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CHALLENGES IN RANDOM GRAPH MODELS WITH DEGREE
HETEROGENEITY: EXISTENCE, ENUMERATION AND ASYMPTOTICS
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In order to understand how the network structure impacts the underlying dynamics, we seek
an assortment of methods for efficiently constructing graphs of interest that resemble their
empirically observed counterparts. Since many real world networks obey degree heterogene-
ity, where different nodes have varying numbers of connections, we consider some challenges
in constructing random graphs that emulate the property. Initially we focus on the Uniform
Model, where we would like to uniformly sample from all graphs that realize a given bi-degree
sequence. We provide easy to implement, sufficient criteria to guarantee that a bi-degree
sequence corresponds to a graph. Consequently, we construct novel results regarding asymp-
totics of the number of graphs that realize a given degree sequence, where knowledge of the
aforementioned enumeration result will assist us in constructing realizations from the Uni-
form Model. Finally, we consider another random directed graph model that exhibits degree
heterogeneity, the Chung-Lu random graph model and prove concentration results regarding
the dominating eigenvalue of the corresponding adjacency matrix. We extend our analysis
to a more generalized model that allows for intricate community structure and demonstrate
the impact of the community structure in networks with Kuramoto and SIS epidemiological

dynamics.
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digraph.

vi



TABLE OF CONTENTS

PREFACE . . . . . . e

1.0
2.0

3.0

4.0

INTRODUCTION . . . . . . e
SUFFICIENT CONDITIONS FOR GRAPHICALITY . ... ... ...
2.1 Exploiting Concavity to Construct Novel Sufficient Conditions . . . . . . . .
2.2 Refining Our Sufficient Conditions with the Minimum Degree . . . . . . ..
2.3 DISCUSSION . . . . . . ..
ASYMPTOTIC ENUMERATION OF GRAPHS WITH
PRESCRIBED DEGREE SEQUENCES . . . ... ... ... .......
3.1 Counting Graphs with Partitioning . . . . . . ... .. ... ... ... ...
3.2 Counting Graphs with Degree Preserving Switches . . . . . . .. ... ...
3.3 Asymptotic Enumeration to Arbitrary Orders of Accuracy . . . . . . . . ..
3.4 Some Examples Illustrating the Main Result . . . . .. .. .. .. ... ...
3.5 Verifying the Assumptions . . . . . . . .. ... .. oL
3.6 Enumerating Graphs with Greater Dependence on the Degree Sequence
3.7 Some Extensions and Corollaries . . . . . . . ... ... ... ... ...
3.7.1 Maximum of the Degree Sequence . . . . . . ... ... ... ... ..
3.7.2 Graphs without Loops and Undirected Graphs . . . . ... ... ...
3.7.2.1 Directed Graphs without Loops . . . . . . .. ... ... ...
3.7.2.2 Undirected Graphs . . . . . . . . ... ... ... ...,
3.7.3 Computing Probabilities . . . . . . .. ... .. ... ... .. ...,
CONCENTRATION RESULTS REGARDING THE SPECTRAL RA-
DIUS FOR RANDOM DIRECTED CHUNG-LU GRAPHS . . . . . ..

vil



4.1 Spectral Concentration Bounds, % OO0 . e e e e e e e 94

4.2 Concentration Bounds when pe. — 0 . . . . 0 . ..o L 109
4.3 Partitioned Chung-Lu Model . . . . . . . .. ... ... 0L 127
5.0 CONCLUSIONS . . . . . . e e 144
BIBLIOGRAPHY . . . . . . e 148

viil



LIST OF FIGURES

3.2.1 A Degree Preserving Switch . . . . . . .. .. ... oL 39
4.1.1 A Sample Path Illustrating an Example of a Repeating Node Block. . . . . . 98
4.1.2 Speed of the Convergence of p(A) to % in the Chung-Lu Random Graph
Model. . . . . . 110
4.2.1 Restriction on Repeating Edge Blocks for pe, — 0. . . . . .. .00 L. 122
4.3.1 Numerical Evidence for p(P). . . . . . .. ... .. o oo 139

4.3.2 Distribution of Stopping Times in the SIS Model for Networks with Commu-
nity Structure . . . . . ... oL 140
4.3.3 Distribution of the Synchrony Parameter in the Kuramoto Model with Noise. 143

X



1.0 INTRODUCTION

Starting in 2006, medical professionals witnessed a dramatic increase in tuberculosis through-
out a community in British Columbia. In order to better understand how the pathogen
spread, Gardy et al. [40], used a social network analysis questionairre to identify connec-
tions between individuals in the epidemiological network. The resulting set of connections,
or edges, between people (nodes), formed a graph corresponding to the network. While
empirical data provides much insight as to how tubercuolosis could spread throughout a
particular network, empirical data alone does not give us the capability to generalize results
concerning the spread of a pathogen to other networks. Instead as applied mathematicians,
we want to construct a ‘random graph model’, where for some choice of parameters, we
attain a family of graphs similar to our empirical data and prove that the dynamics (the
spread of the pathogen) are essentially the same for all graphs in the collection.

Unsurprisingly, the utility of random graph models extends far beyond epidemiological
networks. For example in biological neural networks, pathological amounts of synchronous
spiking could be indicative of schizophrenia, Parkinson’s or Alzheimer’s disease [80]. Conse-
quently using random graph models, we would like to identify families of graphs that promote
or abate the likelihood of pathological synchrony. Analogously in ecological networks, where
we model populations of species with a system of Lotke-Volterra differential equations, we
seek families of graphs that promote or diminish the likelihood of a mass extinction event
[74].

We can extend the discussion to genetic networks. Mathematically, we often model
genes with boolean dynamics (having an ’on’ state or an ’off’ state where the state of a
gene depends on the states of its neighbors’). From a dynamical systems perspective, we

want to identify network structures (families of graphs) that are resilient to changes in initial



conditions, as many researchers hypothesize that dynamical instability in genetic networks
could play a fundamental role in the occurence of cancer [67].

In addition to biological networks, we can consider computer networks, in particular in-
ternet routing networks. In the autonomous system internet routing network, autonomous
systems receive path announcements through other nodes in the network. Subsequently,
autonomous systems send messages to other autonomous systems by selecting an announced
path of intermediary autonomous systems to relay the message. Perhaps surprisingly, an au-
tonomous system can announce false paths in order to incentivize other nodes in the network
to send messages through the dishonest autonomous system. Even though an autonomous
system could announce any false path, to avoid detection, an autonomous system may only
consider announcements consisting of a small subset of such paths. Hence, we would want
to employ random graph models to identify families of graphs that discourage dishonest
behavior [17].

In all of the aforementioned applications, we can define a dynamical process on the graph
where the state of the node x depends on the states of the neighbors of x, the nodes that
share an edge with z. Furthermore for many dynamical processes, a node x may receive
input from a group of nodes, while the state of node = could conceivably affect an entirely
different collection of nodes. Naturally, for such a problem we could describe our network
as a directed graph where an incoming edge identifies a node that influences z’s dynamical
state and an outgoing edge identifies the nodes that x can directly influence. Prior research
has demonstrated that the bi-degree sequence, a list containing the number of incoming and
outgoing edges of each node, can have a signicant impact on the dynamics of the network
(64, 71, 39, 72, 63]. Since in real world networks the number of connections from a given node
can vary considerably throughout the network, we seek a random graph model that exhibits
this property. This serves as motivation for the Uniform Model, where our input consists of
the bi-degree sequence and our output is a randomly constructed graph that satisfies that

list. Rigorously, we define the Uniform Model as follows.

Random Graph Model 1 (Uniform Model). Consider the set of all distinct graphs that
realize a given bi-degree sequence, d = (a,b) € ZN*2 q list of the number of incoming

and outgoing edges for each of the N nodes in the graph. Denote this set of graphs by G.



We define the Uniform Model such that for each graph in the set G, we randomly choose
a graph in G, where the probability we select G1 equals the probability we select Gy for any
G1,G € G .

Now to generate an assortment of interesting graphs with the Uniform Model we only
require a bi-degree sequence. In practice to assess the impact of the degree sequence on the
dynamics of the network, we would like to randomly generate many bi-degree sequences and
perform numerical simulations on the graphs constructed from the Uniform Model. To this
end, suppose we want to randomly construct a bi-degree sequence d = (a, b) € Z¥*2 where
the entries of a and b are bounded above by M, below by m and fix the sum of the entries
in a and b to be S. Then in the spirit of [53], we can randomly sample from all bi-degree
sequences that satisfy these properties by first considering an (arbitrary) initial bi-degree
sequence that satisfies these constraints; for simplicity, we can choose a degree sequence
where all the entries in a and b are close to the average entry % Then, we choose a random
pair of entries in a; we add 1 to the first number in the pair and subtract 1 from the second
number in the pair provided that we do not violate the afformentioned presupposed bounds
on the degree sequence. If implementing this change would violate our constraints, we do
not change the values in the randomly chosen pair. Repeating this step a predetermined
number of times for both a and b allows us to construct non-trivial degree sequences that
satisfies the desired constraints.

Unfortunately, not all bi-degree sequences actually correspond to a graph and we would
like to implement a method that would enable us to construct degree sequences that do
correspond to a graph; we call such degree sequences graphic. This leads us to the following

problem.

Problem 1. Suppose we randomly constructed a degree sequence d = (a,b) € ZN*2 where
the entries of a and b are bounded above by M, below by m and fix the sum of the entries in
a and b to be S. Is this randomly constructed degree sequence d graphic? Alternatively, are

we guaranteed existence of a graph for all degree sequences that satisfy these constraints?

At this juncture, we would like to emphasize that even though we motivated Problem 1

by considering a particular method for randomly generating bi-degree sequences (randomly



adding and subtracting 1 from the entries in the bi-degree sequence), Problem 1 is in fact
relevant to a diverse array of techniques for randomly constructing these bi-degree sequences.
More succinctly, we would like to guarantee that our output will yield a graphic bi-degree
when utilizing a particular method for randomly constructing bi-degree sequences. For a
specific choice of d we could partially answer Problem 1 by appealing to a classic result, the
Gale-Ryser Theorem, which provides criteria guaranteeing the existence of a solution. We

explicitly state the Gale-Ryser Theorem below.

Theorem 1. (Gale-Ryser/Fulkerson [38, 75, 37, 24],[3]) Consider a bidegree sequence d =
(a,b) where the a; are nonincreasing. d is graphic with loops (where we allow a node to have

an edge that connects to itself) if and only if

and for all j € [1.N — 1],

Similarly, d is graphic if and only if (1.1) holds and ¥j € {1,2,.... N — 1},

imin(bi,j -1+ i min(b;, j) > iai.
i=1 i=j+1 i=1

Foremost, we stress that while the Gale-Ryser Theorem provides a useful check for graph-
icality for a given degree sequence, in its current form, we cannot easily (or efficiently) adapt
the Gale-Ryser Theorem to solve Problem 1 where we seek a guarantee that our output will
always yield a graphic degree sequence. As a side node, more recent ammendations of the
Gale-Ryser/Fulkerson Theorem do exist and can be found, for example, in Berger [10] and
Miller [57]. Miller capitalizes on the discrete “concavity” in j of the functions on the left and
right hand sides of the Gale-Ryser inequalities to derive the stronger result. Analogously, we
will also exploit the “concavity” in the inequalities to answer Problem 1, which will enable
us to construct flexible conditions for easily verifying that our output will always yield a

graphic degree sequence.



The results of several past works [82, 2, 19] address a similar problem by providing
sufficient conditions for graphicality in terms of the maximum and minimum values in a

bidegree sequence, where |z | is defined as the integer floor of z.

Theorem 2. (Zverovich and Zverovich, Alon et al., and Cairns et al.) Consider a bidegree
sequence d = (a,b) € NE)N’2) where a =b, m = mind and M = maxd. If {%1 <mN,

then d is graphic with loops.

Theorem 2 is helpful in the sense that it provides a simple criterion for determining
whether there exists a graph corresponding to a given bidegree sequence. Unfortunately,
there are in fact bidegree sequences (where Y a; = > b;) that do not satisfy the conditions

and are still graphic, including of course graphic sequences with a # b.

By incorporating an additional quantity, the total number of incoming and outgoing
edges of the nodes in a graph, in Chapter 2 we will prove a generalization of Theorem 2,
which will provide more flexible criteria for guaranteeing existence even when a = b and

provide a quick solution to Problem 1.

Historically speaking, Theorem 2 was relevant to the problem of showing that the likeli-
hood that a degree sequence for an undirected graph can produce a graph vanishes as N — oo
(and an analogous result holds with respect to directed graphs for a bidegree sequence that
have equal in- and out-degree sums and is otherwise unconstrained). The constraint on the
maximum of the bidegree sequence in the above theorem suggested that the probability of
graphicality would approach zero in this limit, since excessive growth of M (e.g., proportional
to N) with increasing N would violate the graphicality condition [33, 5, 6, 62]. Ultimately, a
result from Pittel [66] provides a proof of this asymptotic result. In general, identifying fam-
ilies of graphic degree sequences is a nontrivial problem and constructing improved sufficient

conditions for graphicality can help ease this difficulty.

We would like to emphasize that we truly have multiple motivations for pursing novel
sufficient conditions for graphicality. Firstly, even for a fixed bidegree sequence d, deter-
mining whether d is indeed graphic from the N inequalities in Theorem 1 is conceptually
cumbersome. Inspection of a given degree sequence provides little intuition as to whether it

is possible to construct a graph that realizes that degree sequence. Additionally, verifying



the N inequalities in Theorem 1 directly can also be computationally inefficient. While linear
time algorithms exist for verifying the conditions in the Gale-Ryser Theorem [43, 50, 34],
if we knew the maximum and minimum of our degree sequence, we would like to invoke a
criteria similar to Theorem 2 to have an O(1) check for graphicality as opposed to an O(N)
check. Consequently, we aim to strengthen Theorem 2 as we often want to sample many
different bidegree sequences and hence using a linear time check would be inefficient. For
example, generating a large graph using the methods adopted by Kim et al. [49] requires
taking a node from the graph and identifying all wirings of its outward edges that can lead
to a digraph without multi-edges. To do so, one must check graphicality of the residual
bidegree sequence many times; avoiding this step by utilizing the conditions formulated in

Chapter 2 that ensure graphicality could help speed up the run time of the code.

After exploring the intricacies of identifying degree sequences that correspond to graphs,
to construct such graphs, we seek a method for deriving expressions regarding the probability
that two nodes share an edge under the Uniform Model. We claim (and argue shortly) that

providing a solution to the following problem will assist us immensely in this regard.

Problem 2. Given a degree sequence d = (a,b), how many different graphs realize this
degree sequence? Equivalently, how many 0 — 1 binary matrices have rows sums given by a

and column sums given by b?

Before proceeding, it is mathematically convenient to represent a (directed) graph as a
0 — 1 binary matrix where the 7jth entry is 1 if there is an edge from node j to node ¢ and
0 otherwise. In this context, we can frame the problem of counting the number of different
graphs that correspond to a degree sequence as the number of 0 — 1 binary matrices with
prescribed row and column sums. To demonstrate the connection between counting the
number of graphs that realize a given degree sequence and the probability that two nodes

share an edge, we present the following example.

Example 1. Consider 0 — 1 binary matrices that have row sums (2,2,1) and column sums

(2,1,2).



2 1 2

Ap A Az 2

Agy Agp Agg 2

Az Az Azz 1
What percentage of such matrices have Az; =17

To answer this question, let’s rewrite the above matrix substituting the value Az = 1.

2 1 2
Ap A Az 2
Agp Agp Agg 2
1 Az Az 1
Notice that the last row sum must equal 1 so that forces Ass = Azz = 0. In addition, we
have the constraint that Ay, + Asy +1 = 2. Hence, we want to count the number of 0 — 1

binary matrices of the form,

1 1 2
Ap A Az 2
Agp Agy Agg 2
Consequently, under the Uniform Model the likelihood that As; = 1 (there is an edge
from node 1 going to node 3) is precisely the number of 0 — 1 binary matrices with row sums
(1,1,2) and column sums (2,2) divided by the number of 0—1 binary matrices with row sums

(2,1,2) and column sums (2,2,1).

In Chapter 3 we provide an asymptotic solution to the counting problem, Problem 2, by
exploiting the intuition that for sparse networks, two fixed nodes should not have common
neighbors with high probability. Such an approach ultimately yields a recursion that we
can manipulate to asymptotically estimate the number of graphs that realize a given degree
sequence that satisfies certain sparsity constraints.

As hinted in Example 1, counting the number of graphs that realize a given degree
sequence is an important step for uniformly generating 0 — 1 matrices (contingency tables)

with fixed row and column sums. While the methods proposed for (almost) uniformly



generating graphs are quite diverse, many (if not most) of the methods proposed previosly
can be classified into two categories, Markov Chain Monte Carlo (MCMC) methods and

Sequential Importance Sampling (SIS).

The traditional MCMC method involves swapping edges many times to generate an ap-
proximately uniformly random sample. The main drawback of this method is that there is an
unknown mixing time. Naturally, by knowing precise asymptotics for the number of graphs
with a prescribed degree sequence, we can deduce asymptotic probabilities for the likelihood
two nodes share an edge. Consequently, we could use these asymptotic probabilities as a
criteria to empirically help us determine the mixing time. There are quite a few interesting
technical issues for implementing this method and we refer the reader to the literature for
details [59, 46, 45, 12, 41, 78]. We also mention that for nicely behaved degree sequences,
there are MCMC methods that have provable bounds for almost uniformly sampling graphs

with a prescribed degree sequence, but they are also computationally expensive [13].

Alternatively, SIS methods sample the number of graphs with a prescribed degree se-
quence in a biased way. A large sample of graphs is taken from a biased distribution and a
Law of Large Numbers argument is used to construct a new (approximately) uniform dis-
tribution based on the output of the biased sampling procedure [16, 25, 32]. The biggest
drawback of SIS is that we often do not know how large a sample of graphs we need from
our biased distribution to reliably construct the approximately uniform distribution. Indeed,
past work has shown that certain constraints on degree sequences may be required to ensure
the computational efficiency of SIS methods [8, 15]; without such constraints, an exponen-
tially large sample size may be required to attain meaningful estimates for approximating
the uniform distribution [14]. Statistical arguments show that to increase the speed of con-
vergence, we want an initial biased distribution that is quite close to the uniform distribution
[4, 15]. Incorporating asymptotically accurate graph enumeration formulas in constructing

a biased distribution could conceivably improve the performance of such methods.

Historically, the derivation of asymptotic formulas for the number of 0—1 binary matrices
with fixed row and column sums has a rich history spanning at least as far back as 1958
with Read [70]. Progress in this area has been made by restricting to matrices that are

sparse [9], in the sense that row and column sums grow at most as a fractional power of the



norm of the matrix or by restricting to matrices that are dense but have limited variation
among the row and column sums [7, 20]. As mentioned earlier, we focus on the sparse case.
In this setting, McKay [54] developed a formula to count such matrices that is valid in an
asymptotic sense in the limit as the number of edges S becomes arbitrarily large, assuming
that the maximum row sum or column sum grows as o(S i) More recently, Greenhill et al.
[42] generalized McKay’s formula, obtaining a result that holds if the maximum row sum
or column sum is o(S %). Since many real world networks can consist of many thousands of
nodes, commonly with connectivities of up to 10 %, we aim to count matrices with row and
column sums; corresponding to in- and out-degrees, that exceed O(S é). Furthermore, since
we are asymptotically guaranteed graphicality provided that the maximum degree (row sum
or column sum) is bounded by V'S, as demonstrated by our graphicality results in Chapter 2,
we expect that we can extend the asymptotic enumeration results of McKay and Greenhill
to allow for the maximum degree to reach O(S 277) for any 7 > 0. As such we dedicate

Chapter 3 to this endeavor.

In order to accurately model real world networks we want to prove results pertaining to a
diverse assortment of random graph models, not just the Uniform Model. Consequently, we
consider another random graph model that also exhibits 'degree heterogeneity’, the Chung-

Lu random graph model [27, 28].

Random Graph Model 2 (Chung-Lu). Consider an (expected) bi-degree sequence, d =
(a,b) € ZN*2, for each of the N nodes in the graph, where max; a;max; b; < S = > a; =
> bi Then with independent probability p;; we construct an edge from node j to node i,

b. .
where p;; = ];’

We dedicate Chapter 4 to ascertain how the parameters (the expected degree sequence)
of Chung-Lu random graphs can impact certain features in our network. Prior literature has
demonstrated how the spectral radius can impact the dynamics in epidemiological, neuronal
and genetic networks [64, 39, 67, 80, 35, 63]. Furthermore, while many results regarding
the spectral radius pertaining to realizations of undirected graphs exist [29, 30, 52, 21, 60,
65, 51], very few (if any) rigorous results have been proven in context to the distribution

of the spectral radii for random directed graphs. Consequently, we prove a conjecture from



Restrepo, Ott and Hunt [73] regarding the limiting distribution for the spectral radii of
these adjacency matrices for realizations of the directed Chung-Lu random graph model.
Rigorously, under the assumptions that max;; p;; — 0 or % — o0, we show that almost
surely the dominating eigenvalue of a random adjacency matrix realization p(A) — %.

Subsequently, we study the spectral radius of graph realizations from a more general
random graph model, which we call the Partitioned Chung-Lu random graph model
(22, 48, 81, 79]. In the Partitioned Chung-Lu random graph model for each node z, we
define a function G(z) to identify z’s corresponding group. We then model the likelihood a
node z has an outgoing connection to node y as an independent Bernoulli random variable
with probability % where b,(G(y)) is the expected number of outgoing edges of
node = when the receiving node belongs to group G(y), a,(G(x)) is the expected number of
incoming edges of node y where the outgoing edge comes from a node in group G(x) and
S(G(x),G(y)) is the expected number of edges that start from a node in group G(x) and end
in the group G(y). We emphasize that analogous to the Chung-Lu random graph model, for
all choices of nodes = and vy, b,(G(y)), a,(G(x)) and S(G(x),G(y)) are parameters for the
Partitioned Chung-Lu random graph model.

Remarkably, even though the generality of the Partitioned Chung-Lu random graph
model allows for the generation for networks with exceptionally intricate community struc-
ture, the assumption that the edge probabilities in each partition emulates the behavior of
a Chung-Lu random graphs enables us to carry over the analysis to this significantly more
general case. More specifically, in the case that we partition our adjacency matrix with m
submatrices on each row and m submatrices on each column, we argue that asymptotically
the dominating eigenvalue of realizations from the directed Partitioned Chung-Lu random
graph model equals the dominating eigenvalue of an m? x m? entry-wise non-negative matrix
(which we explicitly state in Chapter 4). To derive this result, consider the first row in our
partitioned adjacency matrix. We first 'average’ the interaction of the first partitioned row
on each of the m partitioned columns and record each of these m entries in our reduced
matrix. We then repeat this process for each partitioned row, resulting in an m? x m? entry-

wise non-negative matrix. In the limit, we expect these 'averages’ to exemplify the structure

of the network partitions remarkably well and hence we will attain convergence.

10



2.0 SUFFICIENT CONDITIONS FOR GRAPHICALITY

Generating random graphs with various properties is relevant for a wide variety of applica-
tions, from modeling neural networks [80] to internet security [1]. To generate an undirected
random graph with a fixed number of nodes, it is natural to first select a degree distribution
through some process and then to connect the nodes in a way that is consistent with the
selected distribution; similarly, a bidegree distribution would be selected if a directed graph
were desired. A well known issue with this procedure is that not all degree distributions are
graphic; that is, it is easy to write down a sequence of n natural numbers {d;} such that
there is no graph with n nodes for which the degree of the ith node is d; for all . The aim
of this work is to rigorously establish novel, relatively inclusive, easily checked conditions
on a bidegree sequence that ensure that it is graphic and hence corresponds to one or more
directed graphs. Such conditions can be used as constraints on a degree distribution to en-
sure that sampling from that distribution will yield a graphic degree sequence or to ease the
process of verifying that a (randomly generated) bidegree sequence corresponds to a directed
graph.

To start, we briefly review some standard definitions. In doing so, and in the rest of
the chapter, we will employ what is known as Hoare-Ramshaw notation for closed sets of
integers, namely [a..b] :=={x € Z : a < x < b} for a,b € Z. We will also define Ny = NU {0}
and N{"? = {(a,b) : a € Ny and b € Ny}.

Definition 1. A bidegree sequence d = (a,b) € N(()n’Q) is graphic if there is a 0-1 binary
matrixz with 0’s on the main diagonal such that the sum of the ith row is a; and ith column
is b for all i = [1..n]. We say a bidegree sequence d € N(()n’Q) 1s graphic with loops if there is

a 0-1 binary matrix such that the sum of the ith row is a; and ith column is b;. We call a

11



our in-degree sequence and b our out-degree sequence.

Note that when it exists, the 0-1 binary matrix in Definition 1 arises naturally as the
adjacency matrix for the digraph with degrees given by a, b. In this matrix, the (7, j) element
is 1 if the digraph includes an edge from node j to node ¢ and a 0 if it does not. To distinguish
graphicality for digraphs from that for graphs, one might refer to the statement of Definition
1 as defining what it means for d to be digraphic. For simplicity, we shorten this to graphic
since we do not focus on undirected graphs in this paper.

As a final note, all of the results in this chapter immediately extend to graphicality results
for bipartite graphs, since every bipartite graph can be represented as a 0 — 1 rectangular
binary matrix. We can extend any rectangular binary matrix as a square binary matrix by
adding rows (or columns) of (0s. Since there is a one-to-one correspondence between digraphs
(with loops) and square 0 — 1 binary matrices, any sufficient conditions that guarantee

existence for digraphs carry over to bipartite graphs as well.

2.1 EXPLOITING CONCAVITY TO CONSTRUCT NOVEL SUFFICIENT
CONDITIONS

To start, we prove the following Theorem, which considers the maximum of the in-degree
and the maximum of the out-degree as two separate parameters.

Theorem 3. Consider a bidegree sequence d = (a,b) € N(()"’Q) where the entries of a are
arranged in non-increasing order and assume that > . a; = Y i, b; := n¢ where € is the
average degree. If maxa; = M, and maxb; = M,, where M,M, < nc + 1, then d is graphic
with loops. In particular, in the special case where M, = M,, if maxd < L\/nc’i—l—lj , then d

18 graphic with loops.

We will prepare for the proof of the theorem with certain preliminary results. Before
doing so, we want to point out that that the adjustment of the bounds needed to ensure
graphicality Theorem 4 rather than graphicality with loops Theorem 3 is quite small. This

should not be surprising as graphicality requires that the adjacency matrix have 0’s on the

12



main diagonal. Since this restriction only affects n of the n? entries in our adjacency matrix,
it should have negligible impact in the limit of large n. This concept appears again later
when we consider different sufficient criteria. Thus, in both instances, after we prove a
sufficient condition to ensure graphicality with loops, we will make a slight alteration to
our sufficient condition and show that the new version guarantees the (slightly) stronger
condition of graphicality.

Now, in the sufficient criteria in Theorem 2, for simplicity suppose that
2 2 2
VWFM) J — (m+M) , such that % < mn implies M < V4dmn — m < v4mn. We

4 4

conclude that if ¢ > 4m, then Theorem 3 (with M, = M,), provides a more flexible criterion

for graphicality than that given by Theorem 2.

We also wish to differentiate Theorem 3 from the constraint provided by Chung and Lu

[27]. In their work, the probability of having an outgoing edge from node j to node i is given

aibj
nc

by a Bernoulli random variable p;;, independent across choices of i, j, such that p;; =
where a; is the in-degree of node i and b; is the out-degree of node j. Consequently, they
require that M, M, < nc in order to ensure that the probabilities do not exceed 1. It is not
at all obvious that this bound should translate into a sufficient condition for graphicality,
and it can in fact be awkward for the Chung-Lu algorithm. Specifically, if M, M, = n¢, and
there exists a node ¢ such that a; = M,, and a node j such that b; = M,, then according to
the Chung-Lu algorithm, the probability of constructing an edge between node ¢ and node

j is 1, which is not a natural choice [77].

To begin the analysis, consider all bidegree sequences in Ng"’2) with maximum in-degree
M,, with maximum out-degree M,, and with average degree ¢, such that nc is the sum
of the in-degrees and also the sum of the out-degrees. To prove Theorem 3, we want to
construct the worst possible scenario; that is, we want to identify the in-degree vector that
for each and every j maximizes Zgzl a;, and the out-degree vector that for each and every
J € [1.n — 1], minimizes F(j,b) := >, min(b;, j) (Recall Theorem 1. Once we verify that
the n inequalities still hold under this worst case scenario, we have consequently proved the
theorem. Since identifying the minimizer of F(j, b) is rather technical, we prove the result
in the following Lemma and Corollary for clarity; Lemma 1 also follows from Lemma 2.3

in [57] with ar, = W(k) — ®(k) as defined below. Notice, however, that F(j,b) in Corollary
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1 is not defined as ), min(b;, j) and for completeness we will show later in the proof of

Theorem 3 that indeed
> min(b;,j) =D #(bs b > 4,1 <z <n). (2.1)
=1

Lemma 1. Let ® : N — N, ¥ : N — N, where V is a concave function; that is, VU(j) =
U(j) — ¥(j — 1) is non-increasing in j. Let v € N. If VO(j) = ®(j) — P(j — 1) = v or
Vo(j) =~ —1 for all j € [o..f], ®(a) < V() and D(B) < U(B), then B(j) < U(j), for all
JjE[a+1.58—1].

Proof. Suppose that there exists a first contradiction such that ®(k) > ¥(k), for some k.
This implies that V®(k) > VV¥(k) as ®(k — 1) < ¥(k — 1). But since by assumption and
concavity, VU (j) < VU(k) < VO(k) — 1 < min(V®(j)) for all j > k, this implies that
O(j) > W(j) for all 7 > k. Since we assumed that ®(8) < U(f), we have arrived at a

contradiction. O

Corollary 1. For b € Ny, let F(j,b) = le#(bz tb, >i4,1 <z<n). Fix M € N and
define the set By of out-degree vectors as By = {b € Nj : Y% | b; = né, max; b; < M,
and M < nc}. Choose k € N with k < n such that kM < n¢ and (k + 1)M > nc. Define
b* as by =...=0b, =M, b, =nc—kM and b; =0 for all | > k+ 1. Then under these

assumptions, for every b € By, F(j,b*) < F(j,b) for each and every j € [1..n].

Proof. Fix M € N. Note that F(j,b) = >>7_ #(b. : b, > i,1 < 2z < n) is concave in j
and F(M,b) = nc for all b € By;. For b* as defined in the statement of the Corollary,
it follows that F(1,b*) < F(1,b) for all b € B);. Note that there at most k + 1 positive
entries in the out-degree sequence b* and k of them are identical. Consequently, for 7 < M,
there are k or k + 1 entries in b* with entries that equal or exceed j and by definition
VFE(j,b*) = #(b, : b, > j,1 < z <n) € {k,k+ 1}. Hence, applying Lemma 1 yields the
desired result. O

At this juncture, we now can prove Theorem 3.
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Proof. Consider a bidegree sequence d = (a,b) € N[()"’2) satisfying the assumptions of The-
orem 3. Let us use the out-degrees to construct an n by n matrix consisting only of zeros
and ones (a Ferrers diagram). For the kth column, starting with the first row, we write
down a 1. We continue writing 1’s until the column sums to b, and let the remaining en-
tries in the column be zero. Denote the kth row sum as Q. It follows algebraically that
S min(bi, ) = 320 Yo Loz = 200 Qi = Xop #(b: 1 b 20,1 < 2 <),

Graphicality is trivial if M, = 1 as long as ) ,a; = >, b. For M, > 1, we have
proven that the minimizer has out-degree sequence b* such that by = ... = by, | = M,
(as M M, < nc+ 1). Now, if MM, < n¢, then by, = M, as well. On the other hand,
if MMy = nc+ 1, then by, = nc — (M, — 1)M, = M, — 1. Hence, we are assured that
by, > M, — 1.

Consequently, for 7 < M, — 1, ZZ L0 < jM,, as maxa; < M,, and furthermore,
GM, = S0 #(br > i) < SO0 min(b;, j). Meanwhile, for all j > M,, 3.1 min(b;, j) = né.
Hence, by Theorem 1, the result is proved. O

The sufficient condition in Theorem 3 is the best we can do without knowing more

information regarding our degree sequence, as illustrated in the following counterexample.

Counter Example 1. There exists a degree sequence d such that Y a; = > b; = nc
MMy, =nc+ 2, and d is not graphic with loops.

Proof. Consider a degree sequence with M, > 2, M, > 2 where b; = ... = by;,_1 = M, and
by, = né — (M, — 1)M, = M, — 2. Furthermore let a; = ... = ap,—1 = M,. Then it follows

that this degree sequence is not graphic as,

Mb—l Mb 1
> a; = MM, — 1) > Z#bk>z My(My, —2) + (M, — 1) = M,(M, —1) — 1.
=1

]

With a subtle but natural observation we can generalize Theorem 3 to the case where

we prohibit loops and the bound will be remarkably similar.
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Theorem 4. Consider a bidegree sequence d &€ NE)M) where > a; =Y, b; =né. If maxa; <
M, and maxb; < M,, where (M, + 1)M, < n¢, then d is graphic. In particular, if maxd =

_ /1 ~ 1 : :
M, = M, < \/; +nc— 3, then d is graphic.

Proof. First, we show that for j < M,, the jth inequality from the Gale-Ryser Theorem
holds. We have Zgzl a; < jM, and

FMy = §(My +1) = j <. ) min(b;, j) — j <me i — 1)+ Y min(b;, ).
=1

i=j+1

The starred inequality follows from applying Lemma 1 to minimize the sum

>, min(b;, j) with respect to the constraint that max(b;) < M,, where

M,(M, +1) <n¢, and >, b; = nc. For the minimizing sequence thus obtained, b} = ... =
Vo4 = My, as My(M, + 1) < néc, and hence

zmm ) = 30, + D).

For j > M, + 1, we can eliminate the minimum functions, as now j — 1 > M, > b; for
all 7. Thus,
7 n
Zmln(b“] - 1) + Z mln 17.7 szv
i=1 i=j+1
and Y o b > 25:1 a; for j < n as the @;’s are nonnegative and by assumption >,  a; =
Z?:l bi.
In the special case where M, = M,, it follows that M, = b / i + nc — %J , as this quantity
is the largest integer that satisfies the inequality M (M + 1) < né.
O
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For large graphs, Theorems 3 and 4 provide bounds that ensure graphicality of a bidegree
sequence while allowing for a relatively large maximal degree. However, for many graphs we
also have information about a lower bound on in- and out-degrees. Consequently, we aim
to prove two types of extensions. In one extension, Theorem 5, we assume that there is a
nonzero minimum degree, which in turn enables us to construct a more flexible sufficient
condition on the maximum degree to guarantee graphicality. The other type of extension,
given in Corollary 5, also exploits the working assumption of a minimum degree in order to
allow a small set of exceptional degrees to exceed the bound on the maximum proposed in

Theorem 3 while maintaining graphicality. We explore these issues in the following section.

2.2 REFINING OUR SUFFICIENT CONDITIONS WITH THE MINIMUM
DEGREE

To prove the desired extensions, it is convenient to not have to manipulate two seperate
values for the maximum of the in-degree sequence M, and the maximum of the out-degree
sequence My, Henceforth, we drop the notation M, and M, and efer to the maximum value

of the bidegree sequence as M, given by

M = max{max a;, max b, }.
1 (2 (2

Furthermore, throughout this section we will assume that » " ; a; = > | b;, based on the

necessity of this equality for graphicality.

Corollary 2. Suppose that a bidegree sequence d € N(()”’2) has a maximum value M < n and
for the associated in-degree sequence, #(a; = M) =k, where M < k. Then d is graphic with
loops. More generally, if for some k € N, both M < k and Mk < nc hold, then d is graphic

with loops.
Proof. 1t follows by assumption that M? < Mk < né and hence Theorem 3 applies. O
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An application of Corollary 2 provides us with a powerful check for graphicality with
loops. Indeed, suppose we have verified the first £ inequalities of the Gale-Ryser theorem
where the maximum is large (M >> /n¢). We can then look at the residual degree sequence
where the residual maximum is much more friendly and construct a linear upper bound for
the remaining inequalities based on the new maximum of the residual degree sequence to
verify whether the remaining n — k inequalities hold.

Before we move on to prove Theorem 5, we make an adjustment to Corollary 2 to handle

graphicality without loops.

72 o
(()n ) has a mazimum value M < n and

Corollary 3. Suppose that a bidegree sequence d € N
for the associated in-degree sequence, #(a; = M) = k, where M < k. Then d is graphic.

More generally, if there exist k, M € N, such that M < k and Mk < nc, then d s graphic.

Proof. The proof is analogous to the prior corollary, since the assumptions give M (M +1) <

ME < ne¢ and application of Theorem 4 completes the proof. O

We are now ready to prove the following sufficient condition on graphicality, and later we
show that it is an asymptotically sharp refinement over the condition proven by Zverovich

and Zverovich [82].

Theorem 5. Consider a bidegree sequence d = (a,b) € N(()n’Q) where Y a; =Y b, =nc and

mind = me [1..n]. Define

k. =m + /m? 4 n(c — 2m) (2.2)

and let k = k.| if ks is real and k = 1 otherwise. If

M := maxd < min( {nc + mJ M), (2.3)

then d is graphic with loops.
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Proof. To start, suppose that a bidegree sequence has maximal degree M given by (2.3) with
k., k as defined in the statement of the theorem. Note that nc— M < Mk+(n—(k+1))m <
nc —m. We can thus consider the vector b* such that b7 =05 = ... = by = M, b;; = r and
all other b = m, where we choose the remainder r such that kM +r+ (n— (k+1))m = ne
and thus m < r < M. Recall that F(j,b) = """, min(b;, j) and that we have an alternative
representation of F(j, b) from (2.1). Since F(m,b) = nm for all b with minimum m, we can
apply Lemma 1 to show that b* is a minimizer of F.

At this stage, we assume that k, is real, and we would like to show that the first & Gale-
Ryser inequalities hold. In fact, because of the nonzero minimum m, the first m Gale-Ryser
inequalities are trivially satisfied since M < n; in particular, in the special case of m = n,
Theorem 5 is true. So, the only case we need to consider here is the case when m < k and
m < n, which we henceforth assume. As previously, le a; < jM =: V(j). Since V (j) is
linear and W (j) := Y7 min(b;, j) is concave, by Lemma 1, to verify the first k inequalities
of the Gale-Ryser Theorem, it suffices to show that V (k) < W (k). Therefore, we seek to
verify that the kth inequality holds for our minimizing vector b*.

The definition of r implies that the following two equivalent equations both hold:
kM+r—m+(n—km=n¢c <= kM +r=nc—(n—k—1)m. (2.4)

Using r > m in (2.4), it follows that
k
Zai < kM <né— (n—k)m. (2.5)

=1

Furthermore, for m < k and m < n,
nm + k(k —m) < Z min (b, k) < Z min(b;, k), (2.6)
i=1 i=1

since the middle quantity is k% + min(r, k) + (n — (k + 1))m and min(r, k) > m.
Combining (2.5) and (2.6) implies that the first & Gale-Ryser inequalities will be guar-

anteed to hold as long as n¢ — (n — k)m < nm + k(k — m) or, equivalently, as long as
R(k) = k* — 2mk + 2nm — né > 0.
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Note that R(k) > 0 for k > k. where k, as defined in (2.2), which we have assumed for
now to be real, is the larger root of R(k). Unfortunately, k., does not have to be a natural
number. But for k = [k,| = k. + 2z, where z := k — k, € [0, 1), it follows that R(k) > 0.

We have now established that under this choice of M, the first k Gale-Ryser inequalities
hold, where k£ may be equal to 1 or k, depending on whether or not k, is real. We no longer
assume that k& # 1, and we next proceed to show that the remaining inequalities hold as
well. Assume that we have a remainder by, = r > m, and we wish to verify the (k + 1)st
inequality for our minimizing vector. We will construct another polynomial, S(+), such that
if the polynomial is nonnegative when evaluated at (k + 1), then the (k + 1)st inequality in
the Gale-Ryser Theorem holds. Furthermore we will show that for our choice of k, S(u) >0
for u > k.

It follows from equation (2.4) that kM +r = né+m — (n—k)m and we would like to find
a condition on k that ensures that nc+m—(n—k)m < nm+k(k+1—m)+1 < F(k+1,b*),

where the +1 in the middle quantity is a lower bound on r. We therefore define

S(k) =k*+k(1—2m) + (2n — )m —nc + 1,

with largest root

1 3
k**:m—§+\/m2+nc—2nm—é—l

(if the roots are positive), and by an analogous argument to that used for R(-), it follows
that for all u > k.., S(u) > 0. By noting that k& > k, > k.. (if k. is real), we have shown

that
k1

> a;i < F(k+1,b).

i=1
To finish off the proof, it remains to verify the {k + 2,k + 3, ....,n} inequalities. Define

d = 1if r > m and 0 otherwise. Since we have shown that Efif a; < Zf:f min(bf, k+0) <

F(k + 0,b) and we know that Y "  a;, = >, min(b},n) = F(n,b), Lemma 1 guarantees

that for all j such that k+6 <j <n, Y7, a; <> " min(b},j) < F(j,b). Thus, the proof

is complete. O
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Now we state the analogous result to show that a degree sequence is graphic. We also
provide a sketch of the proof, which follows similarly to the proof of Theorem 5, and leave

it to the reader to fill in the missing details.

Theorem 6. Consider a bidegree sequence d = (a,b) € N((]n’z) where Y a; =Y b; =nc and

mind = m, wherem <n—1. Let k. = m+1++/(m+ 1)2 +n(c — 2m) and define k = [k, ]
if ks is real and k =1 otherwise. If

c—1m

maxdﬁmin({n —|—mJ ,n—1),

then d is graphic.

Proof. Analogously to the proofs of Theorem 5 and Corollary 3, to construct the desired

sufficient condition on M, we want the following inequalities to hold:

n

D ai < (M+1)j <) min(by, ).

i=1 i=1

Applying Lemma 1, it suffices to consider the case when j = k, where #(a; = M) < k.
However, we know that for the remainder 7 in our usual minimizer construction, as given in
equation (2.4), r = né¢ — Mk — m(n — k — 1) or equivalently kM + r — m + (n — k)m = nc,
and consequently,

kM +k <nc—(n—k)m-+k.
Additionally we know that nm + k(k —m) < > . min(b}, k) < > min(b;, k), where b* is the
same as in the proof of Theorem 5. We construct the polynomials
R.(k) = R(k) — k = k* — 2k(m + 1) + 2nm — né
and
S, (k) =S(k) —k —1=£k*—2m(k) + (2n — 1)m — nc.

Let k. and k.. be the larger of the two roots of R, (k) and S.(k), respectively:

ke =m+14+vVm?2+2m+ 1+ né—2nm,
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k.. =m +vVm2+neé+m— 2nm.

It follows that if k& > k., then both R.(k) and S.(k) are nonnegative. As before define
k = [k.]. Consequently, since k(M — m) — nm < nc, we get the constraint that M <
{%_("T_k)mJ This verifies the first k or, if there is a remainder, k£ + 1 inequalities of the
Gale-Ryser Theorem. As in the end of the proof of Theorem 5, invoking Lemma 1 will verify

the remaining inequalities. O]

Although the maximum value in Theorem 5 is easy to compute, it is not obvious if this
bound is superior to both Theorem 3 (where M, = M,) and Theorem 2. Therefore we

provide the following proof of superiority.

Corollary 4. Consider degree sequences with a fixred minimum degree m, fized average degree
¢ such that ¢ > m, where we allow the number of nodes, n, in the sequence to vary. Notation-
ally, for each J € {2,3,4,5,6}, we can define H;(n,m,¢) such that each Theorem J shows
that a bidegree sequence is graphic (with loops) if the mazimum degree M < Hj(n,m,¢c).
Then lim,,_, o0 gZEZ—Zg > 1, for each q € {5,6} and p € {2,3,4}.

Proof. We only prove the result for Hs(n, m, ¢), although the proof for Hg(n, m, ¢) is identical.
We break the analysis up into two cases.

Case 1: c—2m <0

In this case, k < 2m, and our condition on the maximum is O(n), which is far superior

to O(y/n).
Case 2: ¢—2m >0

Since we are only interested in asymptotic analysis, it suffices to consider the case when

k. € N (so k = k,) and Hs(n,m,¢) = nS™ + m € N. Consequently,

c—m

Hs(n,m,¢) = n(y/m?+n(c —2m) — m)m +m
= (\/m2+n(5—2m) —m)m +m
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R L)

c—2m

while if p € {3,4}, then

. H
lim —2& < 1.
n— 00 cn

So asymptotically, to demonstrate that Theorem 5 is indeed more powerful than Theorems
2-4, we want to show that % > ¢ and % > 4m. For the ensuing discussion, let ¢ = z,
m =y, with x > 2y by assumption.

First consider % > <= 22—2zy+y? > 22 —2yw, which is true always. Next, note
that % >4y < 2% —2xy +y? > doy — 8y? < 2* > 6y — 9y>. Since x > 0, this
inequality is equivalent to 1 > 6(%) —9(%)?. Using another change of variables, where a = £,
we want to know when 1 > 6a — 9a%. Taking the derivative of the right hand side implies
that the maximum value of the right hand side occurs at a = 3. Since 6(3) —9(5) = 1, we

conclude that asymptotically, Theorem 5 is more powerful than Theorems 2-4. O

As a simple example, note that if m =1, ¢ = 4, n = 10, and M = 6 then k = 6 and
M < |n(¢—m)/k+m] = 6, so Theorem 5 holds, but (m + M)?/4 =% > 12 > 10 = mn so
Theorem 2 fails.

As a final comment regarding Theorem 5, while it is not surprising that we can sharpen
the bounds on the maximum by including an additional parameter (n¢), corresponding to the
total number of edges, it is not readily apparent why the bound would dramatically change
from O(y/n) to O(n) as two times the minimum number of edges of a node approaches the
average number of edges.

We now conclude our results section with a corollary of Theorem 5 that yields a more
flexible graphicality criterion in which the degrees of some nodes can exceed the upper bound

mentioned in Theorem 5.
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Corollary 5. Consider a bidegree sequence d = (a,b) € Ném) where > a; =Y by =né
and mind = m, with m < n and maxd < n. Without loss of generality, take the a; to be
arranged in non-increasing order. Assume that there exists an R such that Zf;l a; = nA,
and Zf;l b; < n\ where A < m and n — n% — R > 1. Next, define M = max;>g max(a;, b;)
and k. = m + \/m? +n(c—2m) + Rm. Let k = [k.] if k. is real and k = 1 otherwise. If

M < min(Lw + mJ ,n) and if either k < M ork < n—n% — R, then d is graphic

with loops.

Proof. The proof is quite similar to that of Theorem 5, so we only provide a sketch and
leave the details to the reader. Given that we defined Zil a; = n\, and A < m, the first
R inequalities of the Gale-Ryser Theorem are trivially satisfied. Furthermore, the first m
inequalities are satisfied trivially as well since maxd < n.

As in the proof of Theorem 5, we note that for arbitrary £ > 0, Zf:lR a; < EM + nA.
For our minimizing degree sequence, n¢ = kM + (r — k) + (n — k)m + n\ — Rm, where r is
defined in the proof of Theorem 5 and hence kM < né — (n — k)m + Rm — n since r > m.
Thus, kM +nA < né+ Rm — (n — k)m.

Similarly, since we can assume that & > m, it follows that
nm+k(k—m) <> " min(b;, k) <> " min(b;, k + R), provided that k < M.

Putting the bounds on Zf;R a; and Y min(b;, k+R) together, to satisfy the remainder
of the first £ + R Gale-Ryser inequalities, under the assumption that £ < M, we want to

fulfill the inequality nm + k(k —m) —né — Rm + (n — k)m > 0, where equality is achieved

né—nA—(n—R)m
— T mJ , then

the first K+ R < M inequalities in the Gale-Ryser Theorem will be satisfied. To finish off the

when k = m + \/m? + n(¢ — 2m) + Rm. Consequently, if M < L

proof, we then consider the case where k > M. We know that > " , min(b;, k+ R) > né¢ —nA

and Y a; < né — (n — k — R)m. Consequently, we require that nA + Rm < (n — k)m, or
A

equivalently, & < (n —n= — R). Hence, our assumptions imply that the first M inequalities

hold.
Now suppose for simplicity that » = 0. For the degree sequence that maximizes the
in-degree vector a in the Gale-Ryser Theorem, a; = m for all j > k + R, and hence Zle a;

grows linearly in j for these j. We can therefore complete the proof by invoking Lemma
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1, since Y , min(b;, k) is concave in k. This result implies that the remaining inequalities
must hold. In the case where r > 0, as before in Theorems 5 and 6, we exploit the existence
of the remainder to construct refined inequalities that demonstrate that our prior choice for

M is indeed correct. O

Recalling Counterexample 1, the only way we were able to construct a degree sequence
that was not graphic was by having many nodes with degrees greater than v/né. In contrast,
Corollary 5 tells us that in an asymptotic sense, as long as we have a relatively small number
of nodes R with degrees that surpass O(y/n), such that the sum of their degrees is nA =
O(n'~7) for some 7 > 0, then asymptotically we still have graphicality provided that O(n)
nodes are bounded in-degree by essentially the same bound derived in Theorems 5 and 6. This
observation is useful, for example, for broadening the graphicality criteria for so-called scale
free networks with exponent greater than 2. For such networks, we find that the expected
number of edges contributed by nodes of degree greater than y/n is n f\% ——dz = O(n'"2).
In this setting, Corollary 5 can be viewed in parallel with the prior work of Chen and
Olvera-Cravioto [23], who proved that provided the sum of the in-degrees equals the sum
of the out-degrees, randomly generated degree sequences from a scale-free distribution with
a finite mean (that is, with an exponent greater than 2) are asymptotically (almost surely)

graphic.

2.3 DISCUSSION

While the famous Gale-Ryser inequalities (e.g., [10, 57]) provide necessary and sufficient
conditions for a degree sequence to be graphic, checking these inequalities and using them
to generate graphs [49] can be computationally inefficient. Work by Zverovich, Alon, Cairns
and their collaborators provides simplified sufficient conditions for graphicality; however,
these conditions assume that the in-degree vector equals the out-degree vector for directed
graphs and are posed in terms of the minimum and maximum of the degree sequence. In our
analysis, we drop the assumption that the in-degree vector equals the out-degree vector and

prove an alternative sufficient condition for graphicality incorporating the average degree

25



(Theorems 3, 5). We prove that for fixed minimum and average degree, for sufficiently
large n, Theorem 5 provides more flexible conditions to demonstrate graphicality than those
provided by prior work. The proof method used in this paper builds heavily on that used
by Dahl and Flatberg [31] and Miller [57] in their approaches to relaxing the graphicality
conditions in the Erdos-Gallai and Gale-Ryser Theorems, with the key idea being to exploit
the discrete concavity of the functions appearing in the relevant inequalities. Note that while
all results in this paper are stated in terms of bidegree sequences for directed graphs, these
results apply immediately to bipartite graphs, while the proof methods will extend directly
to the case of undirected graphs as well.

In Counterexample 1, we show that we cannot expect to do much better than our suf-
ficient conditions for graphicality using bounds on the average degree alone. However, we
also notice that to construct a degree sequence that is not graphic, we must choose many
nodes to have large degree. This observation motivates Corollary 5, which says that as long
as only a relatively small number of node degrees exceed O(y/n), we still have graphicality.
Interpreted in an asymptotic sense, we can relate this result to the work of Chen and Olvera-
Cravioto [23], which shows that asymptotically, degree sequences generated from scale-free

distributions with exponent greater than 2 almost surely will be graphic.
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3.0 ASYMPTOTIC ENUMERATION OF GRAPHS WITH PRESCRIBED
DEGREE SEQUENCES

Given a degree sequence, a fundamental question to ask is whether it is graphic; that is,
does there exist a graph for which the degrees of the nodes are exactly the elements of the
sequence? A more refined view goes beyond simply considering graphicality as a yes-or-no
property and recognizes that there may be very different numbers of graphs that realize
different graphic degree sequences. Our main goal in this work is to develop formulas that
approximate the numbers of graphs that realize degree sequences with certain properties,
which are valid asymptotically as the number of nodes in the degree sequence and in the
corresponding graphs goes to infinity.

The problem of counting graphs that realize a given degree sequence can be recast as a
problem of counting 0 — 1 binary matrices. Specifically, counting the number of rectangular
0 — 1 binary matrices with fixed row and column sums is equivalent to counting the number
of bipartite graphs with a fixed bidegree sequence. Alternatively, counting the number of
square 0 — 1 binary matrices with fixed row and column sums is equivalent to counting
the number of directed graphs with loops that realize a given bidegree sequence. Since any
rectangular 0 — 1 binary matrix can be arbitrarily extended to a square 0 — 1 binary matrix
by adding either rows or columns of (s, we focus here on square binary matrices.

In terms of applications, the aforementioned counting problem is an important step for
uniformly generating 0 — 1 matrices (contingency tables) with fixed row and column sums.
Uniform generation of 0 — 1 binary matrices has many applications, from detecting statisti-
cally significant subgraphs (motifs) in a network in data mining [46, 41, 26] to determining
the impact of the degree sequence on emergent dynamics in a network of nodes with tempo-

rally varying states [80].
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We provide a novel method for constructing asymptotics (to arbitrary accuracy) for the
number of directed graphs that realize a fixed bi-degree sequence d = (a,b) € Z¥*? with
maximum degree d,,q, = O(S %_T) for an arbitrarily small positive number 7, where S' is the
number edges specified by d. Our approach is based on two key steps, graph partitioning and
degree preserving switches. The former idea allows us to relate enumeration results for given
sequences to those for sequences that are especially easy to handle, while the latter facilitates
expansions based on numbers of shared neighbors of pairs of nodes. While we focus primarily
on directed graphs allowing loops, our results can be extended to other cases, including
bipartite graphs, as well as directed and undirected graphs without loops. In addition, we
can relax the constraint that d,., = O(S %_T) and replace it with @,,qz0mae = O(S'™7), where
Gmae aNd byqp are the maximum values for a and b respectively. The previous best results,
from Greenhill et al. [42], only allow for d,.. = o(S %) or alternatively @,nazbmaez = 0(S %)
Since in many real world networks, d,,., scales larger than o(S %), we expect that this work
will be helpful for various applications.

To attain this generality, we initially estimate the ratio ||Gq, ||/||Ga,l|, where ||Gq,]| is the

number of directed graphs with loops that realize the bidegree sequence d;, i = 1,2, under

the constraint that the maximum degree for both of these bidegree sequences is O(S %’T)

for any 7 € (0,3]. We can estimate this ratio accurately when the taxicab norm of the
difference of the bidegree sequences, ||d; —dal|1, equals 2, and this relation is assumed in the
statements of the theorems that we prove. We can apply the theorems in this work to estimate
1Gay.111/1|Gaq I, where ||dis1 — dol[1 > 2, by considering a product II¥_||Gaq,,, ||/|Ga,]| =
|Gaw, 1 ll/[|Gao |, where for all 4, ||d; —d;41]]1 = 2. (For a rigorous proof that we can construct
a sequence of dj’s in this fashion, we refer the reader to a result by Muirhead that can be
found in [11].)

We now summarize our main results as follows:

e In Theorem 7, we derive an expansion for ||Gq| that holds in general for all degree
sequences.

e In Corollary 8, we exploit the sparsity constraints to prove that the terms in the expansion
of ||Gq,||/||Ga,|| based on Theorem 7 decrease geometrically.

e Starting with Corollary 9, we establish an asymptotic approximation for ||Gq,||/||Gd,||
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allowing for errors of size O(S™27).

e Then under modest assumptions regarding the asymptotic approximation for
|Ga, |I/1|Ga, || where we allow errors of O(S~2“T), for some positive integer w, in Theorem
9 we provide a general method that yields an approximation for ||Gq,||/||Ga, | allowing
for errors of size O(S™2772v7).

e Next in Theorem 10, we demonstrate that if we know that our approximation for

|Ga, [|/[|Ga. | only allow errors of O(S™7) where 1 < ~, we do not need the 'modest
assumptions’ made in Theorem 9 to derive a sharper approximation of ||G4q,||/||Ga, ||
where our new error term is now O(S™7727). (As the proofs of Theorems 9 and 10 are
very similar, we place the proof in Section 3.6.)

e Then using Theorem 11 we demonstrate how we can recover an (arbitrarily) accurate
asymptotic approximation of ||Gq, || with knowledge of an (arbitrarily) accurate approx-
imation of the ratio, ||Ga,||/||Ga,||

e Subsequently, in Section 3.4 we show that the 'modest assumptions’ of Theorem 9

hold and use that result to establish successively finer asymptotic approximations for
|G, |l/1Gas |, allowing errors of size O(S47),0(Sm(~2=37.-67)) "and O(Gmax(~1-27.-87))
respectively, where S is the number of edges in the graph and 7 € (0, %]

e Finally, in Section 3.5 we demonstrate that the 'modest assumptions’ in Theorem 9 do
in fact hold if our approximation allows for errors of size O(S ’%). This result combined
with Theorems 9 and 10 prove that our method enables us to derive approximations of
|Ga, ||/l|Ga,l|| up to arbitrary accuracy.

e In Section 3.7, we explain how to generalize our results to the case where the product of
the maximum in-degree and maximum out-degree is of O(S*~7). and illustrate how to
extend our results to undirected and directed graphs, including the case where loops are
prohibited, as well as graphs where we prohibit edges between certain nodes. We also

explore how to compute the likelihood that two arbitrary nodes share an edge with each

other.

We now detail our proof strategy. First, in Section 3.1, we use graph partitioning, inspired
by [58], to construct novel expansions for the number of graphs that realize a bidegree

sequence. That is, for a particular realization of a bidegree sequence, we can partition our
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adjacency matrix into two submatrices, one submatrix containing just the ¢th and jth rows
(or columns), and another submatrix containing the remaining N —2 rows. In turn, we obtain
two “smaller” bidegree sequences for both of our submatrices. Once we demonstrate how
to count the number of graphs that realize the smaller bidegree sequence corresponding to
the two-row submatrix, we obtain the following expression for ||G4|| in terms of the number
of graphs where two arbitrarily chosen nodes i and j (with degrees a;,a;) have k common

neighbors:

jall =341 ) S 3.1)

re Xy,
where r is a (residual) bidegree sequence of the N — 2 remaining rows and X, is a set of
(residual) bidegree sequences corresponding to graphs where the ith and jth nodes have
exactly £ common neighbors.

Next, in Section 3.2, we introduce the idea of degree preserving switches, as discussed in
[56, 55, 59, 69], in which we make a single edge replacement to eliminate a common neighbor
of two nodes without changing any nodes’ degrees. Counting graphs with common images
or pre-images under degree preserving switches allows us to prove that for sparse graphs,
the dominant term in the expansion only involves instances where there are no common

neighbors between the two nodes ¢ and j. That is, in the notation of (3.1),

a; + a;
jGall ~ (“ ) X G

J reXo

Moreover, it turns out that the set X in the prior expression does not change if we consider
d. where d, = d except that node 7 in d, has degree a; — 1 instead of a; for d = (a, b) with

a=(ay,...,ay)T. Consequently, we find that

HGd* ~ ai—i-aj—l / ai—i—aj—l _&
HGd” - (ll'—l Clj—l _Clj.

A subtlety of the proof is that we first establish the above statement where node 7 or 7 has

bounded (in)-degree. We then show that the above relationship still holds even for degree
sequences that lack a node of bounded degree by using the fact that such degree sequences

are very close in taxicab norm to a degree sequence that contains a node of bounded degree.
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We then proceed in Section 3.3 by proving (under modest assumptions) a general tech-
nique that allows for more refined approximations of ||G4||, both by considering instances

where nodes ¢ and j can have a nonzero number of common neighbors. We also show how

asymptotics for ||Gq|| follow from those obtained for the ratio ||Gall/||Ga,l||, where d. is a

itself can be estimated. More

degree sequence designed such that both this ratio and ||Gq,
precisely, we achieve this result by working with a sequence of intermediary degree sequences,
starting from a sequence for which it is easy to compute the number of graphs that realize
it and, from there, progressing successively closer to d

Subsequently in Section 3.4, we put the technique proposed by Section 3.3 into practice

and computationally verify that the 'modest assumptions’ do indeed hold and derive various

asymptotic approximations for the ratio ||Gql|/||Ga.||. And finally in Section 3.5, we prove

that these 'modest assumptions’ hold and consequently that our method yields arbitrarily

accurate asymptotic approxiations for the ratio ||Gq||/||Ga.

3.1 COUNTING GRAPHS WITH PARTITIONING

In this paper, we will consider bidegree sequences, each denoted by d = (a,b) € Z¥*2, where
for concreteness we specify that a lists the in-degrees of the nodes in the sequence and b the
out-degrees. We are interested in graphs that realize such sequences, where we allow either
0 or 1 connection between each pair of nodes as well as single self-loops within each graph.
Throughout the paper, we use S to denote the number of edges in the graphs that realize d.
Since we do not need to distinguish between degree sequences and bidegree sequences in this
work, we will henceforth simply refer to these as degree sequences. In one special case, it is

particularly easy to count the number of graphs that realize a specified degree sequence.

Lemma 2. Suppose that

k N
a={ay...,a;,0,...,0},b={k . k1.,1,0,.0} and Y a;=» b =S
=1 i=1
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Let q denote the number of times k appears in b and let p = min{ay, ..., ar}. If p < q, then
there does not exist a graph that realizes this bidegree sequence. If p > q then there are

(S — qk)!

IL;(a; — q)!
graphs that realize the bidegree sequence. Similarly, if a = {k,..,k,1,..,1,0,..,0} and b =
{b1,...,b;,0,...,0}, with corresponding definitions of p and q, then there are

(S — qk)!
IL;(b; — q)!

graphs that realize the bidegree sequence.

Proof. We present the proof for the first case, since the second is completely analogous. We
first note that the ¢ nodes in b with out-degrees equal to k£ must connect to all of the nodes
with nonzero degree in a. Of the S — ¢k remaining outward edges, start with the node that
corresponds to a;. There are S — ¢k choices for outward edges that can supply the a; — ¢

unconnected inward edges to this node, such that there are (i;q];) possible ways to link this

S—qk—a1 +q)

node into the graph. Once these a; — ¢ edges have been connected, there are ( -

ways to link the node that corresponds to as into the graph. Notice that

(S—qk—a1+q)(5—qk)_ (S — gk)!
az — q a1 —q (a1 — q)!(az — )!(S — gk — a1 — az + 2q)!

Multiplying inductively, the (S — ¢k — a1 — ay + 2¢)! term disappears and we obtain the

desired result. O

Remark 1. Lemma 2 generalizes immediately to arbitrary permutations of the given a and

b.

With the above lemma in hand, we can construct an inductive characterization for the
number of graphs that realize a specified degree sequence. First, though, we must define

some notation.

Definition 2. Let ||G4l|| denote the number of graphs that realize a degree sequence d. Fur-
thermore, for a set X of degree sequences, let |G x| be the number of graphs that realize any

degree sequence in X.
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MxN

Now, consider an arbitrary adjacency matrix A € {0,1} . We can write A as

A, A, e Ay
A= 5M—1,1 5M—1,2 T 5M—1,N
o oma - Om,N

where for each i, A; € {0, 1}M=2x1_Of course, letting 0 denote a column vector of M — 2

zeros, we have

Al A2 R AN 0 0 N 0
A=10 0o .- 0|+ 5M—1,1 5M—1,2 ce 5M—1,N
O 0 --- 0 Sara Sz o O

Call the first and second matrices in this equation A; and A,, respectively. Now, if
A realizes a given degree sequence, (a,b), then there is a vector {si, ..., sy} such that the
degree sequence of (the graph corresponding to) A, is ({0,...,0,ar—1,anm}, {s1, ..., sy }) and
the degree sequence of A; is ({ay, ..., apr—2,0,0}, {by — s1,....,by — Sy }), with the constraint
that none of the s; (i.e., the column sums of A,) can exceed 2 and the s; must sum to
ap—1 + apr. If we know the number of s; that equal 2, we can invoke Lemma 1 to count
the number of realizations of the degree sequence of ({0, ...,0,an_1,an}, {51, .-, sn}). This
idea, extended to a partition of the ith and jth rows rather than specifically the (M — 1)st
and Mth rows, motivates a useful theorem. To state the theorem, we define the set of degree

sequences

Xi(t,7;d) = {(a — a;e; — aje;, b —s) : #(s, =2) =k, #(s, >3) =0,

(3.2)
and SN s, = a; +a;}.

Note that in equation (3.2), we explicitly represent the positions (4, j) from which edges will
be partitioned out as well as the base degree sequence d = (a,b). X(i,7;d) is a set of
degree sequences, even with d fixed, because different choices of s can be made that fit the
definition in (3.2). The notation X (i, 7;d) is cumbersome and the arguments of X will be

dropped when possible, but this notation will be needed to make results precise later in the

paper.
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Theorem 7. Fiz a degree sequence d = (a,b). Pick an arbitrary pair of nodes, say with
indices i,j and corresponding in-degrees a;, a;, where a; < a;, and define X), = Xy (i, j;d) as
in (3.2). Then

|Gl =Z(

a; —|— Clj — 2]{?
g I
k=0

J

Proof. Any adjacency matrix that realizes d can be partitioned into two adjacency matrices
as we have discussed. Picking any two nodes, with in-degrees denoted by a;, a;, we note
that any realization of our degree sequence d must also be a realization of some degree
sequence (a — a;e; — ajej, b —s) € X, for some k < N, combined with a realization of the
degree sequence (a;e; + ajej,s). In order for (a;e; + ajej,s) to be graphic, we require that
#(s; = 2) < a; (see Lemma 1), hence only graphs that realize degree sequences in X, for
k < a; can correspond to our adjacency matrix partition. If (a — a;e; — aje5,b —s) € X,

for £ < a;, then Lemma 1 implies that the number of graphs that realize (a;e; + ajej,s)

ai+ajf2k

o ) By multiplying this quantity by the number of graphs that can be
J

is precisely (
generated by the residual degree sequence (a—a;e;—a;ej, b—s), namely |Gy, ||, and summing

over all X for k& < a;, we obtain the desired result. O

Remark 2. Based on Definition 1, |Gx,|| represents the expression ) |G|, such that

reXy

Theorem 7 agrees with equation (3.1).

At this point, we introduce some additional notation. The rationale is that we will want to
compare numbers of graphs realizing two different degree sequences that are identical except
that the in-degrees of two particular nodes in the sequences differ by 1. A succint way to think
of this relation is to start with a degree sequence d = (a,b) for which ), ay = >, by + 1.
Now, for any entry ay > 1in a, let a_x = a — e, d_; = (a_;, b), and d_; = (a_;, b). Note
that the sums of the in-degrees for the sequences d_; and d_; are identical and are equal
to the sum of their out-degrees, and d_;,d_; are related as desired. Given Theorem 7, we
can attain a nontrivial approximation for the ratio of the number of graphs that realize the
degree sequence d_; compared to the number of graphs that realize the degree sequence
d_;. To do so, we will need to work with Xj(7,7;d_;) and X(7,7;d_;). But note that since

d_;,d_;j are both defined from the same base sequence d and have the same in-degree sum,
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these two X}, are identical; hence, we will simply refer to this set as X}, in the proof below,

and we will similarly drop the arguments of X in most subsequent parts of the paper.

Corollary 6. If a; > a; > 0, then
Q;
1Gaill = —lGall
a;
Proof. First define the variable ¢ such that if a; +1 < a;, then 6 = 1 and otherwise, = 0.

The statement of the Corollary holds trivially if d_; is not graphic. If d_j is graphic, then

so is d_; and we can apply Theorem 1 and note that

a;—1+4 a;—1
(ai—l)—i—aj—Zk: ai+aj—2k—1
Al = > .
Gal= % (YT el = X (MO T iew
k=0 J k=0 J
Simnlarly, G| = S0 (1,2 G|

If we show that for all relevant natural numbers k,

ai—l—aj—Zk:—l >6Li ai—i-aj—Qk;—l
Clj—k _CLj aj—k—l ’

then the result will follow. Note that

(ai—l—aj—21{:—1)/<a2-—|—aj—2k;—1) a—k S W

aj—k: Clj—k’—l CL]'—]{? CL]'

since a; > a;, and the proof is complete.

[]

We next seek a compact expression for ||Gq_,

/|Ga_;|| that will enable us to analyze this

ratio with minimal difficulty without having to explicitly worry about the number of terms

in the formulas for ||Gq_,|| or ||Gq_;|| found in the summation in Theorem 1. Before we do

that we introduce two additional notational conventions:

I twpy =1 and TI)_wi = w. (3.3)
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Corollary 7.

IGa| :@< ;:Lonf;o%aj—zm;;l(ai—wnk) .
1Ga Il a; \ S50 IE (0 — DI (a; — D '
where
1Gx, |
(T2 (ai + a; — 1 = D][|Gx, |

e =
when k < ij, and 10y, = 1, = 1 when k = a; if a; = a;.

Proof. Without loss of generality, assume a; < a; — 1. That is, if a; € {a;,a; — 1}, then
we can adjust the calculations with 6 = 1 as in the proof of Corollary 1 and they will go
through; furthermore, if a; = a;, then the & = a; = a; term in the numerator of the right
hand side of (3.4) is 0, so we can set 7,,—,, = 1 (or any finite number) and the result will
still hold.

By invoking Theorem 1, using X;, = X (4,75;d_;) = Xx(7,7;d_;), and dividing the nu-

merator and denominator by ||Gx,||, we obtain

1Ga_I/|Ga_;ll =
(3.6)
a; aita;j— k: aj—1 (a;+a;—2k—
(S e IEx Gk / (S5 ) I6x /1G]
Now we multiply both the numerator and denominator by - a"a] 7> Which yields
1Gall/I|Gall =
(3.7)
( aj Hfz_ol(a]—l)HfZO(azfl)HGXkH) / ( aj_]- Hfzo((l] )Hk l(az*l)”GXk”>
k=0 TI7F T (aita;—1-1)[|Gx, | k=0 12 T(ai+a;—1-1)|Gxll )
Substituting in 7, as defined in equation (3.5), we obtain
||Gd—i —j|| =
(3.8)
Z:?onk_l(aj_l)nl olai=Dmng = & (Z:jonk_l(aj_l)nl 1(@i=Dnk )
Z:J:o l ~o(a;—DI;Z ol(al_l)nk Z:j:o 1 (@ =0T ol(al_l)nk
which agrees with equation (3.4). O
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Remark 3. Obviously the right hand side of (3.4) does not change if we add zero terms
to the sums in the numerator and denominator. The summation in the numerator of this

expression can be rewritten using

aj aj+1
> T (a; — DI (a; — D = Y T2 (a; — DI (a5 — D,
k=0 k=0

which follows because

aj+1 aj
> T (ay = DI (@ — D — > T (a; — DI (@ — Dy =
k=0 k=0

ag a; 1
11,2 (a; — Z)Hl;f (a; = DNaj+1 = 0.

Inductively, it follows that

> I (ay = DI (0 — D = Y T (0 — DI (a; — D
k=0 k=0

Analogously,
a;j—1

Z I Hf 01 Dk = ZHl 1 Hf 01< — D).

Therefore, we can extend the statement of Corollary 2 to read

IGaill _ a (ZZ"O Mg (a; = DIE (a; — zm)
1Ga Il a; \ 3232 T (a; — DIGZ) (a5 — L

(3.9)

where ny is defined in the statement of Corollary 2 for k < Laﬂrai

L and g = 1 (or any
finite number) for all other k. Expression (3.9) will be useful for providing flexibility in

subsequent calculations.

The results we have proved so far apply to any graphic degree sequence. Under additional
assumptions, at the cost of generality, we can go farther and obtain a power series repre-

sentation for the ratio ||Ga_,||/[|Ga_,||. Specifically, if our graph is in some sense “sparse”,

equation (3.9) suggests that ||Ga_,||/[|Ga_;|| = ai/a; + O(e) for € “small”. We will elaborate

on this idea in the following section.
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3.2 COUNTING GRAPHS WITH DEGREE PRESERVING SWITCHES

We will use the idea of degree preserving switches to estimate the likelihood that two nodes
have a common neighbor. This estimation will help us to derive a power series expansion of
(3.9) that is valid if we let the number of nodes, or correspondingly the number of elements
in each degree sequence, be sufficiently large. To obtain this result, it is important to set

notation to specify how degrees behave as sequence length grows.

Definition 3. Consider a sequence of degree sequences, {d™ }nen, where each AV € ZN*2,
We say that dpme:({dY}neny) = O(SP), where p € R and S = S(dV) is the sum of the
edges for the degree sequence dY, if and only if there exists a fized constant C € R such

that imy_ oo mag(:N) < C, where the mazimum is taken over all components of AV and lim

denotes the limit supremum.

For notational simplicity, we will omit explicit reference to the sequence of degree se-
quences when we write dp.x = O(SP). The use of the O(S) notation is meant to indicate
that we are not referring to the maximum degree of a fixed degree sequence. Analogously,
we can say that for a sequence of degree sequences, the total number of nodes is O(SP) for
some p € R. In addition, we say that the ith node has bounded (in)-degree in the limit of
a sequence of degree sequences, if mN%(aN )i < C, where C € R and (aV )i denotes the
ith element of the vector a”. At this juncture, we are ready to prove a result about the
asymptotic likelihood of obtaining a graph, based on a uniform sampling of graphs realizing

a degree sequence, in which two fixed nodes form edges with a common target node.

Theorem 8. Consider a sequence of degree sequences such that d,., = O(S%_T) for some
7 > 0. Pick an arbitrary node x and another node y such that y has a bounded number
of edges in the limit of the sequence of degree sequences. In the limit of the sequence of
degree sequences, the ratio of the number of realizations of graphs where there does not exist
a node that receives an outward edge from (or supplies an inward to) both x and y relative
to the number of graphs where exactly one node receives an outward edge from (or supplies

an inward edge to) both x and y is O(S?7).

Proof. We will focus on the case of outward edges from x and y, as the inward case is anal-
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Figure 3.2.1: An example of the type of degree preserving switch described in the proof of
Theorem 2. The top image is the input graph (i.e., the graph before the switch is applied)
and the bottom is the output graph (generated by the switch). Note that in the output
graph, all nodes have the same in and out degrees as in the input graph but the two blue

nodes no longer have a common neighbor.

ogous. Consider a realization of a fixed degree sequence where a node (red in Figure 3.2.1)
receives outward edges from nodes x and y (both blue). We can then define a degree pre-
serving switch by choosing a remaining edge whose end points are not a red or blue node
and redirecting it to the red node. Then to preserve the degree, we replace the edge that
connects the right blue node (x) to the red node with an edge from z to the node that is now
missing an edge. Unfortunately, this operation is not 1:1, since different input graphs can
yield the same output graph, so we need to account for such repeats in order to accurately

count the likelihood of a node receiving edges from both x and y.

Let us refer to the nodes receiving edges from a fixed node as the out-neighbors of that
node and to the nodes supplying edges to a fixed node as the in-neighbors of that node. In
the output graph of the degree preserving switch operator in Figure 3.2.1, denote the out-
neighbors of node z by S = {s1, ..., s;} and the out-neighbors of node y by T = {t1, ...t },
where [,m are the out-degrees of nodes x,y, respectively. Since the desired result only
pertains to input graphs where x and y share exactly one common out-neighbor, we have

SN T = (). Importantly, for each input graph that maps to this output graph,  must have

39



[—1 out-neighbors that are still its out-neighbors in the output graph, while the out-neighbors
of y in the input and output graphs are the same.

Without loss of generality, suppose that in the input graph, ¢; is the node that has edges
from both = and y. In the output graph denote the in-neighbors of t; as U = {uy,....,u,}
where n denotes the in-degree of #;. In an input graph that is mapped by the degree
preserving switch to the desired output graph, t; must have edges with n — 1 of the nodes
in U. Naturally, there are ("Il) ways for this to happen. Since [ — 1 of the out-neighbors of
x in the input graph must also be out-neighbors of z in the output graph, we conclude that
there are fewer than nl = O(S'727) ways to generate the same output if ¢; is the node that

has edges with both z and y in the input graph.

We now repeat the same argument for each out-neighbor of y in the output graph. Since
y has bounded degree, it follows that under the degree preserving operation, there are at
most O(S1727) ways to generate the same output.

Now that we know that our degree preserving operation is a O(S'™27) : 1 function, to
finish off the proof, we need to identify how many degree preserving switches are possible
from a single graph. The edges that are eligible to be switched connect nodes such that
the source is not an in-neighbor of the common out-neighbor of x and y and the target
does not already receive an edge from z (see Figure 3.2.1). Since x has degree at most
o(S 5_7), that means the total number of edges corresponding to the neighbors of x is at most
O(S'?7). Analogously, the common out-neighbor of z and y has degree at most O(S %_T)
and the number of edges corresponding to its in-neighbors is O(S'7%7). Consequently, we
have O(S)—0(S17%7) = O(S) edges that we can choose from for the degree preserving switch
operator to switch. Hence, for every graph where x and y have a common out-neighbor, the
number of unique graphs where they do not have a common out-neighbor is at least the
ratio of O(S) to the number of input graphs that can map to each output graph, namely
O(S)/O(S1727) = O(S?7), which is our desired result. O

Corollary 8. Fix a sequence of degree sequences such that d,., = O(S%_T). Let k € N. For
any two nodes x and y, where y has bounded degree in the limit of the sequence of degree

sequences, the ratio of the number of graphs where k nodes receive edges from both x and
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y compared to the number of graphs where k + 1 nodes receive edges from both x and y is

0(5%).

Proof. Perform the same switch technique as in Theorem 2 on a particular node that has an

edge with both z and y, and the result follows analogously. O

Next, we apply Corollary 8 to begin to expand the terms in equation (3.4).

Corollary 9. If d,ur = O(S%_T), then

||Gd—i

a; -
= )G, 11+ O(5 7))
J

Proof. First suppose that either node ¢ or node 7 has bounded degree. By Corollary 3, we
know that for all £k > 1,

(zzz—‘raJ —2k— I)HGX,C”

a;—

("G

(az-‘rll]'—Qk 1) HGXk H
= O(S7) and — 21— = O(S7%),
( ;11 1) ||GX0||

as these terms represent the number of graphs with £ common neighbors of the two nodes ¢
and j divided by the number of graphs where nodes ¢ and j have no common neighbors. So

we conclude from equation (3.6) in the proof of Corollary 2 that

ajtaj ai+a]::2kfl) ”‘i"';_j_l . (ai+zji:2k71
%J’_Zk 1( aiiajk—l H(G;ik” (aiJrajfl) +Z:J:1 aiJzajlil ):I\CG;);IC”
IGa () () el () (") 9%
1Ga L (aiziﬁkfl) 16, | 1+0(5727)
k=1 (aﬁﬂj*l) 1Gx,
a]-—l
(“ M-:ik D o, I
e 1+ . k
() (v o —) exl 14+0(527)
= (aiﬁijl_l) HO(SJQT) ZZJ[W] [ +O(S777)].

a5

To extend this relationship to the general case where nodes ¢ and 7 both have degree
O(S277), we consider the degree sequences d¥ = ({a,1} — e;, {b,0}),d¥ = ({a, 1} —
ej, {b,0}) € ZW+Y*2 for which

[Ga |l HGd@(NH)H 1G o
o )
1Ga, 1G]l G 1

(3.10)
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where node N + 1 has bounded degree and d(_"z = d(_li Consequently,

IGall _ a

1Ga | = a1 HOS

]

We conclude this section noting that the proof technique can be extended to more general
cases. We can relax the constraint that d,,.. = O(S %’T) and still attain that two nodes in
general should not share common neighbors. For more details we refer the reader to Section
3.7. On a similar note, the notion that a node of bounded degree and an arbitrary node
should not share common neighbors extends to cases beyond directed graphs with loops,
including directed and undirected graphs without loops. We discuss in Section 3.7 how to
extend these arguments to these cases, noting that similar ideas also apply to graphs with
other edges prohibited besides loops. Section 3.7 explains how to iteratively attain more
refined approximations from the relatively crude approximation given by Corollary 9. These

results also generalize in ways that are discussed in the appendices.

3.3 ASYMPTOTIC ENUMERATION TO ARBITRARY ORDERS OF
ACCURACY

Since we have established some fundamental results in the prior section, we can now derive
our general asymptotic enumeration.

We start by establishing an alternative expression for |Gq_,[|/[|Ga_;||- For this statement,
define X, as the set of all residual degree sequences (a— a;e; —e;j, b — s) with s constructed
by removing one (outgoing) edge from each of a; nodes; define X3, as the set of all residual
degree sequences constructed by removing two outgoing edges from one node and one edge

from a; — 2 nodes; and define Xo,,X;; analogously from (a —e; —a;ej,b —s).

Corollary 10.

HGCLZ & <1+ HGX%H/(alHGXOl”)) (311)

Gl ay \ 1+ 11Gx, I/ (sl Gx, 1)
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Proof. The proof is in the spirit of Corollary 4. Let d¥ = ({a,1} — e;,{b,0}),d¥ =
({a,1} — e;,{b,0}) € ZW+V*2 We previously established equation (3.10). But applying

Theorem 1 yields

1Gao G, 1
1Gaoll a4l G, Il +11Gx, Il a; (1 + Hlejll/(ajHGxoj||)> '
Similarly,
1Gq0 a4 Gx [+ IGxy I a1+ |G x,, )
[Casy, [ G,

]

Corollary 10 will be useful to us when combined with the observation that for an arbitrary

degree sequence m,

G, | 2oex, (Gl 2exy, 1G]/ Gl
1Gxo, I Xosexo, 1G]l Dosexy, IGll/ Gl

That is, equation (3.11) represents a recursion that expresses the ratio of the number of

(3.12)

graphs of two different degree sequences as a function of the ratios of the numbers of graphs
of various other degree sequences.
We now state the first of three theorems that will enable us to reach the desired asymp-

totic enumeration results of arbitrary order.
Theorem 9. Let d = (a,b) with S a, = S by = 1 and dpae = O(S277). Consider an
approximation that satisfies the equation

||Gd—i _
1Ga |

f(ei,ej,d,0)(1+0(S72"))

where w > 1, 2wt < 7 (we define vy below), and the last argument o either equals a,
which denotes that > a, = > b, + 1 and the two degree sequences in the ratio differ in
their in-degree sequences (i.e., the in-degree sequence is being used to define d_;), or o
equals b, which has the analogous connotation with respect to out-degree sequences, with
Yoan =Y b, — 1. Assume that f(e;,e;,d,o) = h(e;,d,o)/h(e;,d,o) for some function h.
Furthermore, suppose that for m = O(S%_T),

h(ei, dl, 0'1) = h(ei,do, O'Q)(]_ + O(S_V)) (313)
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where ||d; — dolls < m, ||di — do|lee < 1, 0y is either a; or by (i.e., the in- or out-degree
sequence of d; ), and the following equalities of dot products hold: o1-€; = 0y-€;, 01-€; = 0¢-€;.

If o = a, then there exists a sharper approximation

||Gd—i _o(w -
1Ga_ |l = g(ei,e;,d,a)(1 + O(S~2w+))

where

( d ) a; (1 (1 n (ai - 1) ngﬁ...;ﬁxai_l:zai HZLJ(%M Cup> dk,im bk)
gi€;, €5,d,a) = — exXp(log a; -
’ a; Zxﬁé...;ﬁzaiil;ﬁxai Hk:lf(ewm Cups dk,i,j’ b)

(aj — 1) le¢...#xaj71:xaj HZLlf(exk7 Cup» dk,j,ia b)
21’17&"7&35%71?51‘% szzlf(eitk7 €u s dk:,j,ia b)
k1

for any arbitrary choice of indices {uy}, where di;; = (a — a;e; — ej,b — 2?:1 ey, —

log(1 +

Zf;ll e,,). A similar sharpened approzimation, with g depending on b, holds if o = b.

We will postpone the motivation for the assumptions that f(e;, e;,d, o) =
h(e;,d,o)/h(ej,d, o) for some function h and that perturbing the third argument of f (the
degree sequence) only results in relatively small changes in h until Section 6. In Sec-
tion 5, when we use the above theorem to explicitly compute asymptotics of the ratio

1G]

/|Ga_;ll, we will be able to verify these assumptions directly. Even at this stage,

/Ga_ll = Z—;(l—i—O(S’QT)) does not depend

we already know that the approximation ||Gq_,
on the degrees of the nodes in the degree sequence other than nodes ¢+ and j. Similarly, this
approximation can be expressed in terms of a decomposition like that assumed in Theorem

/IGa_;|l = [h(ei,d,a)/h(e;,d,a)|(1 + O(S7%)), where h(e;,d,a) = a;.

9, given by ||Ga_,|
We now proceed with the proof.

Proof. Consider d such that ) a, = )b, +1. We know from equation (3.11) that

||Gd—i :&
[Ga_;ll  a;

G, |

a; |G x|
J

||GX1i
ai|Gx,, |

exp(log(1 + ) — log(1 + ).

Let
[Ga_,|

[IGa_;l = flei,ej.d,a)(1+ O(S7))
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for some w > 1. Our goal is to show that substituting the decomposition for f into equation
(3.30) yields a sharper approximation g, as specified in the theorem statement (the proof

with ¢ = b is analogous).

1Gx,, |l

a;||Gx

j can allow
0

To prove this claim rigorously, we show that using f to approximate

|| _ZH
_;17

us to derive an improved approximation of in a sense that will be made precise later.

xq. 0l G X1, Il

T is equivalent to

Since —
ail|Gx,

W, we can carry over our results to the latter expression
to complete the derivation.

For any u € Xj,, equation (3.12) yields

1Gx ]l Swex,, IGxI/1Gul
aillGoxo, |~ @ ey IGlI/ICall

(3.14)

Now, for any x € Xy, UXj,, the bidegree sequences u and x include the same number of edges
and identical in-degree sequences. By definition we can write x = (a—a,e;—e;,b—>"%" ;)
and u = (a—a;e;—e;,b—>"" e, ). Letd; =u,d,,,

sequences d; = (a—a;e; —ej,b — Z e Z;:ll e,,) for each k = 2,...,a;. Note that

= x, and define intermediate degree
the sum of the in-degrees equals the sum of the out-degrees in each dg, since by assumption,

dan=>b,+ 1

Letting

¢(eia €5, da U) = HGd—i

/NGal (3.15)

for any choice of d, these definitions imply that for our particular d under consideration,

k—1
’G H — % ||Gdk+1|| — T b 316
Gl = g~ o0 (en Cu s (@ mei e b= e, - Zem )
dj =1

where now the sum of the in-degrees in the third argument of ¢ in (3.15) is one less than the
sum of the out-degrees. Recall that the final argument b of ¢ in (3.15) implies that in the
numerator and denominator of the right hand side of (3.15), a degree is being subtracted off
of the out-degree sequence of the bidegree sequence given in the third argument of ¢, which
means that the in- and out-degree sequences in d_;,d_; end up with the same sums. The

particular components of the out-degree sequence from which a degree is being subtracted
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are specified in the first and second arguments of ¢ for the numerator and denominator,
respectively.

Now, define A; to be the difference between a””GGL;;HH evaluated using the exact ratio ¢
and the same quantity evaluated using the approximatzion f- Recall that each x € X, was
defined by removing the a; incoming edges to node 7 along with one outgoing edge from each
of a; distinct nodes. The number of resulting bidegree sequences is the same as the number
of bidegree sequences in which the a; outgoing edges are directed to node 7 instead of being

removed. There is an analogous equivalence for each x € X;,. Hence, we can write A; as

i i—k
(CL,- - 1) Zmlyé...;«é:pai_l:zai HZ:l(b(exk? Cug; kt19 (a - R b — Z] 1€z — Z? 1 eu3> b)
i i—k
it o e T 0(0, €0y (a— e, — e b= >0l ey — 50 Fey,). b)

i i—k
(ai - 1) Zml7é~~~7éwai_1:“¢ HZ:lf(ewkv Cua; ki1 (a — @€ — €y, (b Z] 1€z, — Zj 1 eu]) b)

a; a;—k
Zxﬁé...#ai_ﬁéxai I, f e, Cug, —kt17 (a— —ej,(b— Z =1 exj - Z L, ey).b)
(3.17)

Since the choice for u,, k41 is arbitrary and assumption (3.13) in the theorem statement
holds, we can simplify the notation by using fx(zx) in place of the full expression for f.
(We will defer a technical point regarding this simplification to the end of the proof.) In
contrast , ¢ does depend on the degree sequence and on .xq, ..., xx_1. But for simplicity, we
abuse notation and write ¢ (z). This reduces to a more tractable (but slightly misleading)

notation:

(@i = 1) 2t twn,mon, Wiz @e(e) (@i = 1) 200 sy 0, Wiy i)

A; = , - |
' Exl;é...;éxai_ﬁéxai szzlqbk (‘rk> E:vl;é.‘.;émai_l;éxai HZZ:lfk (Ik)

Denote Dy as the set of sets of a; distinct indices in {1,..., N} and D; as the set of sets
of a; indices in {1,..., N} such that the first a; — 2 are distinct and the final two are equal.

Writing A; as a single fraction, we obtain
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(a; — 1)[ZD1 T, o (r) ZDO I filar) — ZDl I fi(zr) ZDD I dn ()]
2o Wit Ok(an) 22 py Iy fe(@i)

(ai = D)[>_p, .p, Mapeps @k (@1) ey po fe(@r) — Wayen, fr(@n) Lay e, @k ()]
B 2o Wiy Ox(xn) D p, sy fr(zn) ’

We now write ¢p = fi(1 + &) where &, depends only on z1, ...,z (but we omit the

dependence) and &, = O(S72“T) from the definition of f. Furthermore, denote §; = 0 if

k=a; or k=a; — 1 and 0 = 1 otherwise. These steps yield

A =

(ai - 1)[ZD1,DO HIkGlek(xk)(l + ékék)HIkGDofk(xw_
ZDO T2 on () ZDO I fr(og)

(3.18)

(ai = D)[>_p, py MWeren: fi(@i) ey e, fr(zr) (1 + Edr)) + €]
ZDO T2 on () ZDO I fr(zr)

(3.19)
where € is the compensatory term for zeroing out certain terms by inserting the ¢ into

equation (3.18), which we can express as € = €; + €3 — €3 — ¢4 for
€1 = Z gaifai (zai)faifl(ajaifl)Hk;ﬁaifl,aifk(xk)(l + é-k) Z Ha:kEDofk(mk)? (320)
D1 DO

€2 = Z gai—lfai—l(xai—l)nk¢ai—lfk($k)(1 + fk) Z HIkEDofk(xk)7 (321)
D, Do

€3 = Mopen, fiwr) Y &arm1fa, (o)) far-1(Ta,-1)Tksta, 1.0, fi (k) (1 + &), (3.22)
Dy Do

€= Z [z, ep, fr(2k) Z§aifai($ai)ﬂk¢aifk(xk)(1 + &k)- (3.23)
Dy Do
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Now, for k = a; or k = a; — 1, fi(xp)(1 + &x) = fr(xy) by definition. Factoring fi(xy)
out for those choices of z; in both Dy and Dy, applying a version of the mean value theorem
and using the fact that &, only depends on x1, ..., x; enables us to integrate out the last two
variables of Dy and D;. Since the first a; — 2 indices are distinct in each element of both Dy
and Dy, if we define D, as the set of sets of a; — 2 distinct indices, then the expression for

A, can now be written as

(3.24)

(ai = DIMp, p. Hapen. fr(@r) (1 + &) laep. fr(zk) — Hapen. fr(@p)aen, fr(zr) (1 + &)} N
> po iy On (k) 2o p, Ty fr ()

(3.25)
(a; — 1)e _
ZDO HZ;1¢k(wk) ZDO HZ;lfk(xk)
(3.26)
(a; —1)[e]
ZDO I dr(2r) ZDO I fr(zr)
(3.27)

where ) is the constant from the application of the mean value theorem.

To bound A;, we use the crude approximation that for k = a; — 1, a;, both fi(zx,b) =

Ez’;(l + O(S7)) and ¢p(ax) = Z:(1 + O(5727)), and we multiply the numerator and

by,

denominator of A; by (IT;, _,by,)*. From equation (4.16), we have that

(ai — 1)(1_[?:%715%)261 <

(a; = 1) (IE, buy)éa, fa, (Ta,) Far1(Ta, 1) Mhsta, 1.a, () (L + &) > (T, _1bu e, e Dy fr (k).

D1 DO
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Note that &, = O(S72*") and a; < d,4,. Moreover, using the relationship that
Zanzl by, Ok (Tm, b) = S(1 + O(S7?7)) to integrate out the last two variables z,, 1 and z,,

from Dy, we can obtain the bound

D (M, b ) o frlze) <) (S + O(S7)) e fr(n).

Do Do*

Hence,

(a; = DT, by, ) e <

drmazO(S™2T) Z(Hzi:ai,lbuk)fai(xai)fa,i—l(Iai—l)nkyﬁai71,aifk($k)(1 + &) D (S+O0(S )My, e Do fr (k)
Dy Dgx*

Similarly, we conclude that

(ai - 1)(HZLaF1buk)2€1 < O(S_QWT)dgnax[S + O(SI_QT)P Z kaeDl*fk(xk) Z chkEDo*fk(xk)

Dqx* Do*

by replacing the summation over D; with a summation over Dy,, again 1nte§rat1ng out the
last two variables z,,_1 and z,, from Dy using by, ¢r (2, b) = b, (1 + O(S
Repeating this argument for all € i = 2,3,4, we obtain that

(a; = DAL, _ybu,)?e < 4d2,,, (S + O(S'2)?0(S ") Y Moy epyafi(@r) (1 + &) > Mayengs fu(k).

Dqx Do x*
Similarly,
(Hk:aifl,aibuk) ZHZZ 1¢k Tk an lfk 'rk)
Do
(S —0(S') ZﬂxkeDl*fk(xk 1+ &) ZﬂxkeDo*fk(xk)
Dqx* Do*

Simplifying, using the fact that dyme, = O(S277), we obtain

(@i — DT, _1bu,)e

A; = — o
(Mk=a;1,0:0uy,)? ZDO I dr () ZDO I fe(zn)

— O(s—Q(w-{-l)T) )

Therefore, we conclude that g as defined in the theorem statement can be approximated as
€l
g(ei, ej,d,a) = HGd“H (1 4+ O(S~2w+D7)) even though our approximation for f is

flei,e;,d,x) = G ”( + O(872vT)).
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We have nearly completed the proof. We argued above that the choice of u; should not

have any impact in evaluating expressions such as

, k—1 a;—k G
(a; — 1) Z I f(es,, €y, (a — a;e;, b — Z e, — Z ey;), Z H
7=1 j=1 xeXy,

x1¢,..7ézai71 =Zq,

By our assumptions on f, the dependence on the degree sequence is ignored (i.e., represents

a higher order term) unless one of the wu,, 41 equals one of the z;’s. (That is, when we
i—k

evaluate II f(ey,, €up s (@ (a—a;e;,b— Z] L€, — E‘; | €y,),b) the out-degree of node x;

may be b,, — 1 and not b,,.)

If this is the case, then consider the product

k—1 a;—k m—1 a;—m
f(el"k7 euai7k+17b - Z e-'Ej - Z euj)f(eﬂfmJ euai,m+17 b - Z eiﬂj - Z euj) (328)
Jj=1 J=1 j=1 j=1

where we omitted the dependence on the in-degree sequence and the last argument b. Now
when evaluating f(e,,, €up 1P~ ZJ | €, — Z? lk ey, ), the degree of the xy, is b,, — 1 if
and only if a; — m + 1 < a; — k, so in both terms of the product the out-degree of node zy,
is by, — 1.

We will now invoke assumption (3.13). We will condense notation a bit: in the function

h, if d = (a,b) and o selects the in-degree (out-degree) sequence, then we write h(e;,a)

(h(e;,b)). We can thus write (3.28) as

(.Z'k, b Z] 1 exj - Z;Z:lk euj) (xW? b Z] 1 el’] - Z?Z:ilm euj)
h(tq;—ks1, b — Z] 1exg _Z?;k euj) h(ta;—ms1, b — Z] 1 ©z; _Z;M:_lm euj>

But since xp = tg,—m+1,

(:Uk,b Z_] 1 effj - z_l]h:_lk euj) _ (1 + O(S_QwT)) _ h($k,Z1)

a=m (1+0(s77))
h(ua1 m+1ab ZJ 1 ea:] - Zj;l er) h(uai—m+1az2)

for any arbitrary vectors zy,z, that satisfy assumption (3.13), as 5 = ug,_my1. In particular,
we can choose z7,z2 such that the out-degree of node zy, is b,, and not b,, — 1 ,hence the

dependence on the degree sequence can be ignored as initially claimed. O
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Even with the many assumptions in the statement of Theorem 9, we still do not have
our asymptotic enumeration result for counting the number of graphs realizing a given bide-
gree sequence. The issue is that we would need to evaluate products of approximations
1%, f(2:)(1 + O(S727)) where a; = O(S277), which diverges as S — oco. To avoid this
problem, we note that Theorem 9 does give us a way to shrink the error term in the product,
decreasing the power of S by 1 in each step. Thus, by repeatedly applying Theorem 9, we
can obtain a product of the form 1%, f(z;)(14 O(S~2)), which does not yield divergence in
the limit. To harness this strategy, we use a result that is analogous to Theorem 9 but starts
with an approximation of O(S ’%’W). For this additional result, stated in Theorem 10, we

no longer need the full assumptions made in Theorem 9, since starting from an improved

approximation means that certain terms must stay bounded.

Theorem 10. Consider an approximation

HGd—i
[Ga

= f(es, e;,d,0)(1+O(S7277))
for some w > 0. Furthermore suppose that for m = O(S%’T),
f(ez-,ej,do,a) = f(eiuej7d170) + Z(ei;ej;do —d;,do,0)

where ||[d; —dyll;y < m and z(e;, e;,dy—d;,dg,0) < O(S’%’T)f(ei,ej,do,a). If o = a, then

we can construct a sharper approximation

||Gd—i

= g(es, €5, d,a)(1 + O(S~ 7~ @)
1Ga,ll

where

ai p e, (b—S"Fk—1 a;—k
a; (aiil) Zwl#---sﬁwai_lzwai Hk:lj(emk’e“'k’(afale“(b j=1 ©z; +Zj:1 e“j)1b)
g(ehejvd?a) = ;exp(bg(l + a E—1 a;—F )—
’ Yyt tray_ g #va; Tei1f(@ay 0uy (a—aies b=} iy ex; 4300, eu;)b)

a; k1 K
(a;—1) Z:Dl#u.#waj*l =wa; ijzlf(emk Cuy ’(a_a’jej’b_zjzl Cx; +Z?l:1 Cuj );b)

aj k—1 a; —k
le#"'#m@j—l#z@j ijzlf(ezk 7euk>(afajej’bfzj:1 €z +Zj:l euj)’b)

log(1 + )

for an arbitrary choice of uy,. A similar result holds, with g depending on b, if o0 = b.
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The proof is very similar to the prior theorem so we leave the details to Appendix C.
So in order to construct asymptotics for the ratio of the number of graphs of two slightly
different degree sequences, starting with our approximation HGdﬂl\ll J(1 + O(S77)), we
apply Theorem 9, obtaining stronger approximations until we reach an approximation with
a multiplicative error of (14 O(S~2)) from the solution. We can then apply Theorem 10 to
construct approximations that are arbitrarily accurate. As mentioned before, this argument
requires that the additional assumptions of Theorem 9 are true, which we will prove in
Section 6.

We now provide a general method for constructing asymptotics for ||Gq|| from asymp-

totics for |Gall/||Ga.||-

We start our derivation, as we did in Section 2, by considering a
special case where it is particularly easy to count the number of graphs that realize a specified

degree sequence.

Corollary 11. Consider the degree sequence (a,b) € ZN*2 where 1 appears exactly S times

in b and 0 appears exactly N — S times in b. Then

Sl
Ga,
IGiamll = frar
Proof. The result follows immediately from Lemma 1 where ¢ =0 and k = N. O

Theorem 11. Define a function p : N — N such that b = Zle e,(k). Suppose that for each

ie{l,..., S}, the following approzimation holds:

G,

‘o I
- ko1 Cp(h)) (1+0(S7179)) = (i) (3.29)
H (a,Zigthl er+2121 Cp(k)) H

for some € > 0. Then

IGall = (1+ O(S ™)) g 115, 0.

i=1i-
Proof. For simplicity, we first suppose that S < N. Write 15 = Zle e, where ey, is the kth
standard unit vector. From Corollary 11,

Sl

Ga =7 3.30
|Gl = Fvay (3.30)

52



Consequently,

16 @555t en sty ey |

IGall = G s ITTE, G _ _ i (3.31)
(CO DS OB )
But by assumption (3.29) and equation (3.30), we have that

||G aY> P le ‘e H S

[Glaaa T g w2 () (14 0(S7 7)) = (3.32)
H (a,Zf;i”l ek—f—zz;llep(k))n i=1di*
e S s

1+ 005 )) 7 L= f () (3.33)

=103

Finally, in the event that S > N,we extend d € Z"V*? to a bidegree sequence d, € Z°*?
by appending zeros to d. The proof then proceeds analogously.
O

In the following section we will apply Theorems 9, 10 and 11 to construct asymptotics
for the number of graphs of a given degree sequence. The cases worked out in the following
section will not only provide extra intution about the veracity of the assumptions of Theorem
9, but will also lay the groundwork for the rigorous proof that the assumptions are indeed

true.

3.4 SOME EXAMPLES ILLUSTRATING THE MAIN RESULT

We start with a technical lemma that will help us evaluate summations of the form
Zi\i#“#r IT7_, f(z;). where the notation Zi}fl#“#xr tells us that for each i € {1,2,..,r}, we

take z; € {1,2,..., N} and we are summing over all (JX ) choices of r distinct elements in
{1,2,...,N}.

Lemma 3. Suppose that f : N — [0,00), SN, f(i) = S, max f(-) = O(S277), and that
T1,..., 3, is a sequence of natural numbers with r = O(S277). Let k be a fived (i.e., O(1))

natural number and define

N
§= Z IT_, f ().

T1yeey )
Ty 17 FTr
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Then N
> I fla) = (14 0(S7).

T17.. . FTy

Proof. We proceed by induction on k. Start with £k = 1. So

N
Z H lf xz) - Z H 1f(xz) (T - 1) Z H;:lf(x2>'
T1#...F Ty T1,L27...FTr T1=T2#...#Xr
But the bounds on r and max f(-) imply that
N
(r=1) > i f(z) <O(S) Z M, f (),
T1=T2F...FTr ToF .. FTr

while

Z IT_, f(x;) > O(S Z I

T1,L2F... £ Ty ToF.. . FTy

(3.34)

(3.35)

(3.36)

Using (3.35) and (3.36) to express the right hand side of (3.34) in terms of & yields the

desired result for k£ = 1.

Now assume that the lemma is true when &£ = m and consider the case k = m + 1. We

have

Z H 1f Iz) - Z H 1f<xz> + O(S ) =
T1F. ATy xm+175 3&%

N

> O f(z) +O0(S™) = (r—m—1) Z I, f(z3).

L1y msm+1, Ty
Tmi2F... T $m+1 ;Z:m+2
Fxy

By applying the estimates (3.35), (3.36), it follows as before that

(r=m—1) Y I, f(z)=0(57),

Tm+1=Tm+2

#...F#xy

and the proof is complete.
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Corollary 12. With the notation of Lemma 3, let k > m > 1 be fixed natural numbers,
let f,g : N — [0,00) with g(-) < f(-), Zfil f(i) = S, and max f(-) = O(S%’T), and let
r=0(S277). Define

N
= > gle)l_,f ().
Tt 1o
.
Then
N
Z gla)T_y f (2;) = ((1+ O(S7*7)).
T1=..=Tm#F...#Ty
Proof. The proof is identical to that of Lemma 3. O]

For use in later proofs, it is worth noting that while the error terms in Lemma 3 (and

analogously in Corollary 12) are expressed as

N
O(S™) > T fl(a),

Tpy17...FTr

they can also be stated in terms of O(S727) Zi\; 4. 22, Uiy f(2;) since asymptotically (as the

above results imply),

N N
SO fla)~ Y I f(x).

;(jl;ﬁ...#x'r $k+17£~~'7£x"'

With Lemma 3 and Corollary 12 at our disposal, we can now derive the first order
approximation of our power series with relative ease, but first we introduce some additional

notation.

Definition 4. Given a bidegree sequence d = (a,b) € ZV*2, we denote oy, = Zf\il a¥ and
Br = Zfil by

Theorem 12. If max; max(a;,b;) = O(Sz™") for 7 > 0, then

||Gd—i _ %e(ai—aj)&i-O(S*‘”)
Gl a

where, € = (8o — f1)/5% and (a; — aj)e = O(S™27).
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Proof. We start with the approximation

IGa ]l _
1Ga, |

f(ei,ej,d,a)(1+ O(87))

for f(e;,ej,d,a) = a;/a;. We can apply Theorem 9, since our approximation depends only
on the degrees of the nodes ¢ and j and we can decompose our approximation, f(e;,e;,d,a) =
h(e;,d,a)/h(e;,d,a), where h(e;,d,a) = a;;below, we shall also use f(e;,e;,d,b) =
h(e;,d,b)/h(e;,d,b), where h(e;,d,b) = b; For the remainder of the proof, we omit the
dependence on d in our notation.

From the conclusion of Theorem 9, we need to evaluate

(ai - 1) Zm1¢...7’£$ai—1:$ai Hz;lf(ea%’ e“k’ bk)

0; = :
Z zl‘ﬁﬁu#mai,l#xai HZZ:lf<efEk7 Cuy s bk)

and the analogously defined ¢;, where

a; —k+1

k—1
b, =b — E euj—g €,
=1 j=1

denotes the out-degree of the sequence dj;;, as in the statement of Theorem 9. Now,
multiplying our numerator and denominator by II}% b, removes the dependence of f on
€y, as f(ey, ey ,br) = by /by, except for when z,,_; = z,, and k = a;, in which case
f(es, ,eu, ,ba;) = (b, —1)/by, , since we have already subtracted an outgoing edge from
the node b,, ,, reducing its out-degree by 1.

By Corollary 12, with g = f(e,, , €., ,bs,) and a relabeling of indices such that the case

where z,,_1 = z,, becomes the case where z1 = x5, we have

(a'i - 1) lezazz,xg,;é...#xai Hzizlf(eivkv bk)
le,xz,xg;é...;érai HZ;1f(exk> bk)

Factoring out >, . 1%, f(e,,,b) yields the following simplification:

5 = (14+0(5)).

<ai - 1) Zm:mg Hf(ewk, bk) a; — 1)(&2 - Bl)
Zzl,zg Hf(ezlﬂ bk) ﬁ%

where the last equality above follows from the fact that in the numerator where z; = x,,

f(es,,b1) * f(€s,,b2) = fey,,by1) * feg,, ba) = by, (by, — 1) = b2 — b,,. Summing over all

0; = (1+0(S™)) = ( (1+0(S™*)).
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choices for x; yields the expression By — (.

We conclude that log(1+9;) = log(1+ %) +O(S7*7) and analogously log(1+4;) =
1

IGa_sll

log(1+ W) +O(S™*7). Hence from Theorem 9 we know that e = aexpllog(1+
1 —-J J

(@izDB2=Aly _og(1+ W) +O(S717)] where writing the logarithms as a Taylor series
1

B
. IGa_ill 4, (a;—a;)(B2—51) —4r
yields Gl = a—jexp[—JB% L+ 0(S7)].

Finally, note that

_ 2 2
/82 261 < dmuﬂ;B? < dmaan/Bl _ dmax
th oh e Ioh

(a; — aj) =0(S™%)

We can also prove the following statement with relative ease.
Theorem 13. Using the notation from Definition 4 (with oy = S), if max; max(a;, b;) =
O(S17) for € > 0, then

S| —(a2 — o) (B2 — B)
Hf\ilaz'bl' eXp( 252 )

IGall = [1+O(S™)]

Proof. We know from Theorem 12 that

1Ga_, _ &e(aifaj)eJrO(S_‘”)
1Ga Il ay

where € = (s — $1)/52,(a; — a;)e = O(S™2) when dypqe = O(S277) for 7 € (0,1/2). If,
in fact, d,.; = max; max(a;, b;) = O(Si—€)7 then we have that 7 = }L + ¢ and consequently
O(S™) = O(S~174). By Theorem 11 and the definition of p given in the theorem statement,

we know that

Sl

N
Hizlai!

where by equation (3.29) we can approximate

1Gall = L, f(0) (1 +0(57))

HG(a,Zf;{ €k+22:1 ep(k)) ”

|| G(a,Zf;erl ekJrZZ;ll ep(k>) ||

(@) (1+0(877%)).

Now, we will proceed with a sequence of unit out-degree switches that transform an
out-degree sequence consisting entirely of 1’s to the out-degree sequence of d, namely b.
Without loss of generality, suppose that the first node in b has out-degree by, such that
there are by — 1 switches required , and that p(1) = --- = p(by — 1) = 1, which means

o7



that all of the switches will be applied to the first node, taking it from out-degree 1 to
out-degree by. Then it follows from Theorem 12 that f(1) = 1exp((az — aq)(1 — 2)/52),
since the first switch changes the out-degree of the first node from 1 to 2. Similarly, it
follows that f(2) = % exp((a2 — on)(1 — 3)/5?) and, more generally for k < by — 1, f(k) =

%H exp((agy — ay)(1 — [k +1])/S5?) = k+r1 exp((ay — ay)(—k)/S?). Hence

2 f(k) = IS

(ol expl(aa — an) (—k)/5%) =

a2—o 2_ 1
exp((as — 1) XU (=) /S?)  exp(—22maliiziuy

by! by!

Repeating this argument for all of the nodes in the degree sequence yields the result,

Sl —(042—061)(52—51)
Hi\;lazlbzl eXP( 252 )

IGall = (1 +0(S7))

]

We now explain the intuition behind some generalizations of Lemma 3 that we need
to achieve higher order approximations. Note that in Theorem 12, using Lemma 3, we

performed an approximation of the form

lezzz#...;ﬁxr nglf(xn) ~ lezxg H?L:lf<xn) ng;é;é:m H;=3f($n)
Zzlyéxz;é;ézr H:l:lf(xn) Zl‘l,l‘2 H?l:lf(xn) ng##xr H:l:3f('rn)

S B /()
211,12 H?%zlf(xn)

and we showed that such an approximation yielded an O(S~7) error.

More generally, we want to construct approximations of

N N
>, Wof(wa)and > T f(wn)
T1=ToF...FTy T1F£T2FE . FTy

For example, to attain a generalization of Lemma 2, we allow for the possibility (in the
numerator) that x; = xo = x3, but now we need to separate out three terms as opposed to

two to achieve our desired cancellation; that is, we have
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Z$17éz27£,..7£a:r H;:lf(xn) Zx17x27a:3 H%Zlf(xn) Zx47é7£a:r H2:3f($n)

However, once we are computing O(S™47) terms, we also need to consider the case where
r1 = x9 and x3 = x4, as such terms also turn out to contribute at O(S_‘”). To make this

idea more rigorous, consider approximating

Zz1=x27§x37ﬁ...7ﬁxr I _ f(z,) =
Emlzmg,rgsé...;éxr Iy f(2n) — (r = 2) Zmlzxzzmggé...;éxr Iy f(2n).
To obtain a sufficiently high order estimate for the left hand side, we partition the right
hand side into still more terms, motivated by the intuition that terms with more equal signs

under a summation should be of higher order; thus, we consider

> nef(@) = > I f(w) = (r=3) > I f(za)-

T1=ToFT3F... Ty T1=22,T3, T1=x2,

TaF...FTy T3=TaF... Ty

(r—2) Z I _ f(z,) +

T1=T2=13,

TaF...FTy

where we have neglected to write out the final terms of still higher order.
Now, since we want to keep the case where z; = x5 and x3 = x4, we have to integrate

out the x4, which yields

Yo Wofe)= Y Mof) -3 Y I f(z)

e s e e
—(r=2) > I fln) - (r=4) D I fr) +
T1=T2=T3,T4, r1=x2,T3,
T5F - FTr TA=T5F ... £ Ty

But we can simply relabel indices to observe that

> M flo)= Y I flza) +...,

T1=2,73,T4=T57...£Tr T1=L2,T3=T4,

.
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and we conclude that

lezscg;éxg#...;é:cr H;:lf(zn) = Zzlzscg,:cg,su,xg,;é...;éxT H:z:lf(xn)

~(2r = 1) sy oy f (@) ~(r = 2) Sorsgsyon, I, () +

So in fact, it suffices to factor out four indices. Indeed, the general intuition is that if
we are including k& equalities in our expansion, then we will need to factor out 2k indices,
to consider the worst case scenario where x1 = 9, x3 = X4, ..., Top_1 = T9g. But we can then
relabel indices to express terms with, say, 1 = x4, T3, 14 = x5, ..., Top, = Tor11 using terms of
the form x1 = x9, 3 = 4, ..., Top_1 = Top.

With these ideas in mind, we now proceed to derive the higher order approximation. We

subdivide this task into a few steps, starting with an approximation lemma on sums of the

form >, ., W, f(z,) and sums of the form >, _ . . I, f(2,).

Lemma 4. Let f,g: N — [0,00) with f(-) > g(-), N, f(i) = S, max f(-) = 0(5277), and
= 0(5277), r = 4 and define F =11, f(x:), G = g(a1)IIL, f(x,).

N
= Z i—1f (i) — (4r — 10) Z I, f(z:) and
T1,..., L1=22,T3,T4,
msyé...;éxr T5F...FTr

= Ym0 () = (= 2) T mmrpnn gl s ()

s 5

- (2r— )Zwlzgx; za, §(21) Iy f (24).

5

Then
S L fe) = €0+ 0 (3.37)
T1#£.. FTr
and
Q= Y, gl f(z)=C1+0(5™)). (3.38)
T1=T2F#... Ty
Furthermore,
_ G—(r—2 o G—(2r—17 _ _ G 1
@ _ le—mg,mg,m4 (T )le_rg—wg,gm ( r )Zzl_xg,xg,—am + 0(5—5—57—).
50 le,..,x4 F— (4’/’ o 10) Zm:ﬂﬁz,x&ﬂm F
(3.39)
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Proof. To derive the first equality, start by expressing &, as

z:HlfxZ ZHJ% (r—1) ZHlfo

nFA . Nl

Applying Lemma 2 to the final term yields

Z H 1f xz (T_l) Z H 1f(l'l)+0 Z H lf xz
T1=T2,T3,T4, ;1:175 FTr

xg;é...;éasr T5FE...FTy

where the error term comes from

O(S™*7)(r — 1) Z G f () = Z I f (@) (3.40)
T1=T2,23,T4 T1F#...FTr

:L‘57é...7éxr

We next repeat the same argument and relabel to obtain

=Y Veyas Iy f(a) = (r = 1) ot =maapan T f (2)

@3 A T5F. FTr

(r = 2) Sotws=agn, Iy f ) + O(S™T) 0N, T, f(a)

T5F ... FTr
(3.41)

= Z x1,T2, :Zlf(xl) — (27’ — 3) 29]0\71:;2271;371147 H{Zlf(xl)—i-
T5F...F Ty

T3F .. #3’%

O(S™7) Zi\i;é...#m I, f ().

Continuing in this fashion,

Z M7, f(x:) — (3r — 6) Z M7, f(x:) + O(S Z T, f ().
T1,22,23, T1=2,%3,%4, T1F. FTr

TaF . FTr T5F... FTr

The next, final step is a bit trickier so we include a little more detail. First, we extract

the x4 out of the first summation of the above equation and apply (3.40), which yields
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0 = Yhsayre I, f(@1) = (37 = ) Thmsaayon I, /()

T5FE . FLr

—(r = 4) SR aegaiman Ty f (1) + O(S™) X0, T f ().

TF ..

But by another application of (3.40),

N N
E Iy f (@) = E Iy f (@) + O(S E 1Ly f (i),
T1,22,33,L4=T5, x2,T3,04=1s5, T1F . F Ty
T6F ... FTr T1FTGFE .. FTr

where by relabeling, the first term on the right hand side is the same as

Z IT_, f ().

T1=22,T3,24,

96575”-7551%

So we conclude that

N
=Y M_if(z)— (4r—10) Z Iy, f(z;) + O(S Z I, f (),
T1,22,23,%4, T1=x2,x3,24, T1F. F Ty
T5FE...FTy T5F...FTy

where the sum in the final term is itself &y, such that the first part of the Lemma is established.

The second part of the Lemma follows analogously, while expression (3.39) follows from

cancellation of terms. O

Theorem 14. Let d,,,, = O(S%_T). Then

Gy a; L
”Gd_l“ = —exp((ai — ajler = [of — af]es + O(S™HTTRT)
d—j J
where
b2+ 263@2/@% (B2 — 51>2 B33 — 253
€1 = and €y = + .
' (51 + ﬁgag/a%)Q 2 2514 ﬁf
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Proof. From Theorem 12 we know that

B2
1Ga_, a; fo— P W exp(ai?) 4
NGa il _ a o _ U (11057, 3.42
1Ga g exp((a; — a;) 5 . eXp(@j%>( (57)) (3.42)

Note that the middle expression in (3.42) satisfies the assumption from Theorem 9 that our
approximation can be expressed as h(i,d)/h(j,d) for some function h, and hence we can
use Theorem 9 to derive the next step on our expansion. Similarly if we consider a different
degree sequence such that ||do — dy|ee = 1, [|do|l1 = |11 and [|dg — dy s = O(S2~7), then

we introduce a multiplicative error of (1 4+ O(S7°%7)) as

Z—; exp((a; — aj)&ﬁ;%ﬁl

only depends on the second moment of the out-degree sequence 3. We introduce the notation

B2(d) to explicitly denote the dependence of S5 on the degree sequence.
Consequently, the difference between |S5(d;) — fa2(do)| = O(S*~%7), hence

=

o exp((a; — ;) 252)) By(dy) — Ba(d)
g_; exp((ai _ aj)ﬁzé?o)) = eXp((ai — aj) 512 ) =

exp(O(5%770(5177)/0(5%)) = exp(O(5™27*")).
We now proceed as we did in Theorem 12. We need to evaluate

(ai - 1) Zml#---#LZFIZZC% Hzizlf(eivw Cup> b)
Zwlyé..,;émai_l;éxai Hzizlf<exk7 Cuy» b)

51':

We multiply our numerator and denominator by II}" b, exp(buk%), where o1, ay are the
moments of the degree sequence d, we drop the dependence of f on e, , and we define

f(es,,b) = by, exp(bxk%) to obtain (from (3.42)

(a’i - 1) Zmlgé...;éa:ai_lzmai Hzi:lf(ezm b)
Zzl;é...;éxai71¢xai Hzizlf(emlw b)

We can now invoke Lemma 14 to simplify the above summation. Further algebraic simplifi-

51':

cation yields the desired result.
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To indicate how the estimates that we derive can, in theory, be continued indefinitely, we
conclude this section by providing a higher order approximation for a ratio of the numbers
of graphs that realize two different degree sequences that has an O(S™%") correction. As
before, we need a more refined version of Lemma 3 to derive this approximation. We omit
the proof, since the same proof technique that derived Lemma 3 yields the proof of Lemma 4.
On the author’s webpage, we provide code that computes (and proves) the refined variants

of Lemma 3 up to arbitrary order.

Lemma 5. Suppose that g : N — [0,00), f : N — [1,00) with f(-) > g(-), that %, f(i) = S,
max f(-) = O(S2™7), and that r = O(S2™7), r > 6. Define x = Zﬁ#_#xr I7_, f(z;) and
K= Zi\i:x#m#% g(z)_y f(x;) Furthermore, for notational convenience let F = TIS_, f(x;)

and G = g(x)0_, f(x;). Then

=L Lo(s:)

where

xi= 3 F—(6r—21) > F+(9*=58r+69) Y  F+(6r’—48r+112) Y F

Z1,..,26 T1=22 X1=x2,L3=T4 Tr1=T2=x3
x3..,26 T5,T6 T4..,26

and

k= > G—(r—=2) > G-@r-18 >  G+(?-5r+6) > G

r1=x2,T3..,6 T1=T2=T3 T1=T2,L3=T4 T1=T2=T3=T4
Z4..,26 T5,T6 T5,T6

+(3r? =21r+30) > G4+ —40r+104) D G2 —15r+21) Y G
?4::?;; 63 T3 :?4:133325 » L6 T3 :?4??52: 6

We conclude this section with a statement of the corresponding more refined approxima-

tion.
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Theorem 15. Let dpa, = O(S277) and recall that B = ST bF. We have

Gy, ;
S _— exp([a; — ajle; — [a? — a?]eg + [ad — a’les + O(Smax(=1-27.=87)))
1Ga_ |l a;

where we define

— Eplf@)f(=-1)] + Ep[f(2)f(z—1)]*~5Ep[f (2)*] Ep[f () [ (z—1)]+3Ep[f ()*f (z—1)] Ep [ (x)]
By [f(2)]? Ep[f(2)]* ’

¢, = Z2Belf@?1Bulf @) (= DI+ 3 Bolf (@) (o= DI + Fplf (2)* f (2= )] B [f ()
2= Ep[f(@)]* ’

1083118, 8,83+B254

and

for
Bolf(2)] = Yo f(@) f(2) = @+ a2 + S — 2Py,

. ast2a3Ba/al B
M= Gaarasiyanzr Ond M=

(ag—a1)2 + a30¢1—2a%

2c014 a‘ll

3.5 VERIFYING THE ASSUMPTIONS

To prove that the assumptions made in Theorem 9 (and in Theorem 10) hold, it is helpful to
have results to simplify the analysis of ratios of sums of the form ) 2oz, Wi f (x;) that
are more general than the results we proved in Section 5. First, it is helpful to introduce

some notation.

Definition 5. Define the set of natural numbers I = {1,...,r}. For any collection A— of
disjoint subsets of I, we say that a sequence x € N" satisfies A= if for every {i1,...,im} €
A_, we have x;, = x;, = ... = x;,,. Gwen that x satisfies A— and that A, is a subset of
I, we say that x satisfies Ay if for all i,5 € Ay such that i,j are not both contained in any
A € A_, we have z; # ;. We denote the set of all x that satisfy both A— and Ay by the
notation A— @ A.
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Before proceeding with the theorem statements that enable us to construct approxi-
mations for ratios of sums of the form > _ 1IIT, f(x;), we wish to motivate some of
the notation that we use. To approximate >,  _, IIi_; f(2;), we wish to remove some
(fixed) number of zls from the list of required inequalities. For example, we can express
Dwisy S @) f(22) = >0, o f(@1)f(x2) — 32, ., [(21) f(22), where in the first term on
the right hand side, we no longer have to worry about the ‘does not equal’ relationship
of x; and x5 found on the left hand side. To help us identify the dominating terms, we
introduce sets of the form A%9 A;ﬁ’c), where the ¢ denotes the number of equal signs
found under the summation and ¢ denotes a particular instance where i of these vari-
ables are equal. For example, suppose we want to simplify >, . . f(21)f(z2)f(23) =
D ovaras ] @S (@2) [(@3) = 320 sy f(@0)(@2) f(23) = 324, iy, [ (21) f(@2) f(23). Om

the right hand side there are two summations involving one equality under the summation.
1,0 1,1

Hence we can define A1) (X)A;é ) = {{1,2}} ®{1,2,3}, A0V @ A; ) = {{1,3}} ®{1,2,3}

representing those two summations. Note that in each of these examples i = 1, but since

there are two possible choices, ¢ can be either 0 or 1. Now we present two results regarding

the sums of interest. Since the proofs of the two theorems are essentially identical, we only

prove one of them.

Theorem 16. Suppose that ) f(x,) = S and that max f(r,,) = O(S2~7) and r =

O(S277). Consider S 17 f(xm). Fiz a natural number k such that 2k < r (where

T FTy

2k is the number of variables that we remove from the list of inequalities so that they can

equal other variables). Then for all j < k we can write

j  h(ik)
S @) =YY pio >, I fm) (3.43)
L1 FTy =0 c=0 A(:i’e)@)A(;’C)

where for each i, h(i, k)+1 represents a number of arrangements of variables with i variables
equal to each other, and h(0,k) = 0; for all i,c, pue is a polynomial in r; and for all i < j
and for all ¢, AU°) consists of a collection of subsets of {1,...,2k} with D acato (|Al=1) =1
and A;ﬁ’c) ={2k+1,...,r}. In addition,

e for all c, ZAeA(:j’C>(|A| -1 =7
o AYY = {s,5+1,...,7} for some s < 3k, and
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o if A € AU has a nontrivial intersection with Ag’c) then A = {s,s +1,...,s + t} for
some t such that s +t < r; moreover, there can only be one such A € AY® that has a

nontrivial intersection with Ag’c)

Finally,
Plic) ZAg,w@A;,c) 0,1 f ()

Z$17~-~7$2k7$2k+17ﬁ~--7ﬁ$r H:TL:lf(xm)

— 0(5721'7').

Theorem 17. Suppose that Y, f(zm) = S and that max f(v,,) = O(S2™™) and r =
O(S277). Consider > vrmagst 2o 9@ o f(2). For simplicity, we assume that the el-
ements in A_ are disjoint. Fix a number k (where 2k is the number of variables removed

from the list of inequalities). Then for all j < k we can write

i h(ik)
> g f(rn) =) Y pae Y, 9@, f ()
T1=T2F...#Ty =0 ¢=0 Ag,C)®A(7Z,C)

where for each i, h(i, k)+1 represents a number of arrangements of variables with i variables
equal to each other, and h(0,k) = 0; for all i,c, pu. is a polynomial in r; and for all i < j
and for all ¢, A% consists of a collection of subsets of {1, ...,2k}, A;ﬁ’c) ={2k+1,...,r}
with 3, 6.0 (|Al = 1) =i+ 1. In addition,

e for all c, ZAeA(:j,c>(]A\ -1 =j5+1,

o Ag’c) ={s,s+1,...,r} for some s < 3k, and

o if A € AU has a nontrivial intersection with Ag’c) then A = {s,s +1,...,s + t} for
some t such that s +t < r; moreover, there can only be one such A € AY° that has a

nontrivial intersection with Ag":)

Finally, for all i < j,

Dlic) ZA@@A;@ g(x)IL, o f (2m)

— 0(5721'7—).
ZI1:$2,$3,--~,$21€7$2k+17£~--7é17r g(xl)HTWL:Zf(xm)

Proof of Theorem 16. We proceed by induction. For the base case of j = 1, we start by
showing that the stated conditions hold in the case of i = j (such that the bulleted list
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in the theorem statement applies) and then we come back to (i,¢) = (0,0). We have seen

previously that

SIS = S IS = (=1 S I ().

T1F#. FTy T1,X2%...F Ty T1=T2F...#Ty

We denote the set of x over which the final summation occurs as A%0) ®A$’O) where A10) =
{{1,2}}, the variables that equal each other, and AS’O) ={1,2,...,r}, the variables that are
required not to equal some (at least one) other variable. The coefficient p ) = —(r — 1)
is also a polynomial in 7 and >, _,a.0(JA] — 1) =1 (where we use the superscript (1,0) to
denote that 3, ,a.0(|A| —1) =1 and the 0 keeps track of this particular instance where
ZAeA:(|A| -1)=1).

We next repeat this argument for

Z I f(em) = Z I f(xm) — (r —2) Z I f(zm)

T1,L2F... £ Ly T1,02,L3%... Ty T1,L2=x3%... %Ly
and in context to the second summation on the right hand side, define pn 1) = —(r —
: 1,1
2),A0D = {{2 31}, the variables that equal one another, and A; ) = {2,3,4,..,r}, the
variables that are required not to equal some other variable (where we use the superscript
(1,1) to denote that >, _,a.n(JA[—1) =1 and the 1 keeps track of this new instance where
Y aca (JA] = 1) =1). We stop once we reach

S W)=Y WS- S T )
T1,T2,. T2k F o FTr T1yees T2k, T2k 17 F T T1yee s T2 =T 2417 F T

(3.44)

Finally, based on the the first sum on the right hand side of equation (3.44), we define

P0,0) = 1,A©9 = (). as there are no variables that are required to equal one another,
ASZ’O) = {2k + 1,...,r},the variables that are required not to equal some other variable, as

> aca©0 (|A] = 1) = 0, and note that only variables with an index of 2k + 1 or greater are
constrained so that they cannot equal one another. Note that in the theorem statement, the
number of instances where we have sets of the form AU AS’ZB) is 2k, but since we start

with ¢ = 0, the maximumum value of ¢ will be 2k — 1 (and hence define h(1,k) = 2k — 1.)
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From the above inductive construction, we know that for all ¢ € {0, 1, .., 2k — 1},
el <. (3.45)

. In addition, since the range of f consists of the non-negative real numbers, we know that
for all ¢,
S )<Y ) (3.46)
A(:LC)@A;LC) A(:1,2k71)®A;1,2k71)

as the number of variables that are required not to equal some other variable in AS’%_I) is

smaller than the analogous list for any other instance of A;l’c). Hence by inequalities (3.45)

and (3.46), we find that

| Ziial P(Lo) ZA(zLC)@A;l,c) Hf(xm)| ZAQ’%_l)®A$’%_1) Hf(:L‘m)

< 2kr —
211,...,m2k,12k+17ﬁ...7ﬁx,« Hf(xm) le,...,l‘gk,l‘gk+17ﬁ...7ﬁxr Hf(xm)
2k—1
2]{;7" le7~--’12k71»12k2x2k+17é“-7£$r Hf<xm) — 2]{;7"5 Zka:x2k+17§...7éxr H%:Qk‘f(xm> <
Zm,---@zszkﬂ#---#xr Hf(m”“) S szkﬂ#---#%« Hf(fbm) B

D ity Uimmopr f (Tm) _ 2krf(Tmas) 2kO(Sl_%)
SngkJrl;é...;éxr Hf(.l’m) S S

2kr f(Tmax) =0(S™)

where all products without indices labeled are taken over the set of m values in the index set
of the summation that precedes them. Thus, we have attained our desired results for j = 1.

To proceed with induction, we now assume that the inductive statement holds for j =
n — 1 and prove that it is true for j = n, provided n < k. The inductive hypothesis when

J =mn—1 yields

n—1 h(i,k)
Z H:nzlf(xm) = Z Z p(i,c) Z H:nzlf(xm)
T1F... FTr =0 c=0 AS’”@AQC)

To prove that the inductive statement holds for j = n we manipulate the sets of the
form A"~ ® Agf 19 in our inductive hypothesis (where j =n — 1). From our inductive

hypothesis we know that 3, w-1.0(|A| —1) = n —1; for some s < 3k, Ag_l’c) ={s, s+
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1,...,7}; and there exists at most one set in A”~19, of the form {s,s+1,...,5+t}, that has
a nontrivial intersection with A;Zﬁl’c).

We proceed as in the base case.
Case 1: Suppose that indeed for some s,t, {s,s + 1,....5 +t} € AP~ and Ag‘_l*ﬁ) =
{s,5+1,...,r}. By assumption we can write A" = A; U {s, s+ 1,...,s + t} where we

define A; to be A1) — fs s+ 1,...,5+t}. Since x5 = T441 = ... = Toyy, We have the

following equality:

Pt >, f(@m) = pa-re S TLf () — (3.47)

A VY ALt )

Pin—1,0) (1 — 5 — 1) Z ILf ().

AyU{s,.5Ht4+13@{ 5,007}

The last term on the right hand side of (3.47) is a sum over an index set with n equalities.
Analogous to the proof of the base case, we express this index set as A" ® Agf’c*) for some
label ¢,. Of course, the product of the two polynomial coefficients of this term is a polynomial
as well, which we can take as p(,,). To see how this works, we proceed for each ¢ depending
on whether s +¢ <2k or s +t > 2k.

Case la: s+t <2k

Analogous to the proof in the base case, the expression (3.47) can be decomposed as

> Of(ew)= > Hf(zm)—(r—s—t-1) > I1f (2,).

A—10g AL g ACTLO U st 1 s+t42)®
{s+t+1,...,r} {s+t+2,...,r} {s+t+1,...,r}

We use the last term to construct A(j’c*)@)A;f’C*) for some c.. (Note that >, .o (|A[—1) =

n). We continue this process until we reach

> Ofa)= >, If(za)- (3.48)

AL g ok, r) AL (241, )

(r — 2k) Z If ().

ACTLI L9k ok +1}@{2K,...,r}
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We note that with j = n, the i = n — 1 terms in (3.43) may be different from the i =n — 1
terms with j = n—1. Indeed, based on (3.48), we now redefine (for j = n) A(:”—LC)®A§Z*1’C) =
A1) @ {2k +1,...,7}.

Case 1b: s+t > 2k
Now since by the assumption of the inductive hypothesis, >, ,o-10(|4] = 1) =n —1 <
k=1 = >, o010 |Al <2k —2, there are at least s +t — 2k + 2 values in {1,...,s + t}
that are not in A for all A € A®19 We then create a relabeling where all values greater
than s + ¢ are left alone (they map to themselves) and that the values that are not in A for
all A € A1) include {2k + 1,...,s +t}. (Hence the largest element in all of the sets in
A=19 is bounded by 2k.)

Expression (3.47) can be decomposed as

Z Hf(zm) = Z f(xm) + (r—s—1) Z If(zm)

ATt e} ATl e} AT st st 41} s+t or}

As in Case la, we use the last term to construct A" ® A;Z’C*) for some c,. We repeat

this equality until we attain

Z ILf(zm) = Z ILf (zm) + (r — 2k — 1) Z ILf (2m)

ACTL)grok42 r} ATkt r} ALY 2k 2k +1}®{ 2K, ..., r}
Case 2: Suppose that A;f_l’c) = {s,5+1,....,r} and for all £, {s,s+1, ..., s+1} ¢ A1),

We again consider two subcases.

Case 2a: s < 2k.

To achieve the desired form, we rewrite

Z If(2m) = Z If(zm) = (r—s—1) Z ILf ().

A(:n_LC)@{S,...,T} A(:n_l’c)®{s+l7,,,”]"} A(:TL_LC)U{S75+1}®{S7"'7T}

We use the last term to construct A% ® AEZ’C*) for some c¢,, proceeding inductively until

we reach
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> If(2,) = > If () — (r — 2k —1) > ILf (2,).

ACTLI @0k L r) ACTLI oKyl e} AT LI 10k 2k 41} @2k, ..,r}

Case 2b: s > 2k.

If A”=1¢) contains sets with elements that are greater than 2k, we can again perform a

(n—1,c)

relabeling scheme as in Case 1b such that all of the elements in A are guaranteed to

be bounded above by 2k:

>, Hf(wn) = > 0f(@m) +(r—s=1) > ILf (m)-

Agil’c)®{s,...,r} Agil’c)®{s—1,...7r} A<:n71’c>u{s—1,5}®{5—1,...7r}

We use the last term to construct Ae) @ Ag’c*) for some ¢, and we repeat this equality

until we attain

> If(2,,) = > ILf (2) + (r — 2k — 1) > ILf (2,).

AL=LOQlopya r} ACLO QoK+, r) AL YOG 0k 2k 41} 2K,...,r}

To complete the proof, we need to verify the following properties from our theorem

statement:

e AU is a collection of disjoint subsets of {1, ...,2k}. This fact follows from the conclusion
of each of the cases in the above inductive argument.

® > icatio(|Al —1) =i. For each A constructed from an AU~1¢) it is easy to show
that >, ,e-10(]Al —1) =i — 1, and then the inductive step adds two more terms to
the sum to yield >, den (JA] —1) =i.

e Fori < j, Ag’c) = {2k +1,...,r}. This fact is easily verified (and follows trivially) from
the construction through the inductive hypothesis.

. Ag’c) = {s,s+ 1,...,r} for some s < 3k. This fact is also easily verified (and follows
trivially) from the proof by induction above.

o If A € AY has a nontrivial intersection with Ag’c) then A = {s,s+1,...,s + t}; in
addition, there can only be one such A € AU that has a nontrivial intersection with

Ag’c). This fact is also easily verified (and follows trivially) from the proof by induction

above.
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Plie) 24l aGo I f (Tm)

- = O(S77). (3.49)
le,.,.,xgk,xgk_,_l;é..,;éxr Hmzlf(xm)

The proof for this result is tricky but also follows from the inductive argument. In the
inductive hypothesis, assume for all sets A¢~1:¢) ®A§271’C) and corresponding polynomials
Pi—1,c) that equation (3.49) holds. Consider what happens when we construct sets of the
form AG) @ A;Z’c*) and the corresponding polynomials p; ) from AG~19 A;i_l’c). We

know from the above inductive proof that pg.,) < rpi-1. Furthermore, there is an

additional equal sign under the summation with the index set A%%) ® Aii’c*). Suppose

Alies) ®A§Z’C*). We bound the contribution of f(z,,) in A% ®A§Z’c*) by dimaz = O(S277).
That is,

that z,, is a variable that does not appear in A0~19 ® Aiz_l’c) but does appear in

p(z’,c*) ZAg73*>®AZ,C*) Hf(xk‘) dmaxr ZAQ’C*)@)A;'C*) Hk#mf(xk)

< (3.50)
p(i_l,c) ZAg—l,c)(gA;i—Lc) Hf(l’k) ZAg—Lc)@Aiz—l,c) Hf(l‘k)

Now that f(x,,) has been ‘taken out’, we can construct a crude lower bound on the
contribution of f(x,,) in AZ=1) ®A§Z—1’C), given the hypothesis that >°_  f(x,,) = O(S).

So we have from the inequality (3.50) that

D(i,er) ZAQ’C*)(@A;}C*) ILf () o(s'~*) ZAQ’C*)Q@A;Z’C*) My f ()
< .
D(i-1,¢) ZAgch)@AZfl,c) Hf(:l:k) - O(S) ZAgfl,c)(g)A:ch) Hk7,gmf(xk)

(3.51)

But now that z,, has been effectively removed, the summations over A¢~19 @ A;ﬁfl’c)

and A%) ® Agi’c*) are identical and we conclude from the right hand side of (3.51) that

p(i,c*) ZAng*)@)AngC*) Hk;ﬁmf(xk)

<O(57* 3.52
D(i-1,c) ZAg—l,c)(gA;i—Lc) Hk‘#mf(l’k;) ( ) ( )
Invoking the inductive hypothesis that
D(i—1,c) ZAQ*LC) 4G=10) I flzm) ‘
B — 0§21y, (3.53)

Zl’ly~--am2kam2k+17ém7£1'r Hrmzlf(xm)

and combining this with inequalities (3.51),(3.52) completes the proof.
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]

We now prove the desired result that validates the assumptions in Theorems 9 and 10
that enable us to extend our enumeration estimate to arbitrary order. But before doing
so, we would like to remind the reader that throughout this work we have been expressing
our approximation f of ¢ such that f = ¢ * (1 + O(S~2?*7)). This statement implies that
f— &= ¢O(S72*7) But since we know by Corollary 8 that ¢(z;, z;,d,a) = (14 O(S7%7)),
it follows that f — ¢ = Z—;O(S_””). In the theorem that follows we often interchange
f= 01+ 0(574). f—6=g0(S7) and f — ¢ = =O(S2),

Theorem 18. Given an approximation f of ¢ (the true value for the ratio of the num-
ber of graphs that realize two slightly different degree sequences) such that |f(z;, x;,d) —
P(xs,z5,d)| = 2O(S*7) for some k < 3= +1,

a;

h(xi>d>a)
iy 'ada = 354
fo e, d,a) h(z;,d,a) (3:54)
where K (v.g) n(v.q)
r va~UHS_ m(v, an v,
h(xz-,d,a) :ai(l_’_z’Y i q—15q q ) (3‘55)

az
v=1 1
for some constants v,,where r, s, z are finite and each term in the summations in the numer-
ator and denominator in (3.54) is O(S™27).
Furthermore if ||[d; —ds|co < 1 and ||d; —day = O(S277), assuming the degrees of node

x; are identical in dy and do, then
|h(zi,dy) — h(z,da)| = ai(O(S*%*?’T)).

Proof. We prove the result by induction.

The base case holds trivially when & = 1 as by Corollary 9, f(z;,z;,d) = a;/a; and it
also follows trivially that differences in the degree sequence aside from the degrees of nodes
x; or x; do not affect f(z;,z;,d). Similarly, equation (3.54) holds with » =1 and ; = 0 in
the expression (3.55) for both the numerator and denominator of (3.54). So we proceed to
the inductive step.

Given our inductive hypothesis where we have an approximation f where the depen-

dence on the degree sequence in f is sufficiently weak O(S_%_T) and can be dropped as
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|f(zi, zj,d) — ¢(;, zj,d)| = 2(O(S72*D7)) since 2(k — 1)7 < 3 + 27, we want to show
J
that the sharper approximation produced by Theorem 9 also has the same property.

By applying Theorem 9, we get a stronger approximation (which we also denote by f)

IGxy, |
TG,

which is of the form ;“ exp(log(1 + I X“H)) exp(—log(1 + )). From equations (3.14)-

G xl
(3.16) in Theorem 9, we have

||GX11H o (ai o 1) le#---iwarl:xai Hf(l‘“ my, d7b)
”GXOZ' a Zzﬁé;ﬁxal Hf(l’“ myi, dv b)

where the choice of m; is arbitrary. By the inductive hypothesis (3.54), we can drop

the dependence on m; by multiplying the numerator and denominator by II/ b, (1 +

ZT %bm Hq 1511 (v, q)a;(v ,q)

1 L ); that is, we have
1

||GX1i H _ (ai a 1> Zm#-n#xaiﬂ:wai Hf(g;“ d, b)
||GX01 z:vgé;éxal Hf(xza d7 b)

where
(v,9)

ku
Flzs,d,b) = by(1+ Z bl 1Bq ). (3.56)

For simplicity, we will now drop the explicit dependence on d and b from f. Note that by

applying Theorems 16 and 17 to the denominator and numerator respectively we have that

G| (@ — 1) 50 X% Py (@) 2 puengagen TLf (i)
HGXO«; Z] 0 ZC ]Ok) Pj,c,0) (az) ZA(zj’c’O)®A(j’C’O) Hf(‘rz)

where the p’s are polynomials in a;, summations denoted with AY¢*) are over a finite number

2k of variables. But by Theorems 16 and 17, we can drop the terms in the numerator and

denominator involving p.c.z) ZA(k:,c,x)@A(k,c,a:) I1f(x;) as they only contribute a maximum of
= #

O(S72*7) hence

(CLi — 1) z Zg(]()k P(,e,1) (az) ZA(:j’C’l)®A;Z*C’1) Hf(xl)
Z Zc ]ék) b, cO)<al> ZAQ’C*O>®A§’C’O) Hf(&?z)

(As an abuse of notation, when we write ) |, , we are summing over allx € N 2k but when

(1+0(S7%m)).

we consider A_ without the sigma, we are specifying which dummy variables must equal one

another.) In addition, by Theorems 16 and 17, for all j < k — 1, U yenten AN Ag’c’x) =0
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and Ag,c,z) = {2k +1,...,a;}. Hence we can factor out a >° . . IL%, f(z;) from

both the numerator and denominator. This yields

|Gx\, _ (a; — 1)2 Zc 0 pacl (ai) ZAUwaU I1f ()
||GX0i|| Z Zg(jok p]co (az) ZA(JCO Hf( )

'vavaZ:15;n(U7q)ag(v7q)

zZ
aj

+ O(S7%7)).

Recall that f(x;,d,b) = b;(1+ > _, ) where each of the finitely
many terms in the summation is O(S~27). Furthermore, note that only A%%9) = ) so let

us multiply the numerator and denominator by ﬁ

|G x| (a; — 1) Z Zg(Jok PGy (ai) ZA(:JGC»U Ml

1Gxoll S S Py (@) 3 4o L
Note that every term in the numerator (a; — 1)p(je1)(@i) Y2 460 H({%ﬁi) = O(S7?7) and
except for j = 0 and ¢ = 0, p(je0)(ai) D 4ic0 Hf(l”) = O(S™?7). And finally, since A% =
and f(z;,d,b) = b;(14+ > _, %b.vH;=15;:(” " g(v Q)) where each term in the summation is
O(S™)and _ f(x;) = S+ O(S*?7), we note that ZA(OOO) ( D= 1+0(5%) as a; = S.

+ O(S7%), (3.57)

ay

We now show that the dependence in equation (3.57) on the degree sequence is ‘small’.

As noted before, (a; — 1)‘51»1p(j,c,r)(ai) ZA(j,c,z) Hig’;i) = 0,0 + O(S™?") where 0, = 1
= 1

if z = y and 0 otherwise and the O(S™?7) term is some finite sum of terms of the form
] Hm lag(k)ﬁh(k)

yal] =12k "k each of which are O(S727).

h(k
JII7 10[k( )ﬂ (k)
afk

The constraint that ya; = O(S7%) holds for all degree sequences such that

dmaz = O(S 5_7). Now we consider the perturbation analysis, such that ||d; — dglj; =
O(S27™) and ||d; — dg||e < 1, then |3;(d;) — 5j<d0)| = O(di,,.) = O(S3797). But also note
that max(ay, ;) = O(S* 2 ~0=D7) as g, = 320 < dizL 57 b, = O(S* = ~U=D7) Now if

max
. TTm k) ph(k
11 Oég( >Bl (%)

we measure the impact of considering different degree sequences dy,d; on ~ya! %,

9(k) gh(k) , g(k) gh(k)
. . _ i : y
this results in a O(S i ™) times smaller than va? e 19 B But since yal —’“zla;% e —
1

O(S™%7), the contribution in equation (3.57) from considering different degree sequences is
O(S~37777).

Now to verify that our new higher order approximation f(z;,z;,d,a) =
ky szlﬁén(w)ag(v,q)

. v
430 z
i = al . . .
o e e | we merely perform a Taylor expansion in the denominator
4370 o
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of

(a; — 1) Z Z ]dk) p(]cl)(az> ZAuc 1) Hf(?)
Z Zc 0 p]cO (a/’L)ZA(JCO) xl)

as the denominator can be rewritten in the form 1 + O(S_ZT) where the O(S™27) term is

90 gh(R)
some finite sum of terms of the form yag% each of which are O(S727) and each
1

+ O(s—?kr)

term in the numerator is O(S~%7). Hence we get that

IIf(x; r
(a; — 1) Z Zc 0 p G (ai) ZA(:j,c,l) i%k ) ok * kaS B4 (v.a)
1+ o e +O(S7%7) = (1+Z = )
Z Zc 0 p (4,¢,0) (az) ZA(:j,c,O) a%k v=1 aq

for some finite 7.

lG x4l

Repeating the same argument for evaluating the exp(—log(1 + m)) term yields the
¥

k
- Ywa; v HS IBm(”vq>a";(U7¢Z)
1+3> =1 a7

k m(v n(v
L ” 'Y’Uajvnszlﬁq ( 7‘1>aq( ,q)
L .

desired result, that f(z;,z;,d,a) = &

3.6 ENUMERATING GRAPHS WITH GREATER DEPENDENCE ON
THE DEGREE SEQUENCE

In this section, we provide a proof of Theorem 10. From Theorem 9, we have an approx-
imation f such that ”gd 0= flei,e;,d,0)(1 4+ O(S~277)) where ¢ = a or b, where we
have assumed (and Justlﬁed) up until this point that the dependence on the degree sequence
d in f is weak. Eventually, we will reach a point where such an assumption is no longer

reasonable. In this case we decompose our approximation f into one part that effectively

ignores the dependence of d and a part of f that takes into account d. That is, we can write

f(eie;,di o) = f(ei ej,do,0) (14 O(S7277)), (3.58)
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where we have proven that for suitably chosen dy the correction will yield a term of size
at most O(S’%’T). For simplicity, we will consider ¢ = a. Denote the O(S*%*T) term in

equation (3.58) by z,, such that equation (3.58) becomes

f(eia ej7 dlya) - f(eia ej7 d07a) + Z*f(ei7 ej7 do,&). (359)

In the Theorem below, we restate Theorem 10; note that we implicitly define z =
Z*f(eia €5, do,&).

Appendix Theorem 1 (Theorem 10). Consider an approzimation

||Gd—i _
[Gall

fleiej,d,o)(1+0(S727"7))

for some w > 0. Furthermore suppose that for m = O(S%_T),
f(ei7 €5, d07 U) - f(ei7 €5, dl? U) + Z(eia €, dO - dl? dOa U)

where ||[d; —dylly < m and z(e;, e;,dy —d;,dg,0) < O(S’%’T)f(ei,ej,do,a). If o = a, then

we can construct a sharper approximation

||Gd—i
|Gall

= g<ei> €5, d7 a)(l + O(Siéi(w+2)7—))

where

g(eiaejadva) =

; k-1 i—k

a; (1 (1 n (ai - 1) Zx1¢...;ﬁzai71:zai HZZlf(eIk’euk’ (a — Qi€ (b - Zj:l €z; + Z?:l euj)’ b)
—— expliog ; k1 Py

@ Zml#"'¢m“i—l¢mai H(Iizlf(el’k’euk’ (a —a;e;,b — Zj:l €y; + Z;‘lzl eu_;’)a b)

)_

. k—1 i—k
(aj -1) Zm#m#waj—lzxaj HZ]:l (€xy, €u, (@ — ajej, b — ijl €z; + E?:1 euj)’ b)

; -1 —k
Zazlgé...;éza%l;éxaj HZJ:l (ezkaeuk’ (a— ajej, b — Ej:l €r; + Z?:l euj)’ b)

log(1 + )

for an arbitrary choice of ux. A similar result holds, with g depending on b, if 0 = b.
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Proof. Recall the notation from Theorem 9. As before, we define A; to be the difference

G

between % evaluated using the exact ratio ¢ and the same quantity evaluated using
1 O’L

the approximation f. In essence, we will show that using our crude approximation f will

G
yield an approximation of % by a factor of (1 +O(S*%*(“’+2)T)), after which application
1 O'L

€]
of Corollary 10 yields the result. Again we consider equation (3.17), that is

; k-1 i—k
A (ai —1) le;é,,_;ﬁ%i_l:xai HZ;1¢(exkaeu%71@+1a (a—ae; —ej,b— Zj:l Cx; — Z?:1 ey;),b)
i = S k—1 —k -
ZI17&“,7§$%717§$% HZ:1¢(ewkaeuai,k+1; (a — Qi€ — €y, b — Zj:l €x; — 2?1:1 EUj)7 b)

i k-1 i—k
(ai - 1) Zw17é~'-7é$ai—1:wai szlf(exk7euai*k+1’ (a — i€ — ej’ (b o Ej:]- eg:j o 2?7:1 euj)’ b)
i k—1 i—k
Zm#-»-#rai,l;ﬁzai szlf(exkveua,i—k+17 (a —ai€; — €, (b - Ej:l €x; — Z?:l euj)7 b)

(3.60)

As in the proof of Theorem 9, we abuse notation by using fi(xy), ¢r(x) in place of the
full expressions for f and ¢, even though f; and ¢x(zx) do also depend on x4, ..., xx_1. This

reduces to a more tractable (but slightly misleading) notation:

(@i = 1) 2t twn,mon, Wiz @(ee) (@i = 1) 200 sy 0, Wiy fr(2)

A; = , - ,
' le;é...;éxai_lyéxai szzlqbk (mk> Eazl;é.‘.;éxai_l;éa:ai szzlfk ('rk)

Let Dy denote the set of sets of a; indices in {1,..., N} such that the variables associated
with these indices are distinct and let D; denote the set of sets of a; indices in {1,..., N}
such that the variables associated with the first a; — 2 are distinct and those with the final

two are equal. Writing A; as a single fraction, we obtain

A — (a; — 1)[ZD1 T, o (r) ZDO HZ;1fk($k) - Zpl I fi(zr) ZDO I dr ()]
’ EDO I dr (k) ZDO I fr(zn)

(@i — D> _p, p, Mapep @k (@i) o epo fe(@r) — Hayen, fu(@n) Uay ey @k (@r))]
>y Wi Ok () 2 py Wity fr(@i) '

check: We now apply Theorem 18 repeatedly to write ¢ = fi(1 + &) where &, depends
only on 21, ..., z; (but we omit the dependence) and, by Theorem 18 and the definition of f,
& = O(S‘é_“”) for some positive w. Furthermore, let 0, = 0if Kk = a; or k = a; — 1 and

0r = 1 otherwise.
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These steps yield

A= (3.61)

(ai = V> _p, py Maren, fu(zr) (1 + &di)layepy fi(@r) — Wayepy fi(@r) e o fr () (1 + Exdk)) + €]
ZDO I dr (k) ZDO Iy fu(zr)

where € is the compensatory term for zeroing out certain terms by inserting the d; into

equation (3.61), which we can express as € = € + €3 — €3 — €4 for
€1 = Z gaifai (xai)fai—l(xai—l)Hk;éai—l,aifk<xk>(1 + gk) Z kaEDofk(xk>7 (362)
D1 DO

€3 = Zgai—lfai—l(wai—l)Hk;éai—lfk(xk)(l + &) ZHCEkEDofk(wk)> (3.63)
Dy Do

— Z Ha:keDl fk(xk) Z éai—lfai(xai)fai—l(xai—l)Hkséai—l,aifk‘<xk‘)(1 + gk‘)a (364)
Dy Do

€4 = Z ka€D1 fk(.xk) Z Eaifai (:Eaz)Hk;éasz(xk)(l -+ 51@) (365)
Dy Do

The procedure for identifying that € is indeed a ‘higher order term’ is exactly identical to
the proof in Theorem 9 and hence we ignore the contribution from e.

It follows instantly from equation (3.61) that once we distribute IIf; (14 &.dx) and cancel
identical terms, the contribution in the numerator only consists of terms where there is at
least one & in the product. Hence we can define a vector  where each entry 7, either equals

1or 0 but n# 0 and 7,,-1 = 1, = 0, which yields

— D> b, po Wereny fr(@r) (1 + §xdx — m) ey epy fr (7))
A 1,Do B
: % > oo Wt Ok (1) D2 p, Iy fr ()

(3.66)

3 (ai = VDD _p, oy Hepen: fr(@r) Maye g fr (1) (1 + &ror — mi)]
ZDO I dr () ZDO I fr(zn) '

n#0
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Now, for k = a; or k = a; — 1, fr(xp)(1 + &0x) = fr(xk) by definition. For these choices
of k in Dy and D, we employ the relationship that f, = ix + 2z, where i, is independent
of x1,...,xx,_1 and z, = O(S_%_T)fk depends on these values. The z; represent the new
component here relative to Theorem 9, and we need to show that these terms are small
enough that they do not make an important contribution. We denote the first a; —2 variables

in Dy and D; as Fy and F respectively. We now have the following (omitting the dependence

on x):
A < Z P ]. ZDl [10, —1 + Za 71]2 IkeFlfk(l +£k - nk) ZDO [iai71 + Zaifl}[iai + Z(li]HCEkGFUfk: B
n#0 ZDO HZ;1¢k ZDO HZ;Lfk
(3.67)
(ai — 1) ZD1 [ia’ifl + Zai*1]2H$k€Fl fk ZDO [iai*1 + Zaifl][iai + Zai]HIkEFofk(l + Ek - nk)
ZDO Hzi:ﬁbk ZDO HZ;lfk ’
With some algebra, we can re-express equation (3.67) as
A < Z o 1 ZD:{ [1a171] xkEFlfk<]‘ + gk - nk) ZDO [iaifl][iai]nmkGFofk‘ _ (368)

17750 ZDO HZ;1¢k ZDD HZZ:lfk‘

(a; = 1) 32 p [ta, 1) ey er fr 22 py ltai—1) [ta,) Mape o fo (1 + €6 — 1)
ZDO HZ;1¢k ZDO HZLlfk

where € is the compensatory term for omitting the z; terms (which we define later). Now

+Q

since i, is independent of x1, ..., x;_1, we can employ the Mean Value Theorem to integrate
out the last 2 variables, define D, as the set of sets of a; — 2 distinct indices, and express

equation (3.68) as

A; < (3.69)

+0=

Z (@i = 1) > p. p. MUapen. fe(1 + & — me)Aelluep, fo — Mllpen. fidolle en, fi (1 + §k — k)
170 ZDD HZLM ZDO Hziﬂfk

> (ai = DAiAe > p p Hapen. fu(1+ & — me)aen, fo — Wapen. fills,en. fi(1+ & — k)] f2-Y o

n#0 ZDO HZ;% ZDO HZ’;lfk o
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Now we conclude the proof. From equation (3.67) we can write 2 = Q, — Q_ where
2, includes the positive compensatory terms from the (first part of) equation (3.67) and
Q)_ includes the negative compensatory terms from the (second part of) equation 3.67. The
following table illustrates all of the subcases that constitute the (¥, ;s in equation 3.67. The
columns indicate the term in the first summation found in equation (3.67) (€2) and the rows
indicate the term in the second summation. If the 7, jth entry is a v/, then this is a relevant

subcase, while the case marked with X is not.

21ai—lzai—1 Z

i 1ie, | X |V

1(11' —1 Zai

v v
iai Za;—1 v v
v v

ZCLi Z(li—l

Note that only the first entry in the table is X; we already demonstrated through equation
(3.68) that the contribution from the the case where both summations contribute i's without
any z’'s is 0. Hence, we have 11 subcases and we can express €1, = leil Q) ; and Q_ =
Zzlil Q*:i'

As we have demonstrated in this work, the z’s represent terms that are much smaller than
the i's. Consequently, interesting subcases will involve the fewest number of appearances
fo 2’s as possible. Furthermore, by symmetry the terms corresponding to rows involving
the i,,_124, Or i4,24,—1 terms are identical due to symmetry. We therefore only need to
examine two subcases, (a) the subcase where the first summation is 2i,,_12,,_1 and the
second summation is i,,_1i,,, which we define to be €4 ;,Q_; and (b) the subcase where
the first summation is iiﬁl and the second summation is i,,_12, which we define to be
Q45,Q_ 3. (We leave the subcase (b) as an exercise to the reader.)

So consider,

Q—i—,l _ Z (ai - 1) ZDI [2iai_1zai_1]HIkEF1 fk’(l + 5]{: - 77k) ZDO [iai_l][iai]ﬂxkepofk .

@ @ (3.70)
n#£0 > po iy & > p, Iy fi
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We will briefly consider the case where there is precisely one 7, = 1. By symmetry we will
consider 7; = 1 and multiply this quantity by a; — 2 (as there are a; — 2 possible choices to

let n, = 1; recall that n,,_1 = n,, = 0), obtaining

(ai - 2) (ai - 1) ZDI [Qiai—lzai—l]flngwaﬁéleFlfk(l + fk) ZDO [iai—l][iai]ndkaFofk

= — o
o > oy I bk >, T fi

(3.71)
But by assumption z, _; < O(S~277) f,._1 and trivially iy, _; < C'fa,_1, for some constant

C, so we have that

(a;i —2)(a;i — )Y p, [0(S7377) £2 ] Ai&iTle, krrem fr(1+ &) Xp, [fa,-—l][fai]ﬂa:keFofk.

P < i ; 3.72
e ZDO Iy o EDO e fr ( )
Now applying the fact that a; < dy0. = O(S%—T) and & = O(S—%—w’r)’

2 2‘7 HI X 1 + o » Hx
Qj—,l S 0(8—(3+w)7—) ZDl[ faz 1]f1 k,k#LEFR fk( 51@) ZDO [f i 1] [f Z] kEFOfk ' (373)

ZDO HZ;1¢k ZDO Hzi:lfk

Then employing the technique we used in the proof of Theorem 9 by applying Corollary
9 to reduce the domains Dy,D; to D, we get that

Hx * 1 + Hl‘ * [ /P
Q*—&-,l < O(Sf(?ﬂrw)‘r)O(S%—r) ZD* kED fk( 676) ZD* k€D fk _ O(S 547 w‘r)’ (374)

O(S4> ZD* Hzi:_fﬁbk ZD* Hzi:_ffk

and hence this constribution is a higher order term. Finally, we only considered the case

where there is precisely one 1, = 1. But cases where there are more positive 7,s yield
even smaller terms! For example, when we had precisely one 7, = 1, there were at most a;
choices for selecting k, but for each n, = 1, we end up multiplying the term f; by & (as
opposed to (1 4+ &)), and hence if there are m n,.s that equal 1, then this results in a con-

tribution bounded by Q.1 < % (a;)" ™I = Yo O(S*w(mfl)T*(mfl)T)Q*Jﬁl =

m=1

O(S—2=4=vT)_ Since these contributions are now much smaller than O(S™2727"7)  we

conclude that

Ai _ O(S—%—QT—MT)
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and from the beginning part of the proof of Theorem 9 conclude that our new approximation

Illlg;i H g(ei,e5,d,a)(1 4+ OS2~ w+m)),

3.7 SOME EXTENSIONS AND COROLLARIES

3.7.1 Maximum of the Degree Sequence

In this section, we briefly mention a generalization of the sparsity assumptions that will also
yield a power series expansion for the number of graphs realizing a degree sequence, using
the techniques of this paper.

Specifically, up to this point, we have assumed that dye, = O(S277). Denote a® (b(*))
as the kth entry in an in-degree (out-degree) sequence derived by sorting a and b into

non-increasing order. The key observation is that if

eH) (L)

max() _ b¥) Z&(k O(5'7), (3.75)

then the appropriate extensions of Corollary 4 and Lemma 2 still hold and we can derive the
corresponding power expansions. Naturally, for example, condition (3.75) holds if a(Yp(") =
O(S*=7) or if more simply dpee = O(S277).

Recall the proof of Theorem 2, where we count the number of common neighbors that
receive an outward (inward) edge from both an arbitrary node x and a node of bounded
degree y. In the worst case scenario, (3.75) gives the number of outgoing edges from all of
the neighbors of x. Since there are S edges in the graph, it is intuitive that it would be
difficult for x and y, which has bounded degree, to share a common neighbor. This idea
forms the foundation for the appropriate extensions of Theorem 2 and Corollaries 3 and 4.

Similarly, with care, we can extend Lemma 2 as follows:

Lemma 6. Suppose that f,g:1:={1,2,....,N} — [1,00) and for simplicity let g(-) < f(-).
Let {z1,...,x,} be distinct inputs from I that yield the largest r outputs for f(-) and assume
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that S0, f(x:) = O(S™7), SN f(i) = O(S). Furthermore, let k be an O(1) natural

number and let cq, ..., ¢, be a sequence of natural numbers. Then
N N
> gl fle) = > gle)T_of(e:)(1+0(S7)).
0176...7&& C1,-,Ck,
Ck417-..FCr

We omit the details of the proofs of these results.

3.7.2 Graphs without Loops and Undirected Graphs

In this section, we discuss how to generalize results from previous sections to directed graphs
without loops and to undirected graphs (with and without loops); similar ideas apply to

graphs with other sets of prohibited edges besides loops.

3.7.2.1 Directed Graphs without Loops As one may expect, when considering di-
rected graphs without loops, the results regarding asymptotic enumeration for directed
graphs with loops carry over as the likelihood that a fixed node has an edge to itself is

small. More specifically,

Lemma 7. Consider a degree sequence d = (a,b) € ZN*? where

a={ay,as,0,...,0},b=14{4,6,2,...,2,1,..,1,0,..,0} and

N
=1

k
a; = sz = S,
i=1

1

with 0 either 0 or 1 and with 2 appearing q times in b. If a;,as > q + 6, then there are

(al +as—26—2q
a1—6—q

) directed graphs without loops that realize the above degree sequence.

The above Lemma allows for the appropriate generalization of Theorem 7, where we
construct sets of residual degree sequences X s, 5, for k£ the number of common neighbors
being considered. Here, §; = 1 if node 1 connects to node 2 and is otherwise 0; similarly, d =
1 if node 2 connects to node 1 and is otherwise 0. Since it should be unlikely asymptotically
that either 0, or d, is positive, it follows that ||Gx, | becomes the dominating term and the

analysis proceeds as in other cases. (We can make this rigorous by using switching arguments

as we did in Section 3.) This will provide us with arbitrarily accurate asymptotics for the ratio
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of the number of directed graphs (without loops) with degree sequences that are distance 2
apart.

Suppose we knew exactly the number of graphs of one degree sequence that summed
to S. Then we could multiply this quantity by a product of (fractional) terms, where each
fractional term is a ratio of the number of directed graphs without loops, distance 2 apart.
Since from above we have asymptotics for the ratio of the number of graphs distance two
apart, we only need one case where we can count the number of graphs of a given degree
sequence exactly to derive the general formula. For simplicity, we can consider a degree
sequence where all realizations can never have loops. For instance, we can arbitrarily extend

7*N*2 and we can consider the degree

our degree sequence to an analogous degree sequence in
sequence ({ay,....,an,0,....,0},{0,....0,bn41, ..., bon)} € Z2N*2 If by,y, ..., bay consists of
only zeros and ones, then Corollary 11 applies and all realizations are directed graphs without

loops.

3.7.2.2 Undirected Graphs Practically speaking, the primary difference between ma-
nipulating degree sequences for undirected graphs and degree sequences for directed graphs
is that for directed graphs, the in-degree sequence can be manipulated without impacting
the out-degree sequence. In contrast, with undirected graphs, the corresponding adjacency
matrix is symmetric. As such, while the same thematic ideas also follow through to undi-
rected graphs, care should be taken. More specifically, instead of partitioning two rows (or
two columns) separately, as we were able to do in the directed case, we must partition the
two rows and the two columns together. In the remainder of this section, we will present
results in terms of undirected graphs without loops, noting that the techniques carry over
to the case where loops are allowed.

For the undirected case, we must consider two distinct cases. In the first case, the two
partitioned nodes do not share an edge together. Consequently, if the two nodes have a; + as

edges, then these edges must also show up in the degrees of a; + as other nodes in the graph.

Lemma 8. Consider a degree sequence a € ZN for an undirected graph without loops, given

by
a={ay,a,2,..,2,1,..,1,0,...,0}
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where the first two entires of a are followed by qo 2's and ¢ 1's such that ¢ + 2qo =

a1+a2—2q2

s ) undirected graphs without loops that realize the above

ay + asy. Then there are (

degree sequence where nodes 1 and 2 are not neighbors.

Alternatively, if nodes 1 and 2 are neighbors then they make a; + as — 2 edges with
other nodes in the graph. We need to consider this case as well and the result is analogous
to Lemma 8. (If we were considering undirected graphs with loops, we would also need to
consider the case where there are self-loops too.) Then as before, we construct sets Xy s,
where k denotes the number of common neighbors of nodes 1 and 2 and § denotes whether
nodes 1 and 2 are linked to each other. Again, ||Gx,,| dominates and the analogous results
hold. To switch from ratios to counts for a particular degree sequence, the following result,

which is analogous to Corollary 6, is fundamental.

Lemma 9. For a degree sequence a € ZN for an undirected graph without loops given by

a={1,..,1,0,....,0} with Y a; =S,

s!
(5

Proof. The proof is constructive. Note that S must be even as otherwise there are no graphs.

|Gall =

(V[

2

N][9)

For the first edge, there are (g) possible choices of pairs of nodes to connect. After we decide
5-2
2

. | _ . :
o 22’f) = —25/’2 choices for wirings. In this procedure,

the initial pair to wire up, then there are ( ) possible choices to form the second edge. This
reasoning implies that there are Hk%:_ol(
however, suppose that all of the choices are the same except for the first two steps. In the first
step in one example, node 1 wires with node 2 and node 3 wires with node 4. Alternatively
in the other example, node 3 wires up with node 4 in the first step, but node 1 wires up
with node 2 in the second step. The output is the same graph, but we counted both of these

instances as two distinct events (graphs). We readily note that there are %! possible ways of

wiring up the same graph with this procedure, as there are g edge pairs in the graph. [

The technique for counting the number of undirected graphs with loops for the degree
sequence a = {1,...,1,0, ..., 0} is similar and left as an exercise to the reader. At this juncture,
we note that the idea of prohibiting loops is a special case of prohibiting edges between (two)

nodes. Though it is outside the scope of this work, we strongly expect that the ideas can

87



be extended to attain asymptotics for the ratio of the number of graphs of two distinct
degree sequences distance 2 apart where we prohibit edges between certain nodes. As long
as generating a prohibited edge is unlikely for any node in the graph, the ideas of our work
should carry over; that is, the dominating term in the ratio will consist of realizations of
graphs where the two partitioned nodes do not share a common neighbor and no prohibited

edges appear.

3.7.3 Computing Probabilities

While enumerative asymptotics have been employed for constructing realizations of the Uni-
form Model [8], we can also construct probabilities for the likelihood that two nodes share
an edge and compare these probabilities to other random graph models. Suppose node 1
has degree a;. Then the probability node 1 receives an outward edge from node 2, which we
denote as Pr(2 — 1), would be

1 N
PT(2 - 1) _ (a1 —1)! 2551:27&2-..7&1:&171 ||G((a—a1e1,b—zg1 ewi)H (376)

N
aill Z:m;é...;ézal ”G(afalel,bfzggl ex;) ”

To motivate (3.76), suppose we are given our degree sequence and decide to wire up the
edges corresponding to node 1. Our numerator simply counts the number of graphs where we
have wired up node 1 with a; other nodes (as node 1 has in-degree a;) and one of those nodes
must be node 2. Similarly, our denominator counts the number of graphs where we have

wired up node 1 with a; other nodes. Using the techniques of Chapter 3, we can simplify this

”G(a,bfe*)”
’ ”G(a,bfe**)”

of products of ratios of the number of graphs from two slightly different degree sequences,

further by considering ratios of the form . We can then express (3.76) as a sum

G b s~a1—J j
. ZN I S e L) R S B
ay;—1 ! =2 j:1 G —i+1 i
( ) a:g;ﬁ...;ﬁxal H afalel,bfzzlzlJJr ekazizll ez; ”

Pr(2—1) = (3.77)

I

I
1 NN ai
all le;é...;éxal Hj:l G

_ _ya1—J 5
a—ajep;b Zk:l vy Zk:lezj

a]—j+1 j—1
a—alel,b—zklzl evk—zizl el-j

Using our results from Chapter 3: Corollary 9, Theorem 16 and Theorem 18 to reduce (3.77)

to

Pr2 > 1) ~ “1%’2(1 +0(57)) (3.78)
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and hence we conclude that asymptotically, the probability that two nodes share an edge
under the uniform random graph converge to the probabilities in the Chung-Lu random graph
model! (Recall that we defined the Chung-Lu random graph model in the introduction). Note
that we attain convergence with a factor of (1 + O(S727)) where max; a; = O(S2~7) and
max; b; = O(S %_T). Note that since for many degree sequences 7 may be small, the Uniform

random graph model could differ dramatically from the Chung-Lu random graph model.
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4.0 CONCENTRATION RESULTS REGARDING THE SPECTRAL
RADIUS FOR RANDOM DIRECTED CHUNG-LU GRAPHS

In this chapter, we seek mathematically rigorous asymptotic results for the dominating
eigenvalue of an adjacency matrix under different random directed graph models for the
Chung-Lu random graph model as well as a generalization that enables community structure
within the graph. We also attain bounds for how much the dominating eigenvalue can deviate
from the asymptotics for a realization of a graph with fixed N nodes. Finally, we apply our
results in studying the stability of a epidemic (SIS) contact network and the stability of

synchrony in the Kuramoto model.

Random graph models are useful for constructing families of graphs where all graphs in
the collection possess a similar property. More specifically, the dominating eigenvalue of the
adjacency matrix in biological neural networks, boolean genetic networks and epidemiological
networks plays an important role in the stability of solutions to the corresponding dynamical
systems and stochastic processes that occur on these networks. To construct meaningful
statements regarding the aforementioned networks, we also want to utilize a random graph
model that shares characteristics that matches empirically observed real world networks.
One such property is degree heterogeneity, that is, empirically observed networks have nodes
that possess different numbers of neighbors throughout the network. While we focus on
directed graphs, we can extend many of the proof techniques in this work to undirected
graphs as well. At this juncture, we introduce the definition of the Chung-Lu random graph

model, which allows for the generation of networks with degree heterogeneity.

Definition 6 (Directed Chung-Lu Model). Suppose we have a vector of weights d = (a,b) €

ZN*2 (an expected bi-degree sequence), where S = = > p.epbi and max; ja;b; < S.

a;€a a;
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We construct an edge from node i to node j with an independent Bernoulli random variable

bia;

S

of probability p;; =
Heuristic arguments have suggested the following result [73],

Conjecture 1. Given a sequence of realizations of the Directed Chung-Lu model where
we consider increasingly large networks with N nodes. Denote the absolute value of the

dominating eigenvalue of A by p(A). Then almost surely,

=1
N ab
— 00 5

When constructing bounds on the dominating maximum eigenvalue of an asymmetric
(directed) matrix, we do not have quite as many tools to construct concentration results
compared to the symmetric (undirected) case. Our main theoretical tool will be the following

lemma, but first we introduce the following definition for clarity.

Definition 7. We define the spectral radius of a matriz A € RVN*N to be the absolute value

of the mazimal magnitude eigenvalue. More precisely,
p(A) = max{|\| : Az = Az and x # 0}

Lemma 10. Let A € RN be an entrywise non-negative matriz. For simplicity, suppose

that the eigenvalues of A are real.
Define Aoz as the mazimum of the eigenvalues of A. It then follows that p(A) = Anae-

Furthermore, we have for every positive integer r,

trace(A")

N S oA =p4) <174 (4.1)

where 1 is the vector of one’s.

For completeness we provide the following proof.
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Proof. First, note that for an entry-wise non-negative matrix A, for any positive integer k,
Ak will also be an entry-wise non-negative matrix. Now suppose that Aqz, the maximum of
the eigenvalues of A was in fact negative. Then since the trace of a matrix is the sum of the
eigenvalues, it follows that for some choice of m, trace(A™) < 0, but this is a contradiction

since A™ is entry-wise non-negative. As such we conclude that \,.. = p(A).

The lower bound to p(A") in (4.1) follows directly from the fact that p(A"), equals the
largest nonnegative eigenvalue of A” and hence is also the maximum of the eigenvalues of A"

and % is the average of the eigenvalues of A".

Next, the equality in (4.1) follows from the fact that if A, x is an eigenvalue, eigenvector pair
of A, then \" x is an eigenvalue,eigenvector pair of A" where 7 is a positive integer. Note
that from the Jordan Cannonical Form that all eigenvalues of A™ are of the form A" where
A is an eigenvalue of A. It then follows that 0 < A\, = p(A) = p(A)" =\ .. = p(A").

And finally, to prove the upperbound on p(A"), let v satisfy Av = A\, v where we normalize
v such that vI'v = 1. Define |v| to be the vector consisting of the absolute value of the

entries of v. Since A is entry-wise non-negative, it follows that

vIA™v = p(A) < |[v|"A"|v].

Another application of the fact that A is entry-wise non-negative yields

lv|"A"lv| < 1TA"1,

as vIv = 1 implies that |[v| < 1 entry-wise. O

We are primarily interested in applications of Lemma 10 in studying the spectral radius
of an adjacency matrix for random graphs. In this case, if A corresponds to a directed
graph, the quantities that bound p(A), 17A"1 and trace(A”)/N both have combinatorial

interpretations. More specifically, trace(A”) = Zjvzl el A’e; (where e; is the standard unit
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vector) is the number of cycles of length r. Similarly,17 A1 is the number of paths of length
r.

To see this consider 17 Ae;. Now, Ae; is a vector whose kth entry is 1 if there is an edge
from node j to node k. Consequently, 17 Ae; is the number of paths starting at node j of
length 1 (and analogously 17 A1 is the number of paths of length 1). One can then proceed
inductively, to show that 17 A%e; is the number of paths starting at node j of length 2 and
SO on.

We now provide a sketch of our proof technique to prove a version of Conjecture 1. For
a suitably chosen r, we will show that with high probability

p(A) <1TA™1 < (%

)V (4.2)

where a depends on the expected degree sequence. We will show that for a suitable sequence
of expected degree sequences (where we vary r with the expected degree sequence), o will
have the property that lim,_,. oz(r)% = 1. Hence it will follow from monotonicity by taking

the rth root of both sides of equation (1), that with high probability,

S =

o) <2 Pa

Perhaps less obvious, we will also show a similar relationship holds for involving the

trace(A”). A conceptually convenient way of seeing this in a special case is to note that

wlTAL = 537 el Are; = ) el ATe; = tracelA) < p(A)" where the approximation

holds for many expected degree sequences.

More succinctly, we will argue that +5(22)" < -5174"1 < p(A)" < 17A"1 and if we
1

choose r sufficiently large, say r = O((logN)?), we have that (m)% — 1 and we will be able

to conclude that asymptotically
p(A)

ab — 1.
S
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4.1 SPECTRAL CONCENTRATION BOUNDS, % — 00

Keeping Lemma 10 in mind, we initiate our discussion on bounding the spectral radius
for the Chung-Lu model by bounding the expected number of paths of length r. In order
to identify suitable degree sequences, we will consider two cases seperately, where either
% — 00 (this section) or py,q, = max;;p;; — 0 (next section). Though the results below
hold in considerable generality, many of the initially stated results will only be particularly
useful for the case where a;sb — 00. We start by identifying a lower bound on the expectation

of e]TATeZ- as our first step for constructing spectral radius concentration results.

Lemma 11. Consider a realization of the Directed Chung-Lu random graph model with
expected degree sequence d = (a,b), where > a; = > b; = S. Then the expected number of
paths from node i of length r is bounded below by

a-b

bi| 5

]7"—1

Furthermore, the expected number of paths of length r is bounded below by

a-b.,
5

Proof. First consider the expected number of paths from node y of length r,

Z Prob|Path(y — i1 — ... = i,)]

ilv-“vir

Now if no edge repeats in the path (and the probability of each edge is independent), then
Prob[Path(y — i1 — ... = ir)] = pyi, I Dy

If however an edge does repeat in the path, since each 0 < p;; <1 for all 4, 7, it follows that
for such a path

Prob[Path(y — iy — ... = i)] > pyi I iy

Consequently, we conclude that the

Z Prob[Path(y — iy — ... = i,)] > Z Pyis IT Digis
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Let ag, b, denote the expected in-degree/out-degree of node x. Now applying Chung-Lu,

we simplify

b a; a; b a; L Qi
r—1 _ 11 T r— 1 lk ’Lk+1 _ e TTr— 1 23
E : pyilnk:1pikik+1 - E , H E : H S

U1 yeenylr U1 5eeeylr U1 5eeeylp

where the last equality follows from rearranging the terms. Now by taking expectations

we get that
a-b
vw(——

Z Prob|Path(y — iy — ... > 1,)] > b 5 )

i17'~~7ir

(4.3)

It then follows that we can construct a lower bound for the expected number of paths of
length r by using (4.3), the lower bound of the expected number of paths of length r starting
from node y and summing over all possible initial node choices. Since Y, b;(23p) ™! =
S(22)"!, the proof is complete.

O

By counting the number of times repeating edges appear in a given path, the proof of

Lemma 11 gives us an immediate corollary that will be helpful in constructing an upper-

bound.

Corollary 13. Consider a realization of the Directed Chung-Lu random graph model with
expected degree sequence d = (a,b), where Y a; = > b; = S. The expected number of
paths starting at node i of length r where there are no repeating edges is bounded above by
bi(a'—;’)”_l. Furthermore, consider the set of all paths P, where we require the kth edge to be

a repeating edge and no other edges can be repeating. Then for a fixed k < r, the expected

&)r—f&

number of paths starting at node i of length v and in Py, are bounded above by ppazbi(®g

)

where prmar = —“ma%bm“.

Now we must construct an upper bound for the expected number of paths of length r

from a given node y.

Theorem 19. Denote pqp, = max; ; pi;. Assume % < % and that r < %, then we have
the following upperbound for the expected number of paths from any node y of length r,
b

Z Prob[Path(y — iy — ... > i,)] < byQ(aT)r_lexp(pmax

2( .S \2
T(ﬁ)

_ S
1 %

).

7;17'”72'7*
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Proof. As demonstrated in Lemma 11 when evaluating the likelihood that a particular path
exists, it is helpful to identify the edges that repeat multiple times throughout the path. We

want a method that identifies 'repeated’ edges that will help simplify our calculations.

Consequently, we establish the following rules for determining which edge is

a repeating edge.

e The first edge is *never™ a repeating edge.
e The last edge can only be a repeating edge if it is identical to the first edge.
e The second edge is a repeating edge if it is identical to the first or last edge.

e And then we proceed inductively, the third edge is a repeating edge if it equals the first,

last or second edge, etc.

Now we condition on the possibility that the last edge could be a repeat edge. If the
last edge is indeed a repeat edge, then we also know that the last edge has to equal the first
edge. Furthermore, we know that the first edge starts at node y, similarly the last edge must
also start at node y. We can rewrite this path of length r as a cycle starting and ending
at node y (of length » — 1) where we append this repeated last edge to the cycle. Since
this last edge must be identical to the first edge, we conclude that the expected number of
paths of length r starting at node y (where the last edge is determined by the first edge in
the cycle) equals the expected number of cycles of length r — 1 starting and ending at node y.

Now define P,(y) to be the number of paths of length r starting at node y and C.,(y) to
be the number of cycles of length r starting at node y. Furthermore, denote PX(y) to be
the number of paths of length r where the last edge does not repeat. We have the following

decomposition.

E(P.(y)) = E(P!(y)) + E(Cr-1(y)) < E(PH(y)) + E(P1(y)). (4.4)
Applying inequality (4.4) over again, we have that E(P,(y)) < E(PL(y)) + E(PL (y))+
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E(P._2(y)). Repeating this trick inductively will yield that

E(P.(y) < Y E(Py(y) + E(Pi(y)) = Y E(Pr(y)), (4.5)

where the last equality follows from the fact that a path of length 1 can never have a
repeating edge.

By inequality (4.5), to construct a meaningful bound for E(P,(y)), it will suffice to
consider a bound for E(PX(y)), where we are only interested in cases where the last
edge (and the first edge) cannot be a repeated edge. To construct this desired bound,

it is helpful to consider some ’simple’ cases.

e First, if there are no repeating edges, it follows from Corollary 13 that the expected
number of paths that satisfy this property is bounded above by by(a'—;)”_l.

e Now suppose that there are repeating edges. For each identical repeating edge, denote
the location of all such edges by the set Z (recall that the 'first time’ an edge appears,

that edge is not considered a repeating edge). Then it follows that the contribution from

such paths is,

b,a; b;, a; S
El P _ Yy Hri U "lk+1 H -
( Z) Z S k=1 S Bk Br+1)€Z b/jk aﬁk+1

(Br:Brt1)EZ

e Case 1: Z consists of a unique repeated edge. Then we have that

b a'maa:bmaw a-b

E(Py) < b, memen (32 (1.6)

e Case 2: Z consists of 2 edges and both edges are next to each other in the proposed

path, then
b amambmaw a-b

B(P;) < b, e (2

>r74

e Case K: Z consists of K edges and all K edges are next to each other in the proposed
path, then

amaxbma:c a-b r—2—
B(Py) < b, “mesten (2 Dy-ak

97



Figure 4.1.1: A Sample Path Illustrating an Example of a Repeating Node Block.

To clarify our proof strategy, we consider the following example, the path taken in Figure
411: A-B—-C—-D—-B—-C—=D—F—D— F — G. Each node in the path has
either never been visited before or has been visited before. Furthermore, if the node has been
visited before, it is part of a block of previously visited nodes of some prescribed length. In
the path above, we initially have four nodes that have never been visited before (A-D) then
a block of three previously visited nodes (B-D), followed by a new node E, another 'block’
that we already visited (node D) and then two more nodes that we never visited before.
Recall that we defined prae = @mazbmaz/S. We claim that the following expression is an
upperbound for the expected number of paths of length r starting from node y where the

last edge does not repeat, P (y).

CEIUTEDIED DI PRl [ e i RO e IR ()

. - I
k30, (i—1)ki=r ’
ki>1

The k; variables under the summation in equation (4.7) considers the different ways of
decomposing a path of length r into repeating node blocks of different sizes. We will justify
the above claim, term by term. First we explain the appearance of (klz ki )

Let k; denote the number of repeated node blocks of length ¢ — 1 where k; refers to
the number of new nodes that has never been visited before (excluding the first node).

Then consider all paths of length r with k; blocks of length ¢ — 1. Then there are at most
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(klzk;w) 'block’ rearrangements. Furthermore we also have the constraint that the k; > 0
and k1 + > ;_,(i — 1)k; = r as the path by definition has length r, must only contain r + 1
nodes and by construction k; does not include the presence of the first node.

Next, suppose that we have designated the locations (or times) in the path of length r
that contain previously visited nodes. For example, in Figure 4.1.1 we fixed the 5,6, 7, and
9 places in the path to consist of previously visited nodes. Now each of these repeated nodes

must correspond to a node that has never been visited before. In the example, k; = 7 and

r — k1 = 4 as the path in the example has 11 nodes. As such there are at most
Kk

such rearrangements. That is, for each of the r — ky places (locations) that consist of previ-
ously visited nodes, the node visited in each such location must match one of the k; distinct

nodes in the path.

Suppose for ¢ > 2, there are k; blocks of length ¢ — 1. Then we have the following up-
perbound for the expected number of paths with the given ’block’ structure constraints,

by (22)F1 iz 0 (Pmaz[5])¥ . Recall Case 1, equation (4.6), where ky = r — 1,ky = 1, all
other k; = 0 and the bound for the expected number of paths with only one revisited node is

bypmax(a'—;)”_3. It can be shown that this formula is consistent with the other aforementioned

cases and is indeed the expected number of paths with the given ’block’ structure constraints.

But we can trivially bound equation (4.7) by,

E(PX(y)) <b, Z < 12 kakr) (r)Tlﬂ(%)kl1Hi22(ama:§?ma$[ Sb]l)ki <

k14307 o (i—1)ks=r
k1>1

:— k) ok arbo (—amazbmaz[g]l)ki
by Z Q—l)(r) kl( S )kl 1]:[i22 S b

. k! k;!
k1 +Z::2 (zfl)ki:r

T §:2 ki . a- b by 1o (Clmaacs{hnaa: [a_S;D]l)kz
by Z (Z ki) (r) (T) I~ ol < (4.9)

kit STy (= Dki=r =1
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But we can write k; in terms of the other k; and r and bound )_, k; by r yielding the

upperbound,
r " i . b Amazbmaz i 1\k;
D D e G e B0
k14> 0 o(i—1)ki=r 2
T ik a-b ST - . ((lmaacbmam [ai]l)kl
by Z e kl(T) =2 (= L)k 1Hz’22 . k] b < (4.11)

k1 -‘rz;-r:z (i— l)ki:r

a-b,,_ r (M[Tf )k
BTN My e (4.12)
E1+0 o (i—1)k=r '

And now to achieve an upperbound we can instead allow the ks (ignoring ki) to vary

independently resulting in,

a-b > (M[T S ]l)kz

r—1 r S ab
by(T) > ) 1T, o (4.13)

a-b., i S\ a-b., - IRy
by(T) I _sexp(Pmaat (E) ) = by(T) ewp(;pma:cr (ﬁ) ) < (4.14)
a-b,, r(2)?
by(—= ) erp(Pmaa 25 7}%) (4.15)
Now from (4.15) and (4.5) we conclude that
~ a-b, m?(2)?
BP)) < 2 (=g eap(pmas—10) <

a-b r— TQ(%)Q - S r—m
by(—5~) 1€$P(pmabei) D (s

where the last inequality follows from the assumption that % > 2.
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Now that we have results regarding the expectation of the number of paths of length r
, we now seek concentration results regarding the dominating eigenvalue of the adjacency

matrix.

Theorem 20. Denote A as a realization of a random Chung-Lu graph with expected degree
sequence d = (a,b) € ZN*2. Furthermore let ppq, = “=tmez and S =3, a; = >, b;. Then
for every € € (0,1) there exists an Ny, Na such that if (logN)*(2)? < N%, N > Ny and

(logN)*(2) < L, then
a-b

Prob(p(A) < (1+¢) 5

)>1—¢

Proof. First, suppose that

30 9, S €
log(N) > - and (logN) (E> <100 (4.16)

where we assume without loss of generality that € < 1.

Consider the expected number of paths, P,., of length » . By Theorem 19, we have that
for r = (logN)?,

By Markov’s Inequality we have that,

E(P,
Prob(P, > 7Z) < ( )
Z
Now if Z = N x E(P,), we have that,
Prob(P. > Z) < !
rob( P, < —.
N
It then follows that with probability at least 1 — % from Lemma 10,
T ' a: b ' Tz(i 2
p(A) - p(A ) < 2NS<_) exp(]?maaz%)' (417)
S 1-— TE
Consequently, with probability at least 1 — %,
b r(=2-)?
p(4) < 2N 8)F 2 Peap(p, 2B ) (.19
S 1-— TE



But recall that we chose r = (logN)? so we have that (4.18) simplifies to,

(logN)*(%)?
1— (logN)Qﬁ

).

1 -b
p(A) < (2NS) (logN)2 aTeq;p(pmax

We first consider the term from (4.19),

(logN)*(%)°

).
1— (logN)Q%

exP(Pmaz

By assumption (4.16), we have that (4.20) is bounded above by

2¢ 6e

V< (14 —

100 )

(4.19)

(4.20)

(4.21)

where we also used the fact from (4.16) that (logN)?>5- < 1 and that exp(z) <1+ 3x

for x < 1 (since € < 1).

Now we consider the other coefficient from (4.19),

(2NS) TP < (2N3)Tn?,

(4.22)

where the right hand side comes from the fact that the total number of edges must be

bounded above by N2.
We consider the log of the right hand side of (4.22).

3log(N) + log(2)
(logN)?

1
log(2N3) (logN)? =

4log(N) 4 de

= < —.
(logN)?2  log(N) 30
So we conclude that (4.22) is bounded above by

4e 12¢
exp(%) <(1+ %)

since for x < 1, exp(x) < 1+ 3.
Using (4.21) and (4.25) to bound (4.19), we get that,

a-b 12¢ Ge a-b 18¢ N 726>
30 3000

)< 2P0t

(4.23)

(4.24)

(4.25)

(4.26)



for e < 1.

Note that this bound is valid for at least probability 1 — 5 where 1 —¢ < 1 — 5 <
1-— logN <l—-= and the proof is complete.

O

Remark 4. Under additional assumptions in Theorem 20 regarding how fast 22 b 00, we

can weaken the constraint that N > exp(g—f) (e = (log(N )) to say that with high probability
the mazimum eigenvalue does not exceed 22 by too much. In particular if (32) = O(N), we
can choose r = O(N) and we will get an analogus theorem to that above where € = O(%).

trace(

To prove the lower bound, we want to evaluate NAT), the average of the number of

cycles of length r in the network.

Corollary 14. Given an expected bidegree sequence d, for a given realization A it follows

b
that for 2 <r < 22

a-b,, . a-b,, Tmeax(%)
(T) < E(trace(A™)) < Z(T) ea:p(w). (4.27)

Proof. This Corollary is essentially an extension of Theorem 19, where Theorem 19 provides
an upper bound for the expected number of paths of length r, Corollary 14 is a statement
about the upper bound for the expected number of cycles of length r. To (partially) explain

the differences found between this Corollary 14 and Theorem 19, consider the expected

aib;

abi — a'—Sb. Since the proof for the

number of cycles of length 1. This quantity equals ZZ 1
upperbound is nearly identical to that of Theorem 19, Corollary 13 and Lemma 11 ,and

similar to the proof of our next result, Theorem 21, we omit the details. O

In order to bound trace(A") from below with high probability, we will compute the
variance of the number of paths of length r that start and end at the same node. We can
express trace(A"), as a summation of indicator random variables for each possible path that
could be in a realization of a graph from the Chung-Lu random graph model. Denote each

of these indicator variables as X;. It follows then that

Var(trace(A")) = Var( Z X;) Z Var(X;) + Z Cov(X;, X;)
i)
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. We are primarily interested in pairs ¢, j such that Cov(X;, X;) # 0 (as we can trivially
bound Var(X;) = E(X?) — E(X;)? = E(X;) — E(X;)* where we used the fact that F(X?) =
E(X;) as X; is a 0-1 indicator random variable and it follows that Var(X;) < E(X;)).

Theorem 21. As defined earlier, we denote trace(A”) = ZzZ:l X; where X; is an indicator

random variable denoting the existence (or lack thereof) of a specific path of length r that

starts and ends at the same node. Suppose that 2 < 2r < %. It follows that

_b2r—2 4 2 s 5 \2
Z Cov(X;, X;) < 2r° « pm,ma— ea:p(w—(as;b)). (4.28)
vy S 1—2r=-
i#] ab
Furthermore it follows that
'b2r—2 472 i S )2
Var(trace(A")) < E(trace(A")) + 2r2pmaxaT exp(%(zb)). (4.29)
— /,"_
a-b

Proof. The proof strategy is analogous to Theorem 19. First consider a path (represented
by the indicator variable X;) of length r that starts and ends at the same node and all of

the edges are distinct.

by, Qs . Qgp;by,
Pr(Xl = 1) = H;:1p$i$i+1 = H::lTH = Hi:l g )

where the last equality follows from the requirement that xy = =, ;.

Now consider the case where (only) the mth edge in X is a repeat edge.

It then follows that

r bxiaaci m— azib:vi azmbzm r azibl‘i
Pr(Xl = 1) = Hizl,i;ﬁmTH = (Hizll S ) g = (Hi=m+2 g ) (430)
Or more simply;,
T aﬁﬂz‘bxz’
PT(Xl = 1) < pmax(Hizl,iyém,m—l—lT)' (431)
Similarly, if m, m 4+ 1,...m + n are all repeat edges it follows that
r Az, bs,
Pr(X;=1) < pm(w(Hi:Li;é[m...m-l-n—i-l}—)‘ (4.32)

S
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And more generally, as in the proof of Theorem 19, we can describe the occurence of
repeat blocks as R = U;[m;....m; + n; + 1] where each 'block’” or set [m;....m; +n; + 1] is
disjoint from all of the other sets in the union.

Furthermore, define B to be the number of 'blocks’ or sets in the union that we used to
construct R.

It follows in generality that

Ay, s,

Pr(Xl = 1) < pﬁaz(nlﬁRT) (433)
Similarly, we can bound the probability of the existence of two distinct loops,
B aribmz‘
P?"(Xl = 1,X2 = 1) S pmaz(Hi¢R S ) (434)

where B now represents the total number of repeating node blocks when calculating the
probability of the joint existence of paths X; and X,.
Now we are only interested in paths that have a non-trivial covariance. It follows analo-

gous to equation (4.7) in Theorem 19, we have that

k?i r—ky a-b | S )
Yo, x)< Y 2k Y ey @ Byey o 15 g (4.35)
- . ki, ..., k, S a-b
1] k}l-‘rz:{:Q(Z—l)ki:Q?"

ki€[l..2r—1]

where for ¢ > 2, the k; refer to the number of repeating node blocks of length i — 1. Using
the fact that we can write k; in terms of the other k;, ky = 2r — > _,(i — 1)k; and that we

are only summing over k; that satisfy the constraint that &y < 2r, we get that

Z (22:1 ki)! (270)2%1“(3 ) b)2r72;“=2(i71)ki1—[r (W[%]l)kl
kl! S 122 kl'

(4.36)

k1 +Zz:2 (’i— 1)"61':27”
k1€[1...2r—1]

Repeating the same argument from Theorem 19, we achieve the desired upperbound.

Amazbmaz il ki
> aEeh() ?2“—%(—&5'”)”—232“-”'“11:22( : k,[a"’” < (4.37)
T+ 3Ty (i—1)ki=2r !
ki1€[l...2r—1]
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a- b (amazbmaz [2ri]z>kl
(—)" > Iy, ,~—F abl o (4.38)
= |
5 ki+> 0 5 (i—1)k;=2r kil
k1€[l...2r—1]

Now define 0;; = 1 if ¢ = j and zero otherwise. To ease the analysis, we consider all of
the different scenarios to identify which k; (i > 2) must be at least 1. Once we know which
k; must always be at least 1, since we want to be able to write our upperbound using an
exponential function, we will factor out the term so that effectively k; will be able to range

from 0 to 2r, instead of 1 to 2. Since this term is bounded above by 2rpmax%, we get that,

(amazbmaz [2r S ]I)kl_élj

a by, r ab

S e > R < (4.39)

k1430, (i—1)ki=2r v

JE[2,...,7]
1<k;
. b Amazbmaz 2,’ail k)i—(si]’
2rpma$<aT)2T_1 Z H:Z2 ( (k’ [_ §b>]' ) (440)
k1437, (i—1)k;=2r ! R
JE[2,...,7]
1<k;
Since there are at most r choices for which k; is bounded below by 1, we get that,
-b 0 Amazbmaz 2?"1 i\ k;
2T2pmax(aT>2r—1 Z H222< S k[' ab)) < (4.41)
ka=0,....kyp=0 ¢

a- b r— T S 7

2T2pmax(T>2 1Hi22€‘rp<pmax[2rm] ) < (442)
a-b [2r ]2

2 2 mar\~ o 2=t ma:c#b . 443
" Pmas(—g—)" " eap(p 1_2T%) (4.43)
O]

To construct the desired lowerbound on p(A), we could appeal to Chebyshev’s Inequality.
Instead we will use a more distribution specific approach. We will state the result from Janson
in full generality and then discuss the implications of their work in context to counting paths

and cycles of prescribed length.
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Theorem 22. [Janson 1990] Consider a set of independent random indicator variables
{Jiticg and a family {Q(a)}acp of subsets of index set Q. Define I, = Iicq)di and
T=3 epla- Define Cov=73%", . Cov(l,la,) Then fore € [0,1],

1 (8 E[T])?

Pr(1-B)ET]<T)>1- pr(—gm) (4.44)

Remark 5. In the language of Theorem 22 according to the Chung-Lu random graph model,
the ezistence of a particular edge (J;) is independent with respect to the existence of another
edge in the graph. As such we define Q to be the set that identifies (orders) all of the possible
N? edges that could exist in our graph of N nodes. Consider a particular cycle, and denote
it by . We can express a as a product of independent indicator variables icqayJi, where
the elements in the set Q(a) C Q identify the edges (the independent indicator variables J;)
used to form the cycle a. We denote the indicator variable corresponding to this cycle by I,
and let B consist of all of the sets Q(a) formed by all of the possible cycles o of length r
that could appear in our graph. Hence Theorem 22 provides us with a bound that can make
it difficult for the sum of cycles (of prescribed length r) to be too much smaller than the

expected value. This leads us to the desired result.

Theorem 23. Denote A as a realization of a random Chung-Lu graph with expected degree
sequence d = (a,b) € ZVN*2. Furthermore let ppas = % and S =73 ,a; =7 ,b;. Then
for every e € (0,1) there exists a 61,05 such that if % < 4y, 2(logN)2% < % and % < 0y

then
a-b

Pr((1 —e) 3

<p(A))z1-e

Proof. First fix an arbitrary e € (0,1) and suppose that

S 1 [ —32exp(d)
2_ = o 2
(logN) T < mm(4, 10g(©) ) and (4.45)
6
log(N) > - (4.46)
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Now consider Theorem 22 and consider the number of cycles of length r = (logN')? which

we denote by C'. Then we have from Theorem 21 and Lemma 12 that

E ab\2r
Pr( [20] <C)>1—exp(—= —— (%5 )r PSR ) (4.47)
RAET + 22" Jexp( ;”;:ib )
Recall that by assumption (4.45) we have that
E 1 ab)2
Pr( ] <(C)>1—-exp(—< b(’" 5) ) (4.48)
2 8 272 Pmaz + =2 ]exp(8r2pmaw(ﬁ)2)
We can simplify this further since 22 > 1 and by assumption (4.45), (logN)‘l%2 < 1
and say that
E[C] (%)
P <C0)>1—exp(—— £ — 4.49
" 2 e ezp( 16 [7"2—1—1]635]3(%)) (4.49)
E[C] 1 1
P <O)>1- —— : 4.50
T( 2 —_ ) — exp( 32 T2<£)2€xp(%)) ( )
Using assumption (4.45) yields,
E
Pr(% <C)>1--¢ (4.51)
Finally, with probability 1 — ¢ we have that
1 1 _a-b EC), C. _1
) (logN)2 < (logN)2 < (—)(ogN)2 < p( A 4.52
(55 T 22 < (ST < ()T < p(4), (4.52)

where the first inequality comes from Lemma 11 and the final inequality holds from
Lemma 10.
Since assumption (4.46) implies that

1 (loglN)2 lOg(QN) 2
l —_— — <

o (4.53)

and 1 — 3z < exp(—z) = 1—€< exp(log(ﬁ)“oglN)Q ). Consequently from (4.52) with

probability at least 1 — €,
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Remark 6. We can in fact get a faster convergence result by considering the number of
cycles of length r (where r is a parameter). For r > 1 when we invoke Theorem 22, our
covariance term C will be positive. For clarity, C, will denote the cycles of length r and
Cov(r) will be used to denote the C' mentioned in Theorem 22. We argued in Theorem 21
that Cov(r) = 7“%2 x E(C,)?. Since in the limit for r large E(C,) < E(C,)* provided
2P 5 00, we can invoke Theorem 21 where B = 1 and show that since Cov(r) < E(C,)?
(for suitably chosen r), with high probability the number of cycles of length r cannot be less
than half of E(C,). Since %%r < C, < p(A), taking the rth root where r — oo yields

the result. More precisely, if % = O(N), we can prove (a version of) Theorem 23 where

choosing r = O(N) implies that € = O(%).

We conclude this section with a simulation (Figure 4.1.2) plotting the empirical distri-
bution of the spectral radius from 100 realizations of the Chung-Lu random graph model
from a fixed expected (bi)-degree sequence where there the networks consist of 600 nodes

ab
and R 161.

4.2 CONCENTRATION BOUNDS WHEN ppax — 0

We now wish to extend our results to the case where a-b/S is (asymptotically) finite. In
order to prove results of this nature, we will require that p,,.. — 0, that is the likelihood
any two fixed nodes share an edge should vanish asymptotically. We again stress, as sug-
gsested in Figure 4.1.2, that our results not only provide asymptotic information regarding
the concentration of the dominating eigenvalue of a sequence of realizations of Chung-Lu
random graphs, but also computable concentration results that bound the likelihood that

the dominating eigenvalue deviates from a-b/S for a randomly generated network from the
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Figure 4.1.2: Speed of the Convergence of p(A) to % in the Chung-Lu random graph model.
The x-axis indicates the relative error e of the empirically observed p(A) such that

p(A) = (1 + €)22. The y axis marks probabilities, whose meanings vary based on the three
curves. The red curve is the empirical probability mass function plotting the relative error
of the dominating eigenvalue from a'—Sb, where we constructed 100 realizations of Chung-Lu
random graphs with a prescribed expected degree sequence d € Z5%°*2 such that a;sb ~ 161.
The magenta curve is an application of the concentration result (Theorem 20) regarding the
distribution of the dominating eigenvalue p(A) from realizations of Chung-Lu random graphs

with the same prescribed expected degree sequence d. For this curve, the y — axis provides

ab

an upperbound on the probability the spectral radius exceeds the relative error from 25

on the x-axis. Similarly, the blue curve is an application of the concentration result from

Theorem 23.
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Chung-Lu random graph model with a fixed number of nodes. The following definition will

help us greatly in achieving our desired goal.

Definition 8. A simple cycle is a path that begins and ends at the same node where no other

node is visited more than once. Denote the number of simple cycles of length r by SC(r).

Since the number of simple cycles of length r is a lower bound for the trace(A"), it suffices
to show that with high probability that the number of simple cycles of length r is roughly
(22)"

Lemma 12. Consider a realization of the Directed Chung-Lu random graph model with
expected degree sequence d = (a,b), where Y a; =Y b;=S5. Then

a-b -b

22— rpmal” < B(SC() < (B2 (4.54)

Proof. We can write the expected number of simple cycles of length r as,

az
E(SC(T)) = Z Hz:lpikik-o—l - Z H ;

11 =lp41702...%0r 1. Fiy

where the first equality follows from the fact that with simple cycles we do not have to

worry about an edge repeating in a cycle (as in Lemma 11) and the second equality follows
from invoking the definition of Chung-Lu and rearranging terms.
We then have the upperbound that,
aikbik

E(SC(r) < > szlT‘:(Z%)( 3 szgaig‘)l”f):(?)( > I, ) = (A2

Llyeeey Tr 11 12500 Tr 12500y Tr

To derive the lower bound,

(aSb B 7"p7nar) Z HT 10’%‘5{)% o (aSb B ramag{)max) Z HT 1(sz ik < Z H azk ik

i1#. . Fir—1 i1#. . Fir—1 i1#. Fir

Repeating this argument for each of the 7;’s yields that,

a-b azk
(T - Tpmaz Z H
Zl# #Z'r
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We will also want to construct our covariance term as used in Theorem 22. To do so, we

have the following result.

Lemma 13. Consider the covariance term for the number of simple cycles of length r,
denoted by Couv(r), (as defined in Theorem 22 where our covariance term is derived from
the expectation of sum of products consisting of pairs of indicator variables, the existence of
simple cycles).

We then have that

g2 by o 2 .ib
COU(T> < DPmaz” (T) exp(pmazr a—S) (455)

-5

Proof. In the spirit of Theorems 19 and 21, we claim that the following is an upperbound

for the covariance term.

Z k’l a-b k S 1\ K
< = . - i .
Cov(r) < E (kh ok ( 5 ) szg(pmax[ra : b] ) (4.56)
k14307 o(i—1)k;=2r

1<k <2r—1

The key difference between (4.56) and the claim in Theorem 21, is that because we are
only considering simple cycles, when evaluating the covariance of two distinct simple cycles
each with length r, in the first cycle there cannot be a repeated node block (because it is
a simple cycle) and in the second cycle if there is a repeated node block of size i, then you
have at most r choices for constructing that repeated node block (as opposed to 7).

To clarify this point, in the second simple cycle suppose a repeated node block of size z
appears of the form m; — my — ... — m,. (Consider a particular choice for my. ) Since
my can only appear once in a simple cycle, it must be that there is only one possible choice
for mq, the node that appears after m; in the first cycle. Proceeding inductively, given a
particular value for my, all of the other m's are completely determined. Hence there are at
most r distinct choices for each block of size z. Employing the same tricks as in Theorem

19, demonstrates that,

T s ks
E E NSk (R b 2r—1-37_, (i—Dki 1T (Pmazlr35))
‘ ( kz) 2 ( 5 ) 2 HlEQ—ki! S (457)
ki+> 0, (i—1)k;=2r i=1
1<k1<2r—-1
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b T max Sk
e D I G (1.55)
k1+22:2(i—1)k1-:27= i

1<k1<2r—-1
ab - (pmam[r2<ib)l])kz
(===)>! 3 s a | 1)
i k4307 o (i—1)ki=2r kl
1<k <2r—1

Now since k; cannot exceed 2r — 1, at least one of the kls (i > 2) is positive. Hence

inside the summation, all of these terms have a common factor of pmaxvﬂﬁ. It then follows,

s a by o - (pmax[rz(%y])ki
PmazT (T) Z HiZQ ]fz‘ S (460)
ko =0,..., k=0
a-b.,. i
PrmaaT (——)*" 2exp(pmamr2“—bs). (4.61)
S 1- =
And since (4.61) is an upperbound for Cov(r), the proof is complete. ]

Consequently, we have the following concentration result.

Corollary 15. Denote A as a realization of a random Chung-Lu graph with expected degree
sequence d = (a,b) € ZN*2. Furthermore let ppq, = “=tmez and S =3, a; = >, b;. Then
for every € € (0,1) there exists a 8;,00 such that if ppae(logN)? < 61 and % < 0y then

a-b
S

Pr((1—c¢) <p(A)>1-—ce

Proof. The proof is analogous to Theorem 23 and as such we only provide a sketch. From
Lemmas 13 and 12, for sufficiently small p,,.., we have that Cov(SC((logN)?) <

[E(SC((logN)?)]?>. As such we can invoke Theorem 22 to show that with high probability
the number of simple cycles of length (logIN)? cannot be less than half the expected number

of simple cycles.

2 2 logN)?
E(SC((logN)?)) < SC((logN)?) < trace(AU9N)") < p(A)lloaV?.
2N N N
A (2= (100N) D)9 (SC((1ogN)?)

) : . .
IN < SN , this would impliy that,

1

_1 _a-b
2]\/v)log(N)2 (— — log(N)mea:c) S p(A)

( g
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1
Since (g5)@s™? — 1 for N sufficiently large and (logN)?ppaz — 0, we conclude that

with high probability (1 — €),

Constructing a meaningful upperbound on the number of paths of length » when p,,,. —
0 is more challenging. We cannot simply follow the proof strategy used in Theorem 19 as we
have to worry about the contribution from repeating node blocks. Analogously, consider the
(unlikely) event that a subgraph of k& nodes exists where each node has bidirectional edges
with each of the other k nodes and % < k. In the proof of Theorem 19, we were able to
ignore this complication altogether due to the assumption that % — oo sufficiently fast.
The following lemma demonstrates that with high probability when p,,.. — 0,we in fact do

not have to worry (too much) about this dilemna.

Definition 9. Define the minimal edge set of a path P to be an ordered list of edges (of
minimal size) required for the entire path to exist. Note that since P must have minimal
size, we cannot have the same edge appear twice in the minimal edge set. By convention
when constructing a minimal edge set, as we observe edges in a path, we simply add the edge
to the minimal edge set if we have never observed that particular edge before. Furthermore,
we say that a path has k node repetitions if there are k distinct simple cycles that can be
formed from the minimal edge set. Analogously, we can say that an edge set has k node

repetitions if there are k distinct simple cycles that can be formed from that edge set.

Example: Consider the path P=1—2 — 3 — 1 — 2 — 4. For the path P to exist,
we only need the following edges to exist: 1 — 2,2 — 3,3 — 1 and 2 — 4. These edges

{(1,2),(2,3),(3,1),(2,4)} would then form the minimal edge set of path P.

Essentially, we will seek a result that says that paths cannot have too many node repe-
titions. More precisely, it will be burdensome to consider the minimal edge set of a path

P with excessively many node repetitions. Instead, we will want to construct a subset (of
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edges) of the minimal edge set with a smaller number of node repetitons. The following

Lemma formalizes this claim and the proof explains how to construct such a subset.

Lemma 14. Consider a path P with k > 1 node repetitions and its corresponding minimal
edge set M. Then for any j < k, we can construct a reduced edge set EE C M, such that
E has j node repetitions, the first node in the first edge in E and the last node in the last

edge in B2 must belong to a simple cycle that can be formed from the edges in E.

Proof. We will illustrate the procedure using an example, but the procedure used holds in
the full generality of the lemma statement.
Consider the path P =1 - 2 —- 2 - 3 —- 4 — 3 — 1 and its minimal edge set

M = {(17 2)7 (27 2>’ (273)7 (374)7 (4’ 3)7 (37 1)}

e First, starting with the empty set we add edges from our minimal edge set M to our
reduced edge set E until we can construct j simple cycles. For this example, consider
j = 2. This yields the edge set F = {(1,2),(2,2),(2,3),(3,4),(4,3)}.

e Then, we remove edges from the beginning of our edge set £ until we reach an edge such
that its removal would decrease number of simple cycles that we can form our current
edge set. This yields the set £ = {(2,2),(2,3),(3,4),(4,3)}.

e Observe that if any of the edges in the edge set £ do not exist, then the path P cannot
exist. Furthermore by construction, the first and last node in our new edge set must

belong to a simple cycle that we can construct from our edge set.

]

With Lemma 14 at hand, we seek one more lemma so that we can prove the desired

result that there cannot exist a path with many node repetitions with high probability.

Lemma 15. Suppose E is a reduced edge set with t node repetitions, as we constructed in
Lemma 14. We can map the reduced edge set E to a union of sets U._; M; where each M;

consists of a set of nodes. Furthermore, the M; sets have the following properties:

e The first node in My and the last node in M; all belong to a simple cycle that can be
constructed from the edges in E (provided that the edges in E ezist).
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o The last node in M; for each j is a node that has appeared either before in the same set
M; orin a set M; where i < j.

e The first node in M; for each j > 1 is a node that has appeared in some set M; where
1< 7.

o And finally, let xy; be the kth node in M;. Then the probability that all edges in the
reduced edge set E exist equals

by, .a .
M;|—1Y%k,i YTr41,4
e M R, (4.62)

Proof. We first illustrate the mapping of the reduced edge set £ with ¢ node repetitions to
the union of sets U!_, M; where each M; consists of a set of nodes. We start by decomposing
our reduced edge set E as a union of edge sets Ul_; F;, where we add the edges from F to E;
and stop once F4 has precisely one node repetition. Then starting where we left off, we add
edges to F» and stop once F; U E5 have precisely two node repetitions. Since by assumption
the last node of the last edge belongs to a simple cycle, we can express E = U!_; E; such

that the subset UY_, B has precisely k node repetitions for all k < .

Example: We clarify the above procedure with the following example. Consider the re-
duced edge set E = {(2,2),(2,3),(3,4),(4,3)}. Then since E has two node repetitions and
the first node of the first edge and the last node of the last edge both belong to simple cycles
that can be formed by the edges of E, we can write £ = {(2,2)}, since E; already has one
node repetition we stop here and then Ey = {(2,3),(3,4), (4,3)}. Note that E; has precisely

one node repetition and F; U Es = E has two node repetitions.

Now given E;, we can construct M; as follows. Consider the first node of each edge in
E; and add those nodes to M; in that order. Then add the last node of the last edge of E;
to M;. This completes the construction of the M,;.

Example: As before consider £ = F; U Fy = {(2,2)} U {(2,3),(3,4),(4,3)}. It then
follows that M; = {2,2}, where we added the first node of each edge of E; and then the last
node of the last edge of E; to M; and My = {2,3,4,3}. Now note that the probability of all

116



: fotd 2 |M;]—1bay, ; Qg
of the edges in E existing equals IT;_ 1T, —7 ~ ——==.

Note that by construction, since the first node of the first edge and the last node of the
last edge in E belong to a simple cycle that can be constructed from the edges of F, these
nodes are precisely the first and last nodes of M; and M, respectively. Hence the first bul-
leted statement holds.

The second bulleted statement holds since by construction UF_, E; the last node in the last
edge of E forms a simple cycle. Consequently, this node appears as the last node in M}

and must have appeared elsewhere in the set U¥_, M;.

Now for the third bulleted statement, we have two cases; either the first node in M; equals
the last node in M;_1, in which the claim is trivial, or they are distinct. If they are distinct,
since each minimal edge set is constructed from a path, then in the path there exists a col-
lection of edges in the minimal edge set M that connect the last node in M;_; to the first

node in M;. Denote these nodes as m;_; and m; respectively.

It follows from the second bulleted statement that there is a simple cycle containing m;_;.
Now consider the collection of edges that appear earlier in M that connect m;_; to m;. Note
that if we delete an edge that belongs to a simple cycle in a minimal edge set, the number of
node repetitions decreases by 1, as all edges in the minimal edge set can only appear once.
Recall that in the proof of Lemma 14, to form the reduced edge set E, if M = {ey,...,e,.},
then £ = {e;, €41, ..., ex } for some j, k such that 1 < j <k <r. Now we only delete edges in
the beginning, ey, ..., e;_; if those edges do not contribute to the number of node repetitions.
Since by construction the appearance of the edges that connect m;_; to m; must appear
before e, and the earlier appearance of the edges connecting m;_; to m; would contribute to
the number of node repetitions, we conclude that the path that connects m;_; to m; does

appear earlier in F and consequently m; appears earlier in some M;, for iy < i.

Denote the probability that all edges in F exist by Pr(FE). It follows that since E is a
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subset of the minimal edge set of a path P all of the edges are distinct and that

bpay bpay

PT(E) = He:(w,y)EET = szlne:(m,y)EEiT (463)

Now consider the kth edge in E; for some particular choice of j. Denote this edge as
(x,y). It follows from construction of M; that x is precisely the kth element in M; and y is

the £ 4 1st element in M;. Consequently, we conclude that

by by, ag,
PrE) = Ty 220 — 1

(4.64)

where x;,; is the kth node in M;.
n

The strength of Lemma 15 lies in the fact that it helps us identify which nodes repeat in
a reduced edge set. For example consider some arbitrary bounded function f : N — R and

define f. to be the smallest upperbound of f. Then it follows that, vazlyjzl[f(i)]Qf(j) <

fe ZiN:Lj:l @) f(); if fo — 0 and 32N, f(i) = O(1), then this upperbound converges to
0. To summarize, we will want to identify which indices (nodes) repeat in the reduced

edge set as if for example we chose the wrong index and bounded Zf\il i F@OPP () by

I ZiN:Lj:l[f(i)P < NN [f(@))?, the presence of the N would lead us to a potentially
useless upperbound as it is possible that f, — 0 and é < N. By noting that with a little
care we can treat this abstract function f in place of the probabilities used to construct the

edges in our graph, we can derive the following result.

Lemma 16. Consider a sequence of (expected) degree sequences d = (a,b) where ppa. < %,

R is a fived constant, 7 > 0 and ‘LSb > 1. Then with probability at least p, =1 — 0, all paths

kT

of length not exceeding L = = x log%(N), have less than k 4+ 1 node repetitions, where

RkL3k—2
§ = B2
N2

Remark: Note that asymptotically we are guaranteed that 6 — 0 in Lemma 16 as for

fixed k, pmaz = O(N™7), L = O(log(N)) and consequently § = O((N= (logN)?)*) — 0.
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Proof. To bound the likelihood of the existence of any path of length at most L with at least
t node repetitions, we will instead consider the likelihood of the existence of a reduced edge
set with ¢ node repetitions containing no more than L+ 1 —t distinct nodes. Denote Pr(E)
as the probability all edges in the set E, exist. It follows from Lemma 15 that for a given
reduced edge set F, with ¢ node repetitions that

o e iGang i a1 b O

1_1bsy an,
PT(E*) = ngln‘k]\fll 1% =11, S Hk:Q T = (4'65)

b 11a Qg 0y bm i b, .a, .
TLLT My |t ppg—1  CIMGLG LI oy |M;|—1 Yz Yoy
S - Hj:l - S Hi:lHk:2 T (466)
where zy; is the kth node in M.
QAxynr . by
Ideally, we would like to bound each of the M terms by a pp... However, we

only want to do so when xy; and )y, ; already contribute a term of the form bz*; == 50 that
when we sum over all possible choices for the nodes in Ui_; M;, we do not end up with an
extra factor of an NV, where IV is the number of nodes. Normally, this is not a problem as we
know from Lemma 15 that the last node for every M, can be found either in the same M;
or an earlier M; where ¢ < j. Similarly, the first node in every M, except for M; can also
be found in an earlier M; where ¢ < 5. Consequently, we focus on whether the first node in
M; appears elsewhere.

To analyze (4.65) we have the following cases.

e Case 1: The first node in M; and the last node in M, are different.

— la. Since the first node and last node must respectively be the first and last node
in two different simple cycles by Lemma 14, the first and last node must appear
elsewhere in the Ms. Case la. supposes that there exists an Mjy_;, M} such that
the last node in Mj_; equals the first node in M, which equals the first node in M;.

— 1b. Alternatively, there exists an Mj_; such that the last node in My_; equals the
first node in M, but the first node in M} does not equal the first node in M;.

e Case 2: The first node in M; equals the last node in M,.

First in Case 1a, we know that there exists a k, such that for the first node z1; = x 1 =

21 g+1. Similarly for the last node we know there exists a ko and k; such that 1 < kg < | M}, |
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and (ko, k1) # (| M|, t) where ay, k, = 2|a,|+ as by our representation of our reduced edge set

as a union of sets of M} s, the first time a node appears (except for the very first node in our

reduced edge set), it cannot appear at the beginning of an Mj. Consequently, since Lemma

14 requires that x|y, is part of a simple cycle and by assumption 1, # |, , there exists

a distinct (ko, k1) such that zy, x, = 2|a)¢- Consequently in Case la, we can bound bz, by
Ty Ay

bmae and Qa0 by @mqe and we are guaranteed that a factor of bT appears in (4.65) for

7, = 13 and x, = x|y, For Case la we have the following upperbound,

bml»laI\MH»t b$1,1al1,11—[t71 alej\,jbxlijrlHt HlMi\—lbmk,ia-Tk,i t—1 b$1,1a$1,1Ht H|Mi\—1b1k,ia-”ﬂk,i
S g J=li#k T g i=lik=2 T g —pmamis i=1Vk=2 T o

(4.67)
where everytime we apply the p,,.. upperbound to the product of degrees of nodes, those
be T N—1bey caz, . . .
nodes also appear in the product %Hﬁzlﬂlfg 1% in (4.67). Note that to derive

(4.67) Hﬁ;ii #Q'M‘% contributes a p! 2 and % contributes a factor of Pz
Now in Case 1b, we again have that for the last node we know there exists a k; and ks
such that 1 < ky < |My, | such that xx,x, = 2| Furthermore by assumption, we know
that there exists a k # ¢ such that x,; = x| x and zp41,1 # 21,1. We conclude that x4,

must have appeared elsewhere and it follows from (4.65) that,

b

aw\Mﬂ,]’bml,j-&-l Ht H|Mi‘—lbxk,ia73k,i
i=1""Tk=2

S

-'Ek+1,1a1'\lwt\,t b$1,1a$|Mk\,k

t—1
S g EWHTg

< (4.68)

t—1 bw1,1a$1,1 Ht H|M¢|71 bwkzaﬁsz
i=1""k=2 '

pmaw S S

Finally in Case 2, we know the first node equals the last node z1; = x|y;,);. We then

can reduce (4.65) to

b:L~1,1aam,11‘[1t—1aﬂ”'“@'yﬂ'bgﬁlﬂ‘rl t H\Mi\—lbﬂﬁk’ia%i <b‘”1,1a$1,1 t—1 1t HIMiI—lbxk,ial‘k,i 4.69
S j=1 g i=111p=2 S > g Prgatli=11 =2 g (4.69)

Denote the set E; to contain all of the reduced edge sets E, with ¢t node repetitions and

no more than L + 1 —t distinct nodes, where ¢t > 2. We implicitly denote the dependence of
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M; on E, and define Pr(E;) to be the probability that there exists an F, € E; such that all
of the edges in F, exist..
Then from (4.65),(4.67),(4.68) and (4.69) we conclude that

bw11a$11 i|— bl‘ Ay, ;
Pr(B) < Y g pl LI I T et < (4.70)
E.€E;
o 4.1 ,a-b G a0 41,4 b
L3 2P ()= M2 < L2 ()t (4.71)

S S
where we get (%) by summing over all possible choices for the z; ;. Furthermore we get
a factor of L?~2 as we can choose at most L different nodes to be xy1 for each £ > 1 and
Ty v, and each k < t. We then bound the different possible choices for the sizes of the ¢
M, sets by L*. Choose L = %Tlog%(N). Note that (2p)% = N5,
Hence it then follows from (4.71) that

L3t—2N% Rt [3t—2Rt

P’T‘ (Et) S NtT Nt‘r

(4.72)

where we invoked the fact that pq. < ==. Note that if we choose L = O((logN)?), since
R is a constant, Pr(E;) — 0 and hence if we fix ¢, the likelihood of the existence of a path

of length no greater than L with ¢ node repetitions vanishes asymptotically as N — oco. [

Lemma 16 asymptotically guarantees that with high probability any path in a realization
of a Chung-Lu graph of less than O(log(N)) length cannot contain more than one distinct
simple cycle. Such a restriction will help us in counting the number of repeating node blocks.
Suppose we are guaranteed that there are a total of m node repetitions in a given path. If
we look at all potential repeating node blocks of less than O(log(N)) length, we know that
we can only place one distinct simple cycle in the entire node block. At this juncture, we
consider Figure 4.2.1 to help us identify the paths that Lemma 16 says cannot exist with
high probability.

In each section of Figure 4.2.1, we used colored rectangles to indicate the presence of a
node on a given path. For clarity the numbers within each of the rectangles indicate the

node’s identity. The unfilled spaces before, after and in between the colored rectangles
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(a)
b

(b)
(c)
(d)
(€)

e

15

Figure 4.2.1: Restriction on Repeating Edge Blocks for p,.. — 0. Each subcase (a-e)
indicates a collection of paths of sufficiently small length that may or may not exist in a
Chung-Lu random graph with high probability according to Lemma 16. The numbers within
each of the rectangles indicate the node’s identity. We denote certain nodes using orange
rectangles, as opposed to blue rectangles, to help identify when a simple cycle within a
particular path beings and ends. In case (a), we are considering a collection of paths that
contain a cycle formed by the node labeled 1. Subsequently in case (b), we consider a single
path that contains two cycles, one of the cycles begins and ends with node 1 and another
that contains node 2. In case (c¢), we consider two distinct cycles that contain the node 1.
Note that the color orange helps distinguish between the two different cycles. The first cycle
is relatively small and does not contain the node 2, while the second cycle does contain node
2. Case (d) illustrates the possibility that a single path could contain a concatenation of the
same cycle. And finally in case (e), we illustrate a subset of the paths considered in case (a),
where we consider specific nodes to the left and right of the cycle containing node 1. See the

text for details.
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(nodes) exemplify the idea that even without knowing all of the nodes in the path, we can
still invoke Lemma 16 to rule out the likelihood of its existence. The key observation is that
wherever we place the given distinct cycle, we cannot have additional different cycles in a

node block/path of sufficiently small length.

In part (a) of Figure 4.2.1 we decided the location of a particular cycle by visiting node
1 twice in two particular locations. But if we carelessly assign locations for additional nodes
and create another cycle, as indicated in Part (b) of Figure 4.2.1, this violates Lemma

16 because now we have two node repetitions (distinct cycles) within a path bounded by

O(log(N)) length.

Similarly (c) is another violation of Lemma 16. Here, as identifying when a cycle begins
and ends can be challenging, we used the color orange to emphasize the start and comple-
tion of a cycle. We have two distinct cycles, one cycle from the first two orange 1’s and a

longer second cycle where the blue 2 is in between the two orange 1’s.

However, as demonstrated in part (d), we can concatenate the same cycle over and over
again. This will not be a violation of Lemma 16. Ultimately though once we decide the
location of our cycle and the number of times we concatenate the same cycle to itself, we

cannot have another node repetition as illustrated in part (e) of Figure 4.2.1.

We now provide some intuition for how Lemma 16 helps us limit the number of repeat-
ing node blocks within a given path. First consider a path of fixed length r and break up
the path into portions each of length O(log(NN)). Now whenever a repeating node block
occurs we have a limited number of choices on how to choose which nodes appear in the
repeating node blocks. Recall how we mapped our reduced edge set to a union of sets of
nodes, UM; in Lemma 15. Note that we are constructing our repeating node block based on
edges already visited, so consider the auxilliary graph induced by these edges. Only nodes
that appear at the end or the beginning of a set M; can have more than one incoming or

outgoing neighbor in this auxiliary graph. More precisely, if the path has at most m node
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repetitions, we can envision the construction of our auxiliary graph such that each node has
1 inward and outgoing edge and then m additional edges are added based on the nodes that
appear at the end and beginning of the M; sets. Now from Lemma 16 we know that there
cannot be more than two distinct simple cycles in an O(log(N)) block of any given path.
Hence after we decide the location of a particular cycle in this block, one can show that
if a path has at most m node repetitions, then before the concatenation of the particular
cycles there are at most m*exp(m) possible ways of choosing nodes for k repeating nodes
blocks of arbitrary size that are contained within this O(log(/V)) portion of the path. We
achieve this (non-trivial) bound as there are m* choices for deciding the inital choice in each
repeating node block (based on the constrained number of node repetitions in the path),
When choosing nodes in the repeating node blocks, we are restricted by the edges found in
the auxiliary graph, where most nodes have only one neighbor. As such one can show that,
we need to multiply the quantity m* by exp(m) as Lemma 16 prevents us from having many
different nodes that have more than degree 1 in the auxiliary graph. With this idea at hand,

we now present the desired Theorem.

Theorem 24. Consider a sequence of (expected) degree sequences d = (a,b) where e <
%, R is a fized constant, T > 0 and % > 1. Letr = 5 log%(]\f). Define P,(y, G) to be
the number of paths of length r starting at node y for a given graph G € G, where no path
of length r in G has more than m + 1 node repetitions and no path in G of length less than
%*log%(N) has more than 1 node repetition. (Recall Lemma 16). For notational simplicity

define

n = [7 logas (N)]*(m + 1)°

and suppose that

Floap ™ _a-b
(77) s <T)

then,
byexp( 2 ) S \2
™) ab ()
B(P5,G)) £ —— 2 — (2 ep(pa S
_E 1_i(n)7*log%(N)
a'b
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Proof. The proof is nearly identical to Theorem 19. Similar to equation (4.7), we have that

E(Pr(y,G)) < (4.73)
2mr STk 1*% a-b., DPmazS 1.
b 7 ab 1711—[4 mazxr k;
et (e )0 ORI )
S ki1>1

k1437 o (i—Dki=r

where n = logTL;)(N)2(m +1)? and r = 2T % log%(N). PL is the number of paths starting
from node y of length r, where require the last edge in the path to not be a repeating edge,
G € G, and the k; for ¢ > 1 denote the number of repeated node blocks of length ¢ — 1. The

key difference is instead of having r*~D*: possible choices for each of the k; repeating node
+ Ty )
5

blocks of length i — 1, we claim that we have at most (|7 * log%(N)]z(m +1)%)
choices for each repeating node block of length ¢ — 1. To see this note that by assumption, we
can only have at most one cycle on any path of length bounded by 7 * log% (N). Since there
at most m + 1 node repetitions in the entire path of length r by construction, we claim that
any repeating node block of length i — 1 < 7 +logan () has at most [7 logan (N)]2(m+1)?
choices for the node block repetition.

In particular, we can have at most one unique (simple) cycle in the entire 7 * log% (N)
portion of the path by assumption. There are at most m + 1 choices for a particular cycle
since there are only m + 1 node repetitions in the path of length r. Furthermore, we can
choose to place the cycle in at most ¢ locations in a repeating node block of length 7. In
addition, we can concatenate the same cycle at most i times. This yields i*(m + 1) possible
choices for a repeating edge block of length i bounded by 7 * log%(N ). For now we only
consider the (m + 1) choices for the initial node in the repeating node block. Note that
1 < T % log% (N) and we conclude that the number of possible choices for a repeating node
block is bounded by [ * log%(N)]z(m +1)2.

To apply a similar bound to a node block of any length, we divide the node block into
smaller node blocks each of length 7 x log% (N) and possibly one node block that is smaller

than the others. The number of choices for this larger repeating node block is then bounded

2(i—1)
1+ T#log 5.p (N)

by ([T*log% (N)]2(m+1)) s° by considering the number of possible choices for each
smaller repeating node block of length bounded by 7 * loga (N).
We did not consider the number of choices for the repeating node blocks that occur

aside from the appearance of the cycle and the first node in each repeating node block; we
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consider this issue at this juncture. One can show that for every portion of the path of length
3 * logan (N), we need to multiply [7 log%(N)P(m +1)? by exp(2m). More precisely, the
number of choices for nodes in the repeating node blocks comes from the number of paths of
fixed length from an arbitrary node that do not have node repetitions in the auxiliary graph
formed by the edges we already visited in constructing a given path. More succinctly, we
can construct our auxiliary graph by fixing the number of nodes to be, NV,, and having each
node possess one incoming and one outgoing edge. Then we can add up to m additional
edges to the auxiliary graph based on the upperbound of the m node repetitions in the path.
Consequently, we can define fq(m) to be an upperbound for the number of paths without
node repetitions of length d from any fixed node in this auxiliary graph constructed with
m additional edges. Suppose the initial node that maximizes this quantity has out-degree

z; + 1. It follows that

fa(m) < max Zfd_l(m—azl): max (14 1) fa_1(m — x1),

z1<m,x1€Z 4 T r1<m,x1€Z
1=

where the first inequality comes from the fact that since we are only considering paths
without node repetitions. More specifically by considering the particular node, with out-
degree 1 + 1, and graph that maximizes fy(m), we can instead bound this quantity by the
number of paths of length d — 1 coming from this node’s neighbors, where we essentially
delete the node as we do not consider paths with node repetitions. Note that if our auxiliary
graph with no additional edges, then we can let f; (0) = 1 for any d,. Furthermore, since
the maximum number of paths of length 0 from a given node is bounded by 1, we get that

fo(m,) =1 for any m,. Proceeding inductvely we conclude that,

m
fa(m) < max L, (1+ ) < (14 =) < exp(m),
E?:l Xy Sm d
2;>0,€{1,....d}
where the second to last inequality can be proven by induction on d. As we consider
paths from the auxiliary graph before and after the appearance of the concatenation of cycles

in the node block, we get a factor of exp(2m). Since we have w such portions in
2 ab

S
our path, this yields a total of exp(#;m) possible choices. Multiplying (4.73) by this
2 ab
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quantity accounts for such choices in all possible repeating node blocks that may exist in our
path. The proof then proceeds identically to that of Theorem 19 and we omit the details.
O

4.3 PARTITIONED CHUNG-LU MODEL

We now seek to extend our results to a generalization of the Chung-Lu model. Similar models
have been defined in context to community detection for undirected graphs [21, 22, 48, 60, 65].
These models are special cases of the model below, where we construct our model in a general

sense such that analogous proof statements still hold.

Definition 10. We define the Chung-Lu Partitioned Random Graph Model such that we are
given a collection of expected degree sequences for submatrices of our adjacency matriz. We
construct an edge from node i to j by means of an independent Bernoulli random variable
pi; where p;; is proportional to the product of the expected out-degree of node ¢ and expected

in-degree of node 7 of the corresponding submatrix.

The first result we prove holds in considerable generality. Therefore, we introduce the

following (more general) definition.

Definition 11. We define the K-Partitioned Random Graph Model such that we are given
a collection of expected degree sequences for submatrices of our adjacency matriz. We assign
each node to one of K groups (or communities), denoted by the function G(-). We then
construct an edge from node i to j by means of an independent Bernoulli random variable

pij where p;; depends on G(i) and G(j) .

We will find that the following norm will be helpful in proving bounds for the dominating
eigenvalue in the Chung-Lu Partitioned Random Graph model. For completeness, we provide

the following definition.

Definition 12. Consider a vector x € RN*Y. Denote |x| as the I1 norm (or tazicab norm
for the vector). That is x| = S, |z;|. Purthermore for a matriz B € RN*N we can also

define | B to be the 11 norm of the matriz where |B| =3, ; |bi;|.
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For simplicity we will consider the case where there are two communities (analogous
results hold when there are more than two communities).

Unsurprisingly, computing the number of paths and cycles becomes much more chal-
lenging when we incorporate partitions (communities) into our random graph model. We
therefore introduce the following lemma that will facilitate the computation of otherwise

unweildy expressions.

Lemma 17. Consider the 2-Partitioned Random Graph Model. Denote the number of paths
from node iy to node i, of length r as P,[ic — i,]. and define p;;(x,y) to be p;; if node i in

group x and node j in group y and 0 otherwise. Then,

E(Plio—i])=| Y [GZA(ik i, in)]pl (4.74)
i1y
where | - | denotes the taxicab norm, i1 = [(i1,142), (i2,43), ..., (Ig_1, ik)]

and if (i,7) ¢ i then,

p”(l,l) ng(lvl) (0 ) (0 )

L. 0 0 pii(2,1) pii(2,1
A(Z7.771) = <pij(1,2) pi;(1,2) ) "0 )

0 pi;(2,2) pis(2,2)

else if (i,7) € 1i,

S(L1) G (L1 0 0
0 Gij(2,1) Gi5(2,1)
( G

G
o 0
A(i, j,i) = Gij = <G 5(1,2) 0 0
0 Giy(22) Gij(2,2)
where Gi;(c,d) = 1 if node i is in group ¢ and node j is in group d and G;;(c,d) = 0
otherwise.

and
pP= [pioil (17 1)7pi0i1 (27 1)7 Pigiy (17 2)7171‘0@'1 (27 2>]T
Furthermore for arbitrary ig, 11,12, consider the rth component of A(iy,i2)p.

e Ifr =1 this corresponds to the probability of a path under the constraint that G(is) =
1,G(iy) = 1.

e If r = 2 this corresponds to the probability of a path under the constraint that G(is) =
1,G(ip) = 2.
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o [f r = 3 this corresponds to the probability of a path under the constraint that G(iy) =
2,G(iy) = 1.

e If r = 4 this corresponds to the probability of a path under the constraint that G(is) =
2,G(17) = 2.

Proof. We proceed by induction starting with r» = 2.

So consider

Pinin(1, 1) piyiy(1,1) 0 0 Pigir (1, 1)
0 0 Piria(2,1)  piyin(2,1) Pigi (2,1) _
Dirin(1,2)  piiy(1,2) 0 0 Dioiy (1,2)
0 0 Pirin(2,2)  Pirin(2,2) Dioir (2,2)
Pigir (1, D)Piyis (1, 1) + Pigiy (2, 1)piyin (1, 1)
_ Pigir (1, 2)Piiy (2, 1) + Pigiy (2, 2)pii, (2, 1)
Pigis (1, 1)Piria (1, 2) + pigin (2, )iy (1, 2)

1

Digin (1, 2)Diyin (2,

Each entry of the vector classifies the probability of a path from iy to i5 under different
assumptions. It then follows from the definition that the first entry assesses the probability
of a path where i5 is in group 1 and 4; is in group 1. The second entry details paths where iy
is group 1 and #; is in group 2. The third entry specifies paths where 5 is in group 2 and 7,
is in group 1. And finally, the fourth entry specifies where 5 is in group 2 and 4 is in group
2. In the case (ig,71) = (i1,42), then the existence of the path does not depend on the edge
(11,12) and we instead multiply the vector p by the matrix G,;, (as defined in the statement
of Lemma 17. It then follows by linearity that taking the taxicab norm of the sum of such
vectors (where we sum over all possible choces of ;) will be the expected number of paths

from io to ig.

Inductive Step: Suppose we were given a vector with the probability of the existence
of a paths of length k (consisting of nodes 1y, ..., i) where each of the four components of the

vector denote the probability where 7, is in group y and i;_; is in group . We symbolically
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denote this quantity as pi(z,y). Now to compute the probability of the existence of a path
of length k 4 1, we then consider

Pigine1 (1, 1) Diginy, (1, 1) 0 0 pr(1,1)
0 0 Pirirg1 (2, 1) Pigigs, (2, 1) pr(2,1)
Piinir(1,2) Digipe, (1,2) 0 0 p(1,2)
0 0 Pirins1(2:2)  Pigipsr (2,2) Pe(2,2)

The output of which will yield a vector with four entries each considering different cases
based on the group membership of the node iy and ix,1. Alternatively, if the edge (i, ix41)
has been already visited earlier in the path, we multiply the vector by the matrix Gy, -
It then follows by linearity that taking the taxicab norm of the sum of such probabilities
of existence of paths of length k (over all possible choces of iy, ...,4;) will be the expected

number of paths from iy to ixy1.

]

To bound the expected number of paths of length r under this partitioned random graph
model, we will want to express the bounds of the norm of a matrix vector product in terms
of the dominating eigenvalue of the matrix. As such, we need the following result (see [44],
page 494). Since the idea behind their proof is quite succinct, for completeness, we include

their proof in this work.

Lemma 18. Let B € RY*N be a (entry-wise) nonnegative matriz and let x be the eigen-
vector corresponding to the dominating eigenvalue. Assume that the eigenvector x is strictly
positive. Furthermore let bg;n) denote the 1,5th entry of B™. Then for all integers m and
integers j such that 1 < 5 < N, we have that

maxg T
Zb” < —Ep(B)m

mlnk T
and
mlnk T
— R (BY" < § by
maxy T -
Jj=

130



Proof. Consider the eigenvector corresponding to the dominating eigenvalue A4,

and its eigenvector . Then we have that for any j,
: (m) (m) _ m _ m m
min zy Zbij < Zbij z; = [B"z]; = p(B)"z; < p(B)™ max

m maxy, T,
- E L™ < p(B)m—kk
- a < A(B) miny, xy,

O

With the above Lemma at hand, we need to bound maxy x; and miny x; for the domi-

nating eigenvector.

Lemma 19. Let 7,44, Cmae be the maximum row sum and column sum of B € R"™ ",

In

addition, suppose every entry is at least equal to m > 0. Denote p(B) = A\paz. Since by the

Gresgorin Disc Theorem \paz < Min(Tmaz, Cmaz). Then

m m < ming T
Min(Craz, Fmaz) — MM —1) = Az — m(n — 1) — maxy xy,

and
maxy Ty _ Amaz — m(n — 1) < min(Cnaz, "maz) — m(n — 1)

ming x; m m

Proof. Consider the eigenvector x and require that Z?Zl x; = 1 where we are guaranteed

that each entry in the eigenvector is non-negative by the Perron-Frobenius Theorem. Then

we have for all k,
n n
m = mej < Z bjrxTj = AmacTh
j=1 j=1

It then follows that for all k

Consequently,

< min xy
)‘maz k

. Furthermore, since ) ;=1 we have that

—1
maxa, <1 "1
k A7YL0,(E

131



This implies that
m < miny, x

Amaz — m(n — 1) — maxy xy

and

maxy T _ Amaz — m(n — 1)
ming x; m

We then get the immediate corollary,

Corollary 16. Let B be an (entry-wise) non-negative matriz, B> be an entry-wise positive
matrix and let x be the eigenvector corresponding to the dominating eigenvalue. Furthermore
let bg”) denote the i,jth entry of B™ .Let Cpas be the maximum row sum of B?> € R™" and

furthermore suppose every entry is at least equal to 1, (hence Ty > n). Then

n

m)yL 1
[Z bz('j )]m < Cmaz ™ p(B)

=1

and
n

1 m)7L
(emar) 7 p(B) < [Y 05"
j=1
We now prove our desired result regarding the expected number of paths of length r.

Theorem 25. Consider a realization of a graph in the 2-Partitioned Chung-Lu random graph
model. Denote P, as the number of paths of length r. Define

A1) b1 421 paD
S11 S21 0 0
0 0 a2 2D a(22).pED)
S S
P 12 22
a0 p(2)  aC1).p(12)
S11 Sa1 0 0
a(12).5(22)  2(22) p(22)
0 0 S12 Sa2

Furthermore suppose for all choices of m and iy, ..., 1,11, that there exists an o such that

bl b3 0 o alyal/S1 0 0 0

0 0 b bl | e 0 amad/Sm 0 0

(1,2) ;(1,2) k:IGikik+1 (1,2) <aP (475)
bmat bmaz 0 0 0 0 ama:c/sm 0

0 0 b2 EY 0 0 0 al22) /8o,
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where G

ivins, 08 defined in Lemma 17 and the inequality holds entry-wise. Furthermore

assume that p(P) > 2.

Then
rlap(P)~
E(P.) < 8% .S * Chnax P!
(P) <855 % e p(P) ™" = capl{ =0 i)

Where Cmay i the mazimum column sum of P? and the vectors a®®¥) b@®¥) are the cor-

. . . A Ap
responding expected row and column sums of the partitions in A = as defined

Ao A

in the Partitioned Chung-Lu random graph model.

Remark. While condition (4.75) at first look may appear like a difficult condition to
satisfy, this in fact is not so. Upon careful observation of Lemma 17, G;; consists of two
columns that are from the standard unit basis and two columns that are zero. Consequently
when we perform a matrix vector multiplication, the taxicab norm resulting vector cannot
be greater than the taxicab norm of the input. Equivalently, we can write for any vector
v, that |G;;v| < |v|. Now a matrix product of the form (4.75) indicates a repeating edge
block of length m. If p(P) — oo, then since G has the property that |G;;v| < |v|, we can
often satisfy condition (4.75) with ease. It is worth mentioning that even if we cannot satisfy
(4.75), we could still prove a useful generalization of Theorem 25 by requiring that for each

m we can find an «,, such that

B B 0 o abd/su o 0 0

0 0 bl bl m 0 aZl/Sn 0 0 m

(1,2) ,(1,2) re1 G (1.2) < a,P™. (4.76)
bmaz bmaz 0 0 0 0 Amazx /Sl2 0

0 0 b2 b”(ersz) 0 0 0 a2 /S22

Alternatively, we can also satisfy (4.75), if the product of the norms of the left and right
matrices on the left hand side of (4.75), are sufficiently small, analogous to the case where

Pmaz — 0. With this in mind, we now provide the proof.

Proof. The proof is similar to Theorem 19. We first try to construct an upperbound to
the expected number of paths of length r» where there are no repeating edges. Denote this
quantity by P, .

By Lemma 17, we find that
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E(PT’D) S

)

pikik+1 (171) pikik+l(1’1) 0 0 piOil(l’l)
r—1 0 0 pikik+l (271) pikik+1 (271) Pigiq (271)
| Z Hk:l Pijipyq (1,2) Pigigyq (1,2) 0 0 Pigiy (1,2) |
zng 0 0 Piging1(2:2) Pigigyq (22) Pigip (2,2)
(4.77)
A Ap
Recall that A = . We define al(:’y) to be 0 if 7, does not belong to group .
A A

If 45, does belong to group z, then al(:’y) will be the expected row sum corresponding to node
i in the submatrix A,,. Analogously, we define bl(-:’y) to be 0 if 7, does not belong to group
y. If i does belong to group y, then bg:’y) will be the expected column sum corresponding
to node i in the submatrix A,,. Consequently by the definition of the Chung-Lu random

graph, we have that

Pijipy1 (L1) Pigig,q (1,1) 0 0
0 0 Pigipyr (21) Pigip (21) |
Pigipyq (1,2) Pigigyq (1,2) 0 0 N
0 0 Pigipyr (22) Pigigyq(22)
1,1
ag ) /Su 0 0 0 bl 0o
(2,1 (2,1) 52,
0 a1k+1/S21 0 0 0 0 bik bik (4 78)
0 0 ai;fi /S12 0 bz('llc’Q) bg;,z) 0 0
2,2 (22) ;(2,2)
0 0 0 a§k+)1/522 0 0 b2
Because this is rather unweildy, we will denote
agiii/sn 0 0 0
1)
0 a;’" [ So1 0 0
A, = (4.79)
k41 (1,2) ’
+ 0 0 aik+1/S12 0
0 0 0 aifi/sm
bgl,l) b(-l’l) 0 0
k ke
0 0 p@D p@D)
B, ko (4.80)

T 1202 o
k k

0 0 b(2,2) b(2,2)
‘k Yk
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Now it follows from equation (4.77), (4.79) and (4.80),

Digiy (17 1)
r_ Pigiq <2a ]-)
E(PT,O) < ’ Z szllAik+1Bik ’ (4'81)
z‘(;zg Digir (1,2)
Digiy (27 2)
Which we can rewrite as,
p(LD)
10
B2
o i by,
p(2:2)
10
Recall from (4.79) and (4.80) that
b ValD 1811 b a /85 0 0
0 0 >N a1 515 62N al>?) /5y,
B, A, = bﬁi’%ﬁ;’”/sn bgi’2>a§i’1>/521 i S i g (4.83)
d 0 bgi’%a,gllgz)/slz bgiQ}aEi’Q)/SQQ

And from the statement of this Theorem, Theorem 25, recall the definition of P. It

follows that by summing over all possible choices of nodes for 7 that,

N
P=) B,A, (4.84)
ir=1
Hence we conclude from (4.82) that,
b S
(2,1)
r—1 bio r—1 512
E(Po) <] ) A B A, 1o | [=1T+P | (4.85)
100 yin bio Sa1
b>? Sao

where S;; denotes the expected sum of entries in the submatrix A;;. Now by definition
of P, P* is an entry-wise positive matrix where each entry is bounded below by 1. Define
Cmaz t0 be the maximum column sum of P2. It follows by Corollary 16, that each column

sum of P"~! is bounded above by ¢p..p(P""1). Hence we conclude that
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E(P,o) < 4¢man(Si1 + Sia + Sa1 + Saa)p(P™1)

We can simplify this by defining S1; + Si2 + Sa1 + Soo = S and get that,

E(P,p) < 4¢pnaxSp(P)"

Now we repeat the argument utilized in Theorem 20 counting paths with duplicate edges.

We will compute the bound when there is precisely one duplicate edge (where the dupli-
cate edge is not in the end).

Suppose that the repeating edge in the path is the mth edge.

Then we have that

Pigippr (L1 Pigigyq (11) 0 0 Pigip (1,1)

E(P ) < | -1t 0 0 Pigippr (2:1) Pigigyq(2,1) Pigiy (2,1) |
nlm/ = Z k=Lk#m | pigig i, (12) iy, (1,2) 0 0 Pigiy (1,2)
only edge m repeats 0 0 Pijipgt (2,2) Digipyr (2,2) Pigiq (2,2)

Using the argument as before (4.78),(4.79),(4.80) we get that

ax “max max

0 0 bZ2 22 0 0 0 al22) /Sas

bl bl (O ) (0 : alet) /S ( ? 0 0
r—m—1 0 0 b 2‘1, b 21 0 1172’1,,/321 0 0 m—2
E(Pr,l,m) <|P B(1:2) p(1.2) Wg” "'0” Gormt1 0 m% a2 /5, 0 P S|
max max max
where S = (511, Si2, So1, 522)

But by assumption 4.75, we conclude that

E(Pr1m) < [P 1aPP™ 28| < a|P" %S| < 4S¢anap(P) 2

Denote the number of expected paths of length r» where the last edge just not repeat as
E(PF).

It follows using an anlogous argument from Theorem 19 we have the following inequality,
where we denote the expected number of paths of length r where the last edge does not repeat

E(PL) and k; is the number of repeating edge blocks of length i — 1,

T

ki r—k1 1— - ;
B < tSeme 3 (5 Y@ sl ®) ) (150
kl+zi2?g;1)ki:r
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Then continuing with the argument in Theorem 19, it follows that,

E(PT,L) < 4SCmaxP(P)T_1 Z T.ikip(P)—(i—Q)kiHiZQ (a[p(P)_l])kl

R k;!
k14> o (i—1)k;=r
E1>1

(ap(P)[rp(P)~1])"

E(PY) < 4Scmamp(P) ! > ;s o

E(PY) < 4S¢pap(P) Z Ii>o

as p(P) > 2.

We now have the following concentration result.

(4.87)

(4.88)

(4.89)

(4.90)

Corollary 17. Consider a realization of a graph A in the 2-Partitioned Chung-Lu random

graph model. Denote P, as the number of paths of length r. Define

A1) b1 41 paD
S11 S21 0 0
0 0 a2 2D a(22).pED)
S S
P 12 22
a0 p(2)  a1).p(2)
S11 Sa1 0 0
a(12).p(22)  5(22).1,(22)
0 0 S12 Sa2

Furthermore suppose that condition (4.75) from Theorem 25 holds.

Then for every € > 0, there exists 61,05 such that if % < 61 and log(N)*p(P)~t < by,

then

Pr(p(A)

IA

(1+e)p(P)) =1-e
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Proof. The proof is analogous to Theorem 20. Invoking Theorem 25 where we consider paths

of length r = log(N)?, Lemma 10 and Markov’s Inequality yield the result. O

In a similar spirit to Corollary 17, we anticipate that a similar proof technique will yield
analogous concentration results regarding the lower bound for the dominating eigenvalue in
the case when p(P) — oo. In addition, Lemma 16, the lemma that restrict the number of
simple cycles that can appear on a path of a prescribed length, holds for an ensemble of ran-
dom graph models, not just the Chung-Lu model. As such, we also expect that concentration
results regarding the dominating eigenvalue also hold, similar to the case where p,,q. — 0 in

al,

v) (z,y)
5, Max,, max b — 0.

the prior section, where instead we demand that max, , max

To further attest to the validity of Theorem 25 and Corollary 17, we considered five different
expected partitioned degree sequences associated with a network containing 200, 400, 600, 800
and 1000 nodes. For each expected partitioned degree sequence, we generated 100 realizations
from the 2-Partitioned Chung-Lu random graph model. Then we computed the dominating
eigenvalue from each of these realizations. In Figure 4.3, we plotted box plots corresponding
to the difference from the observed dominating eigenvalue and p(P) in pink and the differ-
ence between the dominating eigenvalue and a'—sb in blue. As suggested by Figure 4.3, the
prediction from % appears increasingly inaccurate as we increase the size of the network, in
contrast to the predictor p(P), which appears to improve as we consider increasingly large
networks.

Determining the dominating eigenvalue of the adjacency matrix can have a profound
effect on the underlying dynamics of the network. For example consider a susceptible-
infected-susceptible (SIS) epidemiological model, where at each step an infected node infects
a neighbor with probability SAt and recovers (from sick to healthy) with probability At,
where At denotes the length of the time step. We then have the following result,

Theorem 26 (Ganesh, Massoulie, Towsley [39]). Consider an SIS epidemiological model,
where infected nodes infect neighbors with probability LAt at each time step and recover with

RNXN

probability At. Furthermore, suppose our adjacency matriz A € 1s symmetric. Then

for At sufficiently small, if p(A) < %, then the expected (stopping) time for the network to
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Figure 4.3.1: The x axis indicates networks of different sizes generated by the 2-Partitioned
Chung-Lu model. The y axis denotes the difference between the dominating eigenvalue and
the chosen predictor. The blue box and whisker plots use the predictor % and the pink box
and whisker plots use the predictor p(P).

be infection free from any initial condition is O(log(N)).

While our adjacency matrices are not symmetric, Theorem 26 relates the dominating
eigenvalue of the adjacency matrix to the stability of the healthy state and provides a frame-
work for constructing cases where differences in the spectral radius of the adjacency matrix
between the Chung-Lu and Partitioned Chung-Lu model could have severe repercussions on

the dynamics.

Consequently in Figure 4.3, we generated three realizations from the 2-Partitioned
Chung-Lu models all with approximately the same value for %, but different values for
p(P), and simulated 100 trials of the SIS epidemiolgocial stochastic process for each choice
of g € {.05,.06,.07} with the initial condition that half of our network starts out infected.
As expected p(P) accurately predicted the network resilience to the pathogen; in contrast,

the predictor %, could not effectively discern differences among the networks.

As another example to further illustrate the importance of the spectral radius of the

adjacency matrix on the dynamics of the network, we consider the Kuramoto model. We
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Figure 4.3.2: Distribution of Stopping Times in the SIS Model for Networks with Commu-
nity Structure. The three colored box and whisker plots correspond to the three different
networks, the x axis indicates the value for the paramater § and the y axis indicates the

stopping time when nodes can no longer be infectious.
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can define the Kuramoto model with and without noise. In particular if there is no noise,

then the dynamics are described by the following system of differential equations where

db; :

J

7 identifies the node in our network, A is our adjacency matrix, w; is the 'natural fre-
quency’ of node 7 and K is a (non-negative) parameter indicating coupling strength. In terms
of applications, the Kuramoto model is a popular toy model for considering the internactions
of a biological neural network. In this context, we are often interested if the neurons exhibit
synchronous spiking, which may be indiciative of schizophrenia, Parkinson’s or Alzheimer’s
disease. Mathematically, we can construct a synchrony parameter, r ,by representing each
f; as a vector on the unit circle. We then take the magnitude of the weighted sum of the
vectors, where we weight the vector based on the out-degree of node 7, and then normalize
the magnitude so that the synchrony parameter can range only from 0 to 1. If the network
behaves in a synchronous fashion then we expect the sum of such vectors to be very large
and the synchrony parameter to be approximately 1. If in fact the vectors associated with
the 6; point in an ensemble of different directions, we expect cancellation and anticipate that

r will be close to 0.

More succinctly we define our synchrony parameter r as,

N i0

S

r= I, (4.92)

where S is the number of edges in our network and || - || is the euclidean norm. We now

have the following result,

Theorem 27 (Restrepo, Ott and Hunt [72]). Given an adjacency matriz A € RN*N | suppose
that the natural frequences w; are randomly chosen, independent from node i. Furthermore
suppose the w; follow a unimodal distribution Q(w) which is symmetric about the maximum
and the mazimum value of Q(w) occurs without loss of generality at w = 0. Then asymptot-
wcally as N — oo, the onset of solutions where the synchrony parameter r > 0, as defined in

(4.92) for the Kuramoto model (4.91) starts when the coupling K > m.
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Informally, the spectral radius determines the stability of the asynchronous state in the
network. Consequently in Figure 4.3, we numerically tested the impact of the spectral
radius of realizations from the 2-Partitioned Chung-Lu random graph model, where all three
networks attain roughly the same value for %, but have different values for p(P). We then
run 50 simulations of the Kuramoto dynamics for each network and record the distribution
of the time average of the synchrony parameter r. As anticipated by Theorem 27, p(P)
correctly predicts which networks exhibit greater amounts of synchrony when K is not too

large.
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Figure 4.3.3: Distribution of the Synchrony Parameter in the Kuramoto Model with Noise.
The three colored box and whisker plots correspond to the three different networks and the
y axis marks the synchrony paramater r. Here, we added independent white gaussian noise
to each node in the the Kuramoto model (4.91) and chose random initial conditions each of

the different trials.
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5.0 CONCLUSIONS

The challenge of identifying families of graphs that behave similarly under a prescribed
dynamical process arises in numerous applications including ecology, epidemiology and neu-
roscience. More specifically, prior evidence has demonstrated that the degree sequence of
a graph can impact the dynamical behavior of the network. In order to better understand
the intricacies of the dependence of the degree sequence on the dynamics, we initially con-
sidered the Uniform Model, where we randomly construct a graph that realizes a given
bi-degree sequence in an unbiased fashion. Since we want to numerically observe the impact
of the degree sequence on the dynamics, in the first two chapters we devoted our efforts
to build machinery that would assist us in constructing random realizations of networks in
the Uniform Model. Initially in Chapter 2, we developed techniques to quickly determine
if we can construct a graph from a given degree sequence. Employing our easily verifiable
sufficient conditions for graphicality can not only assist us in quickly identifying graphic de-
gree sequences but also can supplement existing techniques for randomly generating degree
sequences by guaranteeing that the degree sequence output will be graphic as well. [23, 53].

To assist us in sampling graphs from the Uniform Model, in Chapter 3 we provided a
novel method for constructing asymptotics up to arbitrary order for the number of graphs
that realize a given degree sequence,extending the work of Greenhill, McKay and Wang [42].
More specifically, Greenhill, McKay and Wang[42] provide an asymptotic enumeration result
when the maximum degree is o(S %); in constrast, our asymptotic enumeration results apply
to degree sequences allowing for the maximum degree to be O(S %’T) where S' is the sum of
the number of edges and the positive variable 7 depends on the degree sequence d = (a, b).
As many real world networks contain a handful of nodes of large degree, scaling larger than

o(S %), we expect that our results will be helpful for generating realizations of graphs in the
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uniform model with degree sequences similar to those observed in real world networks.

Our primary motivation for pursuing the asymptotic enumeriation problem dealt with
constructing realizations of the uniform random graph model to perform numerical sim-
ulations to comprehend the impact of the degree sequence on the underlying dynamics;
nevertheless, our asymptotic results have considerable theoretical significance as well. Iden-
tifying unique properties of different random graph models is important for selecting the
appropriate random graph model for a given application. For this purpose, we can invoke
our asymptotic enumeration results to find probabilities for the likelihood two nodes share
an edge and compare these probabilities with other random graph models. We demonstrated
in Section 3.7 that the probability that two nodes share an edge in the Uniform Model con-
verges to the probability given in the Chung-Lu random graph model with a multiplicative

error bounded above by (1 + O(S727)).

Such conclusions regarding the similarity between the Uniform Model and the Chung-Lu
random graph model should be taken with care. In particular, we stress that the speed of the
convergence depends on the degree sequence and there are many degree sequences where the
probabilities in the Uniform Model converge rather slowly to the probabilities in the Chung-
Lu model. This concern has been numerically demonstrated in [76] where they considered
the impact of different 'uniform’ random graph models on the network architecture. The
implications regarding the similarity (or lack thereof) of different 'uniform’ models affects
not only problems pertaining to stability of solutions of dynamical or stochastic processes on
families of networks, but also includes community detection where a "uniform’ random graph
model classifies nodes into communities depending on whether the graph under consideration

deviates from typical realizations of the random graph model [36, 61].

Due to the aforementioned difficulty in choosing a particular random graph model to un-
derstand real world networks, we want to prove results regarding an assortment of random
graph models in addition to the Uniform Model and focus on the related Chung-Lu model.
Consequently in Chapter 4, we provide rigorous and novel consentration results regarding
the relative error of the dominating eigenvalue of the adjacency matrix from the asymptotic
limit in two cases, where either the likelihood of any two nodes sharing an edge vanishes in

the limit or the quantity % diverges. The proof of the conjecture posed practical mathemat-
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ical challenges as the vast majority of eigenvalue, eigenvector results deal with symmetric
matrices; in contrast, we could not make such symmetry assumptions regarding our adja-
cency matrix. Furthermore, we emphasize that our results not only provide asymptotics for
the dominating eigenvalue, but also provide useful concentration bounds for the dominating
eigenvalue of the adjacency matrix in a graph with finitely many nodes. We then presented a
novel approach for extending our asymptotic eigenvalue results to the Partitioned Chung-Lu
random graph model where each partitioned submatrix has an expected degree sequence that
follows the Chung-Lu random graph model, allowing for community structure in the network.
Since the dominating eigenvalue of the adjacency matrix can correspond to the stability of
solutions of certain dynamical processes, we demonstrated through numeric simulation the
impact of partitioning or community structure regarding the onset of synchrony in the Ku-
ramoto Model, a toy model for biological neural networks and the stability of the endemic

state in an SIS (susceptible-infected-susceptible) model for epidemiological networks.

Our results addressing some of the challenges of modeling real world networks led to a
number of open problems as well. Foremost in the uniform sampling problem, although our
asymptotic results pertaining to the number of graphs that realize a given degree sequence
can assist greatly in constructing samples from the uniform model, proving theoretical re-
sults regarding the actual computational complexity of implementing a particular sampling
procedure remains an open problem. We also proved in this work that the uniform model
converges to the Chung-Lu model. Since the convergence may not necessarily be fast, we
want to stress the importance of choosing the correct random graph model along with the
correct parameters when analyzing real world networks. Of course identifying the random
graph model that appropriately emulates the empirically observed real world network seems
like a highly non-trivial,partially ill-defined, and yet important problem for the practitioner.
This challenge implicitly appears in selecting parameters for the Partitioned Chung-Lu Ran-
dom Graph Model. When deciding the parameters for the Partitioned Chung-Lu random
graph model to fit our empirically observed network, how should we partition our network

and how many partitions should we choose?

Recall that we introduced the Partitioned Chung-Lu random graph model primarily be-

cause the model enabled us to extend our eigenvalue consentration results from the Chung-Lu
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model to allow for networks with possibly intricate community structure. Can we generalize
our results pertaining to the concentration results of the dominating eigenvalue to other cases
besides Chung-Lu type random graphs? Even though the Chung-Lu probabilites simplified
the mathematical analysis regarding the asymptotic limit for the dominating eigenvalue, the
main obstacle should stem from the fact that our adjacency matrix may not be symmetric,
not the actual asymptotic limit of the dominating eigenvalue. Consequently, we expect that
analogous eigenvalue concentration results should hold for other random graph models as
well. We can also consider extensions of our eigenvalue results in terms of weighted directed
graphs. In epidemiological networks certain individuals are more prone to infection than
others, which we can model using weighted edges in our graph. Consequently, can we extend
our eigenvalue concentration results to random graph models allowing for certain distribu-
tions of positive edge weights? We assert that these questions are exciting directions for
further inquiry;but in any case, we anticipate that the results proven in this work: our easy
to use sufficient conditions for guaranteeing graphicality of a collection of degree sequences,
the novel procedure for constructing enumerative asymptotics of graphs with a prescribed
degree sequence for sampling graphs from the uniform model, and the dominating eigenvalue
concentration results for the adjacency matrix of directed graphs, will greatly assist us in
our endeavor to better grasp the intricacies of modeling dynamical processes on real world

networks.
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