;
i=1

= 25(2@-),

which completes the proof.

D.2 Proof of Lemma 5.3

The assumptions of the lemma imply that b,/n — d/2 > 0 and, in particular, b, — oo as
n — oo. Therefore, Theorem 4.6 in [McK85] implies that

G
lim ’ a) =1,
n—00 (b, — D!
O T Y]
[T a™(i)!
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where
1 n
— N )2 —_ (N (q™ () —
e O T ;a (i) (a™ (i) = 1),
and -
(bn—l)”:(bn—1>>< (bn—?)) XX3X1:W
Under the assumptions of the lemma, we have b,/n — d/2 as n — oo. Therefore, using
Stirling’s approximation, we have log(b, — 1)!! = % logn — ns(d) + o(n). Moreover, since
c(@™)/n =P (Y = k) asn — oo for all 0 < k < A, we have
1. 1
~log ]l a(i) =~ ; e (@) log k! = E [log Y] + o(1).
On the other hand, we have
lim A\, = lim 1 i ™ (§)(a™ (i) — 1)
n—oo " n—oo an/n n
A
1 1 .
= 5 lim ~ cr(@k(k — 1)
k=1
1
= EE Y —1)] =)

This implies that, as n — 00, a, — «a := exp(—A — A?) > 0. Therefore, %log a, — 0 as
n — 00. Putting these together, we get the desired result.

D.3 Asymptotic behavior of the entropy of the
configuration model

Here, we prove (5.14a)—(5.14c). Let X be a random variable with law 7, and let X; and X,
be defined as in (5.13). Let I' = (I'1,T'9) and @ = (@1, Q2) denote random variables with
laws v and ¢, respectively. Let 81 := P(I'; # o;) and let I, be a random variable on =; with
the law of I'y conditioned on I'; # o;.

As in Section 5.3.2, we let D™ denote the set of degree sequences d = (d(1),...,d(n))

-

with entries bounded by A such that ¢z(d) = cp(d™) for all 0 < k < A. Let Ff’;) be
a simple unmarked graph chosen uniformly at random from the set U ;) Q[(i."), where we
recall that Qc(in) denotes the set of simple unmarked graphs G on the vertex set [n] such that

degq (i) = d(i) for 1 < i < n. By definition, G§"2) ~ G(n;d™, 7,q,7) is obtained from Ff’;)
by adding independent edge and vertex marks according to the laws of 4 and ¢ respectively.
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If we first create ngQ) from Fl(z), and then drop the edges with the first domain mark oy,

if 7™ denotes the unmarked version of the resulting marked graph, then F\™ is effectively
obtained from Fl(z) by independently removing each edge with probability 1 — £;. Also,
the corresponding first domain marked graph, i.e. Gg"), obtained from G§”§ in this way is
effectively obtained from Fl(n) by adding independent vertex and edge marks to Fl(") with
the laws of Q; and I'y, respectively. With this viewpoint, we may consider Gg’fz), Fl(g), ng)
and F; 1(") as being defined on a joint probability space.

As in Section 5.3.2, we let W™ denote the set of graphs Hfg) € g§f;’ such that: (7)
d—g>H(n) € D™, (ii) m o € MM, (iii) @0 € U™, (iv) for all 0 <1 < k < A, recalling the

1,2 1,2 1,2

notation in (5.2), we have
— —
ki (dg g, dg o) — 0P (X =k, X1 = 1) | < n/?,
and (v) for all 0 <1 < k < A we have

— —
[Cra(dg g, dg o) — NP (X =k, Xz = 1) | < 0%,

Here, as in Section 5.3.2, M™ denotes the set of mark count vectors 17 such that > - = m(z)
m, and 37 o [m(@) —myy,| < n?3, where we recall that m,, := (3.1, d™(i))/2, while, as
in Section 5.3.2, U™ denotes the set of vertex mark count vectors @ such that > oco,, [u(0)—
ngy| < n*3.

We can now prove the following lemma.

Lemma D.1. If GYQ ~ G(n:d™,7,q,7), we have IP’(G%) ¢ W) < kn~Y3 for some
constant k > 0.

Proof. Condition (4) in the definition of W™ holds for every realization of ngQ) . Chebyshev’s

inequality implies that conditions (i7) and (iii) hold with probability at least 1 — ryn=%/3,

for some k; > 0. To show (iv), fix 0 <1 < k < A and, for 1 < i < n, let Y; be the
indicator of the event that deg,m (i) = k and deg ) (i) = I. With Y := Y " | Y}, we have
1,2 1

% % n . . n . . .
ck,l(dgGEnQ),dgng)) =Y. Note that an edge of GgQ) exists in Gg ) if its mark is not of the

form (oy, z3), which happens with probability /3;. Therefore,
n . deg . ()
B [Yiry] = 1 [aeg ) = 4] (") st - g

Consequently,
n o [ F _
B [YIF] = ed)(} )t - ot
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Since this is a constant, it is also equal to E[Y]. Now, if s;; := P (X =k, X; = 1), we have
Ski =Tk (7)5{(1 — 1)*7. Hence the assumption in (5.10) implies that

IE[Y] — nsgy| < Kn'/? (l;) AL — By (D.4)

Furthermore, since edge marks are chosen independently conditioned on F' 1(3), if 7 and j are
nonadjacent vertices in Fl(g), then Y; are Y; are conditionally independent, conditioned on
Ff@ As a result, if Z denotes the set of (4,7) with 1 < i # j < n such that ¢ and j are not

adjacent in F 1(,7;): we have

BvRE] =B AT+ 3 E[vnie)]

1<izj<n
<n+ Y E[ning]+ Y E[nning]
(4,5)¢T (i,5)ex
<nt2ma+ Y E|YYIFY)
(ig)er
“niom,+ Y E [YilFl(Z)} E [Yj\FfZ)]
(4,9)€T
<ntom,t Y EVIFY]E[vIEY)]
1<i#j<n

2
<n+2m,+E|YIFY]

where (a) uses the fact that, conditioned on F 1(?;), the random variables Y; and Y} are condi-
tionally independent for (i,) € Z. From (5.10), we have |m,, — nd{} /2| < ke Kn'/?, where
ko = (A +1)/2 and d¥Y := deg(uf}) = S krs. As a consequence of the above discus-
sion, we have Var(Y|F1(Z)) < kgn for some k3 > 0. On the other hand, as we saw above,
E [Y|F1(g)] = E[Y]. Therefore, using the law of total variance, we have Var(Y’) < r3n. This,

together with (D.4) and Chebyshev’s inequality, implies that the condition (iv) holds with
probability at least 1 — kyn~'/3, for some x4 > 0. Similarly, the same statement holds for
condition (v). O

Let BYLQ) be the set of pairs of degree sequences d and § with n elements bounded by A
such that for all 0 < k,1 < A, |cr(d, 5) —nP(X; =k X - X, = l)] < n2/3 Moreover, let
™ be the set of d such that for some &, we have (d,d) € B§2) For d € B ) let Béﬁ (d) be

the set of degree sequences & such that (d, 5) € Bl,2'
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In order to show (5.14a), note that since GE"Q) is formed by adding independent vertex

and edge marks to Fl(z), we have

H(GYY) =1og[D™] +10g|GY) | +m, H(T) + nH(Q).

From (5.10), we have |m,, — nd{y' /2| < BHDER1/2 Moreover, we have E[X] > 0. Conse-

quently, using Lemma 5.3 and the fact that Llog |D™| — H(X), we get (5.14a).

We now turn to showing (5.14b). Since the expected number of the edges in Fl(n) is
nd$™ /2, we have

CM

H(G™M) = HF™) + nleH(rlyrl 4 01) +nH(Q1). (D.5)

With this, we focus on H (Fl(n)). With E,, being the indicator of the event that GYLQ) ¢ W,
we have
H(F") < H(F", E,) <1+ H(E"|E,)
=1+ H(F™|E, = 0)P(E, = 0)
+ H(F™|E, = 1)P(E, = 1).

Note that Fl(n) is obtained from F 1(3) by removing some edges. Hence, we may write

H(F"|B, = 1) < H(F{") < log [D™| +log |G | + my log 2
< H(GYE)) + my, log 2 (D.6)
< k'nlogn,
where in the last line, " > 0 is obtained from (5.14a). Putting this together with Lemma D.1,

we have
H(F™|E, = 1)P(E, = 1) < k'nlognkn~ /3. (D.7)

Note that the right hand side of iD.?) above is o(n). On the other hand, by the defini-

tion of W™ if E = 0, we have dgpm € B Therefore, H(F™|E, = 0) < log|B™| +

max;_pm 10g |Q((Zn)|. The assumption ro < 1 together with (5.8) imply that d$™ > 0. Addi-
1

tionally note that, by definition, for d € B\, we have |cx(d) — nP (X, = k) | < n?/3 for all
0 < k < A. Thereby, we have

1 B(”)
lim sup log|By | < H(X)).

n—oo
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Putting the above together with Lemma 5.3 and (D.7), we have

CM dICI\/I

) H(Fl(n)) — nle logn log |B§”)| + max;_,m log |ng”)| —n“—logn
lim sup < lim sup 1
n—00 n n—00 n
n n » o d@
. log | B{"| log |G| — =5 log n
< limsup ——— + max
n—00 n deB{™ n (D.8)
S d0) ooy — 9 og
+ max 2 2
deB{™ n

< —s(d®™) + H(X,) — E [log X, ],

where in the last line, have used the fact that due to the definition of BE"), for d € BYL),
we have |7 d(i) — dS™M| < An?® = o(n/logn). Now, let F™ be the unmarked graph
consisting of the edges removed from F 1(7;) to obtain F! fn), and note that

HF™) = HEF™, FM) — H(FP|F™)

- D.9
= H(FY) +mH(py) — HEP|[F™). D9

— —

Furthermore, conditioned on E,, = 0, we have dg;m) € B;ﬁ)(dgF(m). Moreover, the assump-
1 1

tion (5.8), for z; = o1, together with ro < 1, implies that dfy — d{™ > 0. Hence, using a

similar method to that used in proving (D.8), we have

dy —d$M
2

) HEP|FM) —n log n
1m sup

n—00 n

FH(X — X1|X1) — E log(X — X1)1.

< —s(dfy —diM)

(D.10)

To see this, with FE,, as defined previously, we may write
HE™IF™) <1+ HF™|F™, E, = 0)P(E, =0)+ HE™|F™ E, = 1)P(E, = 1).
Since £\ is obtained from Ff’;) by removing some edges, similar to (D.6), we have
HEFEMF™, E, = )P(E, = 1) = o(n).

Moreover, conditioned on E, = 0, we have dgzm» € B§|1)(dgF("))' This implies that when
1 1

E, =0, for any realization f™ of F™, we have

—~(n n n n - n
H(F"F" = ", E, = 0) <log| By (dg )|+ max log|G{"].
! 5eB{Y (g ()
2|1 f§n)
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— —
Note that, conditioned on E,, = 0, we have dgf(n) € BYL). Hence, we have log |B§7|11)(dgf<n))| =
1 1

» =
nH(X —X1|X1)+o(n). Furthermore, using Lemma 5.3 and the fact that for 6 € Béﬁ)(dgf(n)),
we have | Y7 6(i) — (d¥3 — df™) /2| < An*3 = o(n/logn), we have

CM CM
d1,2 —dj

5 logn + o(n).

max  log |G| = n(—s(dy — df™) — E[log(X — X1)!]) + n

- n),—
1

Putting the above together, we arrive at (D.10).
On the other hand, using the definition of Fl(g), we have H (Ff@) = log [D™| +log ygf;j) |.
Employing Lemma 5.3 and using the assumption (5.10), we have

log |G | — nfz logn
dt) 2 = —s(d{}') — E [log X1].

n—00 n

Furthermore, we have 1 log|D™| — H(X). Therefore, we have

CM
H(F™) = n%2 10gn
lim () p 2 08 = —s(d{3) + H(X) — E[log X1]. (D.11)

Using (D.10) and (D.11) back in (D.9), followed by a simplification using Lemma 5.2, we get
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H(Fl(")) _ it logn 1 (n) d$yt
lim inf 2 = liminf — (| H(F\y) — nT logn +m, H(p1)

n—00 n n—oo M

5 dCM o dCM
— H(E™|F™) + n% logn

CM
H(F{Y) —n% logn | dfY

> lim inf = H
> limin - 5 H(B1)
~ CM_ jCM
—HEF) - 0 logn
— lim sup
n—00 n

dCM
> —s(di3) + H(X) — E[log XI| + —=H(5)

— (—s(dP — dP™) + H(X — X,|X,) — E log(X — X,)!])

=H(X)+diyH(p)—E [log C(()} — E[log X,!]
1
CM
B2 g8y — (a0 + (Y — d) — HX — X,X))

2

W H(X), X — X1) — H(X — X1|X)) — E [log X1!]
dCM

~ S(dS) + s(afy — d) - B,

AdEM
= H(X,) — Eflog X,1] = s(di3') + s(di3' — df™) — = H(5),
(D.12)
where in (a), we have used Lemma 5.2. Since 8 = d{™ /d{}!, we may write
dCM dCM dCM dCM dCM
—s(diy) +s(diy — di™) = 2= H(B) = = logdiy' — ==+ —= — =
’ ’ 2 2 ’ 2 2 2
) o gomy , dE CM _ JCM
- T 10g<d1,2 —di) + 9 10g<d1,2 —d;™)
dCM dEM
- IT log dS™ — 17 log dfy!
dry'
+ T log(dfy' — df™)
o 8y
— =5~ log(dyy' — di™) — == logdyy

CM

d
+ 17 log d?gﬂ
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dCM dCM
=gy loadt™
= —s(dS™).
Substituting this into (D.12), we arrive at
H F(") _
lim inf () - —s(d™) + H(X,) —Elog X,!]. (D.13)

This, together with (D.8) and (D.5), completes the proof of (5.14b). The proof of (5.14c) is
similar.

. n n n n .
D.4 Bounding \SS )(Hf ))] for Hf 2) € gf 2) in the
Erd6s—Rényi case
Note that for H € G\ and G € ¢ it H™ & G™ ¢ ™. we have e M
1,2 1,2 2 2 1 2 7,9 HYL)@GER)
and ﬁH(m@G(n) € U™, On the other hand, for fixed m € M™ and @ € U™, the number of
1 2

GY such that 1 = m and 4 = 1 is at most

HMoay H™ oG

(1 o ) a2

u(61)
‘ (911;,[91 <{U(91792)}02662>> ’

where we have used the notational conventions in (5.3) and (5.4). Consequently, we have

max  |SS(H™)| < IM@||U™] max Ay(m, i)

(n) o (n) (n)
H L meM
12054 e
o S (D.14)
< (20?3 4 1)(Fr2l+1O12]) maic)Ag(m,u).
meM\™
geu (™)

Now, if T?L ™ and @™ are sequences in M™ and U™, respectively, then for all z € =, 2 We

have m/( (x)/n — p./2. Furthermore, for all z; € Z; and 6; € ©;, we have m™ (xl)/n —
Pe,/2 and u™(6;)/n — go,. As a result, using Lemma 5.1, for any such sequences 7™ and
@™ with Q = (Q1, Q2) having law ¢, we have

_log Ay(mt™, @) — (Zmeag m(™ (o1, 25)) logn
im

n—o0 n

_ Z p01 m Z pmH { (21, 12)}
Day ) 2ye5,0{00}

ToEZy r1E€EZ
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+ Z qe1H< qel 92 >
01€01 6 92692
= H(QQ'Ql) + Z (px - Z S pm)

TEE1 2 r1e=
= (" |1r™),
where the second equality follows by rearranging the terms and using the definition of s(.).
Using the fact that [m™ (o, 29) — npo, 4,/2| < n?/3, we have

dER dER

_ log Ag(m™, @™y —n logn
lim = (g ™).

n— 00 n

This together with (D.14) implies (5.21).

D.5 Bounding |S\"”(H\")| for Hl(nQ) c W in the
configuration model

Here, we find an upper bound for maXHfoeW(m |S§”)(H£"))|7 where W is defined in Sec-

tion 5.3.2, and use it to show (5.27). Take Hln2 € W™ and assume H" € S (H™). With
Hl("Q) = H( " @ f[( ") , let H ™) be the subgraph of H( 12 con51st1ng of the edges not present in
H( Employing the notation of Appendix D.3, we have dgH(n) € B2|1 (dgH(n)) which follows

from the definition of the set W . Therefore, we can thmk of H f 2) as belng constructed

from H( n) by adding a graph to H( with degree sequence dgH(n) € B2|1 (dgH<n)) marking

its edges, adding second domain marks to edges in Hl( n)

marks to vertices. Motivated by this, we have

, and also adding second domain

%
(r?ax log|S(n)( n>)|§ max 10g\Béﬁ)(dgH(n>)|+ max 10g|g§n)|
H{" ew() HWew®m 1 H{ew® seB" )(dgH(n))
1

o
T e log @m?(zx >}(m)> 1l ({m«xm();})

1

+ max lo ( )
aeu() gel_g {u( 91,92 }026@2

(D.15)
We establish an upper bound for each term. The definition of B;ﬁ) implies that

.1
lim — max log|B2|1(dgH(n))\ = H(X — X1|Xy1), (D.16)
n—o0 N, HﬁQEW(”)
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where (X, X7) are defined as in Section 5.3.2. Note that the assumption (5.8), for x1 = oy,
together with ry < 1, implies that d?gﬁ —d$™ > 0. On the other hand, we have

CM _ jCM n .
' log |g§”)y _phz i le logn log \Qén)] — —Z’élél logn
lim sup max < lim sup max
n—00 HﬁLQ)EW(") n n—00 HSLQ)GW(’L) n
5632(;‘”1) (d_éHgn)) 5635?1)(C1_g>H§n))
1 n 51’ dCM _ dCM
+ limsup  max — Z’;l logn — n—2 1 logn | .
n—o00 H(n) w(n) n 2 2
(SEBéTl)(dgHin))
R (D.17)
By definition, for & = (&, ...,8,) € Béﬁ)(dgHm)), we have
1
A
‘ (Z 5; > n(d{y — d™M)| = ‘ (Z kck(5)> —nE[X — Xi]
k=0
A
<> klek(8) — nP (X — Xy = k)|
k=0
A A
< Z Z G dgH<n>, —nP(Xy =5, X - X; = k)|

k=

< A3n2/3.

This implies that the second term in the right hand side of (D.17) vanishes. Therefore,
Lemma 5.3 implies that
dCM—dCM
log |G| — n22-U o0
limsup  max 95| 2 < —s(dyy —di™) — E [log(X — X7)1].

n—00 H%"; ew®) n

= —
5eBM™(dg (m)
2/1 H§ )

(D.18)
Furthermore, if (™ is a sequence in M ™| by definition we have D wesis Im™ (x) —mpy,| <

n?/3. Therefore, we have

m, — - m"(x dsh!
lim Zmleul ( 1) (1 - Z 71’1) )

n—o00 n
T1€Z)

where ~,, for 1 € Z; is defined to be > Similarly, for zo € =5, we have

22€E5U{os} V(@1,2)"

lim m(n)((ol x2>> — V(o1,x2) — Y(o1,22)
e Min = 2931€H1 m(™) ('Tl) 1 - Z:L"1€E1 Yy Zx,2652 Y(o1,25)
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Consequently, using Lemma 5.1, we have

1 " — - (n) dCM 01,%
lim — log (m ( )Z““e“l " (x1)> L- Z Vs S
n—eon {m " ((017 "132))}962652 Z:5‘7/2652 Voras) T2€ED

T1€E1
d?¥
== TP (F 1) H(F2|F1 = Ol)'

(D.19)
Here, I' = (Fl,Fz) has law 4. On the other hand, for z; € Z; and 2, € Z3, we have

(n
m™ (z1)/n — —55Y2,, and ™ (n):”(;f;)) — 7(”71’1“2). Consequently, another use of Lemma 5.1

implies that for all z; € =, we have

noeen {m(n)((x17 $2))}12652 2 ' Yy T2EE, (DQO)

dCM

= TIP’ (Fl = 5151) (F2|F1 = xl)‘

Putting together (D.19) and (D.20), we realize that

ti e o (7 ) 1 (it hnce)
dCM

= % <IP’ (Ty = 0y) H(T,|Ty = oy)

+ Z H(II'y = $1))

T1E€Z
CM

d
= %H(Fﬂfl).

(D.21)

Usmg a similar technique, if @™ is a sequence in Y™, for all #; € ©1 and 6, € O,, we

ul )( 1) d w( ((01,02)) _y Q01.09)

have u(n)(gl) 4o,

— @p, an

. Thereby, using Lemma 5.1, for all 6; € ©, we
have

1 u(n)(el) _ 4(61,62) _ _ _
15102 o o)~ <{q—} ~ @@l =0

where @ = (Q1,@Q2) has law ¢. Consequently, we have

11m ~ max log H ({u (6,.6,) (01) ) = Z P(Q1 =01) H(Q2]|Q1 = 01) = H(Q2|Q1).

n—o0 N ged(n) )}92692 0,€0,

(D.22)
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Putting (D.16), (D.18), (D.21), and (D.22) back into (D.15), we get

n n dCh/IdeM
WAy 108 |53 (H})] = n =257 log

lim
n—00 n

= —s(dyy —di™) + H(X — X1|X)

dyy'
~E [log(X — X1)!] + - H(T|T1) + H(Qal@Qy).

Using Lemma 5.2 and rearranging, this is precisely equal to X(uS™|u$™), which completes
the proof of (5.27).

D.6 Proof of Theorem 5.2: generalization to multiple
sources

The proof of Theorem 5.2 is similar to that of Theorem 5.1 which was given in Section 5.3.

It is easy to verify that if Gf:]) is distributed according to either the multi-source Erdds—
Rényi ensembles or the multi-source configuration model ensembles discussed in Section 5.3.5,
then given any nonempty A C [k], A # [k], the joint distribution of (G(:), G(XC) ) is similar to
that of a two—source ensemble as in Section 5.1 with the following mark sets:

S =24 €4 Z P(ay:jelr)) > 0
(xg.:je[k}):(x;v:jEA)ZfEA
Sy = aue € Tpe > P(azjelk)) > 0
() gElR]) (@i EA°)=m 4e
Eig =Sy
6,:={0,c0,: > Q0get) > 0
(0:5€[k]):(05:5€A)=04
Oy :={ 0ac €Ope : Z q(0:5elr) > 0
(05 €K)):(0/,:§ EAC)=0 4c
C:)l,g = @[lc]
Moreover, we set 01 := o4 and 0y := oye. To establish the analogy, for the Erdés-Rényi

ensemble, we define p = {P2} ez, , such that p, = p, for € Z;,. Furthermore, we define
g= {do}geo, , such that gy = g for 6 € (:)172. Similarly, for the configuration model ensemble,

we let § = {Y2 ez, , such that 7, = v, for x € ELQ, and define § = {do}gco, , where Go = qo
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for € ©15. It can be easily verified that (5.6) and (5.7) follow from the assumptions (5.49)
and (5.50). Likewise, (5.8) and (5.9) follow from (5.51), (5.52) and (5.53).

Using this observation together with (5.12a)—(5.12¢), we realize that for the multi-source
Erd6s—Rényi ensemble and nonempty A C [k], we have

H(Gg@)) = ?nlogn +n <H(QA) + Z S(px)) + o(n), (D.23)

TEZ 4

where d5? := deg(u5R), and with Q = (Q; : ¢ € [k]) having law ¢, we let Q4 = (Q; : i €
A). In fact, the coefficient of n in the above expression is X(u5®). Similarly, the above
observation together with (5.14a)—(5.14c) establishes that for the multi-source configuration
model ensemble and for nonempty A C [k],

dCM

H(GZL)) = %nlogn + n( — s(dM) 4+ H(X4) — E[log X4!]
dM
+ H(Qa) + - H(Talla # OA)) +o(n)

where dSM = deg(u$M). In the above expression, with X ~ 7 and IV = (F; . j € [k]) for

1 <4 < A which are i.i.d. with law ¥, we define X, := Zfil 1 [F; # o; for some j € AJ.
Here, if X = 0, then X4 := 0. Moreover, @ = (Q; : i € [k]) has law §and Q4 := (Q; : i € A).
Furthermore, I' = (I'; : ¢ € [k]) has law ¥ and 'y := (I'; : i € A). It can be seen that the
coefficient of n in the above expression is 3(uGM).

D.6.1 Proof of converse

Observe that for both the Erdés—Rényi and the configuration model ensembles, for A C [k]
nonempty, A # [k], even if all the encoders in the set A as well as all the encoders in

the set A¢ can cooperate, since the distribution of (G(Xb), GXZ)) is identical to a two-source
ensemble as was discussed above, using the converse result corresponding to the two—source
case (i.e. Sections 5.3.3 and 5.3.4), with ap := Y .. po; and Rp := ), p R; for B C [k], for
((ay, R;) : i € [k]) € R, we must have
(aa, Ra) = ((dpy — dac) /2, 5(palpac))

(aac, Rae) = ((d) — da)/2, X(paclpa))

(), Riwy) = (dipy /2, X pagwy))-
Here, p1 denotes pP® or u“™, depending on the ensemble. Repeating this for all nonempty
A C [k], A # [k], recovers all the necessary inequalities and completes the converse proof.

D.6.2 Proof of achievability for the Erd6s—Rényi ensemble

Similar to Section 5.3.1, we employ a random binning codebook construction with L§") =
lexp(a;nlogn + R;n)| for i € [k]. More precisely, For i € [k] and Hzfn) € gf”), we generate
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FM(HE™)Y uniformly in [L{™]. The choice of f™(H™) is made independently for each

Hl-(n) € Qi(n) and also for each domain i € [k]. To explain the decoding procedure, similar to
Section 5.3.1, let M(™ be the set of 17 = {m(z)}zez,, such that erg[k] |m(z) — np,/2| <

n?/3. Furthermore, let ™ be the set of it = {u( )}oco,, such that Zeeek |u(8)—ngg| < n2/3.
With these, let gfi) be the set of H[k] € Q[k such that m gm € M™ and @ g € U™, At

[k] [k]
the receiver, upon receiving bin indices i;,1 < j < k, we form the set of a k] ) € g“ such
that fj (H ](n)) = i; for j € [k]. If there is only one graph in this set, the decoder outputs

that graph; otherwise, it reports an error. It can be easily seen that the error events are as
follows:

&Y ={G) ¢ 612},
and, for each nonempty A C [k],
eV = {30y e gi) HW = G for i ¢ A,
Hi(n) ” Gz('n)7 fi(n)(Hi(n)) _ fi(n)(GZ(n)) for i € A}.

For nonempty A C [k] and H{” € G, we denote (f™(H™) i e A) by f{(H). Note
that we may treat fén)(HXL)) as an integer in the range [ ], LE ") ~ |exp(aanlogn+ Ran)]|.
Recall that aoy = Zie 40; and Ry = Zie 4 Ri. Observe that due to our random binning

procedure, fg")(H () is uniformly distributed in the range [[,., L. Moreover, for H [(k?)

such that H )+ G ™) for i € A, f ( n)) is independent from fgn)(fo)). Thereby, for
nonempty A C [k], A # [k], using the previously discussed fact that (G(;) , Ggi)) is distributed
according to a two-source ensemble, and using the analy31s of Section 5.3.1, we realize
that the probabilities of the error events 51(4"), 51(4’2), 5[,:]’ , and E ) vanish as n — oo given
that (a4, Ra) = ((djy dAf)/Q S i), (ae, Rae) = (g — da) /2, B(p5E [ 13")), and
(o, Rpy) = (dp /2, E( 15 1)). Repeating this argument for all nonempty A C [k], A # [K],
we realize that the probabilities of all error events vanish, which completes the proof of
achievability.

D.6.3 Proof of achievability for the configuration model ensemble

We again employ a random binning procedure as in the above, where, for i € [k] and H; ™ e
G\ we choose f(™(H™) uniformly in the set [L{"] with L} v _ = |exp(cinlogn + R; n)J To
explain the decoding prgcedure, similag to the setup in Sectlon 3.2, we define D™ be the
set of degree sequences d such that ¢;(d) = ¢;(d™) for all 0 < i < A. Moreover, let M®™ be
the set of m = (m(x) : x € Zp;) such that ) - =" m(z) = m,, where m,, == (3_1_, d"™(i))/2,
and -z Im(z) —maye| < n*3. Also, let U™ be the set of i@ = (u(f) : @ € Op) such that
ooy, 1u(0) — ngo| < n?/3. Let the random variables X and X4 for A C [k] nonempty be
defined as above, i.e. X ~ 7 and with I'" = (T : j € [k]) for 1 <i < A being i.i.d. with law
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i,wedeﬁneXA —Z [FZ 7£o fOI“SOIIlejEA} 1fX>O andXA =0if X =0. With
this, let W be the set of H g[(,;? such that (7) dg o e D™, (ii) M € MM, (iii)
[k]

Uy € U™ and (iv) for all A C [k] nonempty and 0 < j g i < A, we have
(k]

- — . .
|Ci,j(dgH{£)>dgH£‘n)) —nlP (X =i, X4 = j) | < n2/3

At the decoder, upon receiving ¢; : 1 < j < k, we form the set of graphs H[(,S) € W™ such

that (™ (H ")) = 1; for 1 < j < k. If there is only one graph in this set, the decoder outputs
this graph; otherwise, it reports an error. It can be easily seen that the error events are as
follows:

(n) {g (n) ¢wW n)}
and for nonempty A C [k],

eV ={3Hy e W™ B = G for i ¢A
HY # G, o) = fOUG) for i € A}

)

Similar to the above discussion in Section D.6.2; since for A C [k] nonempty, A # [k],
the distribution of (GE:) ,foc)) is identical to a two-source configuration model ensemble,
using the analysis in Section 5.3.2, we realize that the probabilities of the error events Sﬁln),
5,(;}:), 5[,3 , and €™ vanish as n — oo given that (aa, Ra) = ((dpy — dAc)/Q S (puSMpSM)),
(e, Rac) = ((dpg — da) /2, Z(pGM 1GM)), and (o, Ryy) = (dpg/2, E( )) Repeating this
argument for all nonempty A C [k], A # [k], we realized that the probablhtles of all error
events vanish, which completes the proof of achievability.
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Appendix E

Proofs for Chapter 6

E.1 Weak uniqueness of balanced allocations
Proof of Proposition 6.2. For a fixed § > 0, define the set
As = {i € V(H) : ,0(i) — 0,0 (i) > 5.

By assumption, we have >,y [0:0(2) — 058 (¢)| < oo. Hence, As is a finite set. Moreover

Z 0p0(i) — 0 (1) Z Z O(e,i) —0'(e,i). (E.1)

1€A; 1€As edi,ef As

Now, fix some e € E(H) such that eNAs # 0 and e € A;. Fori € eNAs and j € e\ As, we
have

0p0(7) — B (§) < 6 < B(i) — B0(7),

which means that

8;,6(]) — ab9<l> < ab(gl( ) — 8;;,9’(@)

Hence it is either the case that 0,0'(j) > 0,0'(i) or 0x0(j) < Ob(7).
If O(e,i) =0 for all i € en As, then ZzEeﬂA O(e,i) — (e, i) < 0. If O(e,i*) # 0 for some
* € en As, then 9,0(i*) < 0,0(j) for all j € e\ As. Consequently, 0,0'(7) > 0,0'(i*) for
all j € e\ As; thereby, 0'(e,j) = 0 for all j € e\ As. This means that >, .., 0'(e,i) =
1> > icenn, 0(e,9). Hence, we have observed that, in either case, we have >, ., 0(e,i) —
¢'(e,i) < 0. Since this is true for all e such that e N As # () and e € Ay, substituting into

(E.1) we realize that

> 040(i) — 00/ (i) < 0.

i€As
On the other hand, >, , 0y0(i) — 00’ (i) > 6| A;|. Combining these two we conclude that
As = (0. Symmetrically, the set Bs := {i € V(H) : 9y0'(i) — 9,0(i) > ¢} should be empty.
Since ¢ is arbitrary, we conclude that 00 = 06', i.e. 9,0 = 9,0, which completes the proof. [J
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E.2 *H.(Z) and H..(Z) are Polish spaces

In this section, we prove that H,(Z) and H..(Z) are Polish spaces when = is a Polish space.
In particular, by setting = = {()}, this means that #H, and H.. are Polish spaces.

Proposition E.1. Assume = is a Polish space. Then, H.(Z) and H..(Z) are Polish spaces.
Proof. We give the proof for H,(Z) here. The proof for H.,.(Z) is similar, and is therefore
omitted.

First, we show #H.,(Z) is separable. Since = is separable, it has a countable dense subset
X ={G,C,...} C=. Define A, to be the set of all hypergraphs with n vertices with marks
taking values in X, i.e.

Ay = {[H,i] € Ho(Z) : [V(H)| = n,E4(e,4) € X Ve, q) € U(H)}.

Since there are finitely many hypergraphs on n vertices and X is countable, we see that A,, is
countable. Now, define A = U, A,,, which is countable. We claim that A is dense in H.(Z).
To see this, for [H,i] € H.(Z) and € > 0 given, pick (H,i) € [H,i]. Then take n large
enough such that HLH < €. With H being the underlying unmarked hypergraph associated
to H, we now define a marked rooted hypergraph (H’,i') where the underlying unmarked
hypergraph H’ has the property that (H’,i') is the truncation of (H,7) up to depth n and
the mark function &5/ is defined as follows. For (&,7) € U(H'), define £7/(€,1) € X such that
d=(Emr(8,1),€4(€,7)) < 1/(n+ 1). In this way, we have

d.([H, 4], [H',i]) <

< €.
14+n ¢

But, (H’,4') is finite, and the edge marks are in X; hence, [H' i'] € A. Since € was arbitrary,
this shows that A is dense in H.(Z). Thus, H.(Z) is separable.
Now, we turn to showing that H.(=) is complete. Take a Cauchy sequence [H,,i,] in

H.(Z) and let (H,,i,) be an arbitrary member of [H,,i,]. Without loss of generality, by
taking a subsequence if needed, we can assume that for m > n we have

N _ 1
d* Hn7 47’1 I Hm; .m N
(i) (B i) <

This means that, with Hj, being the underlying unmarked hypergraph associated to Hj, for
k > 1, we have
(Hp,in) =n (Hoyim) Ym > n, (E.2)

and
1

dz (11, (€, 7), €1, (Dnm(€); Dnm (i) < 1 ey

for all ' € EHn(V;nHZ) and 7 € €', where ¢y, is the depth n isomorphism between H,, and
H,,. Note that we can choose ¢, ,, for n > m so that

an,m - Qbm—l,m -0 ¢n,n+1- (E4)

(E.3)
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In fact, since the RHS of (E.4) defines a depth n isomorphism from (H,,i,) to (Hp, i), one
can define ¢, ,, in this way.

In view of (E.2), we can construct a rooted hypergraph (H,1i) so that (H,i) =, (H,, i)
for all n. Further, there are depth n isomorphisms, ¢,,, from (H,1) to (H,,i,), which satisfy
the consistency condition

gbm - ¢n,m © ¢n vm > n. (E5)

So far we have constructed a rooted hypergraph (H,4) such that [H,,i,] — [H,i]. Now,
we construct a marked rooted hypergraph (H,i), where its underlying unmarked rooted
hypergraph is (H,i), and the mark function {z : V(H) — Z= is defined as follows. Take
(¢/,i") € W(H) and choose d such that ¢’ € Ey(V/}). We claim that the sequence

{gﬁn (¢n(e/)a an (i/))}n2d7

is Cauchy in =. Indeed, for m > n, using (E.3), we have

1
14+n

dE(&Hn (an(e/): an(Z/))? gﬁm((bn,m © ¢n(€/)7 Onm © ¢n(l/))) <

Using (E.5), this means

1
1+n’

d= (&, (Pn(€), on(1)), €, (Dm(€), Pm (i) <

which means that the sequence is Cauchy in Z. Since = is complete, we can define £z (€, ')
to be the limit of this sequence.
Now, we show that [H,,i,| — [H,i]. For a given d € N, define

Ag:={(,i'): ' € EH(Vifl),i/ €e'l.

Since H,, are locally finite, H is also locally finite, and thus Ay is finite. On the other hand,
since £ (Pn(€), dn(i')) = Eg(€’, ') for all (¢/,4") € Ag, there exists a Ny > d such that for
all n > N, we have

1

d= (fﬁn <¢n(6/)7 d)n (2/))7 §H(6/7 Z,)) < m

V(B/,i/) € Ay.

Moreover, since n > Ny > d, [H,,, i, =4 [H,]. Hence,

o 1
d*<[Hn,Zn],[H,Z]) < m Vn>Nd
Since d was arbitrary, this means that [H,,i,] — [H,i] and H,(Z) is complete. O

As was mentioned earlier, by setting = = {0}, we conclude that H, and H,, are Polish
spaces. This is explicitly stated below as a corollary.

Corollary E.1. The spaces H, and H.. are Polish spaces.



APPENDIX E. PROOFS FOR CHAPTER 6 233

E.3 Some properties of measures on H,

Proof of Lemma 6.1. Part (i): We have

fi(A) :/hdﬁ:/aﬂgdu.

But,
014(H,i) =Y 15(H.ei)=> 1a(H,i) = degy(i)1a(H,i).

edi et

Hence

fi(A) = /]lA(H,i) degy (i)du = /degH(i)du: /dﬁzﬁ("ﬂ**),

which shows that A happens 7 almost everywhere and the proof is complete.
Part (i7): Note that

i(B) = | Al € Bld((H.e.) = [ S 1(H.e.i] € Bldu(. i),

*ok =1

On the other hand, fi(B) = ji(H.) = deg(p) = [degy(i)du([H,i]). Moreover, for all
(H,i| € Ha, D5, 1[[H,e,i] € B] < degy(i). Consequently, it must be the case that for
p—almost all [H, 4] € Hy, > .o, L[[H,e,i] € B] = degy(i), or equivalently [H,e,i] € B for all
€. [l

Proof of Lemma 6.2. If we define
A= {[H,i] € H.: fi([H,i]) = fo([H,1])},

and

A= {[H,e,i] € How: fil[H, e,i]) = fo([H, e,4])},

then we have .
A={[H, e i) € Ho : [H,i] € A}.

Then the proof is an immediate consequence of Lemma 6.1.

U

Proof of Lemma 6.3. Define B := {[H,e,i] € H. : fu(H,e,i) — fo(H,e,i)}. As fi(B)
f(Hi), from part (ii) of Lemma 6.1, for p—almost all [H,i] € H,, for all e > i, fr(H,e,1)
fo(H,e,i). This in particular implies that for p—almost all [H, 1] € H.., Ofx(H,i) — Ofo(H,1i

Lol

~—

U
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E.4 Proof of Lemma 6.4

We first prove that if the condition mentioned in Lemma 6.4 is satisfied, then p,, = p. Fix
e > 0. Let f: H, — R be a uniformly continuous and bounded function. There is some
d > 0 such that |f([H,i]) — f([H',i])| < e when dy, ([H,1i],[H',7]) < 6. Now choose d such
that 1/(1 4+ d) < 0. For all rooted trees [H,i] € 7., [H,i| € A(p,),. Hence, one can find
countably many rooted trees {T},i;}32, with depth at most d such that A, ;;) partitions
T.; hence, one can find finitely many (7},4;), 1 < j < m such that 337", u(Aw,;)) > 1 —e.
If A denotes UL A(r, i), then we have

/fdu Zf (A, ) <Z

/ Fd = F(T3 i) Ag, i)
A(ry i)

+ [ flloo (A
< e(@+[171);

where the last inequality uses the facts that u(A°) < e and |f([H,1]) — f([1},,])] < € for
[H,1] € Az,;), 1 <j <msince 1/(1 +d) < e. Similarly, we have

/ i = > (T il Aty )| < / Fditn — Zf (Aiy)

+Z\f )| pn (A (T; z‘j)) —U(A(ijijm

snfnoo(l—zun ) e

+ 11l Z (A i) — (A i)l

Combining these two, we have

T Z] M(A(Tj,ij))

+e(2+ ||f||oo)-
Now, as n goes to infinity, p,(A(z;,;)) — #(A;.,,)) by assumption. Also, u(A°) < e. Thus,
we have
iimsup | [ fa, [ fau] < ez 2]171.0)
n—oo

Since || f|l,, < oo and this is true for any € > 0, we get [ fdu, — [ fdu; hence, p,, = p.
For the converse, note that 1,  is a continuous function since 14, , ([H,i]) = 14, ([H', j'])
for day, ((H, 1], [H',#]) < 1/(1 +d).
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E.5 Some properties of Unimodular Measures

First, we prove Proposition 6.3. Our proof depends on the following lemma:

Lemma E.1. Assume 7 : H.. — R is a measurable function and p € P(H.) is a unimodular
measure such that 7 =1, [i—almost everywhere. Then, we have

1. With m(H,e, i) :=1[r(H,¢€,i) = 1,Ye >i|, it holds that T, = 1 [i-almost everywhere.
2. With 1o(H,e,1) :== 1[1(H,e,i") = 1,Yi’ € e], it holds that 75 = 1 [i—almost everywhere.

Proof. In order to prove the first part, note that from Lemma 6.1 part (i7), we have that for
p—almost all [H,i] € H., 7(H,€',i) =1 for all ¢ 5 i. Now, part (i) of Lemma 6.1 implies
that for fi—almost all [H,e,i] € H.., T(H,e,1) = 1 for all ¢’ 5 4, which is precisely what we
need to prove.

For the second part, since p is unimodular, we have

/ ]]-7':1d,u = /v:ﬂ-'rld,u = / H Z :”-T(H,e,’i/)Zldlu(Hv €, Z)'

i'ce

But since 1,-; = 1 holds fi—almost everywhere and 0 < ﬁ Zi/ee Lr(H,e,iy=1 < 1, we conclude
that ]
H Z HT(H7e7il):1 = 1’ /J/ia'e“
i'ce
Since the summands are either zero or one, this means that 7(H,e,i') = 1 for all i’ € e,
ji—almost everywhere, which is what we wanted to show. O

Proof of Proposition 6.3. Define
Ap:={[H,e,i] € Huw: T(H,e',i") =1V € V(H) : dy(i,i") < k, Ve’ 5 i'}. (E.6)

Note that Ay = {[H,e,i| : 7(H,e,i) = 1}, for which it is known from the assumption that
[i(Ap) = [i(Has). Now, we want to show that [i(Ag) = [i(H..) for all k£ > 0. We will do this by
induction on k. Assume that fi(Ag) = [i(H.). Hence, with ¢y (H, e, i) := 1[(H, e, i) € Agl,
we have ¢, = 1 ji—almost everywhere. Now, we will use Lemma E.1 to prove that ¢, 1 =1
ji—almost everywhere.

To do so, using part 2 of Lemma E.1, if we define

By = {[H,e,i] : Vi’ € ¢, ¢(H,e,i) =1},

then we know ji(BY) = ji(H.). Then, applying part 1 of Lemma E.1 for the function Lge,
we get that
BY .= {[H,e,i] : Ve 2i,[H,¢ i € BF},
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has the property that [i(B%) = ji(H..). On the other hand,
BY ={[H,e,i]:Ve 2, Vi' € €,[H,€,i] € Ay} = Appr.

Hence, we have proved that ji(Ax;1) = ji(H.), which is the inductive step.

Thus, f@(NgenAxk) = [i(H.). Using the fact that the vertex set is countable, and that the
hypergraphs corresponding to the elements of H, are connected, the property 7 holds for all
the directed edges ji—almost everywhere, in A := NpenAg. Hence, the proof is complete. [

Now, we prove that the local weak limit of finite marked hypergraphs is a unimodular
probability distribution on H,(Z). By setting = = {()} in the following proposition, we can
conclude that the local weak limit of finite simple hypergraphs is unimodular, as claimed in
Section 6.2.8.

Proposition E.2. Assume {H,} is a sequence of finite marked hypergraphs, with &g = &,
the associated edge mark functions, taking values in some metric space =. Now, if
: IO
fin = U, = 77T Hy )i
V(H)] o 0

then i, € Pg’;’-_[*(E)) 1s unimodular for each n. Moreover, if [, converge weakly to some
limit i € P(H.(Z)) such that deg(fn) < oo, [ is also unimodular.

Proof. First, we show that fi,, is unimodular for each n. For this, take a Borel function
[ Hw(ZE) = [0,00) and note that

/fHez /aszdun

1 —
RIAIR A
1

i€V (Hy)

"W 2y 2 e
1

’iEV(H7L) esi

W] 2. 2 A
1

ecE(H,) i€e

ecFE(H,) i€e

/ V(. i)dfin

Since this holds for all nonnegative Borel functions f, fi,, is unimodular, by definition.
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Now, for each n, define measures ﬁSJ) and ﬁff) on 7-_[**(5) so that for any Borel function

[ Hu(Z) — [0,00), we have

[ = [ 3 (8.0, (E7)

et

[ i = |30 ey 1.3, (E.5)

edi j€e

and

We also define i) and i® for 7 in a similar fashion. Note that the RHS of (E.7) is
[ofdfi, = [ fdfi,. Therefore, fiy) = fi,. Also, the RHS of (E.8) is [0V fdji, = [V fdji,.
Hence, [ fdﬁq(f) = [V fdfi,. Since we have shown that fi,, is unimodular, this implies that

=(1 =(2
A = 7.

Now, we claim that i) = i®. To show this, take a bounded continuous function

[ Hwl(Z) = R. For k > 0, define

o {f(H,e,z’) if degy, (i) < k,

0 otherwise.

It is easy to see that f; is continuous for each k, as f is continuous. Moreover, 0 f; and OV f;
are bounded for each k. This, together with fi,, = [i, implies that

/fkdﬁg) :/8fkd,un —>/8fkd,u: /fkdﬁ(l),

/fkdﬁg) :/avfkdﬁn %/8kad,a:/fkdﬁ(2)~

This, together with the fact that ﬁS) = ﬁS?), implies that for all k

/fkdﬁ(l) = /fkdﬁ@)-

Note that as all hypergraphs are locally finite, f — f pointwise. Thus, sending k to infinity
and using the dominated convergence theorem, we have that for any bounded continuous
function f : H..(Z) — [0, 00),

and

/ FdiD = / FAE®.

Since f can be an arbitrary bounded continuous function, we have g = ®. But the
definition of i and /i® then implies that for any nonnegative Borel function f we have
[ fdii = [V fdji, which means that f is unimodular. O
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E.6 Proof of unimodularity of UGWHT(P)

Here we show that UGWHT(P) is unimodular. Before that we prove the following lemma,
which is useful in calculating [ fdu when p = UGWHT(P).

Lemma E.2. Let P € P(A), and T a random variable with law P, where E[T'(k)] < oo for
all k > 2. Moreover, let p = UGWHT(P). Then, for any Borel function f : H.. — [0,00),

we have
[ =3 BIL0) Y AOIE AT, (5. 1),0)I0y =7 + o]

yEA

where the expectation is with respect to the random rooted hypertree of Definition 6.28. Here,
ex € A is such that ex(k) =1 and ex(j) =0 for j # k.

Proof. Due to the definition of fi, we have

h(T'g) T (k)

/fdu /8fdu E > > AT, (ki),0)
k=2 i=1
Since I'y has distribution P, we have
h(Tp) Ty (k) h(v) (k)
E|Y > AT, =Y P(E (T, (k, i), 0)|Ty =
k=1 1i=1 yEA k=2 i=1

Now, due to symmetry, conditioned on I’y = =, for a given k < h(y), all f(T,(k,i),0) for
1 <i < 7(k) have the same distribution, hence

h(v)

/fdu > P 3 ARIE ST, (1), 01 =
=> "P()>_AK)E[f(T, (k,1),0)[Tg =],

where the second equality uses the fact that (k) = 0 for & > h(vy). Now, since all the terms
are nonnegative, employing Tonelli’s theorem to switch the order of integrals we have

[Fii=3 > POR®ET.(51).0)[T = 7).
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Using the definition of Py, P(y)vy(k) is equal to E[['(k)
)

Pi(y — @) for v € A such that
(k) > 0, where e € A is such that ex(k) = 1 and ex(j) =0

for j # k. Hence, we have

/ Fi =3 BT S By — e)E AT, (5, 1), 0)Ty = 4]

vyeA:y(k)>0
R PEF(T, (k,1),0)|Tg = 7 + ]
k=2 YEA

We can interpret the last expression above as follows. In computing [ fdfi, when we consider
f([T,e,0]), the edge e attached to the root () of the tree T is of size k with probability T'(k).
This explains the outer summation. Since the contribution to the integral is the same
whichever edge of size k connected to the root is picked, suppose the edge picked is the edge
(k,1). Then the type of the rest of the edges connected to the root is given by P:, and so
Iy will equal v + e, with probability P (7). This explains the inner summation. ]

Now we are ready to prove the unimodularity of UGWHT(P):

Proof of Proposition 6.4. We need to prove that for a nonnegative measurable function f :
How — [0,00) we have [ fdii = [ Vfdj. Using Lemma E.2, we have

/ v fdji @ i NE [VF(Ti (5,1),0)]

_ i ( (T (,1),0)] + %E [ F (T (R, 1), (&, 1,@-))]> .

i=1

Here, for k > 2, T}, denotes a tree with root () that has an edge (k,1) of size k connected
to the root, with the type of the other edges connected to the root being Py, and with the
subtrees at the other vertices of all the edges (including the edge (k, 1)) generated according
to the rules of UGWHT(P). Step (a) is justified because, for each k > 2, we have

E |Vf (T (k,1),0)] = ZE B Y PU(VE[V(T, (k. 1), 0)[To = 7 + 1]

Now, because of the symmetry in the construction of T, for eachi = 1,. .., k—1, (Tk, (k,1), (k, 1,7))
has the same distribution as (T, (k, 1), (). Hence, E [f(Tk, (k,1), (k, 1, z))} =E [f(Tk, (k,1),0)]|.
Substituting and simplifying we get

[ vrin- ZE NE[#(T. (k. 1.0)] = [ an

where the last equality again uses Lemma E.2. This completes the proof of the unimodularity
of p. O
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E.7 Configuration model on hypergraphs and their
local weak limit: Proof of Theorem 6.4

In this section, we prove Theorem 6.4. We prove this in two steps: first, in Section E.7.2,
we prove that E [“Hﬁ] converges weakly to UGWHT(P), where the expectation in E [uHﬁ}
is taken with respect to the randomness in the construction of H;. Later, in Section E.7.3,
we conclude the almost sure convergence by a concentration argument. See [Borl4] for an
argument on the local weak convergence of the configuration model in the graph regime.

Throughout this section, we employ the vertex and edge indexing notations Ny ex and
Negge defined in Section 6.2.9. By an abuse of notation, for a = (s1,€1,41, ..., Sk, €k, i) €
Nyertex Where s; > 2, ¢; > 1, and 1 < 4; < s; —1forall 1 < j <k, and integers s > 2,
e>1land 1 <r <s-—1, we write (a,s,e,r) for (s1,e1,01,..., Sk, €k, ix, S,€,7). For an edge
e € Negge With size k, and an integer 1 <r <k — 1, (e,r) is defined similarly. Furthermore,
T (Nyertex, Nedge) in this section denotes the set of hypertrees with vertex set and edge set
being subsets of Nyeptex and Neqge, respectively. Such a hypertree is treated to be rooted at
(), unless otherwise stated. Moreover, for a sequence of types {Va }aeNerers T ({Va}tacNoeriex)
denotes the tree in T (Nyertexs Nedge) in which the type of each node a € Nygrex in the hypertree
below that node is equal to 7, (recall Figure 6.4 from Section 6.2.9 as an example).

Before going through the proof, we need to define a procedure called the “exploration
process” in Section E.7.1 below.

E.7.1 Exploration process

Assume that a random hypergraph H,, on the vertex set {1,...,n} is obtained from a given
type sequence ™ = (7{". ... 4"} satisfying (6.82a) and (6.82b). Note that, following
our discussion in Section 6.9.1, H,, is identified by a set of random matchings oo, ..., 0,.
Here, we introduce a procedure that choses a node vy uniformly at random in {1,...,n} and
explores the local neighborhood of that node in a breadth—first manner. This process at each
step produces a hypertree in 7 (Nyertex; Nedge), which turns out to be locally isomorphic to
the neighborhood of vy given that the local neighborhood of vy in H,, is tree-like. A similar
process in the graph regime is introduced in [Borl4].

Formally speaking, the exploration process starts at time ¢ = 0 with choosing a vertex
vo € {1,...,n} uniformly at random as the root. Then, at each time step, we explore one
edge in the neighborhood of vy. This is done in a breadth first manner, i.e. we first explore
edges adjacent to vy, then edges connected to neighbors of vy and so on. More precisely, at
each time ¢ > 1, we have a node indexing function ¢; : Nygex — {1,...,n}U{x}. To begin
with, we define ¢1(0) = vg and ¢1(i) = x for ) # i € Nygex. Also, at each time step ¢, we
partition A™ into three sets: an “active set” A,, a “connected set” Cy, and an “undiscovered
set” U;. These are initialized by setting A; = AS]OL), C, =0 and U; = A\ A;. Moreover, at
time ¢, N; C {1,...,n} contains the explored nodes at time ¢, and is initialized as N3 = {vg}.
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At time t, given the sets Ay, U;, Cy and ¢y, we first form the set W, := {(i, &, j) : ¢4(i) #
X, egt(m ;€ A}, If W, is nonempty, we define (i, k¢, j) to be the lexicographically smallest

element in W, and let ¢; := el;ft(it)jt. In fact, e; is the partial edge chosen at time t to be
matched with other partial edges to form an edge. Now, define

Ctj = Ul(gf_l)(et) 1<y<k—1,

which are the k; — 1 other partial edges matched with e;. Also, for 1 < j < k; — 1, let
ug; = (e ;) be the node associated to e, ;. Moreover, we update the sets Cy, A, Uy and Ny
as follows:

CVt+1 = Ct U {et7 €t1y - - 76t,kt71}7 (Ega)
ke—1
A = A\ {ererns . epp} | (Agg}j N Ut> , (E.9b)
j=1
ke—1
Ut+1 == Ut\ U ASZ)J, (EQC)
j=1
Ny = N U {ut,la cee >ut,kzt—1}- (E.9d)

In order to update ¢, define j, to be the minimum j such that

¢t((it7 ktaja 1)) = X.

With this, set ¢,,1 to be equal to ¢; except for the following values:

Grp1 (i, kta.}tvl)) = Uy 1<I<k -1

This in particular means that the set of nodes in {1,...,n} that appear in the range of ¢;,4
is precisely Nyiq.

At each time ¢, we define a rooted hypertree formed by the exploration process, which we
denote by R;, which is a member of T (Nyertex, Nedge). R is identified through the mapping
¢y, 1.e. its vertex set is {1 € Nyerex : 01(1) # X}, and its edge set is {(i, kpygr), 1 <1 < t— 1}.
This process continues until A; = (), which results in exploring the connected component of
vg. Note that since the permutations determining the configuration model are random, the
exploration process is in fact a random process. Let F; be the sigma field generated by all
the random variables defined above up to time ¢t. Let 7 be the stopping time corresponding
to A, = (). For the sake of simplicity, for ¢ > 7, we define R; = R, .

E.7.2 Convergence of expectation

In this section, we provide the proof of the convergence of E [UHS;] This is done in two
parts. Loosely speaking, we first show that, for any integer d > 1, with high probability, H,
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rooted at a vertex chosen uniformly at random up to depth d is a simple hypertree. Then,
we prove that the distribution of the limiting depth ¢ is that of a Galton—Watson process.
The former is proved in Proposition E.3 below and the latter in Proposition E.4.

More precisely, let if, and p denote E [uHﬂ and UGWHT (P), respectively. In order to
show that & = p, using Lemma 6.4, it suffices to prove that for any d > 1, and with (7', o)
being a rooted hypertree of depth at most d, fi,(Ar)) — p(Ar,e)), where we recall that
Aoy = {[H,j] € H.: (H,j)a = (T,0)}. Note that, with vy being chosen uniformly at
random in {1,...,n}, we have

y 1
(Awo) =E |~ D Oz (Airo)
L =1

_1 n
- ]E - E ]1 e().4
n — [Hn( ): ]eA(T,o)] (ElO)

_ %ZP((HE,i)d = (T,0))
=P ((Hf,v0)q = (T,0)).

Thus, motivated by the above discussion, we need to show that for all d > 1 and (T, 0) with
depth at most d, P ((Hy,v0)a = (T,0)) = 1(A(r,e)). We prove this in two steps. First, we
prove in Proposition E.3 that the probability of (H,, vy)s being a simple hypertree goes to one
as n goes to infinity. Subsequently, in Proposition E.4, we show that P ((HE,vo)q = (T',1))
converges to f1(A(r,)).

In the following statement, 7™ = (v, ... 7{") is a fixed type sequence and H,, is the
random multihypergraph resulting from the configuration model. Moreover, for an integer
d > 1 and vertex v € {1,...,n}, (Hy,v)y is the multihypergraph rooted at vertex v contain-
ing nodes with distance at most d from v and edges in H,, with all endpoints among this set
of vertices.

Proposition E.3. Assume conditions (6.84a), (6.84b) and (6.84c) are satisfied with con-
stants c1, co, c3,€ > 0. Then, if vy is chosen uniformly at random from {1,...,n},
nlggop ((Hp,v0)q is a simple hypertree) = 1.

Proof. Note that (6.84a) and (6.84b) imply that the degrees of all vertices and the sizes
of all edges in H,, are bounded by «,, := ¢i(logn)®. Therefore, there are at most 3, =
()75 edges in (H,,v0)411. Since at each step of the exploration process we form one
edge, (H,,vp)q+1 is completely observed up to step f,. On the other hand, if at step ¢, the
partial edge to be matched at that step, which is e; in our notation, is matched to partial
edges outside A;, all of the endpoints of the newly formed edge at step ¢ are in N/, i.e. they
are not observed so far. If in addition to this property, all the k; — 1 vertices of these partial
edges that are matched with e; are distinct, no improper edges or multiple edges are formed
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at step t. If these properties hold for all 1 < ¢ < 3, (Hp,v0)q will be a simple hypertree.
Note that, in order to make sure that (H,,vg)q is a simple hypertree, we need to make sure
that there is no improper edge in the exploration process up to depth d-+ 1. This guarantees
that even vertices at depth d do not get connected to each other.

To formalize this, fix 1 < ¢t < (3, and assume that the exploration process is not termi-
nated up to step ¢, and at step ¢, we need to match the partial edge e; of size k;. Let E;;

denote the event that e;; = J,S)(et) c A,NA™ (k). Moreover, for 2 <i <k, — 1, let E;; be

te event that
€, :Jl(c)( ) (AtﬂA <U Au(et >

where Ay(e (k:) denotes the set of partial edges of size k; connected to the vertex associated

to e ;. Note that having chosen e;1,...,e.; 1, there are |AM (k)| — [A®™ (k) N Cy| — i
many candidates for a,ﬁ?(et), each having the same chance of being chosen. We claim that
|A; N A™ (k)| < ta?. The reason is that at each step in the exploration process, at most a,
many new vertices are added to Nt, each of which having at most «,, many partial edges of

size k;. On the other hand, |Ay(e (k)| < ay,. Consequently,

(A, N A (k) (UA”t) )

Additionally, at each step, at most «, partial edges are added to C; to form an edge;
therefore, |Cy| < ta,. This, together with (6.84c), implies that for 1 < i < k; < «,, we have
|IA™ (k)| — |A® (k) N Cy| — i > e3n® — (t + 1)ay,. Since each of these candidates have the
same probability of being chosen, we have

<(t+1)a?

(t+1)a?
csnt — (t+ 1)y,

P(E,;) < 1<i<k —1

If E; denotes Uf;]lEt7i, using k; < «,, and the union bound, we have
. 1 2.3
P (UleEt) <« Bot ey,
csn — (B + Doy,

Note that, «,, and 5, scale logarithmically in n, and d is fixed. Hence, due to the c3n® term
in the denominator, the above probability goes to zero as n goes to infinity. As was discussed
above, outside the event Uf;lEt, the rooted hypergraph (H,,vp)q is a simple hypertree. [

Proposition E.4. With the assumptions of Theorem 6./, for an integer d > 1 and a rooted
hypertree (T,0) with depth at most d, if vy is a node chosen uniformly at random from
{1,...,n}, we have

lim P ((H:;7 Uo)d = (Tv O)) = ,M(A(T,o))-

n—oo
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Note that, the above proposition, together with the discussion in (E.10), implies that
E [u H;J = p. In Section E.7.3 below, we show that upye is concentrated around its mean,
which completes the proof of Theorem 6.4.

Proof. Given the rooted hypertree (7T',0) with depth at most d, let Cp g denote the set of
hypertrees T € T (Nyertexs Nedge) such that (T 0) = (T,0). For T € Ciro, let ef ... el be
the edges in T with depth at most d — 1, ordered lexicographically in Nedge- Moreover let
e, +1, o6 +l denote the edges in T with depth premsely d, ordered lexicographically (if there

is no such edge, [ = 0). For a node i in T, let v denote the type of the vertex i in the
subtree below i. Furthermore, define

75 =P (TUT Y actine)s D) = (1.1))
under the probability in Definition 6.27. With the above notation, we have

T |€$|—1

DITIT 2o, (E11)

t=1 j=1

By the definition of the distribution UGWHT (P), we have

A[To Z T

TGC[T7O]

Recall that R; denotes the hypertree in 7 (Nyertex, Nedge) Which results from the explo-
ration process at step t. Note that if (H,,v)q is a simple hypertree, we have (H,,vg)q =
(R, ,0)q where f3,, is defined in Proposition E.3 above. With this, we have

P((Hg,vo)a = (T,0)) =P ((Hy,vo0)a = (T,0) and (Hy,vp)q is a simple hypertree)
+P((H:,v0)a = (T,0) and (H,,vg)4 is not a simple hypertree)

As is shown in Proposition E.3, the second term converges to zero; therefore, we need to
study only the first term. But, if (H,,vp)q is a simple hypertree, (HS,v9)q = (T, 0) if and
only if Ry41 = T for some T € Cir,0)- Consequently, it suffices for us to show that

n—0o0

lim P (Rr+l+1 =T and (Hp,v0)q is a simple hypertree) =T VT e Cir,0- (E.12)

For 1 <t < r, let E; be the event defined in Proposition E.3. Recall that Ef is the event
that w;1,...,us k-1 are all distinct and are not in NV;. From Proposition .3, we know that
the probabilities of both the events “(H,,vg)q is a simple hypertree” and Nj_, E¥ converge
to 1 as n — oo. Therefore, it suffices to show that

lim P ((RMH — )N (ﬂ§:1E§)> =7 VT €Cry. (E.13)

n—oo
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To prove this, fix some T € T (Nyertex, Nedge) With depth at most d and define S to be the
event that 7" = 7 - From (6.83b), P(Sy) — P(v4) as n — oo. Moreover, for 1 < ¢ < r,
define 5} to be the event that

%(jtl)s = 7gt,kt,jt,s) + €k, 1 <5<k —1,

and let S; = 5} N EY, which is in fact the intersection of gt and the event

uj, 1 < j <k, —1 are distinct and are not in V.

With this, let S* = N‘_,S;. We claim that the event (R, = 1) N (Nj_, EY) coincides with
S". The reason is that on the event S, for each 1 <t < r, the type of each of the £ — 1
subnodes of edge formed at step ¢ matches with that of e/ . Moreover, on the event N}_, EY,
there is no improper edges or cycles formed during the exploration process. In particular,
those partial edges connected to the vertex u; s which are added to the active set are not
used until the process goes to vertex wu; , itself. Also, note that as T has depth at most d,
its structure is determined by the type of the vertices of depth at most d — 1, which are
subnodes of edges of depth at most d — 1 in 7', which are precisely €7, ... el.
Now, we prove by induction that for 0 <t <,

P (') = P(yy H H T w

If w7 (t = 1) = 0, then P(S") < P(S'™") = 0= mz(t). I mz(t 1) # 0, we have P(5') > 0
for n large enough. Note that P (S*) =P (St—l NS, N Ef)- Thereby,

P (S P (SIS~ P(B) < P(S') <P (ST P(S5).
But, we know that P (F;) — 0. Consequently, it suffices to prove that

lef |-1

IP’(S’t\St”) = I Pur00ls,) (E.14)

Jj=1

Since we construct one edge at a time in the exploration process, conditioned on St=t
the first ¢ — 1 edges are constructed in a way consistent with T'. Therefore, it is easy to see
that

P (gt|5t—1> —P (77572 = 7(7;;%,) + €7 for 1 <j<|ef| - 1) )

For1 <j < ]ef] — 1, let S ; denote the event that ’y&?)] = fy;ffj + @7 Now, we study
e;, t

the probability of S’m conditioned on S*~! and S’m, ..., ;—1. Note that, having chosen



APPENDIX E. PROOFS FOR CHAPTER 6 246

€1y, et 1, there are |AM (k)| — |AM (k) N Cy| — j many candidates for e ;, each having

the same chance. With B, ; := {e € A®™(|el]) : (n)) ’y( " +e,7 }, the event S; ; happens
€, t

iff e; ; is chosen among the set B, ; \ (C; U{es1,...,€-1}). Therefore,

|Bij \ (CyU{ewr, .- erj-1})]
A (] )| — [AO(lef )N Ty —

P (518" St S ) =

Note that

n

1 . 1 A (n)y _ T _
=Byl = =3 (v (el )+ DL 3 =y +ep]-

i=1

Using (6.83b), we have

On the other hand, conditioned on S*™1, |C}| = Z?;ll ]e]f], which is a constant. Consequently,

1 ~
B\ (G U e e Dl = G (D) + DPOT,  feg). (B15)

Moreover, using (6.85),
HING zw (Ief)) = E |7 (el )] (E.16)

Note that we are conditioning on S~ and assuming that P(S™™!) # 0. On the other
hand, |e!| is equal to the size of the partial edge e, which is a member of A™. Using the

assumption (6.83a), we have |¢Z| € I and hence E [ (leF \)} > 0. Putting (E.15) and (E.16)
together, we have

(Vs (el D+ PO, +<Bef) , .
(e7 ,4) () lez | |e l(,_y’&l‘ ))
E |T(jef )

P <St,j|St‘1, Si1,. .. ,S‘t,j_1> —

Multiplying for 1 < j < |eT| — 1, we get (E.14) which completes the proof. O

E.7.3 Almost sure convergence

In this section we prove that, with the assumptions of Theorem 6.4, uge = UGWHT(P)
almost surely.

For a fixed n, Let A™ (k) ... A™ (k) be the nonempty sets among A™(2), ..., A (n).
From (6.84b) we know that L < ¢;(logn)® and also k; < ¢;(logn)® for 1 <i < L. For the
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sake of simplicity, write o for (o,, ..., 0k, ) and M; for My, (A™(k;)), 1 < i < L. From our
construction, we know that oy, is drawn uniformly at random from M; and is independent
from oy, j # . With H; being the simple hypergraph constructed by the configuration
model, for a fixed d > 0 and a rooted tree (T, 0) of depth at most d, define

1 n
F(o):= - D g iyu=(r)-
i=1

From Proposition E.4 we know that lim, ., E [F(0)] = 11(A(r,)). We will show that F' is
concentrated around its mean via a bounded difference argument.

Now, for each 1 < j < L, fix a permutation 7, € M; and define 7 = (mp,, ..., T, ).
Moreover, fix 1 <4 < L and e,¢’ € A™(k;). With this, define 7, := swap, . o m, o swap, .,
which is the conjugation of 7, with the permutation that swaps e and €’. In fact, the cycle
representation of m, is obtained by swapping e and ¢’ in the cycle representation of my,.
Moreover, let " = (mk,,..., 7., ..., T, ) which differs from 7 only on the ith coordinate.
With this, the hypergraph obtained from 7 and the hypergraph obtained from 7" differ only
in at most two edges. Since all edge sizes and degrees in the graph are bounded to ¢; (logn)®,
there are at most 2(c;(logn)¢)??*! many vertices in the hypergraph which have distance at
most d to a vertex in any of these two edges. Consequently,

2(c1(logn)°2)>*

|F(r) — F(r)] < -

(E.17)

Now, fix 1 <4 < L and m,; € M; for j # i. Let oy, being chosen uniformly at random
in M; and define Fy(oy,) = F(mp,,... 0, ... T, ). Since A™(k;) is finite, we can equip
it with an arbitrary total order. Let X be the smallest element in A™(k;) and define
Y1 = (X, 04, (X1), . .. ,J,(J:"_l)(Xl)), which is in fact the orbit of X, or in the configuration
model language, the edge containing the partial edge X;. Let X, be the smallest element
that does not appear in Y; and let Yy = (Xo, 0y, (Xa2),. .. ,a,g’:ﬁl) (X32)). We continue this
process inductively, i.e. let X; be the smallest element that has not appeared in Y5, ... Y,
and let Y; = (Xj,aki(Xj),...,a,(clfi_l)(Xj)). This process yields Y1,..., Y| am )5 For
1 < j < |AM(K;)|/k;, let F; be the sigma field generated by Yi,...,Y;. Moreover, let
Z; = B[F(ok,)|F;] for 1 < j < |AM(k;)|/k; and let Zy = E[F;(o,)]. Note that m,, j # i
are fixed; therefore, the randomness in the expression is with respect to oy, only. Indeed,
(Z;,0 < 7 < |AW(k;)|/k;) is a martingale. We claim that, almost surely, we have

2(ci(log n)*2) 241

| Zj1 — Zs < ki -

The reason is that changing the value of the k; variables in Y;;; can change the value of F;

by at most kiw and the above inequality results from (E.17). Using Azuma’s

inequality and the fact that k; < ¢;(logn)®, we have

P(F(on) - BIE(@] > 9) < 200 (- ooy ) - (B9
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To obtain an upper bound for |[A™ (k;)|, note that
n & n 1 = n
AN (k)| = (Z % ><ki>> <n (5 >l >||%> .
j=1 j=1

From (6.83c), there is a constant «a independent of n and i that > ny](
|A™ (k)| < an. Incorporating this into (E.18), we have, for 1 <i < L,

"2 < an. Hence,

P(F(on) ~BIR(0] > 0) <20 (- i) (B9

Since this is true for all ¢ and m;, j # i and also the oy, are independent, using the above
inequality L times and using the fact that L < ¢i(logn)®, we have

P (F(0) ~ E[F(@)]| > 0) < 2eiogm)exp (o).

As the sum of the RHS over n is finite, using the Borel-Cantelli lemma and the fact that
E[F(o)] = w(Are), we have F(o) = p(Ar,)) almost surely. But there are countably
many choices for d and the rooted hypertree (T,0). Thus, outside a measure zero set,
upe (Aro)) — (Am,e) for all rooted tree (7', 0) with finite depth. The proof is complete,
using Lemma 6.4.

E.8 Proof of Proposition 6.9

Proof of Proposition 6.9. Since ©. is e-balanced, from Definition 6.25, for ji-almost every
[H,e,i] € H.x, we have

exp (_ a@;(H,i)>
S exp (_a@;m,j)) '
Jj€e €

Using Proposition 6.3, there exists a A C H.,. such that fi(A°) = 0 and, for all [H,e,i] € A,
we have

O(H, e, i) = (E.20)

exp (_ 86’6(6H,i’))

Y oy

Now, fix some [H,e,i] € A and take an arbitrary element of this equivalence class (H, e, i) €
[H,e,i]. The above equation guarantees that if we define the allocation /7 on H as
0 (e’ i) == ©.(H, e i) for (¢/,i') € W(H), then 0 is an e-balanced allocation on H.
Now, assume that 96HA is the (unique) e-balanced allocation on the truncated hypergraph
H? defined in Section 6.4.3 (uniqueness comes from boundedness of H?). Proposition 6.5

O.(H,¢ i) = YV (e,i) € U(H).
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then implies that 077 (i') < 805 (') for all /' € V(H). Sending A to infinity, this means
that 901 (i) < 00'H(i') for all ' € V(H), with 6 being the canonical e-balanced alloca-
tion on H. Using Remark 6.12 and the definition of 6| this means that for ji—almost all
[H,e,i] € Hiw, 09.(H,i) < 00.(H,7). From part (i7) of Lemma 6.1, u—almost surely we
have

00, < 00.. (E.21)

On the other hand, using unimodularity of x4 and the fact that ©. is a Borel allocation,

we have .
/6@6d,u: /@Edﬁ: /V@edﬁ: /Edﬁ([H,e,i]).

Using the same logic, [00.dp = [ ﬁdﬁ([l—l,e,z’]). This means that [ 90.du = [ 00.du. As
deg(u) < oo, this common value is finite. This, together with (E.21), implies that 00, = 00",
p—almost surely. Therefore, Proposition 6.3 implies that for p—almost all [H,i] € H.,, we
have 00.(H,j) = 0OL(H,j) for all j € V(H). Then, part (i) of Lemma 6.1 implies that
for ji—almost all [H,e,i| € Hue, 00(H,j) = 00.(H,j) for all j € V(H). Thereby, using
(E.20) for ©, and O, we have ©.(H,e,1) = ©.(H, e, 1) for fi-almost all [H, e, 1] € H,., which
completes the proof. O
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