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Abstract

The k-core of a graph is its maximal subgraph with minimum degree at least k. The study of
k-cores in random graphs was initiated by Bollobds in 1984 in connection to k-connected subgraphs
of random graphs. Subsequently, k-cores and their properties have been extensively investigated
in random graphs and hypergraphs, with the determination of the threshold for the emergence of
a giant k-core, due to Pittel, Spencer and Wormald, as one of the most prominent results.

In this thesis, we obtain an asymptotic formula for the number of 2-connected graphs, as
well as 2-edge-connected graphs, with given number of vertices and edges in the sparse range
by exploiting properties of random 2-cores. Our results essentially cover the whole range for
which asymptotic formulae were not described before. This is joint work with G. Kemkes and
N. Wormald. By defining and analysing a core-type structure for uniform hypergraphs, we obtain
an asymptotic formula for the number of connected 3-uniform hypergraphs with given number of
vertices and edges in a sparse range. This is joint work with N. Wormald.

We also examine robustness aspects of k-cores of random graphs. More specifically, we
investigate the effect that the deletion of a random edge has in the k-core as follows: we delete a
random edge from the k-core, obtain the k-core of the resulting graph, and compare its order with
the original k-core. For this investigation we obtain results for the giant k-core for Erd6s—Rényi
random graphs as well as for random graphs with minimum degree at least k£ and given number of
vertices and edges.
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Chapter 1

Introduction

Random graphs were first used by Erdés [22] in 1947 to obtain bounds for Ramsey numbers. Erdés
and Rényi then published a series of seminal papers on random graphs [23, 24, 25]. Subsequently,
random graphs have been widely applied in Combinatorics, Computer Science and other areas,
constituting a rich research area of their own. Most of the results for random graphs are asymptotic
in nature. That is, the results are actually for sequences of random graphs and we are interested in
the asymptotic behaviour of random variables. One of the reasons for seeking asymptotic results
is that often the graphs arise from a context where they are naturally large, for example, the
World Wide Web, Statistical Mechanics, Bioinformatics, etc. Another reason is that, by focusing
on the asymptotic behaviour, one can often perceive a big and elegant picture that would be lost
if trying to account for every single graph.

A sequence of events (E,,),en defined in a sequence of probability spaces (P,)nen is said to
happen asymptotically almost surely (a.a.s.) if the probability of E,, in P, goes to 1 as n goes
to infinity. For more information on random graphs, we recommend the books by Bollobas [11],
by Janson, Luczak and Rucinski [37] and by Alon and Spencer [2]. We say that a graph is an
(n,m)-graph if it has vertex set [n] = {1,...,n} and m edges. The two models of random graphs
that have been studied the most so far are: the binomial random graph G(n,p), which is the
random graph with vertex set [n] in which each possible edge is included independently with
probability p; and the Erdds-Rényi random graph G(n,m), which has uniform distribution on all
(n, m)-graphs. Asymptotic results from one model can be often translated to the other.

A very classical result in random graphs concerns the emergence of large components. The
random graph G(n, m) may be seen as a structure evolving with time. Starting from the graph
with vertex set [n] and no edges, add edges one by one until the graph is complete, according to the
following rule: at any time, the edge added should be chosen uniformly at random from the edges
not yet present. In this random process, G(n, m) corresponds to the graph at the time when m
edges have been added. Erd6s and Rényi [24] showed that a remarkable phenomenon concerning

1



the components of the graph happens in this process. When m = m(n) < cn/2, where c is a
constant smaller than 1, a.a.s., every component has O(logn) vertices. Roughly speaking, every
component is small. Then, a qualitative change happens. When m > ¢n/2, where ¢ is a constant
greater than 1, the largest component is giant a.a.s., while the second-largest component still has
O(logn) vertices a.a.s. (Here we apply the term ‘giant’ to a subgraph of a graph with vertex set
[n] if it has at least en vertices, for some positive constant £.) This means that in a relatively
short period of time a significant reshaping has occurred in the random graph: before, the graph
was a collection of small components, and, after, a great number of these small components joined
forming a single giant component. This is one of the first statements of a threshold-type result in
random graphs and the pursuit for thresholds has been proved very attractive ever since. One
result by Friedgut [29] states that this threshold phenomenon happens for every monotone property
of graphs (see the paper by by Bollobds and Thomason [16] for an earlier result). We remark that
Erdos and Rényi’s result was later sharpened and many properties of the giant component have
been discovered (see [9, 44, 53, 56, 15, 21]).

Afterwards, Bollobas [10] started the investigation of the size of the largest k-connected
subgraph in G(n,m). Clearly, any giant k-connected subgraph has to be a subgraph of the giant
component and so the question is whether there is a large k-connected subgraph in the giant.
Bollobés [10] proved that this is indeed true for m > Cn for a large enough constant C' (with no
attempt to optimise C' made at that time). At this point, he initiated the study of k-cores in
random graphs. The k-core of a graph is its maximal subgraph with minimum degree at least k.
Bollobas’s proof consists of basically two steps: showing that the giant component contains a giant
k-core a.a.s. and then showing that such a k-core is k-connected a.a.s. This naturally raises the
following question: when does a giant k-core appear and is it k-connected? More specifically, it is
of importance whether it appears around the same time when the giant component is born or later.
The case of 2-connected graphs was settled before long. Pittel [52] proved that, for m > cn/2
where c is a constant greater than 1, the giant component contains a giant 2-connected subgraph.

In the ensuing years, results estimating the moment when the k-core is born were proved for
k> 3 (see [19, 50]). A surprising result by Luczak [46, 45| states the following: in the random
process for G(n, m), a.a.s., the first nonempty k-core that appears is k-connected and has at least
0.0002n vertices. In other words, the first nonempty k-core is born giant and k-connected a.a.s.
Consequently, by finding a threshold for the appearance of a nonempty k-core, one immediately
obtains a threshold for the appearance of a giant k-connected subgraph. We remark that the first
nonempty 2-core is quite small: the first nonempty 2-core is simply the first cycle and Janson [34]
showed that its length is bounded in probability. Pittel, Spencer and Wormald [54] proved a result
estimating the time of emergence of the k-core quite precisely. Roughly speaking, they defined a
constant ¢; and show that, if the average degree ¢ = 2m/n is below ¢, then the k-core of G(n, m)
is empty a.a.s., and if ¢ is above ¢, then the k-core is giant. Even more than that, they estimate
quite precisely the number of vertices in the k-core at the moment it emerges. The strategy used
by Pittel, Spencer and Wormald was to analyse the behaviour of a deletion procedure applied



to G(n,m). This deletion procedure receives a graph and finds its k-core by iteratively deleting
vertices of degree less than k until the graph remaining has minimum degree at least k. After the
result in [54], the emergence of k-cores has been studied in a number of scenarios and proofs using
a variety of techniques were discovered (see [20, 28, 51, 17, 40, 35, 36, 59]).

Properties of k-cores of random graphs have been extensively studied. In some cases, the focus
is on the k-core close to the time of its emergence and, in others, the focus is on later stages.
Pittel, Spencer and Wormald [54] proved much more than a threshold for the emergence of the
k-core and its number of vertices when it emerges: from their results, a concentration result for
the number of vertices (and edges) in the k-core during the whole graph process is immediate.
From now on, we will also use the expression ‘k-cores’ to denote graphs with minimum degree
at least k, since such graphs are their own k-cores. We say that a graph that is an (n, m)-graph
and has minimum degree at least k is an (n,m, k)-core. From Luczak’s result that we mentioned
before [46, 44], it can easily be deduced that a k-core sampled uniformly from all (n,m, k)-cores
is k-connected a.a.s. More recently, Achlioptas and Molloy [1] showed that, for m ~ Cn/2 where
C # ¢ is a constant, the k-core of G(n,m) is found in O(logn) rounds a.a.s. by a deletion
procedure for finding the k-core of a graph. This deletion procedure is similar to the one used
by Pittel, Spencer and Wormald in [54] that we mentioned before. In this case, in each round,
the deletion procedure removes all vertices with current degree less than k from the graph. If,
after a round, the graph remaining is a k-core, the deletion procedure ends. (We remark that
their result is actually for hypergraphs.) Sometimes the k-core is studied in connection with some
other property of interest. For example, as we mentioned before, when k-cores were first studied
by Bollobas, he was interested in k-connected subgraphs in random graphs. Recently, Chan and
Molloy [18] proved that, for large k and ¢ € (cx41, ckt1 + 2vklogk), a.a.s., the (k + 1)-core of
G(n,p) with p = ¢/n either contains a k-factor (that is, a spanning k-regular subgraph) or it is
k-factor-critical (that is, the subgraph obtained by removing any vertex from the k-core contains
a k-factor) depending on the parity of & times the number of vertices in the k-core. This provides
an upper bound for the time of the appearance of a k-regular subgraph, which is a topic that has
been receiving attention recently (see [13, 57, 30]).

In Chapter 5, we examine further questions concerning the giant k-core of G(n, m). More
precisely, we study robustness aspects of the k-core of G(n,m) for k > 3 and 2m > cxn + w(n3/4).
We investigate the effect that the deletion of a random edge in the k-core of G(n, m) has on the
k-core as such. Consider the following process: after the deletion of a random edge in the k-core
of G(n,m), we obtain the k-core of the resulting graph and compare its number of vertices with
the original k-core. If the new k-core is much smaller than the original one, it could be said that
the original one was not robust as a k-core. We prove that the k-core of G(n,m) is quite robust
for 2m > cpn + w(n3/ 4). In fact, our results are applicable in a more general setting. We study
this process when the k-core is sampled uniformly at random from all (n, m, k)-cores. We define a
constant ¢, and analyse the behaviour of the process for ¢ = 2m/n above and below ¢. We show
that, for ¢ < ¢, — ¢ and any h(n) — oo, the new k-core is either empty or has at least n — h(n)
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vertices a.a.s. Moreover, if ¢ — k, we show that the new k-core is empty a.a.s. For ¢ > ¢} + ¢ (n)
with 9(n) = w(n~'/*) and any h(n) = w(y(n)~!), we prove that the new k-core has at least
n — h(n) vertices a.a.s.

As we will see in the next paragraphs, k-cores are also related to enumeration problems.
Enumerating graphs with some property of interest is a fundamental problem in graph theory.
There are many variants that can be considered. Both labelled and unlabelled graphs have been
studied, with more results being obtained for the labelled case. One can consider graphs with
given number of vertices, with given number of vertices and edges, with a given degree sequence,
etc. The results we mention here all concern the labelled case.

The enumeration of (n, m)-graphs with no isolated vertices, that is, 1-cores, was addressed by
Korshunov [42] and Bender, Canfield and McKay [6]. Wright [67, 68, 69, 70] published a series of
papers dating from 1977 to 1983 concerning the enumeration of connected (n, m)-graphs (and other
graph enumeration problems). He obtained an asymptotic formula for the number of connected
(n, m)-graphs when m — n = o(n'/3). Bender, Canfield and McKay [7] obtained an asymptotic
formula for the number of connected (n, m)-graphs when m — n — oco. Later, the formula in [7]
was rederived with some improvements in the error bounds by Pittel and Wormald [56]. Pittel
and Wormald followed a strategy that made use of random 2-cores. Any connected graph can be
decomposed into two parts: its 2-core and a rooted forest with the vertices of the 2-core as its
roots. A rooted forest with roots rq,...,r, which are vertices in the forest, is a forest such that
each component contains exactly one root r;. Pittel and Wormald [56] obtained an asymptotic
formula for connected (n,m,2)-cores and combined it with a formula for the number of rooted
forests, obtaining an asymptotic formula for the number of connected (n, m)-graphs. In order to
obtain a formula for the number of connected (n,m,2)-cores in the sparse range m —n = o(n),
Pittel and Wormald [56] described a model of 2-cores with given degree sequence, called the kernel
configuration model. Given a degree sequence d such that each coordinate has value at least 2,
let d’ be the restriction of d to the coordinates of value at least 3. In the kernel configuration
model, the first step is to generate a random multigraph, which is called a kernel, with degree
sequence d’. Then a random 2-core (possibly with loops and multiple edges) without isolated
cycles is generated by replacing some edges by paths (that is, by ‘inserting’ vertices of degree 2
in the edges). Roughly speaking, they reduce the problem of enumerating connected 2-cores to
computing the probability that this random 2-core is connected and simple, and they prove that
this probability is asymptotic to 1. We remark that the 2-core is connected if and only if its kernel
is connected. The strategy in [56] uses the fact that m —n — oo: if m — n was bounded, the
number of vertices in the kernel would also be bounded and, if following the strategy in [56], one
would have to determine the exact number of connected kernels with a fixed number of vertices
and edges.

The asymptotic enumeration of connected hypergraphs with given number of vertices and edges
is still an open problem for some ranges. We say that a hypergraph is an (n, m, k)-hypergraph if it
is a k-uniform hypergraph with vertex set [n] and m edges. Let the excess of the hypergraph be
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m —n/(k —1). We use the expression ‘excess’ because any connected (n,m, k)-hypergraph must
have at least (n —1)/(k — 1) edges. Karonski and Luczak [38] obtained an asymptotic formula
for the number of connected (n,m, k)-hypergraphs for m =n/(k — 1) + o(Inn/Inlnn), which is a
range with very small excess. Later Andriamampianina and Ravelomanana [3] extended this result
tom =n/(k— 1)+ o(n'/3), which still has very small excess. Behrisch, Coja-Oghlan and Kang [4]
provided an asymptotic formula for the case with linear excess m = n/(k — 1)+ O(n). This means
that there is a gap in the ranges for which asymptotic formulae were found: between the case
where the excess is o(n'/?) and the case with linear excess ©(n). The range with superlinear excess
w(n) is also unsolved. In this thesis, we study 3-uniform hypergraphs: we obtain an asymptotic
formula for the number of connected (n,m, 3)-hypergraphs for m = n/2 + R as long as R satisfies
R = o(n) and R = w(n'/31n?n), which almost fills the gap between the range with very small
excess o(nl/ 3) and the range with linear excess. Our technique is based on the approach that
Pittel and Wormald [56] used to the enumerate connected sparse 2-cores as we described above.
We define the core of a hypergraph as its maximal subhypergraph such that each hyperedge has at
least 2 vertices of degree 2 and we show that any connected hypergraph can be decomposed into
two parts: a connected core and a rooted forest. We then define a model that generates random
2-cores similarly to the kernel configuration model and analyse the probability that such a 2-core
is connected and simple. We expect to extend our results so that we can completely close the gap
between the case with very small excess and the linear case for 3-uniform hypergraphs.

The problem of enumerating 2-connected (n, m)-graphs was studied by a number of authors.
Efficient methods to compute the exact number of 2-connected (n, m)-graphs were obtained (see
Harary and Palmer [32], Temperley [61], and Wormald and Wright [63]), but these methods do not
provide a closed formula. In 1978, Wright [68] described an exact formula in the case m =n + k
for fixed k. Later Wright [70, 62] found an asymptotic formula for the sparse range m —n = o(y/n)
with m —n — co. An asymptotic formula for the dense case can be easily derived from classical
results in random graphs. For m > (1/2 + e)nlogn where ¢ is a positive constant and any fixed k,
the random graph G(n,m) is k-connected a.a.s. (see Erdés and Rényi [25]). Hence, the number
of 2-connected (n,m)-graphs is asymptotic to the number of (n, m)-graphs. In Chapter 3, we
obtain an asymptotic formula for the number of 2-connected (n, m)-graphs for m —n — oo and
m = O(nlogn). Thus, we completely close the gap between m —n = o(y/n) and m = Q(nlogn)
for which no asymptotic formula was previously known. Our strategy has random 2-cores at
centre stage. As we mentioned before, for m — n = o(n), Pittel and Wormald [56] reduced the
problem of enumerating connected 2-cores to computing the probability that a random 2-core is
connected and simple. Our strategy for the case m = O(n) is similar but we have to compute the
probability that such a random 2-core is 2-connected and simple. When m = (n), we show that
the number of 2-connected (n, m)-graphs is asymptotic to the number of (n, m)-graphs that are
2-cores, for which an asymptotic formula is already known [55]. The reason for the condition that
m —n — oo is the same as the reason for the condition that m —n — oo in the approach in [56]
for connected (n, m, 2)-cores with m —n = o(n): if the m —n was bounded, the number of vertices



in the kernel would be bounded. We use the same techniques to obtain an asymptotic formula for
the number of 2-edge-connected (n,m)-graphs in the range m —n — oo and m = O(nlogn). We
are not aware of any previous results on the asymptotic enumeration of 2-edge-connected graphs
with given number of vertices and edges.

This thesis is organized as follows. Chapter 2 contains some basic definitions and known results
in probability and random graphs that will be used throughout the thesis. In Chapter 3, we prove
an asymptotic formula for the number of 2-connected (and 2-edge-connected) (n,m)-graphs. In
Chapter 4, we present an asymptotic formula for the number of connected (n,m, 3)-hypergraphs
in a sparse range. In Chapter 5, we study the topic of robustness of k-cores after the deletion of a
random edge. In Chapter 6, we discuss some future research directions. Appendix A contains
some Maple spreadsheets. The results in Chapter 3 are joint work with Graeme Kemkes and
Nicholas Wormald and the results in Chapter 4 are joint work with Nicholas Wormald. We remark
that, at the end of Chapters 3 to 5, we include a glossary of symbols frequently used in each
chapter.

We remark the results in Chapter 3 have already been published in the following journal
article:

Kemkes, Graeme and Sato, Cristiane M. and Wormald, Nicholas,
Asymptotic enumeration of sparse 2-connected graphs,

Random Structures & Algorithms, Volume 43 (3), pp. 354-376, 2013
Wiley Subscription Services, Inc., A Wiley Company

ISSN 1098-2418, DOI 10.1002/rsa.20415

Chapter 3 is an extended version of this article, including more proofs and details.



Chapter 2

Preliminaries

In this chapter, we describe some known results and methods that will be applied throughout the
thesis. We also define asymptotic notations and describe some of the models of random graphs
that we will use.

2.1

Asymptotic notation

Let (an)nen, (bn)nen be sequences of reals such that b, > 0 for all n. We use the following notation:

an = O(by), if there exist a positive constant C' € R and N € N such that |a,| < Cb,, for all
n > N;

a, = o(by), if for every € > 0 there exists N. € N such that |a,| < eb,, for all n > N..

apn = Q(by), if there exist a positive constant C' € R and N € N such that a,, > Cb,, for all
n > N;

an = w(by), if for every € > 0 there exists N. € N such that a,, > (1/¢)b, for all n > N¢;

a, = O©(by,), if there exist positive constants C1,Cy € R and N € N such that C1b, < a, <
Csb,, for all n > N;

ap, ~ by, if ap, — by = o(by).

We also use O(by,) to denote a function a,, without specifying it, and we use the same for
o(+), (), 0(-). For example, if we say that a,, + O(b,) = ¢+ o(d,), this means that there exists a
function f, = O(b,) and a function g, = o(d,) such that a, + f,, = cn + gn.

Given a sequence of probability spaces (P,)nen We say that an event E,, holds asymptotically
almost surely (a.a.s.) if the probability of E, in P, goes to 1 as n — oo.
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2.2 Models of random graphs

The two most classical models for random graphs are: the binomial random graph G(n,p) and the
Erdds-Rényi random graph G(n,m). For any finite set S, let Kg denote the complete graph with
vertex set S. We say that a graph is a (n, m)-graph if it has vertex set [n] and m edges. G(n,p) is
the random graph with vertex set [n] such that each edge uv € K (n] 18 included independently
with probability p. G(n,m) is the random graph with uniform distribution over all (n, m)-graphs.

The allocation model is a model of random multigraphs with vertex set [n] and m edges:
let a : [2m] — [n] be a function/allocation chosen uniformly at random among all functions
mapping [2m] to [n]; build a multigraph with vertex set [n] by adding an edge joining a(7) and
a(m + i) for every i € [m]. It is easy to check that every simple (n,m)-graph is generated by
ml!2™ allocations. This implies that this random multigraph conditioned upon simple graphs has
the same distribution as G(n, m). The allocation model was used by Bollobas and Frieze [12], and
Chvatal [19].

The k-core of a graph is its maximal subgraph that has minimum degree at least k. The k-core
of a graph is unique, since the union of two subgraphs with minimum degree at least k also is a
subgraph with minimum degree at least k. Graphs with minimum degree at least k are also called
k-cores, since they are their own k-cores. A graph is a (n,m, k)-core if it is a k-core with vertex
set [n] and m edges. We work with random k-cores: let Gi(n,m) be the random k-core with
uniform distribution on all (n, m, k)-cores. We will use the allocation model restricted to k-cores:
let @ : [2m] — [n] be a function/allocation chosen uniformly at random among the functions such
that |a~1(v)| > k for any v € [n]; let G™W = GIMlti(n m) be the multigraph on [n] obtained by
adding an edge joining a(i) and a(m + i) for every i € [m]. Exactly as in the unrestricted model,
every (n,m, k)-core is generated by m!2™ allocations. This implies that G (n,m) conditioned
upon simple graphs has the same distribution as G (n, m).

For any graph H, let d(H) € NV() denote the degree sequence of H, that is, d(H), is the
degree of v in H. Given any d € N" such that ) ;" , d; = 2m and d; > k for every 4, there are

l_[(’%j?)d!'! allocations a : [2m] — [n] such that |a~1(i)| = d,, for every i € [n]. Thus, d(GF™(n, m))

has multinomial distribution conditioned upon each coordinate being at least k£ and

: om)! (1\*" 1

]Pdemultl , -d :(7 < -

where A is the ratio between the number of functions a : [2m] — [n] such that |a~!(v)| > k for

every v € [n] and the number of functions from [2m] — [n] without restrictions. We denote the

multinomial distribution with n coordinates summing to 2m conditioned upon each coordinate
being at least k by Multi>y(n,2m).

Next we present some models of random graphs with given degree sequence. The pairing
model or configuration model is a standard model of random (multi)graphs with given degree
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sequence that was first introduced by Bollobés [8]. For d € N" with Y " , d; = 2m, create n
sets/bins with dy, ..., d, points inside them; choose a perfect matching on these points uniformly
at random among all perfect matchings. This corresponds to a multigraph (possibly containing
loops or parallel edges) with degree sequence d by contracting each bin into a single vertex. We
denote the random graph obtained by G™"t(d). We remark that the random graph Gt (n, m)
conditioned upon having degree sequence d has the same distribution as G™(d). Given any
pairing corresponding to a simple graph, any permutation of the points inside the bins gives
another pairing corresponding to the same graph. The following lemma is then straightforward.

Lemma 2.2.1. Let d € N" be such that Y ;" ; d; = 2m. Every (n, m)-graph with degree sequence
d is generated by exactly H?Zl d;! pairings.

This lemma implies that G™(d) conditioned upon simple graphs has uniform distribution on
the set of all (n, m)-graphs with degree sequence d. Computing the probability that G™(d) is
simple has been addressed by a number of authors (see [48, 49]). In this thesis, McKay’s result [48]
will be strong enough for our purposes. Let n(d) = >"7"  di(d; — 1)/ > 7, d;.

Theorem 2.2.2 ([48, Theorem 4.6]). Let d € N” be such that Y ;" ; d; = 2m. The probability
that G™ti(d) is simple is

exp (—n(d)/Q —p(d)?/4+0 (W)) . (2.1)

We remark that [48, Theorem 4.6] is more general than the version stated above as it allows to
forbid a set of edges of appearing.

The model we describe next was introduced by Pittel and Wormald [56]. A pre-kernel is
a graph with minimum degree at least 2 with no components that are cycles. The kernel of
a pre-kernel is obtained by iteratively deleting a vertex of degree 2 and joining its neighbours
by an edge until there are no vertices of degree 2. Note that the kernel can have loops and
multiple edges even when the pre-kernel is simple. The kernel configuration model is a model of
random (multi)graphs with given degree sequence with minimum degree at least 2. This model
was introduced by Pittel and Wormald [56] and it has this name because the kernel is generated
with the pairing model and then the vertices of degree 2 are added by splitting edges. For each ¢
with d; > 3 create a set/bin with d; points. Choose, uniformly at random, a perfect matching on
the union of these sets of points. Assign the remaining numbers {i : d; = 2} to the edges of the
perfect matching and, for each edge, choose a linear order for these numbers. The assignment and
the linear ordering are chosen uniformly at random. The pairing and assignment (with the linear
orderings) are called the configuration. A multigraph is then constructed by contracting each bin
into a vertex, which produces the kernel, and then placing the vertices of degree 2 on the edges of
the kernel according to the assignment and linear orderings (which produces the pre-kernel).
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Given a configuration corresponding to a simple graph, by permuting the points in the bins
of the kernel, we obtain another configuration corresponding to the same graph. From this, the
following lemma is straightforward.

Lemma 2.2.3 ([56, Corollary 2]). Let d € N” be such that » ;" ; d; = 2m and d; > 2 for all 7.
Each simple pre-kernel with vertex set [n] and degree sequence d is produced by [],. R(d) d;!
configurations, where R = R(d) := {i € [n] : d; > 3}.

2.3 Hoeffding’s inequality

In this section we state Hoeffding’s inequality, which is a classical concentration result for a
random variable that is the sum of independent random variables.

Theorem 2.3.1 ([33]). Let Xi,..., X, be independent random variables such that a; < X; <b;
for 1 <i<nandlet X =57, X;. Then, for ¢t > 0,

2,2
i=1 1Y — %

2.4 Taylor’s approximation

Taylor’s approximation is a well-known result that is used to approximate the value of a function
in a neighbourhood of a point x by using its power series expansion at x.

For every n,k € N, let A(n, k) := {(a1,...,a,) € N": 3" a; = k, a; > 0}, that is, A(n, k)
is the set of vectors with n coordinates where each coordinate is a nonnegative integer and the
sum of the coordinates is k. For a function f : R™ — R and a € Ay, let

o f

0%1gy ...0%g,,

Df(z) =

Theorem 2.4.1 ([31, Theorem 1.23]). Let U C R" be an open set and let f : U — R be a
function with continuous k-th partial derivatives on U. Let x,y € U be distinct points such that
the line segment joining x and y is contained in U. Then there exists a point z in the open line
segment joining x and y such that

Z ) Hzﬂ'H + D Hzl H(yi_xi)ai'

=0a€cA(n,k’") a€A(n,k)
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2.5 Stirling’s approximation

Stirling’s approximation is a classical result concerning the asymptotic behaviour of the factorial
function (for more information, see [26, Section 2.9]):

Lemma 2.5.1. We have that
n 1
n! = 27m<ﬁ> (1—}—0(—)).
e n

2.6 The subsubsequence principle

The subsubsequence principle is a well known and elementary result about sequence convergence.
For more information, see the book [37].

Theorem 2.6.1 (Subsubsequence principle). Let (z,)nen be a sequence of real numbers and let
x € R be a fixed point. If, for every subsequence of (z,,)nen, there exists a subsubsequence that
converges to x, then the sequence (z,),cn converges to .

Proof. Let a = limsup ;. Then there exists a subsequence (y;)ien of (2;);en such that lim; o y; =
a. By hypothesis, there exists a subsequence (z;);en of (¥;)ien such that lim; o, z; = x. Since
lim; 00 ¥; = a, this implies that z = a. The same argument for liminf x;, shows that liminf z; =
x = limsup z; and so lim; ,, x; = x. O

We will use this principle a number of times in this thesis. Here is an example of how
it can be applied. Suppose we are working with the random graph G(n,m) where m is a
function of n, and we prove that some property A = A,, holds a.a.s. for m = O(nlogn) and
a.a.s. for m = w(nlogn). Then, is it true that the property holds a.a.s. without restrictions
on m? The answer is yes and we explain how to use the subsubsequence principle to deduce
it. Consider the sequence (z,)nen such that z, = P(A4,) and let (z,, )n,en be a subsequence of
(#n)nen. Then either limsupy_, . m(nk)/(nx lognk) = 0o or limsupy_, o m(nk)/ (nxlogny) = a,
where « is some constant. In the first case, there exists a subsequence of (x, )n,cn such that
m(ng)/(nklogng) — oo as k — oo and P(A) — 1 in this subsequence since m(ny) = w(ng logny).
In the second case, for n large enough m(ny)/(nglogni) < a and P(A) — 1 as k — oo since
m(ng) = O(nglogng). Thus, by the subsubsequence principle, (z,,),cn also converges to 1, that
is, A, holds a.a.s.
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2.7 Uniformity

In this section, we present two simple but very useful lemmas. They are used to deduce uniform
error bounds. Many times during this thesis, we follow an approach similar to the one in Pittel
and Wormald [56] for sparse graphs: they proved results for random graphs with given degree
sequence and then combined these results into a result for a random graph with given number of
edges. In order to do that, it was necessary to obtain uniform error bounds in the estimates of
the probabilities of certain events for the random graphs with given degree sequence.

Lemma 2.7.1. For every n € N, let D,, be a finite set and let w, be a function mapping D,,
to R. Suppose that there is a function f,, : D,, — R for each n € N such that, for every (dy)nen
with d,, € D,, for all n € N, we have that |wy(dy,)/fn(dn) — 1| — 0. Then there exists a function
o(n) = o(1) such that |wy,(dy)/ fn(dyn) — 1] < ¢(n) for every (dy,)nen with d,, € D, for all n € N.

Proof. For each n € N, since the set D,, is finite, there is d} such that |w(d})/fn(dn) — 1| =
max{|w(dy)/fn(dn) — 1] : dy, € Dy }. We may let ¢(n) = |w(d))/ fn(d)) — 1. Then ¢(n) = o(1)
because d;, € D, for every n € N. So, for every (dy,)nen such that d,, € D, for all n € N, we have
that ‘w(dn)/fn(dn) - 1‘ < ¢(n) = o(1). [

Here is an example of how this lemma will be applied. Suppose that we define a set D,, C N”
for each n and that we prove that, for any function d(n) such that d(n) € D, for each n, the
random graph G(d(n)) (that has uniform distribution on all graphs with vertex set [n] and degree
sequence d(n)) has a property A = A,, a.a.s. Is it true that, upon conditioning the degree sequence
of G(n,m) to be in D,, we have that G(n,m) has property A a.a.s.?” The answer is yes and
we explain why. For each n the set D,, is finite and so by Lemma 2.7.1 there exists a function
®»(n) = o(1) such that the probability that A,, holds is at least 1 — ¢(n) for all d(n) such that
d(n) € D, for each n. Let d(G(n,m)) denote the degree sequence of G(n,m). Then, we can
conclude that

P (An d(G(n,m)) € Dn> -y p (An d(G(n,m)) = d) P <d(G(n,m)) —d ) d(G(n,m)) € Dn)
deD,,
>3 (1-¢(n)P (d(G(n,m)) —d ( d(G(n,m)) € Dn)
deDy,
=1—¢(n).

In summary, Lemma 2.7.1 allows us to deduce results for G(n,m) (and other random graphs)
from results about the random graph with given degree sequence.

In the next lemma, we show how to handle the case where we obtain only bounds for a function
rather than its asymptotic value.
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Lemma 2.7.2. For every n € N, let D,, be a finite set and let w,, be a function from D,, to R.
Suppose that there is function f : N — R such that, for every (d,,)nen with d,, € D,, for all n € N,
we have wy,(dy,) > c(d,)f(n), where ¢(d,) = 2(1). Then there exists a function ¢(n) = Q(f(n))
such that wy,(d,) > ¢(n) for every (dp)nen with d,, € D), for all n € N.

Proof. For each n € N, since the set D, is finite, there is d that minimises ¢(d,). We may let
¢(n) = c(dy) f(n) = Q(f(n)) since ¢(dy,) = Q(1). O

Here is an example of how this lemma will be applied. Suppose that we define a set M,
integers in [(g)] for each n. Suppose that we prove that the random graph G(n,m) has a property
A = A, with probability (1), where m is a function of n such that m(n) € M,, for all n. Is
is true that ), P(G(n,m) has A) = Q(]JM,])? The answer is yes and we explain why. For
each n the set M,, is finite and so by Lemma 2.7.2 there exists a function ¢(n) = (1) such
that A holds with probability at least ¢(n) for all m such that m(n) € M,, for all n. Thus,
S e, BG(m,n) has A) > o(n) M| = Q| Ma]).

2.8 Method of moments

The method of moments is a classical method for proving asymptotic convergence of distributions.
Basically, it states that if the moments of a variable X,, converge to the moments of a random
variable Z, then X,, converges in distribution to Z as long as Z is determined by its moments (not
all random variables are determined by their moments). For more information, we recommend
the book by Janson, Luczak and Rucinski [37, Chapter 6]. Here we will only state a special case
for Poisson random variables. It is actually a method of factorial moments.

Theorem 2.8.1 ([11, Theorem 1.22]). Let (A\;)nen be a bounded sequence of nonnegative reals.
Let (X, )nen be nonnegative integer-valued random variables. Suppose that, for any fixed integer
kE>1,

E ([Xn]k) = An + o(1),

where [X,]; = (Xn) (X, —1)...(X;, — k+ 1). Then, for all fixed integers j > 0,
M

P(X,=j)=e il +o(1).

One example of how this method can be used is to show that the distribution of the number
of cycles of length k (for fixed k > 3) for random d-regular graphs is asymptotically Poisson with
mean (d — 1)%/(2k) (see [8, 64]).

As one would expect, the hard part of applying Theorem 2.8.1 is estimating the factorial
moments. For the summation of indicator random variables the factorial moment can be written
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in a more friendly way. For X = X,, = Si_, X,,(i), where each X,,(i) is an indicator random
variable, one can write the factorial moment E ([X];) as follows:

k
E(X]) = Y. E<HX(ij)), (2.2)
j=1

(1,008 ) €T

where Z, = {(i1,...,i) € [r]¥ :4; # iy for all j # j'}. The proof is a very simple induction on k.

2.9 Differential equation method for random graph processes

The basic idea behind differential equation methods is quite intuitive. Suppose we want to analyse
the behaviour of some random variables in a random discrete process. One obtains a system of
differential equations by writing the expected change in the random variables per unit of time and
setting the derivatives to be as suggested by the expected change. The aim is to show that the
solution to the system closely approximates the random variables a.a.s. This general approach
has been applied in a number of results (see [65]), one of the most successful being the emergence
of a giant k-core (see [54, 17]). Wormald [65] described a general-purpose theorem that we will
use in this thesis. In preparation for the statement of this result we need a few definitions.

We say that a function f : R — R satisfies a Lipschitz condition on a set D C R7 if there
exists a constant L such that

(s yug) = Fon, )] < L mas Jui — v,
1<i<y
for every (u1,...,u;),(v1,...,v5) € D. Such constant L is called a Lipschitz constant for f in D.

For any set D C R/*! and random variables Yi(t),...,Y;(t), we define the stopping time
Tp =TpYi(t),...,Y;(t)) as the minimum ¢ such that (¢/n,Y1(t)/n,...,Y;(t)/n) & D.

For each n € N, let S( be a set. We denote the history (qo, ..., q;) € (S™)*1 to time ¢ by hy.
Let S+ denote the set of all histories hy for every ¢t € N. We are now ready to state Wormald’s
general-purpose result. In the next statement, upper case letters Y and H are used for the random
variables corresponding to the deterministic parameters denoted by their lower case counterparts.

Theorem 2.9.1 ([65, Theorem 5.1]). Let a be a positive integer. For 1 < £ < a, let 3, : S™M+ 5 R
and f; : R9"1 — R, such that for some constant Cy and all ¢, |y,(hy)| < Con for all by € S (n)+
for all n. Assume the following three conditions hold, where in (i) and (iii) D is some bounded
connected open set containing the closure of

{(0,21,...,24) : P(Yy(0) = 2pn,1 < £ < a) # 0 for some n}
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(i) (Boundedness hypothesis) For some functions 8 = (n) < 1 and v = ~(n), the probability
that

— <
11;1;32(@ Ye(t +1) = Yy(t)| < B,

conditional upon Hy, is at least 1 — v for t < Tp.
(ii) (Trend hypothesis) For some function A\; = A;(n) = o(1), for all £ < a
[E Vet + 1) = Ye(O) He) = folt/mYa(0)/ms... Ya(t)/0)] < 2
for t < Tp.
(iii) (Lipschitz hypothesis) Each function fy is continuous, and satisfies a Lipschitz condition on
Dﬂ{(t,zl,...,za) it > O},
with the same Lipschitz constant for each /.

Then the following are true.

(a) For (0,21,...,2q) € D the system of differential equations

dzp
— = folx, 21,...,24), l=1,...,a
dx ff( 1 a)

has a unique solution in D for zy : R — R passing through

20(0) = 2,
1 < ¢ < a, and which extends to points arbitrarily close to the boundary of D;

(b) Let A > A\ + Cony with A = o(1). For sufficiently large constant C, with probability
3
1= Ofny + £ exp(—2)),
Yi(t) = nze(t/n) + O(An)
uniformly for 0 < ¢ < yn and for each ¢, where z(z) is the solution in (a) with 2, = 1¥;(0),

and 0 = o(n) is the supremum of those x to which the solution can be extended before
reaching with ¢°°-distance C'A of the boundary of D.

Wormald also describes a result that allows the use of additional stopping times:

Theorem 2.9.2 ([65, Theorem 6.1]). For any set D = D(n) C R*"!, define the stopping time
Ty = TD(n)(Yh ...,Y,) to be the minimum ¢ such that (¢/n,Y1(t)/n,...,Ya(t)/n) ¢ D. Assume
that the first two hypotheses of Theorem 2.9.1 apply only with the restricted range t < T}
of t. Then the conclusions of the theorem hold as before, except with 0 < t < on replaced by
0 <t <min{on,Tp}.
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2.10 Properties of truncated Poisson random variables

Given a nonnegative real number A and a nonnegative integer k, we say that a random variable Y
is a truncated Poisson with parameters (k, \) if, for every j € N,

ol f k
. v g =k
PY =j)={ ey (2.3)
0, otherwise.
where
=1y
feN) i=e* =) R (2.4)
i=0

Note that the function fj plays a normalising role in the probability. We use Po(k, \) to denote
the distribution of a truncated Poisson random variable with parameters (k,A). A truncated
Poisson random variable with parameters (0, \) simply is a Poisson random variable with mean .

Truncated Poisson random variables have been used to generate degree sequences for random
graphs with minimum degree constraints. Recall that G2 (n, m) is a (n, m, k)-core generated by
the allocation model restricted to k-cores as described in Section 2.2. As we discussed in Section 2.2,
d(G™(n, m)) has distribution Multis(n, 2m) (multinomial distribution conditioned upon each
coordinate being at least k). The following is a well-known relation between Multi>(n,2m) and
Po(k, \) (see, for example, [17]):

Lemma 2.10.1. Let k£ be a nonnegative integer and let A be a nonnegative real number. The
distribution Multi>(n,2m) is the same as the distribution of a random vector Y = (Y1,...,Y},)
where the Y;’s are independent random variables with distribution Po(k, \) conditioned upon the
event ¥ that > 1" | ¥; = 2m.

Proof. For any d € N with Y " | d; = 2m,
) LLaino) = B T d e

that is, P(Y = d |X) = o-1/]]}; d;! where « is the same for all d. The probability that a random
vector Z with distribution Multi>(n,2m) is d, as already discussed in Section 2.2, is

(2m)! (1>
[Timidit \n ’
which is 8- 1/][}, d;! where f8 is the same for all d. Since

>, P(Y=dlg)= Y P(Z=d)=1
deN"™ deNn
21 di=2m S di=2m

we must have o = 3. 16 O

P(Y=d|Z) =

1 = M\ 1 1 \2m
1P



We will use the following corollary of Lemma 2.10.1 a number of times in this thesis.

Corollary 2.10.2. Let m = m(n) > kn be an integer. The distribution of d(G{™(n,m)) is the
same as the distribution of a random vector Y = (Y7,...,Y,,) where the Y;’s are independent
truncated Poisson random variables with parameters (k, ) conditioned upon the event ¥ that

2liny Yi=2m.

Pittel and Wormald [55] proved many properties about truncated Poisson random variables.
In this section, we include for the reader’s convenience several of their results that we use quite
extensively in this thesis.

Lemma 2.10.3 ([55, Lemma 1]). For any integer k and ¢ = ¢(n) > k, there exists a unique

positive root A(k, c) of

Mi1(A) _ (2.5)

Jr(X)
Moreover, A(k, ¢) satisfies the following:
(a) If ¢ — k, then A(k,c) = (k+ 1)(c — k) + O((c — k)?);
(b) A(k,c) < c always;
(c) if ¢ = oo, then A(k,c) ~ c.
Note that the first part of Lemma 2.10.3 is equivalent to saying that, for any ¢ > k, there
exists A > 0 such that the expectation of a random variable with distribution Po(k, A) is c.
By continuity, we define A(k, k) = 0. For any positive integer k and ¢ > k, let
Ne = )‘(ka C)fk—?(A(k7C))
‘ fe-1(A(k,€))

A trivial relation between 7. and c is:

(2.6)

Ne < c. (27)

Lemma 2.10.3 is proved by computing Var(Y'), where Y is a truncated Poisson random variable
with parameters (k, A(k, ¢)) and relating it to the derivative of g(A) := Afx—_1(\)/fx(A). Pittel and
Wormald show that

EY(Y —1))=cn. and Var(Y)=c(l+n.—c). (2.8)

Then, they relate the derivative of g(\) and Var(Y):



for A > 0. This shows that g(\) is an increasing function. Moreover, as A goes to 0,

MmN A
W_mkHJFO(A?)—m (2.9)

and, as A — oo, we have that g(\) — oo. This shows that A(k, c) is an increasing function of ¢
and it is defined for all ¢ > k. Thus, Pittel and Wormald [55] proved the following.

Lemma 2.10.4. A\(k,c) is a strictly increasing function of ¢. Moreover, A\(k,c) — 0 if ¢ — k, and
Mk, c) = o0 if ¢ = 0.
The first derivative of g(\) is obviously a continuous function. From this, one obtains the

following lemma:

Lemma 2.10.5. Let v and k be positive integer constants with v > k. Let a(n),f(n) be
function such that £ < a(n) < B(n) < v and |a(n) — B(n)| = o(¢) where ¢ = o(1). Then

By Lemma 2.10.3(a) and (2.9), the following approximations for A(k, c) and 7. are immediate,
by using the definition of 7. and computing its series with A(k, c) around 0.

Lemma 2.10.6. For ¢ — k,
Ak, ¢) = (k+1)(c— k) + O((c — k)?). (2.10)
and
ne =1+ Ak, ¢)/2+ Ok, c)?). (2.11)
Pittel and Wormald use (2.8) to bound the value of the variance of truncated Poisson random

variables:

Lemma 2.10.7 ([55, Lemma 2]). Uniformly for all ¢ € (k,00), if Y is a truncated Poisson random
variable with parameters (k, A(k, c)),

Var(Y) =c(1 4 7. — ¢) = O(\(k,c)) = O(c — k). (2.12)
Moreover, if ¢ — k, then
c(l+7.—c)~c—k. (2.13)
We remark that (2.13) is not stated in [55, Lemma 2], but is part of its proof in [55, Equa-
tion (20)].

Usually, when generating degree sequences for random graphs with truncated Poisson random
variables with parameters (k, A(k, ¢)), we want the sum of the degrees to be cn (the average degree
times n). Pittel and Wormald estimated the probability of this event.
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Theorem 2.10.8 ([55, Theorem 4]). Let k be a positive integer and let ¢ = ¢(n) > k. Let ¥ denote
the event that > | ¥; = cn where Y = (Y1,...,Y},) is a vector of independent truncated Poisson
random variables with parameters (k, A(k,c)). Let r = cn — kn. If r — oo and r = O(nlogn),
then

14+0(r 1Y
PX) = . 2.14
) V2mne(l +ne —c) (214)
If r = O(n®/?), then
P(S) = (1 + 0(r5/2n*1)) eﬂ"%. (2.15)
For ¢ > 0,
E (exp(-n(Y)/2 — n(¥)2/4)[S) = (1+ 0> ) exp(—ne/2—2/4),  (216)

where n(Y) =3 Y;(Y; — 1)/(cn).

Let k > 2, let Dy (n,m) denote the set of d = (dy,...,dy,) € N" such that d; > k for all i € [n]
and ), d; = 2m. Let

n

1

deDy(n,m) j=1

Pittel and Wormald [55, Equation (10)] proved a nice relation between Qx(n,m) and the event 3
that > 7" | Y; = en where Y = (V7,...,Y,), is a vector of independent truncated Poisson random
variables with parameters (k, ) with A > 0:

Lemma 2.10.9. Let k be a positive integer and let ¢ = ¢(n) > k. Let X be the event that

Y>or Y, = cn where Y = (Y1,...,Y,,), is a vector of independent truncated Poisson random
variables with parameters (k, \) with A > 0. Then
Jr(A)"
Quln.m) = O i) (2.17)

To deal with the function n(Y) it is useful to know the expectation and the variance of
Y(Y — 1), where Y is a truncated Poisson random variable with parameters (k, \). Pittel and
Wormald [55] provided estimates for E (Y (Y — 1)) and Var(Y (Y — 1)). The proof is not so easily
extracted from their paper and, for this reason, we will reproduce it here. We also add a bound
on Var(Y(Y — 1)) for A = O(1).

Lemma 2.10.10. Let Y be a random variable Po(k, \), where k € N and A = \,, is a positive real.
For A, = o(1), we have that E(Y(Y — 1)) = k(k — 1) + 2X\k/(k + 1) + O(A\?) and Var(Y (Y — 1)) =
O(Ap). Moreover, Var(Y (Y — 1)) = O(1) for bounded A.
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Proof of Lemma 2.10.10. By (2.8) and by computing the series of fi_o(A) and fr(\) for A — 0,

By -1y = M) Mo _ 227 _ A (e + gt +00)

OV I ERTON R YOV (2'_“:), + O(\F+2)
=k(k—1)+ ;T +0(\?)
and so
. pY
Var(Y(Y — 1)) = j;c(](] -1)-EX(Y - 1)))2m
= (2k + O(\ Akﬂ 1) —k(k—1)+ 0\ 2 N

)\k—i—l

N
— (2k + O(\)2 O i(j— 1))
( + ( )) (k+ 1)! (Ak—lf —|—O()\k+1)) + (j;z(](‘] )) ]!)\kJrl)

=0\,

The bound Var(Y (Y — 1)) = O(1) follows from the fact that E (Y*) = O(1) for any fixed ¢ when
A = O(1), which can be obtained by trivial computations. O

Since we use truncated Poisson random variables to generate degree sequences, it will be useful
to know how large the maximum degree is likely to be. For any jg such that jo > 2e,,

P(Y; 2 o) = Y sy — Olesp(—io/2). (215)
J2jo

This holds because jo > 2e). ensures that the ratio between consecutive terms M /(j!(e* —1—\.))

and X /((5 + D(e* — 1 — \)) is less than 1/e for j > jo/2 and each term is at most 1. (This
is the same bound as in [55, (27)].)
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Chapter 3

Asymptotic enumeration of sparse
2-connected graphs

In this chapter, we are interested in the enumeration of 2-connected graphs with given number of
vertices and edges. As we mentioned in the introduction, efficient methods to compute the exact
number of 2-connected graphs with given number of vertices, and given numbers of vertices and
edges were described long ago (see Harary and Palmer [32], Temperley [61], and Wormald and
Wright [63]). But no closed formula has ever been found. This is one of the reasons why it is
worthwhile to seek asymptotic formulae. Another reason is that an asymptotic formula might be
much simpler than a closed formula (which may not even exist). The asymptotics in the following
are for n — oo, where n will denote the number of vertices in the graphs in question.

It would be natural to first try to find an asymptotic formula for the number of 2-connected
graphs with given number of vertices (instead of given number of vertices and of edges). It turns
out this is an easy problem even for k-connected graphs, for any fixed £ > 1. It follows from
the well-known fact that almost all graphs with vertex set [n] are k-connected [25]. That is, a
graph chosen uniformly at random over all possible graphs with vertex set [n] is k-connected with
probability going to 1. An intuitive reason for why this holds is that this random graph is actually
G(n,p) with p = 1/2, which is a very dense graph. The number of k-connected graphs with vertex

set [n] is then asymptotic to the number of simple graphs with vertex set [n], which is simply 2(3).

Recall that an (n, m)-graph is any graph with vertex set [n] and m edges. The enumeration of
connected (n,m)-graphs has received a lot of attention, with formulae being derived for many
ranges of m. One of the best known was proved by Bender, Canfield and McKay [7] whose
asymptotic formula works for all m —n — co. Their basic approach was to analyse a differential
equation arising from a recurrence formula for the number of connected graphs. Afterwards, Pittel
and Wormald [56] derived a formula with improved error bounds for some ranges of m. Their
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proof is somewhat simpler and our approach shares basic features with parts of it, which we will
discuss later.

Asymptotic formulae for the number of 2-connected (n, m)-graphs were also found for the
ranges m = n + o(y/n) and m > (1/2 4 €)nlogn, where ¢ is a positive constant. Wright [70]
found an asymptotic formula for the number of 2-connected (n,m)-graphs for the sparse range
m —n = o(y/n) with m —n — co. We remark that in Wright’s formula there was a constant that
Wright did not compute exactly, although he could approximate it very precisely. This constant
was later determined by Voblyi [62]. Wright [68] also described an exact formula for the number
of 2-connected (n,n + k)-graphs with fixed k. There is no reason to consider the case m < n,
since no 2-connected (n,m)-graph exists in this case. For the range m > (1/2 + ¢)nlogn, where
is a positive constant, an asymptotic formula for the number of 2-connected (n,m)-graphs can be
deduced from known results. For m > (1/2 4 €)nlogn, where ¢ is a positive constant and any
fixed k, the random graph G(n,m) is k-connected a.a.s.(see Erdés and Rényi [25]). Hence, the
number of 2-connected (n, m)-graphs is asymptotic to the number of simple (n,m)-graphs.

In this chapter, we provide an asymptotic formula for the number of 2-connected (n,m)-graphs
with m —n — oo and m = O(nlogn). This way, we obtain an asymptotic formula that holds
in the entire range for which no asymptotic formula was previously known. We also obtain an
asymptotic formula for the number of 2-edge-connected (n,m)-graphs in the same range. The
results in this chapter are joint work with G. Kemkes and N. Wormald [39].

Our strategy has random 2-cores at centre stage. Recall that a graph is a (n,m, k)-core if
it is an (n,m)-graph that is also a k-core. Every 2-connected graph (with at least 3 vertices) is
always a 2-core. In [56], Pittel and Wormald found an asymptotic formula for the number of
connected (n,m,2)-cores in the sparse range, as an intermediate step to obtain an asymptotic
formula for the number of connected (n, m)-graphs. Roughly speaking, Pittel and Wormald [56]
reduced the problem of enumerating connected (n,m,2)-cores to computing the probability that
a random (n,m, 2)-core with given degree sequence is connected and simple. Our strategy for the
case m = O(n) is similar, but we have to compute the probability that such a random 2-core is
2-connected and simple. When m = Q(n), we show that the number of 2-connected (n,m)-graphs
is asymptotic to the number of (n,m,2)-cores, for which an asymptotic formula was provided by
Pittel and Wormald [55]. We remark that the number of 2-cores has been studied prior to that by
Wright [68] and others (see e.g. Ravelomanana and Thimonier [58]), but without the generality of
the result by Pittel and Wormald [55].

Next we briefly discuss the enumeration of k-connected (n,m)-graphs, with fixed £ > 3. The
enumeration of (n,m, k)-cores is related to the enumeration of k-connected (n, m)-graphs since
k-connected graphs are always k-cores. An asymptotic formula for the number of k-connected
(n, m)-graphs can be easily deduced from the formula for (n, m, k)-cores and some other known
results. Luczak [46] showed that given a degree sequence with minimum degree at least k, under
some additional hypotheses on the degree sequence, a graph chosen uniformly at random among all
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graphs with degree sequence d is k-connected a.a.s. By showing that these additional hypotheses
are innocuous, that is, that the degree sequence of a random (n, m, k)-core satisfies them a.a.s., one
can conclude that the random (n,m, k)-core is k-connected a.a.s. Thus, the number of k-connected
(n, m)-graphs is asymptotic to the number of (n, m, k)-cores. Interestingly, this strategy fails for
2-connected graphs because it is not true that random 2-cores are 2-connected a.a.s. We also note
that one gets an asymptotic formula for the number of k-edge-connected (n,m)-graphs since a
k-connected graph is always k-edge-connected and a k-edge-connected graph is always a k-core.
That is, the number of k-edge-connected (n,m)-graphs is sandwiched between the number of
(n,m, k)-cores and k-connected (n, m)-graphs.

3.1 Main results

Let T'(n,m) denote the number of 2-connected (n, m)-graphs (simple graphs with vertex set [n]
and m edges). For any positive k € N, let f,(\) = e* — Zf:_ol M /4! and recall that the function
A(2,¢) is defined in (2.5) as the unique positive root of Afi(A)/f2(A). For any ¢ > 2, let

A and = a
fi) ST AOWE

The parameter p. is the probability that a truncated Poisson random variable with parameters
(2, Ac) has value 2. Truncated Poisson random variables simply are Poisson random variables
conditioned upon having at least some value (in this case, the value is 2). For the definition of
truncated Poisson random variables and some of their properties, see (2.3) and Section 2.10.

Define the odd falling factorial (2k — 1)!! as (2k — 1)(2k — 3)---1, for any integer k > 1.
Throughout this chapter, let ¢ = 2m/n denote the average degree and let r = 2m — 2n, which can
be seen as an excess function.

)\c = A(27C>7 Tle =

Our main result is the following asymptotic formula for T'(n, m).

Theorem 3.1.1. Suppose m = O(nlogn) and r := 2m — 2n — co. Then

1) _ 2
T(nm) ~ (@m — YCPA) ZLZ A" Jempe <—c ) AC) ,
A2Zm. /2mne(l +n. — c) c 2 4

where ¢ := 2m/n.

First we obtain formulae for T'(n,m) for three ranges of the average degree: ¢ — 2, bounded
¢ > 2, and ¢ — oo. For each case, we will show that the formulae obtained are asymptotically
equivalent to the formula in Theorem 3.1.1. Theorem 3.1.1 is then easily proved using the
subsubsequence principle (for more on the subsubsequence principle, see Section 2.6).
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Theorem 3.1.2. Suppose m = O(nlogn) and r := 2m — 2n — oo. Then, for ¢ := 2m/n,

(a) if ¢ — 2,
(exp(Ae) =1 —A)™  V3r

(b) if ¢=0(1) and ¢ > Cy for some constant Cy > 2,

T(n,m) ~ (2m — N SPA) Z LA Je=2pe <_C _ V) .
7 A2 [2mne(1 +ne — ¢ c 2 4)

(c) if ¢ = o0,

(exp(Ac) =1 —=A)" Tle 772
T(n,m) ~ (2m — 1)!! N Norr: exp —-=.

The proofs for each range in Theorem 3.1.2 follow the same strategy. Computing the value
of T'(n,m) is the same as computing )4 7'(d), where T'(d) is the number of 2-connected (n,m)-
graphs with degree sequence d and the sum is over all possible degree sequences with ), d; = 2m.
We show that computing 7'(d) can be reduced to computing the probability A(d) that a certain
random multigraph with degree sequence d is 2-connected and simple. Using this we show that
approximating » 4 7'(d) can be done by estimating the value of the expectation of a random
variable B(d), that is closely related to A(d), when the degree sequence d is random with a
certain distribution.

In order to approximate the expectation, we define a set of ‘typical’ degree sequences, that is
a set containing the random degree sequence a.a.s., and show that for such degree sequences the
value of B(d) can be determined a.a.s. with uniform error bounds and that the degrees outside
this set have no significant contribution for the expectation. This way, we obtain an asymptotic
formula for T'(d) for ‘typical’ degree sequences and an asymptotic formula for T'(n,m).

We use D(n, m) to represent the set of degree sequences d := (dy,...,d,) such that Y ;" , d; =
2m and d; > 2 for all i € [n]. For d € D(n,m), define

i) = 5 -3 dy(d; 1)

and, for every integer j, let D; = D;(d) denote |{i:d; = j}|, that is D;(d) is the number of
vertices of degree j.

The next result states the asymptotic formula for ‘typical’ degree sequences in each range.

Theorem 3.1.3. Suppose m = O(nlogn) and r :=2m — 2n — co. Let Y = (Y1,...,Y,) be a
vector of independent truncated Poisson random variables with parameters (2, \.).
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(a) Suppose further that ¢ = c¢(n) := 2m/n — 2. Let ¢(n) = r'1~¢ for some ¢ € (0,1/4). If
d = d(n) € D(n,m) satisfies

(i) [D2 = E(D2(Y))] < ¢(n),

(i) [Ds —E (D3(Y))] < 9(n),
(i) |35 (%) — E(Z; (3))] < (n), and
(iv) d;i < 8log(n — D2(d)) for every 1,

then

V3r  (2m —1)!!
ev22m H?Zldj!'

(b) Suppose further that ¢ = O(1) and ¢ > Cj for some constant Cp > 2. Let ¢(n) = 1/n° for
some € € (0,1/4). If d = d(n) € D(n, m) satisfies

T(d)

(i) d; < 6logn for every i,
(i) |n(d) —ne| < ¢(n) and
(iii) [D2(d)/n = pe| < ¥ (n),

then
(2m — 1! [c—2p, c A
T(d) ~ = _ e
(d) MdtV ¢ P21

(¢) If ¢ » oo and d = d(n) € D(n, m) satisfies maxd; < n¢ for some e € (0,0.01) then

@)~ En U o (00 n@?)_

~ exp | —— —
H?:ldj!

2 4

We remark that the case r = o(y/n) with r — oo has been solved by Wright [70] (see also
Voblyi [62]):

T(n,m) — e\/gﬂ-nn+3r/2—1/2€r—n(9r2/2)—r/2(1 + 0(7“_1) + O(r2/n))

To compare Wright’s formula to our own, we compute \. = 3r/n — (3/2)(r/n)? + (6/5)(r/n)3 +
O((r/n)*) for r = 0o(n?/3), and then from Theorem 3.1.2(c) the following is immediate, confirming
Wright’s formula for the the case r = o(n!/?).

Corollary 3.1.4. Suppose that 7 := 2m — 2n = o(n?/3) and r — co. Then

T(n,m) ~ \/23 nn+3r/2—1/26r—n+3r2/(8n)(9742/2)—7”/2'
e\ 4T
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Let T'(n,m) denote the number of 2-edge-connected (n,m)-graphs. Our methods for the
enumeration of 2-connected graphs can be easily adapted to obtain an asymptotic formula for
T'(n,m).

Theorem 3.1.5. Suppose m = O(nlogn) and r := 2m — 2n — oo. Then

T/(TL m) ~ (2m . 1)” (exp()\c) —1- )\c)n Cc — 2pC exp (C o )\73 + )\g’) .
7 a2y 2rne(l+mn.—c) Vo ¢ 2 4 2(er —1)2

This chapter is organized as follows. In Section 3.2, we reduce the problem of finding the
number of 2-connected (n, m)-graphs to computing the expectation of a random variable in a
probability space of random degree sequences. This random variable is related to the probability
that a random multigraph generated with given degree sequence is 2-connected and simple. The
models of random multigraphs that we will deal with are the kernel configuration model and
the pairing model, which are defined in Section 2.2. In Section 3.3, we prove that, a.a.s., the
random multigraph with minimum degree at least 3 generated by the pairing model is 2-connected
if and only if it 2-edge-connected. We prove Theorem 3.1.2 in Sections 3.4, 3.5 and 3.6. More
specifically, we prove Theorems 3.1.2(a) and 3.1.3(a) in Section 3.4, Theorems 3.1.2(b) and 3.1.3(b)
in Section 3.5, and Theorems 3.1.2(c) and 3.1.3(c) in Section 3.6. In Section 3.7, we combine the
formulae obtained in Theorem 3.1.2 to obtain Theorem 3.1.1. In Section 3.8, we explain how to
obtain the formula for 2-edge-connected (n, m)-graphs for m —n — oo and m = O(nlogn).

3.2 Enumeration and random graphs

In this section we show how to reduce the enumeration problem, which is a deterministic problem,
to the computation of the expected value of a random variable in a probability space of random
degree sequences. The approach we use is the same as in [55].

Let
|
deD(n,m)j=1 7
Let Y = (Y1,...,Y,) be a vector of independent truncated Poisson random variables with

parameters (2, \.) and let ¥ denote the event that ). Y; = 2m. The function Q(n,m) and P(X)
are related: by Lemma 2.10.9 and Theorem 2.10.8(a),

B fQ()\)n B 1+ O(T—l)
Q(nv m) - Aen P(E) o \/271'0(1 + Ne — C) .

(3.1)

We will use Y to generate degree sequences. Many times in the following sections we will work
with ‘typical’ degree sequences. We say that a subset of D C D(n,m) is a set of typical degree
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sequences when the probability that the vector Y = (Y1, ...,Y,) conditioned upon ¥ is in D goes
to 1. The two propositions we will present now show how to estimate T'(n, m) by computing the
expectation of a random variable in the probability space of Y conditioned upon X. In both
cases, this random variable is closely related to the probability that a random graph with degree
sequence Y (conditioned upon ¥) is 2-connected and simple.

The first proposition concerns graphs generated with the pairing model (see Section 2.2 for the
description of the pairing model). In the first proposition, the random variable is the probability
that the random graph generated with the pairing model with given degree sequence is 2-connected
and simple.

The second proposition concerns graphs generated with the kernel configuration model (see
Section 2.2 for the description of this model). Recall that Da(d) is the number of occurrences
of 2’s in d. For d € D(n,m), let m’ = m’(d) := m — Ds(d), that is, m’ is the number of edges
in the kernel, and let R = R(d) := }_, ;>3 d;. In the second result, the random variable will be
vm/(d) P(2cs(d)), where 2cs(d) is the event that a random graph generated with the kernel
configuration model and degree sequence d is 2-connected and simple.

In summary, we basically reduced the enumeration problem to the computation of the prob-
ability that random graphs (generated by the pairing model or the kernel configuration model)
are 2-connected and simple and the degree sequence is generated by truncated Poisson random
variables conditioned upon the degrees having the correct summation. The proofs for both results
follow the same argument as the proof in [55, Equation (13)] which states for 2-cores that

C(n,m) ~ (2m — 1)1Q(n,m)E (U(Y)|X), (3.2)

where C(n,m) denotes the number of (simple) 2-cores on [n] with m edges and U(Y) is the
probability that the random graph generated with the pairing model and degree sequence Y is
simple.

Proposition 3.2.1. Let U’(d) be the probability that a random pairing with degree sequence d
is 2-connected and simple. We have that

~@2m-=-DN_,
T(d) = WU (d), for d € D(n,m) (3.3)
and
T(n,m) = (2m — HIQ(n,m)E (U'(Y)|X). (3.4)

Proof. For d € D(n,m), the number of pairings corresponding to a given simple graph is H?:1 d;!
by Lemma 2.2.1. Since, in the pairing model each matching is chosen with uniform probability
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and (2m — 1)!! is the number of perfect matchings on 2m, this implies (3.3). We now prove (3.4).
The argument is basically the same as in [55, Equation (13)]. We have that

T(n,m)= Y  T(d)=2m-1I Y H by (3.3)

deD(n,m) deD(n,m)

(2m — D fo(A)" . .
= Ao Z U’ H a 'f2 since Zdj =2m

deD(n,m) j=1
_(2m —DNQ(n,m) , B
— ) deg(;’m)U (d)P(Y =d) by (3.1)

= (2m — DNQ(n, m)E (U'(Y)|%).

Proposition 3.2.2. We have that

_ @Cm-=Dlym/(d)/mP(2cs(d)) (o 1 uniformly for o
T(d) = T, di (1 O<m’(d)>> ,uniformly for d € D(n,m) (3.5)
and
T(n,m) = (2m — )NQ(n,m)Vm~IE (w(Y)|X), (3.6)
where
w(d) = P(2es(d))y/m/(d) (3.7)

and 2cs(d) is the event that the pre-kernel generated by the kernel configuration model is
2-connected and simple.

Proof. By Lemma 2.2.3, each simple pre-kernel is produced by [];c R(d) d;! configurations, where
R = R(d) := {i € [n] : d; > 3}. There are (2m’/ — 1)!! ways of generating the kernel and (m —
)!/(m’ —1)! ways of adding the degree-2 vertices. Thus,

2m’ — D(m — 1)! o2m’ — 1)N(m — 1)1202
) = ey Plaes(a) = G U

Using the fact that (2k — 1)!! = (2k)!/(2¥k!) for any integer k > 1,

P(2cs(d)).

2m/ — D(m —1)12P2  (2m — Dllm/ ml2™  (2m/)! m2P2

(m/ —1)! m (2m)! m/l2m" /!
(2m — D)!'m/  (2m/)Im!|22m+D2
N m (2m)Im/122m/
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By Stirling’s approximation, we have that
(2m/)Im!22m+Dz _[m (2m’)2m/QO2m+D2 140 1
2m)!m1227" — \ ! (2m)2m (! )2 2V + m
22m’+m+D2 1
-2 (ol
m 22m+m m/!
1
- JE(of2):
m m

(2m/ — )N(m — 1)12P2
(m/ — DT, di!

g 2ol
_ W\/zp@cs(d)) <1 + 0(%,))

and the constants in the error term are independent of d. Thus, we proved (3.5). Since
m/(d) = m — Da(d) > m —n = r/2, the error term O(1/m’) above can be replaced by O(1/r),
uniformly for d. We now prove (3.6). The proof is very similar to the proof of (3.4):

T(n,m)= Y _  T(d)

since m’ = m + Ds. Thus,

T(d) =

P(2cs(d))

deD(n,m)
_ (2m — 1)!! m/(d) L
- depz(;’m) T \/7 P(2cs(d)) <1 + o(r>> by (3.5)
_ (2m = DU ; Y 1
L £ (1+o(7))
_ @2m = 1)lQ(n,m) cs m _ 1
_ P(X)y/m depz(;,m)P(z (d))y/m/(d) P(Y d)<1+0<r>) by (3.1)

= (2m — DIQ(n, m)E (w(Y)[%) <1 + o<1>>
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3.3 Relation of vertex-connectivity and edge-connectivity

In this section, we show that a.a.s. the kernel generated with pairing model is 2-connected if and
only if it is 2-edge-connected (with constraints in the maximum degree). For arbitrary graphs
with at least 3 vertices, 2-connectivity implies 2-edge-connectivity and so one direction is trivial.
For the other direction, we will show that every cut-vertex has to be in a bridge a.a.s.

Proposition 3.3.1. Let d € D(n,m) satisfying n >3 and 3 <d=d; <--- < d,, = A < nl0,
Let K be the kernel of the random multigraph produced by the pairing model using degree
sequence d. A.a.s., K is 2-connected if and only if it is 2-edge-connected.

This proposition is an easy consequence of the following lemmas:
Lemma 3.3.2. A.a.s., no subgraph of K with s vertices, 2 < s < n%%, has more than 1.2s edges.

Lemma 3.3.3. A.as., each subset of K with s vertices, n?3 < s < n/2 has more than
neighbours.

Proof of Proposition 3.3.1. Suppose that v is a cut-vertex in K not in a bridge. Then v decomposes
K into components Wy and Wy with |[W;| < |Ws|. Note that v sends at least 2 edges to W7 and
at least 2 edges to Wa. (Otherwise v would be in a bridge).

Suppose that |WW;| = 1. Then the number of edges induced by W; U {v} is at least 3 (since
§ > 3) which is |W; U {v}|. On the other hand, if [W;| > 2, the number of edges induced by
Wi U{v} is at least (3|W7|+2)/2 > 1.25|W; U {v}|. Thus, for |[W; U {v}| < n%4, we conclude that
such v a.a.s. does not exist, by Lemma 3.3.2. Otherwise, |[IW;| > n%3 and such v a.a.s. does not
exist by Lemma 3.3.3.

So a.a.s., K has a bridge if it has a cut-vertex. The converse is deterministically true for
multigraphs with at least three vertices, and the proposition follows. ]

We remark that the proof of Proposition 3.3.1 can be easily adapted to show that, a.a.s., for
any bridge, at least one of its endpoints is incident with no non-loop edges, apart from the bridge
itself.

We now prove Lemmas 3.3.2 and 3.3.3. We observe that these lemmas can be proved by
closely following Luczak’s proofs of properties of (simple) graphs with given degree sequence
in [46, Section 12.3]). For the proofs of these lemmas, let the kernel K be generated by choosing a
perfect matching M uniformly at random on the points of sets/bins Si,...,S, with di,...,d,
points in them, and then contracting each bin .S; into a single vertex i. Let P denote the set of
the 2m points inside the bins. Let ®(k) denote the number of perfect matchings on [2k] for any
nonnegative integer k. It is straightforward that ®(k) = (2k — 1)!! = (2k)!/(2"k!).
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Proof of Lemma 3.3.2. Let S = {S C [n] : 2 < |S| < n%%}. For each S € S, let X denote the
indicator variable that S induces more than 1.2|S] edges and let X =} ¢ s Xs. We will show
that E (X) = o(1). Assuming this, by Markov inequality,

P(X > 1) <E(X) = o(1),

which proves the lemma.

For Se€ S, let Es={ay:x€S;, yeS;, i,j €S,z #y}. ForSeS withs=]|5|,

Xo)< > Y PECM) =) Z (3.8)

¢>1.2s ECEs £>1.2s ECES
|E|=¢ |E|=t

The number of sets £ C Eg of size £ is bounded by ((S%)z) because there are at most sA points
in S. Thus, combining this with (3.8) yields

e 2 () %50 (VB < 5 () ()

£>1.2s 0>1.2s 0>1.2s
Z ( s*A2 >€ since <82A2> < <682A2>€
- s 0(2m — 2¢ ¢ - 14
A2
< Z (es > , since 1.2s < /¢ < s < nd8
£>1.2s

2\ 1.2s
<9 <3A > ’
an
where the last inequality follows from the formula for the sum of the terms of a geometric
progression with ratio sA%/(an) < (an?)~! — 0, where o = 1.2/e. We also use the fact that
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(1 —sA2%(an))~! < an/(an — n®4®) < 2 for sufficiently large n. Thus,

ntd A2\ 12 nh N 7 sAZN B2
oS E () E0(2)
Ses s=2 SeS§ s=2 SeS a—2 S an

|S]=s IS|=s

s es0-2ZA24N\ ° n en\ s
2 — 55 since <(—>

sS=

IN

n0-4

2 since s < n%* and A < n0%

IN

1
(&

1= 5 oom
a~—°n

= 0 (1/n00%8)

>~ (Grmam)
(

<2 by sum of g.p.

al-2n0- 024> )

and we are done. O

Proof of Lemma 3.3.3. Let S denote the subsets of [n] with size at most 0. For each S € S, let
Ws denote the set of subsets W C [n] \ S of size at least n®-3 and at most (n — |S|)/2. For any
S e S and W € Wsg, let Xgy denote the indicator variable for the event that all edges with
exactly one end in W have the other end in S. That is, X indicates the event that S separates
W from the rest of the graph. Let X =} ¢ g ZWEWS Xsw-

We will show that it suffices to prove that E (X) = o(1). By Markov’s inequality this would
imply P(X > 1) <E(X) = o(1). So we need to show that the event that there is a set W’ of size
in [n%3,n/2] with at most § neighbours (outside W) is contained in the event that there exist
S € S and W € Wy such that Xgw = 1. So suppose there is such a set W’ and let S’ denote its
set of neighbours. If [W’| < (n—|S’])/2, then W' € Wy and so Xg wr = 1. If [W'| > (n—|5'])/2,
then, for W := [n] \ (S’ UW’), we have that W also has all its neighbours in S’. Moreover,
W' <n—|5—-mn-|5)/2=mn-]|5)/2and W >n— |5 -n/2 >n/2 - A >n" for
sufficiently large n since 6 < A < n%94. This implies W € Wy and so X sw = 1.

For (S,W) € & x Ws, let £(S,W) be the set of all £ C {xy € (5;,5;):i€ W,j € WUS}
such that each point in a bin corresponding to a vertex in W has degree 1 in E¥ and each point in
a bin corresponding to a vertex in S has degree 0 or 1 in E. In other words, £(S, W) is the set
of all possible edges (as pairs of points) with at least one end in W covering all points in W so

that .S separates W from the rest of the graph. The size of any set E € £ is at least 3|[W|/2 since
6 > 3 and, on the other hand,

3 3
B <m—5(n— |- [W]) 2 m - S|W],
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since |W| < (n — |S])/2. Moreover,
(3.9)

For ¢ € [[3|W]/2], m— [3|W|/2]], the number of sets E € £(S, W) of size £ is bounded by 202 (¥).
This is because we have to choose 2¢ points in the bins of W and S and a perfect matching on these
points. All the points in bins in W have to be selected for E € £(S, W). A rough upper bound for
the number of ways of selecting 2¢ — ). _y;- d; points in bins in S is 92 ies di < 9lSIA < 90A (this is
a very rough upper bound). Moreover, there are ®(¢) ways of matching the selected points.

—[3[W]/2] m=[3IW1/2] &

Hd(m — 1L
E(Xsw) = Z Y O PECM) <2 ) ()(I)((m))
0=[3|W|/2] E€E(S,W) (=[3|W/2]
|E|=¢
_yin m[?’zvjvm (20)/(2m — 20)lm! s mmﬁmm m\ (2m) !
0(m — 0)I(2m)! e)\2e) -
0=[3|W|/2] ¢=[3|W|/2]
Thus,
5 m—[3|W|/2] m\ ! om m\ 2
< 204 i >
E(Xsw) <2 Z (€> , Slnce<2£>_<€>
(=[3|W|/2]

: 25%( r3w/2] > by (3.9)

-1
< 208, [3n/2] since m > 3—n
[3w/2] 2

For any S € S, we have that there are at most (Z) sets of size w in Wg. Thus, together with the

33



above, we get

w=x s (e ()
n—|S1)/2]

s 3 () s () = ()

L(n—|S])/2] _1

. /2]
= ;;w%;]memO |
n/2

< 2982y n03] /2

1
> , since the number of choices for S is at most 2";

0.04

since A < n

SA  on nt%/2 . a a\e .
< 2°%m2"n , since b > (Z) for any nonnegative integers a, b;
0.3n%-3
nl 08 2 04 < >
0.2n

—0<C> )=dm

and we are done.
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3.4 The case ¢ — 2.

In this section, we obtain an asymptotic formula for the number T'(n,m) of 2-connected (n,m)-
graphs for the range ¢ = 2m/n — 2 from above, proving Theorem 3.1.2(a). We also obtain a
formula for the number 7'(d) of 2-connected graphs with degree sequence d with d € D(n,m)
satisfying some constraints, proving Theorem 3.1.3(a). In Proposition 3.2.2, we have already
shown how to obtain 7'(d) by computing P(2cs(d)), the probability that the graph generated with
kernel configuration model is 2-connected and simple, and how to obtain T'(n,m) by computing
E (v/m/(Y) P(ZCS(Y))’E), where Y = (Y1,...,Y,) is a vector of independent truncated Poisson
random variables with parameters (2, \.) and ¥ is the event that ). Y; = 2m.

We will define a set of typical degree sequences D so that, for d € D, we have P(2cs(d)) ~ 1/e
and so we obtain T'(d) for typical degree sequences. We then proceed to show that the degree
sequences outside D have no significant contribution to E (v/m'(Y)P(2es(Y)) ’E) and so we can
obtain an asymptotic formula for T'(n,m).

As expected, the definition of D requires some functions of the degree sequence to be concen-
trated around their expected value. So first we will analyse the expected value of some of these
functions. Let

by =E(Da(Y)), ps=E(Ds(Y)), p=E (Z (5)):

i=1
Lemma 3.4.1. We have pg =n —r +o(r), us =r +o(r) and g =n + 2r + o(r).

Proof. Let r(Y) =37, Y; —2n and n/(Y) = n — D2(Y). Note that »(Y) may not coincide with
r = 2m — 2n because we are not conditioning on X, which is the event that >, Y; = 2m. But

E(r(Y)):E(iy;)—2n:§:c—2n=2m—2n:r. (3.10)
=1

i=1

Note that

ZYi = Z Y; 4+ 2D5(Y) > Z 3+2n—2n'(Y) =30 (Y) +2n — 20/ (Y) =7/ (Y) + 2n.
i=1 i€R(Y) i€R(Y)
Hence, n/(Y) < r(Y).

Thus,
Dy(Y)=n—-n'(Y)>n—r(Y). (3.11)

and so, by (3.10),
E(D2(Y)) >n—r. (3.12)
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Moreover, D2(Y) < n — D3(Y), which implies that
E(D2(Y)) <n—-E(Ds3(Y)). (3.13)

Since n—r = n+o(n) and n—D3(Y) < n, we conclude that E (D2(Y)) = n+o(n). Using (2.10),

o = E(Do(YV)) = g on = 25 0u(v) = (£ 40 (5 ) ) (n-t o)

=r+o(r)+O0(r?/n) =r + o(r).

By (3.13), E(D2(Y)) < n—E(D3(Y)) = n—r+o(r). So by (3.12), we conclude that
Mo = E (DQ(Y)) =n-—-r—+ 0(7").

By (2.8), we have that E (Y1(Y7 — 1)) = cn.. By (2.10) and (2.11), this implies that
n 2

p=E () (’;)) =CEM(v - 1) = 1 = 2”;7”(;’;“*0(;))

=n+2r +0(r*/n) =n+2r + o(r).
O

We now define a set of ‘typical’ degree sequences. For any function ¢ (n) : N — R, such that

P(n) =o(r), let

ﬁn(i/’) =D(y) = {d € D(n,m) :|Dy(d) — pa| < ¥(n); |Ds(d) — ps| < (n);
n d; /
‘; <2> _M’ < (n); maxd; < 8logn (d)}

and define D¢(p) = D(n, m) \ D(¥).
We will determine P(2cs(d)) asymptotically for ‘typical’ degree sequences:
Proposition 3.4.2. Let ¢ = o(r) and let d € D()). Then

1
P(2cs(d)) = St o(1).
The proof of Theorem 3.1.3(a) is now straightforward. By Proposition 3.2.2 (Equation (3.5))

and Proposition 3.4.2,

(2m — DI\/m/(d)/mP(2cs(d)) 1 /m/(d) 2m — D!
[T, di! e m [, di!
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and so to prove Theorem 3.1.3(a) it suffices to show that m’(d) ~ 2. Indeed, using Lemma 3.4.1
for yip and the fact that d € D(v)), we have that

3r +o(r) '

m'(d) =m — Da(d) =m — pz + O(¢)) =m — pa +o(r) = 2

(3.14)

This finishes the proof of Theorem 3.1.3(a).

We now prove Theorem 3.1.2(a). Note that, for any arbitrary sequence (d,,)nen with d,, €
D, (¢)) for every n € N, we have that w(d,) ~ e '/3r/2 =: t(n) by Proposition 3.4.2 and (3.14).
Since D, (1) is a finite for every n, Lemma 2.7.1 implies that there exists a function h(n) = o(1)
such that, for every (d,)nen such that d,, € D,,(¢) for every n € N, we have that |w(d,,)/t(n)—1| <
h(n) = o(1). This implies that

B (w(Y)DE) - /2| = | Y w@By =a|D) - 1\/2
deD(y)
< ¥ ‘(w(d)—e 327")‘ P(Y = d|D(s)) (3.15)
deD(y)
< Y h(n)B(Y =d|D()) = h(n) = o(1)
deD(y)

For any d € D(n,m),
r=2m —2n = 2(m’(d) + Da(d)) — 2(n/(d) + D2(d))

=2m/(d) — 2n/(d) > 2m/(d) — =m/(d) = ,
because 2m/(d) > 3n/(d). Thus, for any d € D(n,m),
w(d) = P(2cs(d))y/m/(d) < V3r. (3.16)

Let p(n) = r'=¢ for some e € (0,1/4). We will show that the set D(z) is indeed a set of
typical degree sequences. More precisely, we will show

P(D(4)|8) = 1+ O(v/r/n) + O(r*~1/3). (3.17)
Together with (3.15) and (3.16), this implies that

E (w(Y)|2) = E (w(Y)[D(¥) P(D(%)|S) + E (w(Y)[D(¢)) B(D*(¢)|%)
=E (w(Y)[D®))(1 — O(vr/n) — O(r*71/2)) + o(\/7) (3.18)
L8
eV 2°
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In Lemma 2.10.7, Equation (2.13) tells us that ¢(1 + 7. — ¢) ~ ¢ — 2. Together with (3.6) in
Proposition 3.2.2, (3.1) and (3.18),
T(n,m) = (2m — HNQ(n,m)Vm1E (w(Y)|X)

fa(Ae)" -
~ (2m — U”Agm\/chu —Vm IE (w(Y)|%)

~ (2m — 1) frA)" 1 /3

\2m [2mn(c — 2) eV 2’

proving Theorem 3.1.2(a).

So it suffices to prove (3.17). Let @ denote the probability that a variable with distribution
Po(2, \c) has value i. Recall that n(d) = (3. di(d; —1))/(>_1; d;i). First we will study the first
three conditions in the definition of @(w) Let F' be the event that Y fails to satisfy any of the
three conditions.

Using Chebyshev’s inequality, we have that

PO = )
o2

By Lemma 2.10.3(a), we have that A\. ~ 3(c —2) = 3r/n = o(1) and so

PO = p®)n

¥(n)?
(3.19)

P(ID2(Y) — pa| > v(n)) < and  P(|Ds(Y) — s 2 (n)) <

by et —1—A—A2/2  A3/6 r
@1 _p@Py<1_p® —1_ c__ _ € relm el ~ —
and A2 A3 A2
B (1 p®) < p® = e _ c < fe e T
A N AT W 6(ed—1-XA) 6% 3 =

Together with (3.19), this implies

P (1Do(Y) — o] > () = 0(’"2) and P (|D5(Y) — ps| > (n)) = 0(

¥(n)
By Lemma 2.10.10 and Lemma 2.10.3(a),
Var(Y;(¥; - 1)) = ©(\) = O(r/n).

So using the fact that the Y;’s are independent and Chebyshev’s inequality,

(1% () -z v0) -0 ()
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Together with (3.20) this implies that P(F) = O(r/v(n)?).
By Theorem 2.10.8 and Lemma 2.10.7,

P ~ \/27mc(11+ he—c) 21777" =9 (%) ‘

Thus,
P(F)

, 52
PIFIE) < pgy = OO (wm) =0 (w)

Now consider the last condition in the definition of D(%): max;d; < 8logn/(d). If the first
condition in the definition of D(¢)) holds, then, using Lemma 3.4.1, we have Dy(d) = n — r + ¢(n)
for some function ¢(n) = o(r) and so n'(d) = r — ¢(n). Let F’ denote the event that the first
condition holds but the last condition fails. Thus, P(F’) < P (max; ¥; > 8log(r — ¢(n))). For
r < +/n, by Lemma 2.10.3(a),

\2 . j—2
2000 = 5 =052

for every j > 3. Thus, using Markov’s inequality and the union bound,

P (D;(Y) > 1 for some j > 4) < n-O(1/n%) = O(1/n).
For r > y/n, it is easy to bound the tail probability of Y;. By (2.18),

P (YZ > 8log(r — (;S(n))) =0 (exp < —4log (r — gf)(n)))) = O(exp(—4logr)) =0 <nlz> .

Thus, P(max; Y; > 8log(r — ¢(n))) = O(1/n). Since P(X) = Q(1//r), we conclude that

P(F'|Z) < O(vr)O(1/n) = O(V/r/n).

Hence

P(D(4)|2) > 1 —P(F|E) —P(F'|2) =1 +0<1;(nf;2> + 0<‘?/f> =1+ 0<r25—1/2> +o<‘f>,

and we proved (3.17). This finishes the proof of Theorem 3.1.3(a).
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3.4.1 2-connected simple pre-kernels

In this section, we estimate the probability that the graph generated with kernel configuration
model with degree sequence d is 2-connected and simple, thus proving Proposition 3.4.2. Let
d € D(¢)). Let G be the pre-kernel obtained by the kernel configuration model with degree
sequence d and let K denote the kernel. Since the pre-kernel G is obtained from K by subdividing
edges, any loop in K either remains a loop in G or it receives at least one vertex and then the
vertex incident to the loop in K becomes a cut-vertex in G. Hence, GG is 2-connected and simple
if and only G is simple and K is 2-connected and loopless (but K is permitted to have multiple
edges). Let B denote the event that G is simple and K is 2-edge-connected and has no loops. The
maximum degree in K is at most 8log(n’) < (n')*%* and so by Proposition 3.3.1

P(B) = P(2cs(d)) + o(1),

and thus it suffices to show that P(B) ~ 1/e.
First we compute the probability that G is simple. We use a result in [56]:

Lemma 3.4.3 ([56, Lemma 5]). Let D(n,m) be the subset of D(n,m) such that d € D(n,m) if
max; d; < 6logn and ), R(d) (Cg) < 4r. The graph G generated with kernel configuration model

and degree sequence d is connected and simple with probability 1+ O(r~! + rn~!) uniformly for
d € D(n,m) with r — oo and r = o(n).

We remark that we only use the fact that the probability that G is simple is 1 + o(1) and so
Lemma 3.4.3 states more than we actually need. By looking at its proof in [56], one can easily see
that the probability that G is simple is 1 + O(r/n).

We have that 8logn’(d) < 5(logn) for n sufficiently large, depending only on 1. This is
because n/(d) = r + o(r) = o(n) for d € D(1)). So we have that maxd; < 6logn and, by
Lemma 3.4.1 and the definition of D(v)),

> @) = 2:; @) — Dy(d) =n+2r+0(r) — (n =7 +0o(r)) = 3r + o(r) < 4r,

i€R(d)

for large n (the required size of n depending only on m and ). Thus, the probability of G being
simple is 1 + o(1) by Lemma 3.4.3 and so it suffices to show that the probability that the kernel is
2-edge-connected and loopless is asymptotic to 1/e.

For a random pairing with a given degree sequence such that each entry has value at least 3,
the probability of being 2-edge-connected was investigated by Luczak in [46].

Theorem 3.4.4 ([46, Theorem 12.1]). Let H be a graph obtained with pairing model with degree
degree sequence d € D(n, m) such that each entry has value at least 3. Then
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(i) With probability going 1 as m goes to infinity, all 2-edge connected maximal subgraphs
in H, except at most one, are loops in vertices of degree 3.

(ii) If Dg/m — a as m — oo, where D3 is the number of vertices of degree 3, then the probability
that H is 2-edge-connected goes to exp(—1.5a) as M — oo.

We remark that [46, Theorem 12.1] is stronger and has more statements than Theorem 3.4.4,
but we only included the statements we will use. Recall that m/(d) = m — Da(d) is the number
of edges in the kernel. Using Lemma 3.4.1 for uo and the fact that d € D(v)),

3r +o(r) '

m/(d) = m — Da(d) = m — p2 + O(¢) = m — g + o(r) = 2
Applying this to K, we have
Ds(d)  r+o(r) 2

m (3/2r+o(r) 3

so the probability that K is 2-edge-connected goes to 1/e by Theorem 3.4.4(ii). Note that K
being 2-edge-connected implies that there are no loops on vertices of degree 3 in K. The expected
number of loops in K on vertices of degree at least 4 is

i\ @m =B~ () 1
i:§234<2>(2m/—1)!!_i:%4<2)2m/—1
=<;<z>‘92‘3D3>m—21)2—1
:n—|—27“—(n—7°)—37"—|—0(7“)

2m — 2(n — 1) + o(7)

_ o) _
REETOR

by Lemma 3.4.1

and so a.a.s. no such loops exist. We conclude that P(B) ~ 1/e and so P(2cs(d)) ~ 2.

Observation 1. An alternative to compute the probability that the graph generated by the
pairing model with a degree sequence with minimum entry at least 3 is bridgeless and loopless
is to directly modify Luczak’s proof: when computing the expected number of bridges (Y in his
notation), one could leave out the bridges whose deletion would create a component with a single
vertex and a single edge. By doing so, it is easy to see that the expected value of Y would be o(1).
It follows directly from this that the only bridges are a.a.s. adjacent to vertices of degree 3 with a
loop. Then, one would only need to compute the probability of having no loops.
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3.5 The case ¢ bounded away from 2, and bounded

In this section, we obtain an asymptotic formula for the number T'(n, m) of 2-connected (n, m)-
graphs for the range ¢ = 2m/n = O(1) bounded away from 2 from above, proving Theorem 3.1.2(b).
We also obtain a formula for the number 7'(d) of 2-connected graphs with degree sequence d
with d € D(n, m) satisfying some constraints, proving Theorem 3.1.3(b). In Proposition 3.2.2,
we have already shown how to obtain 7'(d) by computing P(2cs(d)), the probability that a
graph generated with the kernel configuration model is 2-connected and simple, and how to
obtain T'(n,m) by computing E (y/m/(Y)P(2cs(Y))|X), where Y = (Y1,...,Y;) is a vector of
independent truncated Poisson random variables with parameter (2, A\.) and X is the event that
> Yi=2m.

We will define a set of typical degree sequences D so that, for d € D, we have P(2cs(d)) ~
exp(—c/2 — A\2/4) and so we obtain T(d) for typical degree sequences. We use the following
strategy to compute P(2cs(d)). Proposition 3.3.1 tells us that the kernel is 2-connected if and
only if it is 2-edge-connected. We then use a result by Luczak [46] that says that every bridge is
adjacent to a vertex of degree 3 with a loop. This means that a.a.s. the pre-kernel is 2-connected
and simple if and only if the kernel is loopless and for every pair of parallel edges in the kernel at
least one of them is subdivided. We use Theorem 2.8.1 (Method of factorial moments for Poisson
random variables) to show that the number of loops in the kernel and the number of pairs of
parallel edges in the pre-kernel have distribution asymptotic to a Poisson random variable with
parameter c/2 + \2 /4.

Similarly to the case ¢ — 2, in order to compute T(n,m), we only need to show that the
degree sequences outside D have no significant contribution to E (1/m/(Y) IP’(ZCS(Y))!E).

We start by defining a set of typical degree sequences. Let ¥ : N — R be a function such that
(n) = o(1). Recall that p. is the probability that a random variable with distribution Po(2, \;)
has value 2. Let

D() = D(v) i= {d € D(n,m) : d; < 6logn Vi; [(d) = 1| < Y(n); Da(d) = pen] < nib(n) }.

Later we will choose ¢ and show that 75(1@ Is indeed a set of typical degree sequences, that is, we
will show that Y conditioned upon ¥ is in D(¢) a.a.s. Let D(¢) = {d € N" : d; > 2 Vi;d & D(¢)}.
(Note that if d € D(¢) then > d; = 2m but we do not have this constraint for D¢(1)).)

Let d € D(1) and let d’ be the restriction of d to the coordinates with value at least 3. Let
G be obtained using the kernel configuration model with degree sequence d. Let n’ = n/(d) :=
{7 : d; > 3}| denote the number of vertices of degree at least 3. Let M be the random perfect

matching placed on the set of 27;1 d; points grouped in bins of size d/, d;, ..., d], to obtain the
kernel. Let K be the kernel obtained by contracting these bins.
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We want to compute the probability that G is 2-connected and simple. Let B be the event that
G is simple and that K is 2-edge-connected and has no loops. Since n’ = (1 —p.)n + o(n) = O(n),
we have max; d; < 6logn < (n')%%, and so Proposition 3.3.1 says that, a.a.s., the event B
implies the event that K is 2-connected. If K is 2-connected and loopless, it is obvious that G
is also 2-connected. In other words, P(B \ 2cs(d)) = o(1) and, since 2cs(d) C B, we deduce
P(2cs(d)) = P(B) + o(1).

Let A denote the event that G has no multiple edges and K has no loops. Theorem 3.4.4(iii)
due to Luczak states that a.a.s. all 2-edge-connected maximal subgraphs in K, except at most one,
have a single edge. That is, a.a.s. each 2-edge-connected maximal subgraph, except at most one,
consists of a single vertex with a loop and the vertex has degree 3 in K. Hence, P(A \ B) = o(1).
Since B C A, we deduce P(A) = P(B) + o(1). We estimate the probability of A as follows:

Lemma 3.5.1. We have that
P(A) ~ exp(—c/2 — A2 /4). (3.21)

We present the proof for this lemma in Section 3.5.1. Thus, we have

P(2cs) = P(A) + o(1) ~ exp(—c/2 — \2/4). (3.22)

The proof of Theorem 3.1.3(b) is now straightforward. For d € D(¢)), we have that |Dy(d) —
pen| < nyp(n). Thus,

W;(;l) _ W - nzzz(d) _ \/ <c/2>n(;/1;c; +o(n) _ \/—*219

since ¢ > 2 and p, < 1. Using this fact together with (3.22),

P(2cs(d))Vm/ ~ v/m exp(—c/2 — A2 /4), (3.23)

which together with Proposition 3.2.2 (Equation (3.5)) shows that

(2m — DI\/m/(d)/mP(2cs(d)) 2m — D! e —2p,
7(d) ~ S ~ i o2 = )

proving Theorem 3.1.3(b).

We now prove Theorem 3.1.2(b). First we show that

P (Y c @Cw)) - O(M) and P (Y c 136(¢)|2) - O(W)' (3.24)
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Since ¢ = O(1) we can use (2.18) with jo = 6logn, apply the union bound, and conclude
1
P(maxY; > 6logn) = O (2> .
7 n
Note that D2(Y) has binomial distribution with probability p.. Using Chebyshev’s inequality,
pc(l - pc)n 1
P(|D2(Y) — pen| > < 7 o ———
(DY) = penl = mofo)) < P52 0 (b
since 0 < p. <1
We have that A\, = O(1), since ¢ = O(1) and by Lemma 2.10.3. Using Chebyshev’s inequality,

together with Lemma 2.10.10 and the facts that the variables Y;’s are independent and A, = O(1),
we get,

P(1(Y) = 1| > $(n)) = O (wém) .

Hence,

P(Y € D) = O <w(1n)2> :

By Theorem 2.10.8, we have that

P(%) !

V2mne(l+ 1. —¢)

Using Lemma 2.10.7, we have that ¢(1 + 7. — ¢) = O(c — 2) = O(1). This implies that P(X) =
Q(1/y/n). Conditioning on X, we have

P(Y € DY) < PE) 0 <mp(n)2> =0 <n1/27/1(”)2> .

This proves (3.24).
Let ¢ be a constant in (0,1/4) and let ¢(n) = n~°. We have that

E (w(Y)[2) = E (w(Y)|D()) (D)%) + E (w(Y)|E N D(¢)) P(D(4) |%).

Note that w(Y) < /m since P(2¢cs) < 1. By (3.24), we have that P(D(4)|Z) = O(1/n'/2-%).
So E (w(Y)|E N D) P(DC|X) = O(y/m/n'/>~%).

For any d € D(1), we have that w(d) ~ \/m(c — 2p.)/cexp(—c/2 — A\2/4) =: t(n) by (3.23)
and, since Dy (¢) is a finite set for each n, we have that there exists a function h(n) = o(1) such
that |w(d)/t(n) — 1| < h(n) for any d € D, (¢)) by Lemma 2.7.1 and so

E (w(Y)|END(¢)) — t(n)’ < Z lw(d) — t(n)| P(Y = d|Z N D)) < h(n)t(n) = o(t(n)).
deD(y)
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Hence,

E (w(Y)[%) =E (w(Y)[£n D )( <1/2 2€>>+O<7M@>

_ C_2pc ( g > +0(1)>(1_0<TN;_2E>>+0<HI\/@25>
(-
2.2

_ C—2pc g >1+o(1))

which together with Proposition 3.2.2 (Equation (3.6)) and (3.1) implies

T(n,m) = (2m — DNQ(n,m)VmE (w(Y)|X)

f2(>‘6)n —
~ (2m — 1)!!Azm\/27m(1 F— Vm IR (w(Y)|T)

~ (2m — 1)l folAe)" ez 2P exp<_c_Ag>
A2z [2mne(1 +ne — c) c 2 4)

proving Theorem 3.1.2(b).

3.5.1 Probability of no loops in the kernel and no multiple edges in the pre-
kernel.

In this section, we estimate the probability that the kernel has no loops and the pre-kernel has no
multiple edges, proving Lemma 3.5.1. Recall that d € D(1)). Let ey, ..., e, denote the pairs of
points that would induce loops in K. For every 1 < i < ¢, let X; be the indicator variable for
e; € E(K). Let X = Zle X;, that is X counts the loops in the kernel. Let fi,..., fi denote
the pairs of points that would induce double edges in K (here we do not include double loops).
For every 1 < j <'t, let Y; be the indicator variable for f; C E(G). Let Y = Zj 1 Y, that is YV
counts the pairs of parallel edges in the pre-kernel.

Using Theorem 2.8.1, we will show that X 4+ Y converges in distribution to a Poisson random
variable with mean ¢/2 + A2 /4. This implies that

IP’(A):P(X—i—Y:()):P(Po(c/2+)\§/4):0)—i—o(l)wexp(_;_)f)

which proves Lemma 3.5.1. We need to show, for every positive integer k, that

C 2\
]E([X—I—Y]k):<2+):f> + o(1),

45



where [z]; is defined as z(x —1)--- (x — ¢ + 1). Let ®(z) = (22 — 1)!! = (22)!/(2%a!) for z € N.
Let M denote the number of edges in K. Considering the first moment, note that for every

1 <i </, we have that

o(m’ —1) 1 1
P(X;=1)= = ~ .
(Xi=1) d(m/) 2m' —1  2m/
For the parallel edges, we need to know the probability that a given set of edges of the kernel is
not assigned any vertices of degree 2 in the kernel configuration model. Let

5= <002pc>2 - <Ac>2 (3.25)

For any fixed ¢ and any set of pair of points {hi,..., s} in K, the probability that none of these
kernel edges is assigned a vertex of degree 2 (and hence become edges of G) can be estimated as

follows:

D>—-1
P({h1,-hg} € E(G) | {1, he} S B(K)) = T <1_ q >

/ .
m’ +1
1=0

Do—1 q Dy—1 1 D2
:exp(Z log (1_m’+i)> = exp (—q Z m’+i+0<mQ>>’
i=0

=0

since log(1 + z) = 1+ z 4+ O(2?) for = — 0. Thus, using that S>7_, =logj +~ + O(1/4) where ~
is the Euler-Mascheroni constant we have

m/+Dy—1 m'—1
1 1
- e - ~ — - -
P ({h1, . hg} C EG) | {hn,. . he} € B(K)) ~ exp < g Z; - +a z; z)
~ exp ( — qlog(m’ + Dy — 1) + qlog(m' — 1)) = L ! (3.26)
m' + Dy — 1
_(en/2—pen\T _ 5972
en/2 ’
since d € 75(¢) Thus, for every 1 < j < ¢, we have that
o(m' —2) 5

P(Y;=1)=P(f; CE(K)) -P(f; CEG)|f; CE(K)) ~

o(m’) - (2m)?
Recall d’ is the degree sequence of K. Hence,

E(X+Y):E(X)+E(Y)~€-2]1V[+t~(2]\54)2

_ 2?2;]1\4(@ + (2554)2 (2;) @) (@

i#]
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since the number of possible of loops is £ = Z;il (‘12;) and the number of possible pairs of parallel

edgesist =), £ (‘12;) (d2;) We will use the following lemma, which is proved in the end of the
section.

Lemma 3.5.2. Let ¢ be a fixed positive integer. For d € D(1)),

> (%) aam~ (5"

(i1,0--viq) 5=1

where the sum is over all (i1,...,4q) € [n/]7 where i; # i for all j # j'.

Thus, using the definition of 4,

c c\2 ¢ Ae)? A2
E(X+Y)~5+0(5) —2+(c> =S4l

It only remains to examine the higher factorial moments. We have that

Bl +vi) = X () X v -

k1+ko=k 1 yel(ky,k2)

for y € I(ky, ko), where I(ky, k) is the set of tuples y € ({e1,...,es)* x ({f1,..., fi})*? such that
y; # y; for ¢ # j and Ule{yl} induces a matching on the set of points of the kernel configuration
model, and W (y) is the indicator variable for the event that X; = 1 for every e; € {y1,...,yx}
and Y; =1 for every f; € {y1,...,yx}. (For more details, see the observations in Section 2.8)

Let I'(k1, ko) be the set of tuples y € I(ki, k2) such that, in the graph induced by Ule{yl}
in K, the degree of every vertex is either 0 or 2. (This is the nonoverlapping case.) Let
I"(ky, ko) = I(ky, ko) \ I'(k1, ko).

For y € I"(ky, ko), it is easy to see that the graph induced by Ule{yi} in K has more edges
than vertices. For any fixed multigraph H with more edges than vertices, the expected number of
copies of H in K can be bounded as follows. There are at most (n’ )|V(H )| ways of assigning the
vertices of H to vertices of K. If we assign a vertex with degree d in H to a vertex v in K, then there
are at most A% ways of choosing the points inside v to be the points of the vertex in H, where A
is the maximum degree in K. So there are at most (/)Y HIAAEUD] = O((n")V I (1og n)2EEH)
possible copies of H in K, because d € D(1)). The probability that a set of |E(H)| edges in K is
O((m/)~1PUDN, Thus, the expected number of copies of H in K is at most

; ((n,)|v(H)|(logn)2|E(H)|> 0 ((n/)IV(H)I(logn)2E(H)|> —o(1).

(m’)|E(H)| (n’)|V(H)|+1
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From this and the fact that there are O(1) non-isomorphic possible graphs induced by Ule{y,}
in K (since k is fixed), we deduce that

Zk<k) > PW(y)=1)=o(1).

k
kitke=k N yel (k ko)

For I'(ky, k2), using (3.26) and Lemma 3.5.2,

sk 1
Z P(W(y) N 1) - Z (Qm’)k1+2k2 - ‘Il(kl, kQ)‘ (Qm')k1+2k2 6k2
yGI’(le,kg) yGI’(le,kQ)

k1+2k2 1 i
= > H < )mzkz‘“

(#15sly +2kg) T

N <7)k1+2k2 5k2
2 )

where the second summation is over the tuples (i1, ..., ik 1o8,) € [/]*72%2 such that i; # iy
whenever j # j'. Thus,

E(X+¥])=o)+ 3 (‘“) S BW() =1)

ky
yel’(k1,k2)

k1+ko=k
= 2 () ) e
=k

kq

as required to prove Lemma 3.5.1.

Proof of Lemma 3.5.2. For every q > 1, let

L7 = {(i1,....,iq) € [W]91i; #iy Vi # 5’}

Ly = {(i1,...,ig) € [n']?:i; =i for some j # j'}.
Since d € D(1), by the definition of 7, and p..,

> di(d' —1) _ >itidi(di —1) — 2Dy meen —2pen _ nec — 2pe

S d Siidi—2Dy e =
A2 Aeete Ae
_ e chane) _ 1A A — (‘M> — .
1 )\z 1— >\c ¢ fl()\c)
cfa(Ae) fi(Ae)
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So, for every ¢ > 1,

(i1,.--,iq) €[n']2 j=1

For ¢ > 2, for A = max; d]
1

UG mmee 2 (L) G

(i1,-vig)ELT j=1 (i15yiq—1)€[R]T71

A? L 1
< ¢! Z L
=Ty H ( 2 > (2m/)a—1

(11,0 nyig—1)€[R/]a~1 j=1

< () ot

<

since A < 6logn and m’ =m — Dy ~ cn — pen = Q(n) as d € D(¥).

(3.27)

(3.28)

Note that for ¢ = 1, we have [n/]? = LZé and we are done by (3.27). So suppose ¢ > 2. Then

[n']7 is the disjoint union of LZE and Ly . Thus, using (3.27) and (3.28),

2 ﬁ(déj) ' (27711’)11

(i1,yig)eL] I=1

:._Z H<d§j>'<2nlz/>q‘ 2 H<d2><2m>

(’il,...,iq)ELq: 7=1

=S T e~ (9"

3.6 The case ¢ — >

In this section, we obtain an asymptotic formula for the number T'(n,m) of 2-connected (n, m)-
graphs for the range ¢ = 2m/n — oo and ¢ = O(logn), proving Theorem 3.1.2(c). We also obtain
a formula for the number 7'(d) of 2-connected graphs with degree sequence d with d € D(n,m)

satisfying some constraints, proving Theorem 3.1.3(c).

Recall set D(n,m) contains all degree sequences d such that )., d; = 2m and d; > 2 for
all i € [n]. Recall that U(d) is the probability of obtaining a simple graph using the pairing
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model with degree sequence d, and U’(d) is defined similarly, for the event that it is additionally
2-connected.

In view of Proposition 3.2.1, it suffices to estimate U’(d) to approximate 7'(d) and to estimate
E(U'(Y|X)) to estimate T'(n,m), where Y = (Y7,...,Y,) is a vector of independent truncated
Poisson random variables with parameter (2, A\.) and X is the event that >, Y; = 2m.

We will define a set of typical degree sequences such that U(d) ~ U’(d). The probability U(d)
has been already intensively studied (see [5, 48]). This allows us to easily derive an asymptotic
formula for T'(d). We then show that E (U’(d)|X) ~ E(U(d)|X), which has also been already
determined (see [55]) and so we get an asymptotic formula for T'(n, m).

Let 0 < € < 0.01 be a constant, and let
D, =D :={d € D(n,m) : maxd; <n°} and D°:=D(n,m)\D.
By [46, Theorem 12.2(iii)],
U(d) ~U'(d), (3.29)

when d is in D(n,m) and satisfies Da(d)/m — 0 and max; d; < n®%!. The condition on Dy is
satisfied by all d of concern when n is large since D2(d) < n and ¢ — co. Thus (3.29) holds for
any sequence d(n) with d € D and m/n — oo where m = 1 37 | d;.

By Theorem 2.2.2 due to McKay,
i d?
U(d) = exp (—n(d) /2 —n(d)?/4+ O <ma:1>) : (3.30)

This result, together with Proposition 3.2.1 (Equation (3.3)) shows that

2m -1, (2m — 1)
T U(d) ~ =
Hj:l dj! Hj:l d;!

proving Theorem 3.1.3(c).

T(d) = exp (—n(d)/2 —n(d)?/4)

In order to use Proposition 3.2.1 we need to compute E (U'(Y)|X). For any d € D, we have
that U(d) ~ U’(d) by (3.29) and, since D, is a finite set for each n, we have that there exists a
function h(n) = o(1) such that |U(d)/U’(d) — 1| < h(n) for any d € D,, by Lemma 2.7.1 and so

’E (U’(Y)yﬁ) _E (U(Y)\ﬁ)’ < Y |U'(@) - U@)[B(Y = d| D) < hn) = o(1).
deD

Thus,
E (U’(Y)\Z) - E (U’(Y)\f)) P(D[T) + E (U’(Y)\f)c> P(D°|%)
- E(U(Y)yﬁ)(uo(u)wﬁm)+0(P(236|z)) (3.31)
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Equation (2.18) implies for any 8 > 0

P (maXYj > mf3> < exp(—n%)
J

for some fixed (). This shows that P(D¢|X) = O(exp(—n®)) for some fixed positive a. Also, by
Theorem 2.10.8 (Equation (2.16)) give us

E (exp(=n(Y)/2 = 1(Y)2/D]S) ~ exp(—n/2 — 12/4) = exp(~O(log? ),

since . < ¢ by (2.7) and ¢ = 2m/n = O(logn).

Using (3.30) and the bound on P(D¢|X), we may now deduce that the first term in (3.31)
dominates the second, and thus

E (U’(Y)]Z) ~E (U(Y)ﬂi).
Similarly,
E (U(Y)|Z> —E (U(Y)|75) P(D|) + O(P(D°|S)) ~ E (U(Y)yf))

and so

E (U’(Y)yz) ~E (U(Y)|z). (3.32)
By [55, Theorem 3],

C(n,m) ~ (2m — DNQ(n,m) exp (—nc/2 — n2/4) .

Thus, by (3.2),
E(U(Y)[S) ~exp (—ne/2 = n/4)

and using Proposition 3.2.1 (Equation (3.4)) and (3.1), we get

T(TL, m) ~ (2m — 1)” (€>\c —1- )‘c)n

2
“a2my 2mne(1+ e — ) exp (= e/2 = e /1) (3.33)

Since ¢ — 0o, we have that A. ~ ¢ by Lemma 2.10.3. This implies that . = A.e*e /(e — 1) ~c.
This fact together with (3.33) implies Theorem 3.1.2(c).
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3.7 Proof of Theorem 3.1.1

We have already derived formulae for T'(n,m) according to the range of m. The ranges we
considered were: ¢ — 2, bounded ¢ > 2 (bounded away from 2), and ¢ — oo, and the formulae are
described in Theorem 3.1.2. Now we will show how to combine the formulae in these cases into
a single formula. More precisely, we will show that the formula obtained in Theorem 3.1.2 for
each of the cases is asymptotic to the formula in Theorem 3.1.1 and then Theorem 3.1.1 follows
from a straightforward application of the subsubsequence principle (for more on this principle, see
Section 2.6). Let

c) 1-— c " —2 c p
t(n,m) = (2m — 1)l (exp(e) Ac) \/ e exp <—C - )\c) .
A2m [2mne(1 +n. — c) c 2 4

The asymptotic formula for bounded ¢ > 2 in Theorem 3.1.2 matches ¢(n, m). Thus, it suffices
to check the cases ¢ - 2 and ¢ = o0

For ¢ — 2, by comparing the formula in Theorem 3.1.2 and t(n,m), it suffices to show

3r 1 c—2pc c A
\[ 57—~/ —— == .34
2me c exp< 2 4 ) (3:34)

and, for ¢ — oo, it suffices to show

2 2
I N e A
exp ( 5 4) . exp( 5~ 2 ) . (3.35)

By series expansion,
Ae 9 1 9 7
pc:1—§+0(/\c):1—5'(3(0—2))‘*'0((0—2)):3—C+O 2

Using ¢ =2m/n =2+ r/n,
[c— 2p. _\/c—6+20+0(r2/n2) 32+ 7/n) =64 0(r2/n?) 3r
c c B 2m/n 2m’
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and so (3.34) holds. Now suppose ¢ — co. Then A ~ ¢ by Lemma 2.10.3(c). From the definition
of Ae we have ¢ = A\, + O(\2e™*¢). Also,

ere e )\2
Ne = AC . ﬁ = )\C -+ O()\ce ) aIld Pe = 2( o 1 )\c) — O
This implies
c— 2p. Ne 772 c )\Z
. an exp ( 5 1 exp 5 1)

and so (3.35) holds.

The subsubsequence principle states that if, for every subsequence of (T'(n,m)/t(n,m))nen,
there exists a subsequence of it such that

T(n,m)

ol L 1( = o(1), 3.36
by o(1) (3.36)
then, considering the whole sequence,

T
‘M _ 1‘ —o(1).
t(n, m)

For any subsequence of (T'(n,m)/t(n,m))nen, there exists a subsequence of it such that ¢ =

2m/n — oo or ¢ — 2 or c¢ is bounded and bounded away from 2 from above. In all cases, we
checked that (3.36) holds and so we proved Theorem 3.1.1.

3.8 Enumeration of k-edge-connected graphs

Recall that T'(n, m) denotes the number of 2-edge-connected (n,m)-graphs. In this section, we
obtain an asymptotic formula for 7”(n, m) for the range m — n — oo with m = O(nlogn), thus
proving Theorem 3.1.5.

The proof is very similar to the proof for 2-connected graphs and so we will only give an
overview of the proof, highlighting the differences. For ¢ — oo, we have already proved that
an asymptotic formula for 2-cores with vertex set [n] and m edges is also valid for 2-connected
(n,m)-graphs. Since the number of 2-edge-connected (n, m)-graphs is between the number of
2-cores with vertex set [n] and m edges and the number of 2-connected (n, m)-graphs, we have
that the formula in Theorem 3.1.2(c) is an asymptotic formula for 7"(n,m). For ¢ — 2, our proof
actually shows that the probability that the random graph G generated with kernel configuration
model is 2-edge-connected is asymptotic to the probability that the graph is 2-connected. This is
because, a.a.s., G is 2-connected if and only of its kernel is 2-edge-connected and loopless, and the
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probability of multiple edges or loops goes to zero. Hence, the formula in Theorem 3.1.2(a) is also
an asymptotic formula for 7"(n,m) in this range.

We now discuss the case ¢ bounded away from 2 from above and bounded. Recall that, for the
2-connected case, we have that, a.a.s., the random graph G generated with kernel configuration
model was 2-connected and simple if and only if G was simple and the kernel K was 2-edge-
connected and loopless. We then used a result by Luczak that show that a.a.s. every bridge in the
kernel is an edge incident to a vertex of degree 3 with a loop. We estimated P(X +Y) = 0 by
using the method of factorial moments for Poisson random variables (Theorem 2.8.1), where X is
the number of loops in K and Y is the number of double edges in G. For the 2-edge-connected
case, G is simple and 2-edge-connected if and only if G is simple, the kernel K is 2-edge-connected
such that every loop in K on vertices of degree at least 4 receives at least 2 vertices of degree 2.
Note that loops are not allowed in the kernel of 2-connected graphs because they either remain as
a loop in G and so G is not simple, or they receive vertices making the vertex of the kernel where
the loop was a cut vertex. For 2-edge-connected graphs, loops in vertices of degree at least 4 are
allowed in the kernel as long as they are subdvided at least twice when obtaining G. Loops in
vertices of degree 3 are not allowed since the edge adjacent to vertex that is not the loop is then
a bridge. Again, Luczak’s result shows that a.a.s. every bridge in the kernel is an edge incident
to a vertex of degree 3 with a loop. Thus we need to estimate P(X +Y + Z) = 0, where X is
the number of loops in the kernel on vertices of degree 3, Y is the number of double edges in
pre-kernel G and Z is the number of loops on vertices of degree at least 4 receiving less than 2
vertices in G. This can be accomplished using Theorem 2.8.1 by estimating the factorial moments.
We will only show the first moment here.

Similarly to Section 3.5.1, we only need to estimate the probability for a set of ‘typical’ degree
sequences. In this case we use D(¢)) with 1) = o(1) as define in Section 3.5.1 with the additional
constraint that |D3(d) — p®n| < ¢(n), where p® is the probability that a truncated Poisson
random variable with parameters (2, \.) is 3. We work with d € D(+). So redefine D(1)) as

Du(t) = D(v) = {d € D(n,m) id; < 6logn Vs n(d) — 1| < b(n);

[Da(d) = pen| < nio(n), |Ds(d) — p®n| < nip(n) }.

First we estimate E (X). For each vertex of degree 3, there are 3 choices for points in the loop.
Each loop occurs with probability 2M. Thus, E(X) = Ds/(2M) ~ p®n/(2M) ~ ¢/2 — A\./2.
The expected value of Y has been already estimated in Section 3.5.1: we have that E (V) ~ A2 /4.
We now compute E (Z). Using d € D, the probability that an edge in the kernel receives no vertex
in the pre-kernel is

[m/]P2 m—1

! 11D2 I
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where [2)F ;= z(x+1)...(x+ k — 1) and § is defined in (3.25) as ((c — 2p.)/c)*> = (\./c)*. Using
d € D, the probability that an edge in the kernel receives exactly one vertex in the pre-kernel is
Dg[m, — 1]D2_1 Dz(m/ — 1)

P o gm o (YO

This is because the probability that any specific vertex from the ones inserted in the edges of the
kernel when obtaining the pre-kernel is the only one inserted in the edge is [m/ — 1]P2=1/[m/]P2
The number of possible loops in vertices of degree at least 4 is >, (“;2) — 3D3, where d’ is the
degree sequence of the kernel. The probability that each of these loops is present is 1/(2m'). Thus,

using d € D and Lemma 3.5.2,

(- . ;
E<Z>=W<M—a>~ <2—§Z§’><2¢3_5>~;€_2(€QC_1)2.

The probability that G is 2-edge-connected and simple is then asymptotic to
c A . A3
exp|—=— "4+ "
PAT2 74 T —12 )0

and the formula for 7"(n, m) can be deduced in the same way as the number of 2-connected graph
in Section 3.5.

Similarly to the proof in Section 3.7, the asymptotic formulae obtained for the different ranges
of ¢ are easily combined using the subsubsequence principle, finishing the proof of Theorem 3.1.5.
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Glossary for Chapter 3

2cs(d)

(2k 4 1)!

m'(d)
(n, m)-graph
Pc

Q(n,m)

event that a random graph generated with kernel configuration model with degree
sequence d is 2-connected and simple, p. 27

(2k —1)(2k — 3) - - - 1, the odd falling factorial

2m/n, the average degree

I{i : d; = j}|, the number of vertices of degree j

set of degree sequences d = (dy, ..., d,) such that Y ;" | d; = 2m and min}", d; > 2
used to define sets of ‘typical’ degree sequences, pp. 36, 42, 50

> di(di —1)/(2m)

Aeere/(ere — 1)

ed =iy N/l

(2k — 1! = (2k)!/(2%k!), the number of perfect matchings on 2k points
the unique positive solution to A(e* —1)/(e* =1 - \) =¢

m — Dy(d), the number of edges in the kernel

any graph on [n] with m edges

A2/(2(e* —1—).)), the probability that a truncated Poisson random variable Po(2, \.)
has value 2

S denm) L= 1/dj! = fo(A)" /N2 - P(2)

2m — 2n, an excess function

Ei:diZS d;

used to denote the event that » " ,Y; = 2m for independent truncated Poisson
random variables with parameters (2, A.)

number of 2-connected graphs with degree sequence d
number of 2-connected graphs on [n] vertices and m edges

probability that the random graph generated with pairing model with degree sequence
d is simple, p. 49

probability that the random graph generated with pairing model with degree sequence
d is 2-connected and simple, p. 49

used to denote a vector (Y7,...,Y},) of independent truncated Poisson random variables
with parameters (2, ;)
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Chapter 4

Asymptotic enumeration of sparse
connected 3-uniform hypergraphs

The problem of counting connected graphs with given number of vertices and edges has been
intensively studied throughout the years. As, we already mentioned in previous chapters, one
of the best results is an asymptotic formula by Bender, Canfield and McKay [7] that works
when m —n — oo as n — 0o, where m = m(n) is the number of edges and n is the number of
vertices. Pittel and Wormald [56] rederived this formula with improved error bounds for some
ranges. Far less is known about connected hypergraphs. Karonski and Luczak [38] derived an
asymptotic formula for the number of connected k-uniform graphs on [N] with M hyperedges for
the case M = N/(k — 1) 4+ o(In N/Inln N), which is a range with small excess. This was later
extended by Andriamampianina and Ravelomanana [3] for M = N/(k — 1) + o(N'/3), which still
has very small excess. On the other direction, Behrisch, Coja-Oghlan and Kang [4] provided an
asymptotic formula for the case M = N/(k — 1) + O(N). Thus, there is a gap between the case
M — N/(k —1) = o(N'3) and the linear case M — N/(k — 1) = Q(N) in which no asymptotic
formulae were found. The case M — N/(k — 1) = w(N) is also open.

Behrisch, Coja-Oghlan and Kang [4] obtained their enumeration result by precisely estimating
the joint distribution of the number of vertices and the number of edges in the giant component
of the random hypergraph. We remark that the distribution of the number of vertices and edges
has already been described by Bollobas and Riordan [14], but their result does not provide point
probabilities, which would allow the enumeration result to be deduced.

In this chapter, we obtain results for 3-uniform hypergraphs. We obtain an asymptotic
formula for the number of connected 3-uniform graphs with vertex set [N] and M edges for
M = N/2 + R as long as R satisfies R = o(N) and R = w(N/?1In? N). This leaves a gap from
M — N/2 =0o(N'Y3) and M — N/2 = w(N'31n? N). Our technique is based in the approach that
Pittel and Wormald [56] used to the enumerate connected graphs. The results in this chapter are
joint work with N. Wormald.
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4.1 Main result

A hypergraph is a pair (V,&), where V is a finite set and & is a subset of nonempty sets in 2V,
which is the set of all subsets of V. The elements in V are called vertices and the elements in &
are called hyperedges. For any integer k > 2, a k-uniform hypergraph is a hypergraph where each
hyperedge has size k. For any hypergraph G, a path is a (finite) sequence v1 E1vaEs . .. v, where
V1, ...,V are distinct vertices and FEj, ..., Ex_1 are distinct hyperedges such that v;,v;y1 € E;
for all i € [k — 1]. We say that a hypergraph is connected if, for any vertices u and v, there exists
a path from u to v.

An (N, M, k)-hypergraph is a k-uniform hypergraph with V' = [N] and M edges. Let C'(N, M)
denote the number of connected (N, M, 3)-hypergraphs. Our main result is an asymptotic formula
for C(N, M) for a sparse range of M. For k > 0, define gi(\) = exp(A) + k and recall that

Fr(\) = exp(X) = i Ai/al.
Theorem 4.1.1. Let M = M(N) = N/2 + R be such that R = o(N) and R = w(N'/31n? N).

Then
C(N, M) ~ ,/% exp (N(;S(h*) + NI N — N),
where
o(r) =— (1_$)1n(1—x)+ 1;3:
2R R 1
+ In(N) — (In(2) + 2)N -3 In(2)z
R g1(A™) 1 JSiA™) g1 (A™)

fr(A=)gr (A=)’

and A** is the unique positive solution of

e et +1 _3M
CHRNa) T N .

Our proof basically follows the same approach that Pittel and Wormald [56] use to the
enumerate connected graphs in the sparser range. Pittel and Wormald [56] decompose a connected
graph into two parts: a cyclic structure and an acyclic structure. The cyclic structure is a
pre-kernel, which is a 2-core without isolated cycles. The acyclic structure is a rooted forest where
the roots are the vertices of the pre-kernel. A rooted forest with roots 71, ..., (that are vertices
in the forest) simply is a forest such that each component contains exactly one of the roots. The

58



graph can then be obtained by ‘gluing’ these two structures together. Pittel and Wormald obtain
an asymptotic formula for the number of the cyclic structures and combine it with a known
formula for the acyclic parts to obtain an asymptotic formula for the number of connected graphs
with given number of vertices and edges.

We will also decompose a connected 3-uniform hypergraph into two parts: a cyclic structure
(which we will also call pre-kernel) and an acyclic structure (a forest rooted on the vertices of the
pre-kernel). We will also obtain asymptotic formulae for these structures and then combine them
to obtain an asymptotic formula for the number of connected (NN, M, 3)-hypergraphs.

From now on, we will deal with 3-uniform hypergraphs most of the time. In this chapter, for
convenience, we will use the word ‘graph’ to denote 3-uniform hypergraphs. When we want to
refer to graphs in the usual sense, we will call them ‘2-uniform hypergraphs’. We will also use the
word ‘edge’ instead of ‘hyperedge’.

4.2 Relation to a known formula

As we mentioned before, Behrisch, Coja-Oghlan and Kang [4] provided an asymptotic formula for
the number of connected (NN, M, k)-hypergraphs for the range M = N/(k — 1) + Q(N). In this
section, we show that, for £ = 3, their formula is asymptotic to ours when R = M — N = o(N).
Behrisch, Coja-Oghlan and Kang obtained their result by computing the probability that the
random hypergraph Hy (N, M) with uniform distribution on all (N, M, k)-hypergraphs is connected.

Theorem 4.2.1 ([4, Theorem 5]). Let k& > 2 be a fixed integer. For any compact set J C
(k(k — 1)7!,00), and for any & > 0 there exists Ny > 0 such that the following holds. Let
M = M(N) be a sequence of integers such that ( = ((N) = kM /N € J for all N. Then there
exists a unique number 0 < r = r(N) < 1 such that

S ) ”

1—rk

Let ®(¢) = #/0=7(1 — #)1=¢(1 — 7¥)</k. Furthermore, let

~ 1+4r—¢r 20r + C*r N
Ro(N, M) = (BT ex (M) ®(¢)", and set
Re(N, M) = 1—r% — (1 —7r)C(k—1)rkt

VA =7k 4+ (k= 1)(r — rF 1)) (1 —rk) — Ckr(1 — rF=1)2

_ r— Tk; rkz—l
X exp (C(k 1)2((1 _QTk)+ )> DN, ifk>2

For N > Ny, the probability that Hy (NN, M) is connected is in ((1—0)Rg(N, M), (1+)Ri(N, M)).
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From this theorem, it is immediate that the number of connected (N, M, k)-graphs is asymptotic
to

(%)Rk(m M) =: D(N, M, k)

when R = M — N/2 = Q(N). Next we assume R/N = o(1) and do some simplifications in
D(N, M,3). So suppose R = M — N/2 = o(N). First we compare r in (4.2) with \** in (4.1):

3M (1—7r)(1-r?) LN LA L1 3M
T = exp (_Nl—r?’ and A T =

By taking the logs in both sides of the definition of r, it is obvious that r = exp(—\**). As we
will see later, A** — 0 and so » — 1. We have that

1—73—2(1—7r)(r?

e e ) T ey o s e Vs

and C(r —2r3 +1r?)

L R e
(See Section A.1 for a Maple spreadsheet.) Thus,
D(N, M, k) ~ ((]?Y)>\/§eXp(3/2)q>(3M/N)N

B M
” <N> ((]3/)) (3)
3 e
V3exp(3/2)®(3M/N)V,

(@ ()

by Stirling’s approximation. Thus, using M = N/2+ R and R = o(N),

D(N, M, k)

~ \/Eexp (3/2+ (];]) In (g) — MInM — ((g) —M) In ((‘Z) —M) +N<I>(3M/N)>
- \/Eexp (3/2— ((g) —M) In (1— é%) —~MInM+ MIn @7) +N<I>(3M/N)>
< > —M) (—(]\J;)+0 (2{;)) —MInM+ MIn @7) +N<I>(3M/N)>.
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Figure 4.1: A rooted forest. The roots are the vertices represented by squares.

Thus,
3 N
DN, M, k) =\ = exp (8/2+ M = MIn M + M1n "y | + NO@EM/N) +o(1)
T
3 N3 N(N —1)(N —2)
=4/——<exp|3/2+M-MInM+Mln— + MIn + N®(BM/N) + o(1)
TN 6 N3
3 3N —2
7r
3 3N
=\~ &P 3/2+M—M1nM+3M1nN7M1n6—Mﬁ+N<I>(3M/N)+0(1)
T
~ iNeXp(M—MlnM+3MlnN—Mln6+N<I)(3M/N)),
s

which is exactly the same as our formula in Theorem 4.1.1 after a series of simplifications. See
Section A.1 for a Maple spreadsheet with these computations.

4.3 Basic definitions and results for hypergraphs

In this section, we present some basic definitions for hypergraphs and show how to decompose a
hypergraph into a cyclic structure and an acyclic structure.

A cycle in a hypergraph G = (V,&) is a (finite) sequence (vg, Eo, ..., v, Ex) such that
v1,...,0 € V are distinct vertices, E1,..., E, € £ are distinct edges with v; € E; and v;41 € E;
for every 0 < ¢ < k (operations in the indices are in Zg,1). A tree is an acyclic connected
hypergraph and a forest is an acyclic hypergraph. A rooted forest G = (V,E) with set of roots
S C V is a forest such that each component of the forest has exactly one vertex in S. See Figure 4.1
for a rooted forest.

The degree of a vertex v in a hypergraph G is the number of edges in G containing v. Recall
that we use the word ‘graph’ to denote 3-uniform hypergraphs. The core of a graph is its maximal
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Figure 4.3: Obtaining the core.

induced subgraph such that every edge contains at least two distinct vertices of degree at least 2.
To see that the core of a hypergraph is unique, it suffices to notice that the union of two cores
would also be a core. We remark that the k-core of a graph is usually defined as the maximal
subgraph such that every vertex has degree at least k. The core we defined contains the 2-core
of the hypergraph and it allows some vertices of degree 1. We chose this definition of core since
otherwise the structure we would have to combine with the 2-core would not necessarily be acyclic.
We also say that a graph is a core, when its core is the graph itself. For an example of an core see
Figure 4.2.

Every edge in a core has either one vertex of degree 1, or none. We say that an edge is a
2-edge if it has a vertex of degree 1 and that it is a 3-edge if it has no vertex of degree 1. It is easy
to see that the core of graph can be obtained by iteratively removing edges that are not 2-edges
nor 3-edges until all edges are 2-edges or 3-edges, and then deleting all vertices of degree 0. See
Figure 4.3 for an example of this procedure.

We also define cycles as graphs. We say that a graph G = (V| £) is a cycle if there is an ordering
(vo,...,v) of a subset of V' and an ordering (Ey, ..., Ey) of £ such that (vg, Ep, ..., vk, Ex) is a
cycle in G and every v € V is in some E € £. Note that, if a graph is a cycle, then all edges are
actually 2-edges. An isolated cycle in a graph is a component that is a cycle. A pre-kernel is a
core without isolated cycles (see Figure 4.2). So, every connected core that is not just a cycle is
also a pre-kernel.

The following proposition explains how to decompose a graph into its core and a rooted forest.
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Proposition 4.3.1. Let G be a connected graph with a nonempty core. The graph obtained
from G by deleting the edges of the core of G and by setting all vertices in the core as roots is a
rooted forest with (N —n)/2 edges, where N is the number of vertices in G and n is the number
of vertices in the core. Moreover, the core of G is connected.

Proof. As we already mentioned, the core of G can be obtained by iteratively deleting edges that
contain at most one vertex of degree at least 2. More precisely, start with G’ = G and while there
is an edge in G’ containing less than 2 vertices of degree at least 2 in G’, redefine G’ by deleting
one such edge. When this procedure stops, G’ is the core of G. Let F be the graph with vertex
set [IV] with the deleted edges as its set of edges. Suppose for a contradiction that F' has a cycle.
Such a cycle is a cycle in G too. Let E be the first edge of the cycle that was deleted by the
procedure described above. All other edges in the cycle were still present in the graph G’ when E
was deleted. Thus, since F was in the cycle, it had a least 2 vertices of degree at least 2. Hence,
FE could not have been deleted at this point, which shows that F’ has no cycles.

Suppose for a contradiction that the core of G is not connected. Then it has at least 2
components that are joined by a path in G with all edges in F' since G is connected. The union of
these 2-components and the path is a 2-core, which is a contradiction. Thus, the core is connected.
This argument also shows that that each component of F' has at most one vertex in the core.
Every component of F' must have one vertex in the core, otherwise it is disconnected from the
core and so G would not be connected.

Now we determine the number of edges in F. As we discussed above, each component of
F has exactly one vertex in the core. In the deletion procedure, for the initial G’ (that is, G),
every edge has at least one vertex of degree at least 2 since otherwise G would not be connected.
We claim that the deletion procedure will only delete edges that contain exactly one vertex of
degree 2 in the current G’. If not, let E be an edge that contained no vertex of degree at least 2
in G’ in the moment it was deleted. Let vg be the vertex of the core in the same component of
in F'. Then there is a path (vg, Ey, ..., Ex_1vg) in F, where E;_1 = E. The edge Ey cannot be
F since the vertex vy must have degree at least 2 the moment Ej is deleted. A trivial induction
proof then shows that the deletion procedure cannot delete any of the edges Ey, ..., Er_s before
deleting Ej_1, which shows that the moment E was deleted the vertex vi_1 still was in 2 edges:
FE and Ej_5. This is a contradiction. Thus, the moment any edge is deleted is has exactly one
vertex of degree at least 2. This means that, for every deleted edge, we also delete exactly 2
vertices that are not in the core. Since there N — n vertices to be deleted, the number of edges in
Fis (N —n)/2. O

For any graph G with N vertices and M edges such that its core has n vertices and m edges,
we have that
m—-—n/2=M—(N—-n)/2—n/2=M — N/2 (4.3)
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since m = M — (N —n)/2 by Proposition 4.3.1. Intuitively speaking, this says that the ‘excess’ of
edges (M — N/2) in the graph is transfered to its core.

Let grorest (IV, 1) denote the number of forests with vertex set [N] and [n] as its set of roots.
Let gpre(n, m) denote the number of connected pre-kernels with vertex set [n] and m edges. Next,
we show how to write C(N, M) using grorest and gpre.

Proposition 4.3.2. For M = M(N) such that R := M — N/2 — oo, we have that

CNM)= > Grorest(N,n)gpre(n, M — (N = n)/2), (4.4)
1<n<N
(N—n)€e2Z

for N sufficiently large.

Proof. In view of Proposition 4.3.1, it suffices to show that, for any connected graph G with N
vertices and M edges, the core of G is a pre-kernel. If it is not, either the core is empty or it is a
cycle. If the core is empty, then the graph G is a forest and so M < N/2, which is impossible
since M = N/2+ R with R — oo. If the core is a cycle, then 3m = 2(n —m) + m since each edge
in the core has two vertices of degree 2 and one of degree 1. Thus, in this case, we have that
m = n/2, which is impossible since m —n/2 =M — N/2 = R — oo by (4.3). O

Basically, our approach to compute an asymptotic formula for C(N, M) will be to analyse the
summation in (4.4).

We will work with random graphs. More precisely, we will work with random multihypergraphs
and then deduce results for simple graphs. A k-uniform multihypergraph is a triple G = (V, &, ®),
where V' and £ are finite sets and ® : £ x [k] — V. We say that V is the verter set of G and
£ is the edge set of G. From now on, we will use the word ‘multigraph’ to denote 3-uniform
multihypergraphs.

Given a multigraph G = (V,&,®), a loop is an edge E € & such that there exist distinct
7,5 € {1,2,3} such that ®(E,j) = ®(F,j’), a pair of double edges is a pair (E,E’) of dis-
tinct edges in € such that the collection {®(FE, 1), ®(E,2),P(F,3)} is the same as the collection
{®(F',1),®(F,2),®(F,3)}. A multigraph G with no loops nor double edges corresponds natu-
rally to a graph because each edge corresponds to a unique subset of V' of size 3. In this case we
say that the multigraph is simple. Let S(n,m) denote the set of simple multigraphs with vertex
set [n] and edge set [m]. We have the following relation between simple multigraphs and graphs:

Lemma 4.3.3. For any G = ([n], [m], ®) € S(n,m), let s(G) be the graph with vertex set [n]
obtained by including one edge for each ¢ € [m] incident to the vertices ®(i,1), ®(7,2) and ®(4, 3).
Let G’ be a graph with vertex set [n] with m edges. Then |s~1(G’)| = m!6™, that is, each graph
corresponds to m!6™ simple multigraphs.
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Proof. Let G = ([n], [m], ®) € S(n,m) be such that s(G) = G'. For any permutation g of [m], the
multigraph G, := ([n], [m], @) satisfies s(Gy) = G’, where ®'(i,j) = ®(g(i),7) for each i € [m]
and j € {1,2,3}. (That is, any permutation of the label of the edges generates the same graph.)
Moreover, for each i € [m] and permutation g; of [3], the function ®” (i, j) = ®"(i, g(j)) satisfies
s([n],[m],®") = G’. Since there are m! permutations on [m] and 3! permutations of [3], the
number of graphs G € S(n,m) with s(G) = G’ is m!3!"™. O

We extend the definitions of path and connectedness for multihypergraphs. For any mul-
tihypergraph G = (V, &, ®), a path is a (finite) sequence vy E1vaFs . .. v, where vy,..., v are
distinct vertices and Fj, ..., Fx_1 are distinct hyperedges such that v;, v;11 € Im(®(E;, -)) for all
i € [k —1]. We say that a multihypergraph is connected if, for any vertices u and v, there exists a
path from u to v.

4.4 Overview of proof

In this section, we give an overview of our proof of the asymptotic formula for C(N, M) in
Theorem 4.1.1. Recall that R = M — N/2 = o(N) and R = w(N'?1log? N). Our approach is
to analyse C'(N, M) by using (4.4), which shows how to obtain C(N, M) from formulae for the
number of rooted forests grorest and the number of pre-kernels gpre. The proof consists of the
following steps.

1. We obtain an exact formula ggorest (IV, n) for the number of of rooted forests with set of roots
[n] and vertex set [N]. We show that, for even N —n,

n (N —n)NWVN-)/2
ores N> n)=—-- )
orest (N 1) = 5 (N —n)/2)12N=n)/2

and, for odd N — n, gforest (N, n) = 0. The proof is in Section 4.5 and is a simple proof by
induction.

2. Let geore(n, m) denote the number of (simple) cores on [n] with m edges. We analyse gcore
by writing it as follows:

gcore(ny m) = Z YGcore (n, m,niy, d)7

ni,d

where geore(n,m,n1,d) is the number of (simple) cores with n vertices, m = n/2 + R edges,
ny vertices of degree 1, and degree sequence d for the vertices of degree at least 2. We use r
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to denote R/n. We show that there is a constant « such that

Geore(n,m) < any/m - nlexp(n feore(n])), for R — oo, and (4.5)

gcore(na m) ~

1
St n!exp(nfeore(n])), for R — 0o and R = o(n), (4.6)

where the function feore is defined in Section 4.7 and A* is the unique positive solution for
Af1(N)g2(N)/ f2(2X) = 3m/n and 7] = 3m/(ng2(A*)). The proof is in Section 4.7.

. We obtain an asymptotic formula for the number gpre(n, m) of simple connected pre-kernels
with n — oo vertices and m = n/2 4+ rn edges when R = o(n) and R = w(n'/?log®? n). We
show that

3
~ — ! ¥
gpre(nam) Wnn ‘3Xp(nfplre(3C ),

where fyre is defined in Section 4.8 and #* € R* will be determined using A\* as defined in
the previous step.

. We will at first work with cores since the function obtained for them is simpler than the
formula for pre-kernels. We will find relations between the two formulae that justify why it
is relevant to analyse the function for cores. We find a set I for n in which n = ©(v RN)
such that

N
Z <n ) gforest(Na n)gcore (n) m) ~

nel

V3
————exp (Nt(n*)+ NInN — N), 4.7
where t is defined in Section 4.9, A** is the unique positive solution of the equation A(e?* +

A+ 1)/(filN)gi(N) = 3M/N and 7* = fo(2X*)(f1(A**)g1(A**)). We then show that the
contribution to the summation for n outside I is insignificant by using (4.5):

Z @[) torest (N, 1) geore(n, m) = 0 ( WITN exp (Nt(i*) + NIn N — N)) . (48)

ne[NN\I

. We use Step 2, Step 3 and (4.7) to show that

> <N> Grorest (N, 1) gpre(n, m) ~ 2V/3r ) <ZZ> Gtorest (V> 1) Geore(, )

n
nel nel

[ 3 -
~ A\ oy P (Nt("*)+ NInN — N)

and using the relation gpre(n,m) < geore(n, m) (since every pre-kernel is a core) and (4.8),

> <JZ> Grorest (N, 1) gpre(n, m) = 0 <Z (]Z ) torest (N, 1) gpre (1, m)> .

ne[NJ\I nel
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6. The conclusion is then easily obtained by simplifying t(7n*).

4.5 Counting forests

In this section we prove an exact formula for rooted forests. In this section we consider k-uniform
hypergraphs, for any & > 2. We remark that this formula has also been proved in a note by
Lavault [43] around the same time we obtained it. Lavault shows a one-to-one correspondence
between rooted forests and a set of tuples whose size can be easily computed.

Recall that giorest(IV,n) is the number of rooted forests on [N] with set of roots [n]. (See
Figure 4.1 for a rooted forest.)

Theorem 4.5.1. For integers N > n > 0 and any integer k > 2,

n(N —n)IN™ -1 £ ;, N-—n tive integer:
Grorest (N 1) = ik — 1) if m’ = —— is a nonnegative integer;
0, otherwise.

Proof. A connected k-uniform hypergraph is a tree if and only if, by iteratively deleting edges
that have at least k — 1 vertices of degree 1, we delete all edges. It then is obvious that m’ is the
number of edges in the forest. We remark that the a tree can be seen as a 2-uniform hypergraph
where each block is a clique on [n — 1] vertices (which is known as a clique tree).

The proof is by induction on N. We have that grpest(1,1) = 1 = 1(1—1)11°7/(0!(k - 1)!19) = 1
and the formula also works for ggrest (IV,0) = 0. So assume that N > 1 and n > 1. We will show
how to obtain a recurrence relation for grorest (/V, 7). Suppose that the vertex 1 is in j edges, where
0 <j <m'. We choose (k — 1)j other vertices to be in these j edges. There are ((g__gj) ways to
choose these vertices. The number of ways we can split the vertices into the edges is

(k=17\((k=1)j—(k=1)\ (k-1 l:((k—l)j)!
k—1 k—1 k—1)30  (k—1)l51"
We can build the rooted forest by first choosing the edges containing 1 and then deleting 1 and

considering the other (k — 1)j vertices in these edges as new roots. This gives us the following
recurrence:

’

= N=n)\ ((k—1)))! e Y
gforest(Na n) - Jz:% <(k . 1)]) (]{7 — 1)‘3.7' Gforest (N L, 1+ (k 1).7)
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Note that 0 < n—1+ (k—1)j < N — 1 since j € [0,m/]. The new number of edges is

m" =2 (N —1)— (n—1+ (k—1)j)) =m' — j. So, by induction hypothesis,

grorest (N1) = 2\ (1 1y ) =1yt (m/ — )k — 1)lm' =i

B (N — )' (n—1+( f1) (N — 1)
T (N-1)(k 'mz m' = j)!

- _1.m2< )n—1+<k—1>j><N—1>m’J

N—n)! e m’ mi—j m’ m'\ e
mf!(N(w(k:1>!m’((””.z<j>“v” +-n 3 (7 )iy )

Using the Binomial Theorem,

PN =0\ ((k=1D5)! (n—1+ (k—1)§)(N —n — (k- 1))I(N — 1) i1
> (1)

and by differentiating both sides with respect to IV,

m/

/
) (m ) (m/ = §)(N =)™~ = /N,
i=o \J
and so
Z( ) —1m]—mz( > )W/ N TY(N = 1)
Jj=
=m/N™ —m/N" Y (N = 1) =m/N™ 1.
Hence,
_ (N — n)‘ m/ I arm/ —1
Gtorest (N, n) = (N — 1)k — 1)!m’ ((n )N™ + (k—1)m'N )
(N —n)IN™ -1
= N(n—-1)+ N —
(N =)= D V= DN =n)
_ n(N — n)IN™ 1
ol (k— 1)
and we are done. O

68



4.6 Tools

In this section, we will include some computations that will be used a number of times throughout
the proofs.

Let k be a positive integer. Let ¢ : R — R so that ¢(y) > k for all y € R. Let A\(y) be defined

by
A _1(A
(¥).fr—1 (M) — ().
Jr(A )
The existence and uniqueness of A(y) follow from Lemma 2.10.3 due to Pittel and Wormald. We
compute the derivative X of A\(y) by implicit differentiation. Assuming that c is differentiable
with derivative ¢’:
fr=1(A(¥)) < Ay)fi—2(A\(y)) (y)fk_1(A(y)))
N 1+ =c. 4.9
£ W) faOw) RO )

Let T,t : R — R be differentiable functions be such that T'(y)/t(y) > k for all y € R.
Let ¢ and 7" denote the derivatives of ¢t and T, resp. We will compute the derivative of

t(y) log fr(My)) — T(y) log(A(y)). For c(y) = T'(y)/t(y) = My) fr—1(Ay))/ fe(A(y)) and n(y) =
AY) fr—2(A())/ fr—1(A(y)), and using (4.9),

d (t(y) Tog fe(A(w)) — T(y) logA(v)) )

dy
= ttog ) + X ) 771055 - 0T
/ [ Ay)c
= 11log fi(My) + 1) T (@%) ) T S@) ) (4.10)
e T A
o 2w) = X1y )@ + () — <))

= t'log fr(A(y)) — T’logA( )

The following lemma is an application of standard results concerning Gaussian functions and
the definition of Riemann integral.

Lemma 4.6.1. Let ¢(n) — 0, 1(n) — 0, T, — oo and s, — co. Let f, = exp(—az? + Bz +
¢x? + 1px) with constants o > 0 and 3. Let P, = z + Z, where z € R. Then

o X ne~en (T

Iepn/Sn
|z|<Th
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Proof. Let ¢ € (0,min(c, 8)) and let f*(x) = exp(—az?+ Bz +ex?+ex) and f~(x) = exp(—ax?+
B — ex? — ex). Since ¢ = o(1) and 1) = o(1), we may assume f~(z) < fo(z) < f ( ) We will

show that , )2
+e pre
xe;/s fHia) ~ exp <4(a +¢) ) \/; (4.11)
|J:\<nTnn
and 2
n @Z/ [ (x) ~exp (ifa—%) - 71 = (4.12)
2l<Tn"

Since we can choose ¢ arbitrarily close to zero, this proves the lemma. We will only show the
proof for (4.11) since the proof for (4.12) is very similar. We have that

C
/ fH(x)de = hm fH(x)dx
—C

and
(B+¢)? T

o0
lim f*(2)dr = e*to
— 00

a+¢e’

So it suffices to show that,

1
lim — T(z) - 1 (z)dz| = 0.
g X e g [ e
2EPn/sn
|z|<Tn
We have that
c
1 — + — 1 T(x)dz| <
nggoanf ngo/cf(w)x_
TEPn/5n
|z|<Tn
- + o . +
D MRACERT N T DA
TEPn/5n TEPn/sn
|| <Ty, lz|<C
(z ¢ +
1 1 — — 1i d
+CI—I>I<1>onl—>rgoanf C’I—I>I<1>o/_cf(x)$
TEPn/sn
lz|<C

the last term goes to is zero by the definition of Riemann integral. It is known that the tail for
Gaussian functions is very small. More precisely, for each ¢’ > 0 there exists ng such that, for
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each n > ng,

1 1
— T(x) — lim — + <é.
o > fH@)— lim . > )| <e
2EPn/sn TEPn/sn
|| <Tn || <Tng
Since C' — oo, C is eventually bigger than T,,,. And we are done since we can choose &' > 0

arbitrarily small. O

4.7 Counting cores

In this section we obtain an asymptotic formula for the number of cores (not necessarily connected)
with vertex set [n] and m = n/2 + R edges, when R = w(logn) and R = o(n). We also obtain an
upper bound for the number of such cores when R — co. We remark that the asymptotics in this
section are for n — co. We will always use r to denote R/n.

For ni € R, define

na(n1) =n —ny,

ms(ni) =m — nq,

Q2(n1) = 3m — ny,

c2(n1) = Q2(n1)/n2(m) = (3m —n1)/(n —na).

For any symbol y in this section, we use ¢ to denote y/n.

We will use n; as the number of vertices of degree 1 in the core. Then na(n;) is the number
of vertices of degree at least 2, mg(ny) is the number of 3-edges, Q2(n) is the sum of degrees of
vertices of degree at least 2, and ca(n1) is the average degree of the vertices of degree at least 2.
We omit the argument n; when it is obvious from the context.

Let J,, denote the set of reals ny such that max{0,2n — 3m} <mn < min{n, m}. The lower
bound 2n — 3m is used to ensure that ca(ny) > 2 for ny € Jp,. Let J,,, = {x/n: 2 € Jp,}, that is,

A

Jm is a scaled version of .J,,. For ny € J,, \ {2n — 3m}, let \,,, be the unique positive solution of

Af1(A)
fa(N)
Such a solution exists and is unique since cz2(n1) = (3m —n1)/(n —nq) and n; > 2n — 3m ensures

that 3m —ny > 2(n —ny) (see Lemma 2.10.3). By continuity reasons, we define Ag,_3,, = 0.

Let

= CQ(TLl). (4.13)

_ Any €xp(An;)

o (ny) = e (4.14)
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Let hy,(x) = zIn(zn) — x and define, for 7 in the interior of J,,,
Jeore(1) =hn(Q2(n1)) = hn(Ra(n1)) = hin(R1) — I (i3 (n1))
—n11In(2) — rmg(n1) In(6) (4.15)
+2(n1) In(f2(Any ) = Q2(n1) In(Any ),
We extend the deﬁniAtion feore tO Jom by setting the feore(721) to be the limit of feore(z) as x — fq,
for the points 11 € J,, N {0,1,7,2 — 3m}. For all points in J,,, N {0,1,m,2 — 37} except 2 — 31,
this only means that 0log 0 should be interpreted as 1. For n; = 2 — 3, as we already mentioned,

A2n—3m = 0 by continuity reasons. But then fiz(n1) In(f2(An,)) —Q2(n1)In(\y,) is not defined (and
note that na(n1)In(f2(Ay,)) and Q2(n1) In(A,, ) appear in the definition of feore). For 1y = 2 — 31,

tim (f5(n1) In(f2(0)) = Q2(m) (X)) = () lim (In(f2(3)) = 21n(\))
= iny(m) lim <1n <eXp(A)A;1_A)> = fi5(n1) In <;) .
Thus,

fcore(2 - 3m) = hn(@2) - hn(ﬁZ) - hn(ﬁl) - hn(mg) — ﬁl ln(2) — mg ln(6) — ’ﬁg In 2. (4.16)

We will show that the n!exp(n feore(721)) approximates the exponential part of the number of
cores with n; vertices of degree 1. Recall that geore(n, m) is the number of cores with vertex set
[n] and m edges. We obtain the following result for geore:

Theorem 4.7.1. Let m(n) = n/2 + R with R — oco. There exists a constant a such that, for
n>1,

Geore(n, m) < any/m - nlexp (nfcore(ﬁ’{)). (4.17)
If R=o0(n) and R = w(logn), we have that

1 .
gcore(na m) ~ 27[_”\/?7 -n! €xXp (nfcore(nl))a (4'18)

where n} = 3m/(ng2(\*)) and A* is the unique positive solution of

AfiN)g2(A) _ 3m

AR (4.19)

We will show that the point 7] maximizes feore in jm The result in (4.18) will then obtained
by expanding the summation around 7].

For all subsections of this section, let ¥,, denote the event that a random vector Y =
(Y1,...,Y,_p,) satisfies >, Y; = 3m — ny, where the Y;’s are independent random variables with
truncated Poisson distribution Po(2, \,,,). Also, whenever symbols y and ¢ appear in the same
computation, § denotes y/n.
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4.7.1 Random cores

Recall that our aim in Section 4.7 is to find an asymptotic formula for geore(n, m). Note that up
to this point there is no random graph involved in the problem. However, similarly to Chapter 3
(Section 3.2), we show how to reduce the asymptotic enumeration problem to approximating the
expectation, in a probability space of random sequences Y, of the probability that a certain type
of random multigraph with given degree sequence Y is simple.

For integer ni € Jp,, let Dy, be the set of all d € (N'\ {0,1})"™™ with Y """ d; = 3m — ny.
For ny € J,, NZ and d € D,,, let G(n1,d) = G, m(n1,d) be the multigraph obtained by the
following procedure. We will start by creating for each edge one bin/set with 3 points inside
it. These bins are called edge-bins. We also create one bin for each vertex with the number of
points inside it equal to the degree of the vertex. These bins are called vertez-bins. Each point in
a vertex-bin will be matched to a point in an edge-bin with some constraints. The multigraph
can then be obtained by creating one edge for each edge-bin ¢ such that the vertices incident to
the edge are the vertices with points matched to the edge-bin of i. We describe the procedure in
detail now. In the following, in each step, every choice is made u.a.r. among all possible choices
satisfying the stated constraints:

1. (Edge-bins) For each i € [m], create an edge-bin ¢ with 3 points labelled 1,2 and 3.

2. (Vertex-bins) Choose a set V; of ny vertices in [n] to be the vertices of degree 1. For each

v € Vi, create one vertex-bin v with one point inside each. Let vy < -+ < vp_p, be an
enumeration of the vertices in [n] \ V1. For each i € [n — ny] create a vertex-bin v; with d;
points.

3. (Matching) Match the points from the vertex-bins to the points in edge-bins so that each
edge-bin has at most one point being matched to a point in a vertex-bin of size 1. This
matching is called a configuration.

4. (Multigraph) G(ny,d) = ([n], [m], ®), where ®(i, j) = v, where v is the vertex-bin containing
the point matched to j.

See Figure 4.4, for an example for the procedure described above.

Let geore(n,m,n1) denote the number of cores with vertex-set [n] with m edges and n;
vertices of degree 1, and let gcore(n, m,n1,d) denote the number of such cores with the additional
constraint that d € N™"~™ is such that, given the set V; of vertices of degree 1 and an enumeration
v] < ... < Up_p, of the vertices in [n] \ Vi, the degree of v; is d;. We say that d is the degree
sequence for the vertices of degree at least 2, although d is not indexed by the set of vertices
of degree at least 2. The following proposition relates geore(n,m,n1) and geore(n, m,ni,d) to
Gnm(ni,d) and Y. Recall that S(n,m) is defined in Section 4.3 as the set of multigraphs with
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Figure 4.4: A core generated with vertex-bins and edge-bins
vertex set [n] and m edges corresponding to simple graphs. Let U(n,d) denote the probability
that G, m(n1,d) € S(n,m).
Proposition 4.7.2. We have that, for any integer n; € J,,
QQ (nl)' 1

no (nl)!nllmg (nl)!2"1 gms3(n1) Hz d;!

gCOre(namanlad) = n' P (U(nl,d)), (420)

and, for any integer ny € Jy, \ {2n — 3m},

Qa(n1)! fa( A, )2 (M)

na(n1)ngms (ng)12n gma(m) \92(m

Goore(12, 0, 1) = 7! E (U(nl,Y)’Zm> i (zm>, (4.21)
where ¥, is the event that a random vector Y = (Y1,...,Y,_,, ) satisfies >, Y; = 3m — ny and
the Y;’s are independent random variables with truncated Poisson distribution Po(2, A, ).

Proof. First we compute the total number of configurations that can be generated. There are (,:1)
ways of choosing the vertices of degree 1 in Step 2. We can split Step 3 by first choosing the n;
edge-bins and one point in each of these edge-bins to be matched to the points inside vertex-bins
of size 1. There are (Z)S"l possible choices for these edge-bins and the points inside them. There
are ni! ways of matching these points to the points in vertex-bins of size 1 and there are Q2(n1)!
ways of matching the remaining points in the edge-bins to the vertex-bins of size at least 2. Thus,
the total number of configurations is

(”) (?)3”1711!@2(711)! = 5. (4.22)

n 1
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It is straightforward to see that every multigraph with degree sequence d for the vertices of degree
at least 2 is generated by []'"* d;! configurations. Together with Lemma 4.3.3, this implies that
every graph with degree sequence d for the vertices of degree at least 2 is generated by

n—mi

a=mle" [] ! (4.23)

configurations. Thus, since each configuration is generated with the same probability,
_ B
geore(n, m,ny,d) = EU(nl’ d). (4.24)

Together with (4.22) and (4.23), and trivial simplifications, this implies (4.20).

We now prove (4.21). The proof is very similar to the proofs of Propositions 3.2.1 and 3.2.2 in
Chapter 3 (which in turn are very similar to the proof of [55, Equation (13)]). Recall that D,,, be
the set of all d € (N'\ {0,1})™(™) with 3. d; = Qa(n1). We have that

gcore(n m, nl g gcore n,m nlud)
deD,,

=nl! Z @a(m)! 1 U(ni,d)

)ny! 1911 gms(n1) yyna(ni)
no (Mni):1m1-m . .
deDy, 2 1 e 3( ) 6 Hi:1 d;!

! fa(A
‘n2(n1)!ngtms(ng)!12mems(n) /\Q2 Z Ulm,d H d'

na(n1)!n1!ms(ny)!2m 6ms(n) )\Qz

! f2()\n1)”2("1)
ny 19n1 6m3(n1) Agf(nl)

(m1)
(1)
=n! QQE“I;‘ f n Z Unl, Y d)
(m1)
(1)

which proves (4.21). We remark that the only reason why the above proof does not work for
ny = 2n — 3m (and so for the whole J,,, N Z) is that Agp_3, = 0 (by continuity), which would
cause a division by zero in (4.21). O

The next lemma gives conditions which are sufficient for the expectation in (4.24) to be
asymptotic to 1.

Lemma 4.7.3. Let m(n) = n/2 + R with R — oo and R = o(n). Uniformly for n; = ny(n) €
Jm N7Z, we have that

E(U(nl,Y)‘Em) ~1.
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Proof. Recall that D, is the set of all d € (N\ {0,1})"3(™) with 3", d; = Qa(n1). For a constant
e €(0,1/6), let D;, be the subset of Dy, such that d € D,,  if d; < n® for every i. We will show
that P(Y € D;,, | Xyn,) = 1+ o(1), that is, D, contains all ‘typical’ degree sequences. We then
show that the degree sequences not in D;,, have no significant contribution to the expectation.

First we consider the case n; = 2n — 3m = n/2 — 3R. In this case the only degree sequence in
Dy, is the sequence of all 2’s, which is in Dj, . So suppose n; > 2n — 3m. Since R = o(n) and
n1 <m =n/2+ R, we have that 3m —n; ~ 2(n —n1) and so A\, — 0, Thus, for any j — oo, by
computing the series of fa(A,,) with A, — 0,

PG> ) = (1 +0(,)) = 25 (1 4 O(hy) = of exp ( — ajlog))
. — = = 0| €X — ) 10

for a positive constant . Thus, by the union bound

P(maxY; > n°) < ngy - o(exp ( — aen’® logn)) = o(exp ( — a'nelogn)),

for a positive constant /.

We estimate the probability of ¥,,. Let Ry = (3m —n1) —2(n —n1) =ny — (2n — 3m). If
Ry = 0(ny'/3), then, by Theorem 2.10.8,

e_RQRgL2 1
P(Xn,) ~ Ry =0 < %R2>

by Stirling’s approximation (Lemma 2.5.1). If Ry — oo, by Theorem 2.10.8,

1 1
P(Enl) - \/271'71262(1 + 9 — 02) =9 <\/7T2>

where 172 = A\, exp(An, )/ f1(An,) and since ca(1 + 12 — ¢2) ~ c2 — 2 by Lemma 2.10.7. Thus, for
D, =Dy, \ Dy,

P(Y € D"
P(Y € D! |S,,) < (Y €Dy))

S TR, = O (Vnexp (—a'nlogn)) = o(1). (4.25)

Now we show that
P(G(nq,d) simple) = 1+ o(1), (4.26)

for d € D,,,. We have to compute the probability that there are no loops and no double edges in
g(nla d) .

A loop arises from the edge-bins that have at least two points matched to points in the same
vertex-bin. The expected number of loops is

> (3) % o () o

2
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since Q2 = 3m —n; > n/2+ 3R = Q(n) and d € D, (and ¢ < 1/6). Double edges arise from
pairs edge-bins that the points in each of them are mapped to the same vertex-bins with the same
multiplicities. Using that max; d; < nf for d € D;m we have that the expected number of double
edges (not involving loops) is at most

(7 e 22O :O<n;+f>:o<1>,

since € < 1/6. (Note that 2-edges cannot be double edges because of the vertices of degree 1.)
Thus, Markov’s inequality implies (4.26).

Since Dy, is a finite set for each n and (4.26), by Lemma 2.7.1, we have that there exists
f(n) =1 —o(1) such that P(G(ni,d) simple) > f for all d € D}, . Thus,

E(U(Y)[Sn,) < Y P(G(n1,d) simple )P(Y = d) + P(Y € D}, | Zp,)
deD’

> P(Y € Dy, | Zn,))f(n) P(Y €Dy, [ Eny) =1 - 0(1),

by (4.25). 0

4.7.2 Proof of Theorem 4.7.1

In this section we present the proof of the asymptotic formula in Theorem 4.7.1 for the number
Jeore(n, m) of cores (not necessarily connected) with vertex set [n] with m =n/2 + R edges, when
R =w(logn) and R = o(n):

1
~Y . ' nx
Jcore (na m) 27[_”\/; niexp (nfcore(n1)> ) (4'27)

where 1} = 3m/g2(\*) and A* is the unique positive solution for

MiNg() _ 3m (4.28)

f2(2)\) - n

We also show the upper bound in Theorem 4.7.1 for gcore(n, m) that holds as long as R — oo.
First we show that A\* is well-defined.

Lemma 4.7.4. The equation Afi(\)ga(A)/f2(2)\) = a has a unique positive solution \* for any
a > 3/2. Moreover, for any positive constant €, there exists a positive constant &', such that, if
a, B € (0,¢), then [Ny — Aj| < €'la— B|.
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Proof. 1t suffices to show that f(A) := Af1(A)g2(N\)/f2(2)) is a strictly increasing function of A
with A > 0 and limy_,o+ f(\) = 3/2. See Section A.2 for a Maple spreadsheet. By computing the
series of f(A) with A — 0, we obtain

3 A

f) = 3 + 1 +0(\?).

The derivative of f is

df(A) 2+ 2ePA — A\ — 4PN — 3\ — 2eM\2 + 8 + 30 — 32t — e

X 2202 ’

which we want to show that is positive for any A > 0. Let F'(A) denote the numerator in the
above. It suffices to show that F()) is positive for A > 0. Let F(O) = F. We will use the following
strategy: starting with ¢« = 1, we check that F(i_l)(O) > 0 and compute the derivative F(*) of
FG=1_If for some i we can show that F()()\) > 0 for any A > 0, then we obtain F(\) > 0 for
A > 0. Otherwise, we try to simplify the derivative. If exp(\) appears in every term of F’ @ we
redefine F(*) by dividing it by exp()\). Eventually, we obtain

216e* — 24\e* — 44¢ — 16X — 52,

which is trivially positive since exp(2z) > exp(z) > 1+ x for x > 0 and the sum of the coefficients
of the negative terms is less than 216.

The proof of the second statement in the lemma follows trivially from the fact that the first
derivative is always positive and, with A — 0,
df(A A\ A5 1
fO) Mo 1
dA A P+ 0(N°) 4

O

Since 3 = 3/24 3r, for r = o(1) we have that \* is well-defined and \* — 0, by Lemma 4.7.4.
Let

Q2(n1)! fa (A, )2(m0) .
n! 1 g if ny € Jp, \ {2n — 3m};
wcore(nl) — n2(n1)!n1!m3(,’;ll))!2n16m3 ni /\n1 (4.29)
n! 2\ 10 if ng =2n —3m € J,.

‘n2(n1)!ni!ms(ng)!2n6ms(na)’

Then, Proposition 4.7.2 implies that

Geore(n, M) = > Weore(n1)E (G(n,m,n1,Y) simple|S,,,) P(Zy,)
n1€Jm \{2n—3m}

+ L2n—3men, wcore(Qn - 3m) P(g(n, m,ny, 2) Simple),

78



where the last term comes from n; = 2n — 3m and Doy, 3, = {2}.
Recall that h,(z) = zln(zn) — z and
fcore(ﬁl) :hn(QQ) - hn(ﬁZ) - hn(ﬁl) - hn(mS)
— 11 In(2) — 73 In(6)
+ ng ln(fQ()\nl)) - QQ ln()\nl)'
The function n!exp(n feore(721)) is an approximation for the exponential part of weore(n1). We will
analyse feore and use it to draw conclusions about wegre. It will be useful to know the asymptotic
values of 7] and some functions of it. In Equation (4.28), the RHS is 3m/n = 3/2 + 3r and so we
can write r in terms of A\*. Since 7] is defined as 3m/g2(\*), we can also write it in terms of \*
and so we can write Q2(n}), n2(nj) and ms(ny) in terms of \* (and n). As we have mentioned
before, by Lemma 4.7.4, we have that A* — 0. By computing the series with A* — 0, we have that
N =12r 4+ O(r?);
nf=1/2 —r+0(r);
Q2(n]) =3m —n] =n+ 4R+ o(R); (4.30)
na(ni) =n—nj =n/2+ R+ o(R);
ms(ny) =m —n] = 2R+ o(R).
Next, we state the main lemmas for the proof of Theorem 4.7.1. We defer their proofs to
Section 4.7.3. First we show that n] achieves the maximum value for feore in Jp,.

Lemma 4.7.5. The point 7} is the unique maximum of the function feore(n1) for ny € T
Moreover, we have that f! .(7}) =0, and f/ ..(71) > 0 for 7y < nj and f/ ..(n1) < 0 for ny > nj.
Then we expand the summation around the maximum and approximate it by an integral,
which we compute, obtaining the following:
Lemma 4.7.6. Suppose that § = o(r) and §? = w(r/n), with 7 = o(1). We have that
Z exp(nfcore(ﬁ?{ + jj) ~ V2trn exp(nfcore(ff{))-

z€[—on,0n]
nj+x€Z

Finally, we show that points far from the maximum do not contribute significantly to the
summation:
Lemma 4.7.7. Suppose that § = o(r) and §? = w(rlogn/n) with r = o(1). Then

m;m Weore(M1) = 0 (ﬂ; exp(nfcore(ﬁ;))> .

|n1—nj|>dn
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We are now ready to prove Theorem 4.7.1. First we prove (4.17). We discuss the relation
of Weore and feore more precisely here. The function n!exp(nfeore(721)) can be obtained from the
definition of weore(n1) in (4.29) as follows: replace Qa(n1)! by exp(h,(Q2)), and do the same for
n1!, na2(nq)!, and ms(nq)!. That is, n!exp(n feore(721)) can be obtained from weere(n1) be replacing
each factorial involving n; by its Stirling approximation (but ignoring the polynomials terms).
By Stirling’s approximation (Lemma 2.5.1), there exists constants «; and ag such that, for every
x €N,

T

a1ﬁ<i)x <l < a2ﬁ<i> : (4.31)

and so, there exists a constant « such that

wcore(nl) < a\/%exp(nfcore(ﬁl))'

Together with Lemma 4.7.5, this immediately implies (4.17).

Now we will prove (4.18). So assume that R = o(n). In order to use Lemma 4.7.6 and
Lemma 4.7.7, we need to choose § = §(n) that satisfies § = o(r) and §% = w(rlogn/n). This is
possible if and only if 72 = w(rlogn/n). That is, if and only if R = w(logn), which is one of the
hypotheses of the theorem. Thus, let § be such that § = o(r) and §? = w(rlogn/n).

Let J(0) = [n} — 0n,n} + dn] N Z. We have that 2n —3m = n/2 — 3R is not in J(d) because
ni = n/2 — R+ o(R) by (4.30) and on = o(R). By Proposition 4.7.2 and Lemma 4.7.3, for
ni(n) € J(0),

Jeore (T, M, M1) ~ Weore(n1) P(Xp,). (4.32)

For any ni(n) € J(0), we have that Q2(n1), ms(ni), na(n1) are all Q(R) by (4.30) and dn = o(R).
Thus, by (4.32), Stirling’s approximation and the definition of feore, for ni(n) € J(9),

21\ no (n1)nimsz(ny)

gCOI‘e(n7 m, nl) = ! \/ QQ(nl) : P(an) -n! €Xp <nfcore(ﬁ1))§

Using (4.30) and dn = o(R), we obtain

1 Q2(n1) 1 n+ 4R+ o(R) 1
21 \| na(ny)nims(ny) 27\l (n/2+ R+ 0o(R))(n/2 — R+ o(R))(2R +o(R))  7nv2r

(4.33)

and
Q2(n1)  Qa(ny) olr
n2(n1) - TLQ(TLT) (1+ ( ))7
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for ny(n) € J(6). By Lemma 2.10.5, this implies that A, ~ A+ for ny € J(J). Moreover, we have
that Q2(n1) — 2na(n1) = 2R + o(R) — oo by (4.30) and so, by Theorem 2.10.8,

P(Sn,) ~ (27Q2(n1)(1 + 12(n1) — ca(m1))) /2

o) A \)

27T(’I’L+4R+ O(R)) (1 + /\n1 fl(Anl) /\77«1 fQ(An1)>>

LA +002)  14A/24002) \\ V2
T+ X /24+0(02)  1/2+ Xy, /6 +O(N2 )))

2ﬂn+4R+dR»(2ﬂ+oan>1”

B -2 1
= (2r(n + 4R + o(R)) (2r + O(r?))) T
(4.34)
for ny(n) € J(6). Thus,
Jeore(n,myny) = (1 + 0(1))77711/? . \/ﬁ -nlexp (nfcore(ﬁl)), (4.35)

for ni(n) € J(J). Since J(9) is a finite set for each n, by Lemma 2.7.1 there exists a function
q(n) = o(1) such that the o(1) in (4.35) is bounded in absolute value by g(n). Thus, by Lemma 4.7.6,

gcore n, m Z gcore n,m nl) 7Tn\/> \/M Z n! exXp <nfcore(n1)>

ni EJ(5)
1 1

~ ™/ 2r . VAamnr
1 ~ %
~ o/t exp(n feore(N7)),

. \/m eXp(nfcore (TALT ))

which together with Lemma 4.7.7 finishes the proof of Theorem 4.7.1.

4.7.3 Proof of lemmas in Section 4.7.2

In this section, we prove Lemmas 4.7.5, 4.7.6, and 4.7.7. See Section A.3 for a Maple spreadsheet
with some computations in this section.

Using (4.10) with T' = Q2 and t = fg, the derivative of feore(71) 18

— ln(Qg) + In(n2) — In(ny) + In(msg) + In(3) — In fo(A\) + In . (4.36)
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The second derivative is

1 11 1 (1—co)?

T T X T X T A <07 (437)
Q2 N2 M1 3 Qa(l+nr—c2)
because 1/Qy < 1/rh3. The third derivative is
1 1 n 1 1
Q3 13 AP M3 o)
(I=c2)? 4.38
e ! (L-c)”  d(tm—c)

dip (T+m—c)  Q(l+m—c)?  din

In order to approximate the value of f.ore around the maximum by using Taylor’s approximation,
we will bound the third derivative.
Lemma 4.7.8. Let 0 = o(r) and n; € [0} — 0,7} + 0]. Then the third derivative of feore at 71 is
O(1/r?).

Proof. We will bound each term in (4.38). By (4.30),

1 1

== ~1
Q% (1+4r+o(r))?
1 1 )
a3 (1/240(r))?

1 1 )
2 (1/2+0(r))?

IR
3  (2r4o(r)?  4r?

We have that A := \,; = A* +o(r) = o(1) by Lemma 2.10.5, and so 1 + g — c2 = /6 + O(A\?) ~
A*/6 ~ 2r. Thus, by (4.30),

2
qU=c)® 1 (31 — 1)2(6r7 — 3y + 1) 1 _@<1>
dnp (I1+mnm2 —c2) ﬁg@% (L+m2 —c2) ’

c2 _
r
We now bound the last term in the third derivative. The previous computations imply

(1 —c2)? 1
Qz(l + 12 — ¢2)? 4r2’
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since 1 — ¢g = Qo /Mg ~ 2 by (4.30). So we need to bound

d(1+m2 —c2)
dng

We have that

and, by using (4.9),

dne de 1 exp(d) | Aexp(\)  Aexp(M)?\
dig )\dfn c2(1+m2 —c2) ( fith) + filn) 10?2 ) =06(1),

because ) Aep(d) Aexp(L)? \
exp exp exp 9
A + - ) = -+ 0(\).
< fi(A) fi(A) fi(A)? 2 )
Thus the last term has contribution O(1/7?) to the third derivative. O

We now present the proofs for Lemmas 4.7.5, 4.7.6, and 4.7.7.

Proof of Lemma 4.7.5. By setting the derivative of fcore in (4.36) to 0 and using the definition
of Ap, in (4.13), we obtain the Equation (4.19), which has a unique positive solution A\* by
Lemma 4.7.4 The second derivative computation in (4.37) implies that feore is strictly concave
and so A* is the unique maximum. O

Proof of Lemma 4.7.6. Using Taylor’s approximation and Lemma 4.7.8, for any n; € [n]—4, nj+9],

"

Ak (2
n core(n1)2|n1 fy + 0(53/7~2)> . (4.39)

€Xp (nfcore(ﬁl)) = €exp <nfcore(ﬁ>{) +

Since §3 /72 = o(r3/r?) = o(1), this implies that

-
> e (nfnlii )~ 3 e <nfcore<ﬁi>+core2<fbl)f“>.

x€[—0n,0n] x€[—0n,0n)
ny+x€Z N} +r€Z
B h 3 h 3 bl 3 3 'b 1 t — Iféé)re(’ﬁ'{)l
y changing the variable in summation below to y =/ ==—=x,

1" Sk .2 2
Z exp <fc0re§21)x > — Z exp <—y2) ,

x€[—dn,on) YE[=Tn,Tn]
ni+z€Z YEPn/sn
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where T}, := 0/n| flL e ()], Prn = —ni+Z, and sy, := \/n/|feore(n])|. By using (4.37) and (4.30),

we approximated f/ (7 1).

A~ % 1
fc/i)re(n1> ~ _;7 (440)

and, since 6 = w(r/n) and rn = R — oo, we have that T, — oo and s, — oo. Thus, by
Lemma 4.6.1,

> e (-4) ~ Vars, ~ VERvim

ye [_Tn 7Tn]
YEPn/sn

which finished the proof of Lemma 4.7.6. O

Proof of Lemma 4.7.7. Instead of working directly with weore, we will prove an upper bound for
Weore USING feore and then bound the summation using this upper bound.

By Stirling’s approximation (Lemma 2.5.1) and the definitions of weore and feore, for ny € Ji,
Weore (1) < nPnlexp (nfeore(f1)), (4.41)

for some constant 3. First we bound the summation for the tail n; < nj—dn. By Lemma 4.7.5, (4.39)
and (4.40)

Z wcore(nl) < n” il eXp (nfcore( - 5))

n1<nj—én
n1E€Z

< nlexp (nfcore(ﬁf)> exp ( ! (AD)6%/24+ (B+1)Inn + o(l))

B n! eXp(nfcore(nl))
=0 <exp(n52/(2r) — @+ )+ 0(1))>

and we are done since nd?/r = w(Inn). The proof for fi; > A} + § is similar. O

4.8 Counting pre-kernels

In this section we obtain an asymptotic formula for the number of pre-kernels with vertex set [n]
with m = n/2+ R edges, when R = w(n'/21log®? n) and R = o(n). We remark that the asymptotics
in this section are for n — oo. We will always use r to denote R/n.
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For = = (n1, ko, k1, ko) € R%, let

= ko + k1 + ko,
=n—n; —ng(x) =n—n; — ko — k1 — ko,

()
)
2(z) = ni1,

2 () =1 — ko,

Py(z) = 2m; (x) = 2ny — 2ko,

3(x) =m —ny,

Ps(x) = 3ms(x) = 3m — 3nq,

Qs3(x) = 3m —ny — 2ng(x) = 3m — ny — 2k — 2k — 2k,
= P3(x) — k1 — 2ky = 3m — 3nq — k1 — 2ko,

= Py(z) — k1 = 2ny — 2ko — k1,

n2
ns(x

3

3

(4.42)

3

For any symbol y in this section (and following subsections), we use ¢ to denote y/n.

We will have n; as the number of vertices of degree 1, kg as the number of vertices of degree 2
such that the two edges incident to it are 2-edges, ko as the number of vertices of degree 2 such
that the two edges incident to it are 3-edges and k; as the remaining vertices of degree 2. Then it
is clear that ngy is the number of vertices of degree 2, ng is the number of vertices of degree at
least 3, Q3 is the sum of degrees of vertices of degree at least 3, mgs is the number of 3-edges,
my is the number of 2-edges, and m, is the number of 2-edges that contain exactly two vertices
of degree 2. We omit the argument = when it is obvious from the context.

For z € R*, let
_ Qs(x) _ 3m —ni — 2ny(x)
ns(z) n—mny —na(x)

c3(x)

that is, c3 is the average degree of the vertices of degree at least 3. Note that c3(x) = Qs(z)/ns(x) =
é3(z). For z € R* such that Q3(z) > 3ns(z) > 0, let A = A(z) be the unique positive solution of

Afa(N)
f3(A)

Such A(z) always exists and is unique by Lemma 2.10.3. By continuity reasons, we define A(z) = 0
when c3(x) = 3.

= c3(x). (4.43)

Let Sy, be the region of R* such that & = (ny, ko, k1, k2) € Sy, if all of the following conditions
hold:

o ’I’Ll,k’(),k‘l,k’Q S [O,TL],

e Qs3(x) > 3ng(z) > 0, and Q3(x) = 0 whenever nz(z) = 0;
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o m3(x), ma(x), my (x), T3(x), To(x) > 0.

We will work with pre-kernels with nq vertices of degree 1 and k; vertices of degree 2 incident
to exactly ¢ 3-edges, for i = 0, 1,2. We say that such pre-kernels have parameters (ni, ko, k1, k2).
The region S, is defined so that all tuples (n1, ko, k1, k2) for which it there exists a pre-kernel
with such parameters are included. Let S,, = {z/n: x € S,,} denote the scaled version of S,,.
The set Sy, is not closed because Q3(x) = 0 whenever n3(z) = 0. This constraint is added because
Q3(x) should be the sum of the degrees of vertices of degree at least 3 and ng(x) should be the
number of vertices of degree at least 3.

For z = (11, ko, k1, l%g) in the interior of S,,, define

fore(R1, ko, k1, k2) = B (Ps) + B (P2) + hin(Q3) + I (m2)
— hn(ko) = B (k1) = o (k2) = hn(Rg) — b (1i23)
— hn(P3 — ky — 2ka) — by (Py — ky) — 2hy, (125 (4.44)
—kyIn2 — 7y In2 —1zn6
+gIn f3(A) — Qs A,

where A = A\(z). Aswe will see later, for z = (ny, ko, k1, k2) € S;nNZ*, we have that n! exp(n fore(2))
approximates the exponential part of the number of pre-kernels with parameters (n1, ko, k1, k2).

We extend the definition of f,;. for points & € S‘m that are in the boundary of Sm as the limit of
fore(2) on any sequence of points (z(?);cy in the interior of S,, with () — &. One of the reasons
the points x with Q3(z) > ¢3(z) = 0 are not allowed is that fpre(z;) does not necessarily converge on
a sequence of points (z());ey converging to . For the points in the boundary where Q3(z) > c3(x),
this only means that 0log 0 should be interpreted as 1. For & € Sy, such that Q3(2) = 3ns3(2),
we have that A(z) = 0. This means that 7z(x)In f3(A(x)) — Qs(z)InA(z) is not defined (and
note that 7z(z) In f3(A(x)) and —Q3(x)In A(z) are the last two terms in the definition of fyre()).
We compute limy_(73(z) In f3(A) — Q3(z) In X). We have that limy_,q (In f3(A\) — 3In\) = —In6.
Thus, limy_,o(R3(z) In f3(A) — Q3(x)In\) = —A3(z) In6 and

fore(2) :hn(P?)) + hn(pQ) + hn(Qg) + hp(ma)
— b (ko) = b (k1) — h (k) — h () — By (1123)
— hn(Py — ky — 2ka) — h(Py — k1) — 2Ny (1) (4.45)
—kyIn2 — 15 In2 — 7z n6
—n3In6.

We obtain the following asymptotic formula for the number of pre-kernels with n vertices and
m = m(n) edges.
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Theorem 4.8.1. Let m = m(n) = n/2 + R such that R = o(n) and R = w(n'/?log*?n). Then

3 -
gpre(nam) ~ En' e}‘;p(ﬂafpre(ﬂj ))7

Lok ok A* A* A* 31
where &* is defined as (7], k§, k7, k3) with

e B
(V)
B 3m 2\*
o 3m  2\* '
(M) gl (h)
b B XA
2T () 2010
and A* = \*(n) is the unique nonnegative solution for the equation
Af1(N)g2(A) R
———— = 3m. 4.47
f2(2X) (447)

We discussed the existence and uniqueness of A\* in Section 4.7. Also, note that (4.47), implies

_ IXAN)e(N) 1
T3 fo2y) 2 (4.48)

We will show that the point * maximizes fpre in a region that contains all points (7, ko, 12:1, 1%2)
for which there exists a pre-kernel with parameters (ni, ko, k1, k2). The result is then obtained
basically by expanding the summation around &* in a region such that each term in (4.42) are
nonnegative and c3 > 3. This approach is similar to the one in Section 4.7 in which we analyse
cores, but it will require much more work since we are now dealing with a 4-dimensional space.

We remark that A* = A(z*), that is, \* fa(A*)/ f3(A*) = c3(z™).

Similarly to Section 4.7 that deals with cores, it will be useful to know approximations for
some parameters at the point &* = (77, 1%8, k*, k3) that achieves the maximum. For r = o(1), we
proved in Lemma 4.7.5 that \* = o(1). From (4.47), we can write r in terms of A* and so we
can write nj, 12:6‘, l;:f and l%;‘ in terms of \*. Thus, using (4.46), and computing the series of each
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function in (4.42) as A* — 0, we have

ro= At (A1) O((V)?) % =N (V) 0(()?)
np =5 A = (A1) +O0((N)?) my = gA" + 5 (A1) + O((\)?)
Ky =3 - A+ 502+ 0((A)%) my" =g\ = (A7 + O((V)?)
o= — 100200 i =be—toepeoqey )
B =102+ 0(()?) T =307+ 0((\)?)
Ay = FA 4 (A2 + O((A)3).
In the following subsections, we will use Y = (Y7,...,Y,,) to denote a vector of independent
random variables Y7, ..., Y, such that each Y; has truncated Poisson distribution with parameters

(3,A(z)) and X(z) to denote the event ), Y; = Q3.

4.8.1 Kernels

In this section, we define the notion of kernels of pre-kernels, which will be useful to study
properties of pre-kernels and to generate random pre-kernels.

Recall that the pre-kernel is a core with no isolated cycles. Let the kernel of a pre-kernel G be
the multihypergraph obtained as follows. Start by obtaining G’ from G by deleting all vertices of
degree 1 and replacing each edge containing a vertex of degree 1 by a new edge of size 2 incident
to the other two vertices (and note that the multihypergraph is not necessarily uniform anymore).
While there is a vertex v of degree 2 in G’ such that the two edges incident to v have size 2, update
G’ by deleting both edges, and adding a new edge of size 2 containing the vertices other than v
that were in the deleted edges. When this procedure is finished, delete all vertices of degree less
than 2. The final multihypergraph is the kernel of G. This procedure obviously produces a unique
multihypergraph (disregarding edge labels). See Figure 4.5 for an example of the procedure above.

This procedure is similar to the one for obtaining kernels of 2-uniform hypergraphs described
by Pittel and Wormald [56]: the kernel of a pre-kernel is obtained by repeatedly replacing edges uv
and vw, where v is a vertex of degree 2, by a new edge uw until no vertex of degree 2 remains, and
then deleting all isolated vertices. Note that in our procedure there may be vertices of degree 2 in
the kernel while there is no vertex of degree 2 in the kernel of a 2-uniform hypergraph.

In the kernel all edges have size 2 or 3. We call these edges 2-edges and 3-edges in the kernel,
resp. It is trivial from the description above that in the kernel every degree 2 vertex is contained
in at least one 3-edge. We say that any multihypergraph in which all edges have size 2 or 3, there
are no vertices of degree 1, and every vertex of degree 2 is in at least one edge of size 3, is a kernel.
The reason for this is that given such a multihypergraph, one can create a pre-kernel following the
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Removing vertices of degree 1
pr—

Adding vertices of degree 1

pre-kernel

Contracting 2-edges

fr—

Splitting 2-edges

Figure 4.5: Obtaining a kernel from a pre-kernel, and vice-versa.

procedure we discuss next. Consider the following operation: we split one 2-edge with vertices u
and v by deleting the edge and adding a new vertex w and two new 2-edges, one containing u
and w and the other containing v and w. Given the kernel of a pre-kernel, one can split edges
from the kernel in a way that it reverses the steps of the procedure for finding the kernel. After
including the vertices of degree 1 in the 2-edges, the resulting graph is the pre-kernel. Note that,
by replacing 2-edges in the kernel by splitting 2-edges and adding new vertices (of degree 1) to all
2-edges, the resulting multigraph does not have any isolated cycle. Thus, whenever the resulting
multigraph is simple, it is a pre-kernel.

4.8.2 Random kernels and pre-kernels

Recall that our aim in Section 4.8 is to find an asymptotic formula for gpre(n,m), the number of
connected pre-kernels with vertex set [n] and m edges. Similarly to Section 4.7.1 about random
cores, we show how to reduce the enumeration problem for pre-kernels to approximating the
expectation, in a probability space of random degree sequences, of the probability that a random
graph with given degree sequence is connected and simple.

We will describe a procedure to generate pre-kernels. For x = (n1, ko, k1, k2) € Sy NZ3, let
D(x) C N™(@) be such that d € D(x) if d; > 3 for all i and 37" d; = Q3(z). Our strategy to
generate a random pre-kernel is the following. We start by choosing the vertices and 3-edges that
will be in the kernel. We then generate a random kernel with degree sequence d for the vertices
of degree at least 3, k1+ko vertices of degree 2, m, 2-edges and mg3 3-edges so that k; vertices
of degree 2 are contained in exactly ¢ 3-edges for ¢ = 1,2. The pre-kernel is then obtained by
splitting 2-edges kg times and assigning the vertices of degree 1.
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The kernel is generated in a way similar to the random cores in Section 4.7 but with different
restrictions. For each vertex, we create a bin/set with the number of points inside it equal to
the degree of the vertex. These bins are called vertez-bins. For each edge, we create one bin/set
with 2 or 3 points inside it, depending on whether it is a 2-edge or a 3-edge. These bins are
called edge-bins. Each point in a vertex-bin will be matched to a point in an edge-bin with some
constraints. The kernel can then be obtained by creating one edge for each edge-bin ¢ such that the
vertices incident to it are the vertices with points matched to point in the edge-bin ¢. We describe
how to generate a random kernel K(V, M3, ki, ka,d) where V' C [n] is a set of size k1 + kg + ng
and M3z C [m] is a set of size mg. In each step, every choice is made u.a.r. among all possible
choices satisfying the stated conditions:

1. (Vertex-bins) Choose a set V3 of ng vertices in V' to be the vertices of degree at least 3. Let
v; < -+ < Up, be an enumeration of V3. For each i € [ns], create a vertex-bin v; with points
labelled 1,...,d; inside it. For each v € V' \ V3, create a vertex-bin v with points labelled 1
and 2 inside it.

2. (Edge-bins) For each i € M3, create one edge-bin with points labelled 1, 2, and 3 inside it.
Let My = {(¢,0) : i € [m, ]}. For each i € Mp, create one edge-bin with points labelled 1
and 2 inside it.

3. (Matching) Match the points from the vertex-bins to the points in edge-bins so that, for
i =1,2, k; vertex-bins with two points have exactly ¢ points being matched to an edge-bin
of size 3. This matching is called a kernel-configuration with parameters (V, Ms, k1, ko, d).

4. (Kernel) The kernel K(V, My, ki, ka) = (V, My U M3, ®) is the multihypergraph such that
for each E € My U Ms, we have that ®(F,i) = v, where v is the vertex corresponding to
the vertex-bin containing j and j is the point matched to point ¢ in the edge-bin F in the
previous step.

See Figure 4.6 for an example of this procedure. The constraints in Step 3 ensures that each vertex
of degree 2 is contained by at least one 3-edge and so the procedure above always generates a
kernel. Tt is also trivial that all kernels (with edges M3 U Ms) can be generated by this procedure.

We now describe the pre-kernel model precisely. For x = (nq, ko, k1,k2) € S NZ* and
d € D(x), let P(x,d) = Ppm(x,d) be the random graph generated as follows. In each step, every
choice is made u.a.r. among all possible choices satisfying the stated conditions:

1. (Kernel) Let V be a subset of [n] of size n —nj — ko and M3 be a subset of [m] of size ms(z).
Let K = (V, My, ®x) be the random kernel IC(V, M3, k1, ko, d).

2. (Splitting edges)Let Vi, be a subset of [n]\ of size ky. This set will be the set of vertices
of degree at 2 contained by two 2-edges. Let vy, ..., vy, be an enumeration of the vertices
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vertex-bins edge-bins

1 1
2 2
3 8
4 4
5 5

Figure 4.6: A kernel generated with vertex and edge-bins

in Vi,. Let P =K. For i =1 to ko, do the following operation: split a 2-edge of P with new
vertex v; and update P.

3. (Assigning 2-edges and vertices of degree 1) Let Vi be a subset of size ny in [n] \ V. These
will be the vertices of degree 1 in the multigraph. Assign for each 2-edge E of P a (unique)
edge E’ from [m]\ M3 and a (unique) vertex u in V4. Place a perfect matching Mg between
the collection {®x(E,1), Px(E,2),u} and {1,2,3}. We call this matching together with the
sequence of splittings in the previous step a splitting-configuration.

4. (Pre-kernel) Let P(ni, ko, k1, k2,d) = ([n], [m], ), where ®(E,-) = ®x(E,-) if E € M3 and,
otherwise, ®(E,i) = v, where v is the vertex matched to i in Mg.

When the procedure above results in a (simple) graph, it is a pre-kernel since it is obtained by
splitting the 2-edges of a kernel and assigning vertices of degree 1 to the 2-edges. It is trivial all
pre-kernels are generated since all kernels and the ways of splitting the edges are considered.

For (n1, ko, k1, k2) € Sm, let gpre(n, m, n1, ko, k1, k2) denote the number of connected (simple)
pre-kernels with vertex set [n] and m edges such that n; vertices have degree 1, and ko + k1 + ko
vertices have degree 2 so that k; of the degree 2 vertices are incident to exactly ¢ 3-edges for
i =0,1,2. For d € D(n1, ko, k1, k2), let gpre(n, m,n1, ko, k1, k2,d) denote the number of such
pre-kernels with the additional constraint that d is the degree sequence of the vertices of degree
at least 3.

In order to analyse gpre(n, m,n1, ko, k1, k2,d) it will be useful to know the number of kernel-
configurations.

Lemma 4.8.2. Let © = (n1,ko,k1,k2) € Sy NZ* and d € D(z). The number of kernel-
configurations with parameters (V, M3, k1, ko, d), where V is a set of size k1 + ko + ng and Mjy is
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a set of size mg, is

ki + ko + ng k1 + ko k Ps Py (kjl + ko + ng)!Pg!Pg!Qg!le
2" k1 + 2ks)! k1!Qs! = )
< ns ) ( Ky > k1 4 2ko ( Lt 2) k1 1@ nglk1 ko T31T5!

Moreover, each kernel with parameters (V, Ms, ki, ko, d) is generated by exactly 2F+*2 [T, ;!
kernel-configurations.

Proof. There are (k1+fli+"3) ways of choosing the vertices of degree at least 3 in the first step.
The step where the kernel-configuration is created can be described in the following more detailed
way:

1. Choose k1 vertex-bins of size 2. Let U be a set containing exactly one point of each of these
vertex-bins and let D be the set consisting of all points in vertex-bins of size 2 that are not
in U.

2. Choose k1 + 2ko points inside edges-bins of size 3 and match them to points in D.
3. Choose k; points inside edges-bins of size 2 and match them to points in U.

4. Match the remaining unmatched )3 points from the vertex-bins to the unmatched points in
the edge-bins.

k1+ka
k

In Step 1, there are ( ; ) choices for the vertex-bins of size 2 and 25 choices for U. There are

(k‘l-]:%kz)(kl + 2k3)! choices for Step 2, (ff)kll for Step 3 and Q3! choices for Step 4. The first part

of the lemma then follows trivially.

Each kernel with parameters (V, Ms, k1, k2, d) is generated by 2k1tk2 [T, d;! distinct kernel-
configurations, because any permutation of the points inside vertex-bins can be done without
changing the resulting kernel. O

The following proposition relates gpre(n, m, n1, ko, k1, k2, d) and gpre(n, m, n1, ko, k1, k2) to the
random pre-kernels P(z,d) and random degree sequences. The proof is similar to the proof of
Proposition 4.7.2. We include it here for completeness.

Proposition 4.8.3. For & = (n1, ko, k1, k) € S,y NZ* and d € D(x),
gpre(n7 m,ni, k07 klv k?) d)

| P31 P!Qs!(mg — 1) P(P(na, ko, k1, k2, d) simple and connected)
n! -
ko'kl'kg'nglmg‘Tg'TQ'(mg — 1)'m2_'2k22m2 63 H,L d;!
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and, if Q3(x) > n3(z), then

gpre(na m,ni, kOy kla k2)

—nl Pg'PQ'Qg'(mQ — 1)'

ko'kllkjglnglmg'(Pg — ky — 2ko)/ (P — kl)'(mg — 1)|m5|2k22m;6m3 (4.50)
A)ns
. fi&@i E (IP’ (P(nl, ko, k1, k2,Y) simple and connected) ‘E(a:)) P (E(x)),
where Y = (Y7,...,Y},,) is a vector of independent random variables Y7, ..., Y, such that each

Y; has truncated Poisson distribution with parameters (3, \(z)) and X(x) denotes the event

Zzlfz = QS-

Proof. Any multigraph obtained by the process for P(z, d) is generated by 2F1+%2 ([T, d;!)ym; 122
combinations of kernel-configurations and splitting-configuration. This is because each kernel is
generated by 2F1+k2 [T, d;! kernel-configurations by Lemma 4.8.2 and permuting the labels and
points inside each of the 2-edges in the kernel do not change the resulting multigraph. Thus, by
Lemma 4.3.3, each pre-kernel with parameters (x,d) is generated by

n3
o= 2k1+k2(Hdi!>m5!2m5m!6m (4.51)
i=1

combinations of kernel-configurations and splitting-configurations. Next we compute the total
number of such combinations. In Step 1 in which we generate the kernel, there are (k,1 +k’; +n3)
ways of choosing V' and (;Z) ways of choosing Ms. The number of ways of generating the kernel is

(kl + ko + ng)!P;),!Pg!Qg!zkl
ng!kl!kQ!Tg!Tg!

by Lemma 4.8.2. In Step 2, there are ("ﬁko) ways of choosing Vi, and my (my +1)---(mgy +
ko — 1) = (mg — 1)!/(m5 — 1)! ways of splitting the edges. In Step 3, that are (ms!)? ways of
assigning the 2-edges and vertices of degree 1 and 6™2 ways of placing the matchings. Thus, the
total number of combinations of kernel-configurations and splitting-configurations is

n m\ (k1 + ko + n3)! P3!P1Q3!125 (ny + ko (mg — 1) (ma!)26™ —: 3
k1 + ko + ns ms 13tk ko T3 15! ko (m; — 1)' 2 o
Hence, since each combination is generated with the same probability, we have that
Gpre(n1, ko, k1, ko, d) = 2 P(P(n1, ko, k1, k2,d) simple and connected), (4.52)
@
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where 3 is the total number of configurations. which together with (4.52) and trivial simplifications
implies (4.8.3).

We now prove (4.50). Again, the proof is very similar to the proofs of Proposition 3.2.1 and
Proposition 3.2.2 in Chapter 3. For x = (n1, ko, k1, k2), let U(z,d) denote the probability that
Pr.m(n1, ko, k1, k2, d) is simple and connected. For x = (n1, ko, k1, k2),

gpre(n>m7n17k07klak2) = Z gpre(n>m7n17k07klak27d)
deD(x)
P3!P2!Q3!(m2 - 1)'

— — U(n1, ko, k1, k2, d)
deD(x) ko‘kl‘kg‘nglmg‘TngQ'(mQ_ — 1)'m2_'2k22m2 63 HZ d;!
Pl P! — 1! b\ n3 A(z)%i
Qim0 O e et
o'k kolnglma! T3 Tol(my — 1)tmy 12k22ma gms - A(z)@s 2o 2 dil f3(A(w)
P3P Q3! —1)! n3
—nl 342 Q3 (m2 ) _ f3()‘(xQ) Z U(:L’,d) P(Y — d)
Kotk ko !natma! T3\ Ty (my — 1)lmy 12k22ma gma A(x)93 4eDe)
P! P!Qs! —1)! A(x))ms
kolk1 ko !natma! T3\ Ty (my — 1)lmy 12k22m2 gma A(x)93
which proves (4.50). O

The goal of the next lemmas is to show that the expectation in (4.50) goes to 1 for points x
close to z*. For x € S, NZ* and ¢ = ¢(n) > 0, let

Dy(x) = {d € D(z) : [n(d) — E (n(Y))| < Ro}
where n(d) := > 71, di(d; — 1)/(2m), and recall that R = m —n/2. We will show that, for some
function ¢ = o(1), conditioned upon X(z), the probability that Y is in Dy(z) goes to 1. Intuitively,
this means that the set Dy(x) contains all ‘typical’ degree sequences for points x € S that are
close to z*. For ¢ = 1(n) = o(1), let

. 1
S;Z = {fU = (nlak07k17k2) €S: ’nl - 5‘ < wr;
ky — 6r| < 1r;

iy = 2 <o

- 1
ho— 5| < s

ko — 181"2‘ < r?;
Qs — 67” < ir;

my — 67“ < r;

(4.53)

msg — 27" < r;

Tg — 67“‘ < Yr;

Tg —367“2‘ < @ZJT‘Q}.
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We define S5, this way so that all points in it are close to 2*, where we are using (4.49) to find
around which values each of the functions in the definition of S;Z should be concentrated. The idea
is to define v later in a way that it is small enough so that we can approximate the summation of
n!exp(n fore(Z)) in the integer points x in Sy» but large enough so that what is not included do
not significant effect in the summation ) g 74 n!exp(n fpre(2)).

Next we show that for points in z € S}, with ¢/ = o(1) the set Dy(x) (for some ¢ = o(1)) is a
set of ‘typical’ degree sequences.

Lemma 4.8.4. Let ¢ = o(1). There exists ¢ = o(1) such that, for every integer point z € S, we
have that P(Y € f)(b(ac) | X(z)) =1—o0(1).

We then show that for = x(n) € Sj N 74 and d € 75¢(x), the random pre-kernel P(z,d) is
connected and simple a.a.s.

Lemma 4.8.5. Assume R = o(n). Let ¢, ¢ = o(1). Let = z(n) € S}, be an integer point and
d = d(n) € Dg(x). Then P(z,d) is simple a.a.s.

Lemma 4.8.6. Assume R = o(n). Let ¢,¢ = o(1). Let = € Sy, be an integer point and
d = d(n) € Dg(x). Then P(z,d) is connected a.a.s.

The proofs for Lemmas 4.8.4, 4.8.5, and 4.8.6 are presented in Sections 4.8.3, 4.8.4, and 4.8.5,
respectively. We now show how to prove that the expectation in (4.50) goes to 1 assuming
Lemmas 4.8.4, 4.8.5, and 4.8.6.

Corollary 4.8.7. Let ¢ = o(1) and let = = (n1, ko, k1, k2) € S}, N Z*. Then
E (IP’ (P(nl, ko, k1, k2,Y) simple and connected) ’E(w)) ~ 1.

Proof. Let U(Y) denote the probability that P(z,Y) is connected and simple. Let ¢ = o(1) be
given by Lemma 4.8.4. We have that

E (U(Y)‘E(m)) > 3 PWU@)PY =d|Z(x)).

dE'ﬁd)(x)

By Lemmas 4.8.5 and 4.8.6, we have that P(U(d)) = 1 — o(1) for every d = d(n) € Dy(x). Since
Dg(z) is a finite set for each n, this implies that there exists a function g(n) = o(1) such that
P(U(d)) > 1 — q(n) for every d € Dy(x) by Lemma 2.7.1. Thus,

E (u(Y)|2(@)) = (1~ a(n) P(Y € Dy(x)) = 1~ o(1).

by Lemma 4.8.4. O
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4.8.3 Typical degree sequences

In this section, given an integer point x € S,, ‘close’ to the point z* (more precisely x € S
and ¢ = o(1)), we show that, for a random vector of Y = (Y1,...,Y,,.(»)) of independent

n3(x)
truncated Poisson random variables with parameters (3, A(z)) conditioned upon the event ¥(x)

that Z?::”(f) Y; = Qs(x), the value of Z?:?’(fv) (}2/1) is concentrated around its expected value. More
specifically, we present the proof for Lemma 4.8.4. Recall that

Dy(x) = {d € D(z) : [n(d) —E(n(Y))| < R}

where n(d) = 3772, di(d; — 1)/(2m). We want to show that, given x € Sy, N Z* with ¢ = o(1),
there exists ¢ = o(1) such that P(Y € f)(b(m) |X(z)) >1— ¢, where Y = (Y7,...,Y,,) is a vector
of independent random variables with distribution Po(3, A(z)).

Recall that n3 ~ 2rn = 2R — oo, and Q3/ng ~ 6r/(2r) = 3 for z € Sj. Thus, by the
definition of A(z) (in (4.43)) and Lemma 2.10.3, we must have A(z) = o(1). Then by Lemma 2.10.7,
Var(Y;(Y; — 1)) = ©(A). Thus, by Chebyshev’s inequality,

Var(n(Y)) ~ n30(\) n3
R2¢)2 - R2¢2 =0 R2¢2 )

P (In(Y) ~E(n(Y))| = Re) <

If R3 := Q3 — 3ng < logns, by Theorem 2.10.8 and Stirling’s approximation (Lemma 2.5.1)

P(S(x)) = (1 + o(1))e B8 i{j _ 0 (\%})) _ 0 <\/b1gi%> .

If Q3 — 3nz > logng, by Theorem 2.10.8,

1 1
PE@) ~ V2mnzes(1+n3 — c3) =9 (\/773) ’

where c¢3 = Q3/n3 and n3 = A(x) f1(A(z))/ f2(A(z)), and we used Lemma 2.10.7. Thus,

F (n(Y) - E0(0) 2 Rols) =0 ( 72 ) =0 (s )

since n3 ~ 2R and so it is suffices to choose ¢* = w(1/1/R). This finishes the proof of Lemma 4.8.4.

4.8.4 Simple pre-kernels

In this section, given an integer point x € Sy, ‘close’ to the point z* and d € N™ with some
constraints (more precisely x € Sy and d € Dy(x) with 1, ¢ = o(1)), we show that the random
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multigraph P(z,d) defined in Section 4.8.2 is simple a.a.s., thus proving Lemma 4.8.5. Recall
that a multigraph is simple if it has no loops and no double edges (as defined in Section 4.3).
Any loop (or double edge) involving only 3-edges in the kernel remains a loop (or double edge) in
the pre-kernel. Any double edge involving 2-edges in the kernel will not be a double edge in the
pre-kernel, because each 2-edge will be assigned a unique vertex of degree 1 in the procedure that
creates the pre-kernel from the kernel. A loop in the kernel that is an 2-edge will cease to be a
loop in the pre-kernel if it is split at least once. Note that, if a 2-edge that is a loop in the kernel
is split exactly once, the two 2-edges created will not form a double edge in the final multigraph
since the assignment of vertices of degree 1 to the 2-edges eliminates all double edges involving
2-edges. It is clear that no other loops or double edges can be created. We rewrite these conditions
for the kernel-configuration: the pre-kernel P = P(x,d) is simple if and only if

(A) (No loops in 3-edges) No edge-bin of size 3 has at least 2 points matched to points from the
same vertex-bin.

(B) (No double 3-edges) Assuming no loops in 3-edges, no pair of edges-bins of size 3 has their
points matched to points in the same 3 vertices.

(C) (No loops in 2-edges) For every edge-bin of size 2, its points are matched to points from
distinct vertex-bins or the 2-edge corresponding to this edge-bin is split at least once in the
process that obtains the pre-kernel from the kernel.

We will show that, for x € 57, and d € Dy(x) with 1, ¢ = o(1), the random multigraph P(x, d)
is simple a.a.s., which proves Lemma 4.8.5. We need to show that each of the conditions (A),
(B) and (C) holds a.a.s. We will use the detailed procedure for obtaining kernel-configurations
described in the proof of Lemma 4.8.2. We work in the probability space conditioned upon the
vertices of degree 3 and the points in U being already chosen, since the particular choices of these
vertices and points do not affect the probability of loops or double edges in the kernel.

First we prove (A) holds a.a.s. Consider the case that the loop is on a vertex of degree 2.
There are ks possible choices for the vertex-bin. There are msg choices for the edge-bin of size 3
and 3 - 2 choices for the points inside of the edge-bin to be matched to the points in the vertex-bin
of size 2. Thus, we have 6koms choices. Following the proof of Lemma 4.8.2, after the vertices of
degree 3 and U are chosen, there are

Py P,
(72 sz 58

ways of completing the kernel-configuration. The number of completions of kernel-configurations
containing a given matching that matches 2 points in a vertex-bin of size 2 to 2 points in an

edge-bin of size 3 is then
P3—2 Py
k1 + 2ko — 2)! k1!Qs!
<k1+2k2—2)(1+ ? )<k1> 1@
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Thus, using the definition of S(’;, the probability that there is a loop on a vertex of degree 2 in a
3-edge is at most

Now consider the case that the loop is on a vertex of degree at least 3. There are > %, (di) =n(d)
possible choices for the vertex-bin and 2 points inside it. Since d € D(z) and E (n(Y)) =

ngE (Y1<Y1 — 1)) ~ 6n3 = @(R),

n(d) = O(n3).

There are mg choices for the edge-bin of size 3 and 3 -2 choices for the points inside of the edge-bin
to be matched to the chosen points in the vertex-bin. Thus, we have O(nszms) choices. The
number of completions of kernel-configurations containing one given matching that matches 2
points in a vertex-bin of size at least 3 and 2 points in a edge-bin of size 3 is

P;—2 P
<k13—|— 2k2> (k1 + 2k2)! <kf) k1 (Qs — 2)!

Thus, using (4.54), the probability that there is a loop on a vertex-bin of size at least 3 in edge-bin
of size 3 is

P;—2)! (Qs—2)! (T3)! ngmsTs rn)(rn)(r?n)?
O<”3m3'( 7 : o ) (Ti i)2>!> :O<§3§¥22§> :o(M) =0 =o(1).

This finishes the proof that Condition (A) holds a.a.s. Now we prove that Condition (B) holds
a.a.s. We consider 4 cases:

(B1) The edge-bins corresponding to the double edge have their points matched to points in 3
vertex-bins all of size 2.

(B2) The edge-bins corresponding to the double edge have their points matched to points in 2
vertex-bins of size 2 and 1 vertex-bin of size at least 3.

(B3) The edge-bins corresponding to the double edge have their points matched to points in 1
vertex-bin of size 2 and 2 vertex-bins of size at least 3.

(B4) The edge-bins corresponding to the double edge have none of their points matched to points
in vertex-bins of size 2.

Let us start with (B1). We have O(k3m3) choices for the 3 vertex-bins and 2 edge-bins involved.
There are O(1) matchings between the points 6 in these vertex-bins and the 6 points in these
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edge-bins that creates a double edge. The number of completions for the kernel-configurations
containing a giving matching creating such a double edge is
P3 —6 P2
k1 + 2ky — 6)! k1!1Qs!
<k1—|—2k2—6>(1+ 2 )<k1> 1!Qs!,

where we are following the proof of Lemma 4.8.2, after the vertices of degree 3 and U are chosen.
Thus, using (4.54), the expected number of double edges as in (B1) is at most

P! P
Now let us consider (B2). We have O(k3n(d)m3) choices for the 2 vertex-bins of size 2 and
the points inside them, the vertex-bin of size at least 3 and the points inside them, and the 2
edge-bins of size 3 involved in the double edge. We match 4 points from the 2 vertex-bins of size
2 to the 4 points in the edge-bins of size 3 and 2 points from the vertex-bin of size at least 3
to 2 points in the edges-bins of size 3. The number of completions for the kernel-configurations
containing a giving matching creating such a double edge is

P;—6 P
k1 + 2ky —4)! k1! - 2)!
<k1+2k2—4>( 1+ 2k )<k1> 11(Qs —2)

Thus, using (4.54) and the definition of S}, the expected number of double edges as in (B2) is at
most

(0] (k%ngmg)

(P —6)! (Qs —2)!  T3! k3nsm3T?
o ()

Pl Qs (T3 —2 PJO3
B (r2n)%(rn) (rn)%(r’n)? B f
o () =0 (%)

We analyse (B3) now. There are 2 vertex-bins of size at least 3 involved. We have O(kan(d)?m3)
choices for the vertex-bin of size 2, the 2 vertex-bins of size at least 3 and the points inside them,
and the 2 edge-bins involved. There are O(1) matchings between the 6 points in the vertex-bins
(2 in the vertex-bin of size 2 and 4 in the other vertex-bins) and the 6 points in the edge-bins
creating a double edge. The number of completions for the kernel-configurations containing a
giving matching creating such a double edge is

P;—6 P
k1 + 2ky — 2)! k! —4)!
<k1+2k2—2>( 1+ 2k )<k1> 11(Qs —4)

Thus, using (4.54) and the definition of 57, the expected number of double edges as in (B3) is at
most

0 (kynzm2) (L3 =61 (Qs = 4) T3!4)‘ 0 <k2n§m§T§>

B G (T PIQS
)2ty (o
‘O< (r)®(rn)? )‘O<n>
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We analyse (B4) now. We have O(n(d)>m3) choices for the 3 vertex-bins of size at least 3 and
the points inside them and the 2 edge-bins involved. There are O(1) matchings between the 6
points in the vertex-bins and the 6 points in the edge-bins creating a double edge. The number
of completions for the kernel-configurations containing a giving matching creating such a double

edge is
P;—6 P
2ko)! ! —6)!
(kl n 2/€2> (kl + kg) <k1>/€1 (Qg 6)

Thus, using (4.54) and the definition of Sj,, the expected number of double edges as in (B4) is at
most

Py —6)! (Q3—6)! Tyl ngm3Ts
O(ngmg)( 3P3! H ?&23! | (T356)! :O<;36§))Qg3>
o (PN _ (0
~o (M) =0 (5):

This finishes the proof of that Condition (B) holds a.a.s.

Now consider the event in case (C). First we will bound the expected number of edge-bins of
size 2 with points matched to points from the same vertex-bin (and so corresponding to loops in
the kernel). Since every vertex-bin of size 2 has at least one point being matched to a point in
an edge-bin of size 3, if an edge-bin of size 2 has points matched to the same vertex-bin, such
vertex-bin must have size at least 3. Thus, we have n(d) = O(n3) choices for such vertex-bin and
the two points inside it that will be matched to the points in the 2-edge, and m;, choices for the
edge-bin of size 2 (and 2 choices for the matching of these points). The number of completions for
the kernel-configurations containing a giving matching creating such a loop is

Py Py —2
<k1 N 2k2> (ky + 2/@)!( b >k1!(Q3 —2)!

Thus, using (4.54) and the definition of S, the expected number of loops as in (C) is at most

(PQ—Q)!(Q3—2)! TQ! -\ n3m2_T22
BQ (T2—2)!O(n3m2)_0< ngg>

B (rn)(rn)(rn)2 B
=0 (") =0W©)

So let a(n) — oo such that ar — 0. Then the number of edge-bins corresponding to 2-edges that
are loops in the kernel is less than « a.a.s. For any 2-edge in the kernel, let A; be the event that it
is not split by the ¢-th splitting operation performed when creating the pre-kernel from the kernel.
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Then

ko ko i m, —1 mo mo + ko — 2
P ﬂA@' :H[[» A, ﬂAj -2 2 .72
i iy =1 m, My +1 my + ko — 1
ny—ko—1 6rn

= o1 T am

This together with the fact the expected number of 2-edges that are loops in the kernel is less
than « a.a.s. implies that the probability there is a 2-edge that is a loop in the pre-kernel is
O(ar) 4+ o(1) = o(1). This finishes the proof of Lemma 4.8.5.

4.8.5 Connected pre-kernels

In this section, we analyse the probability that the random multigraph P(x,d) is connected for
z ‘close’ to 2* and d € N™ with some constraints (more precisely = € Sj, and d € Dy(x) with
Y, ¢ = o0(1)). We will show that P(x,d) is connected a.a.s., proving Lemma 4.8.6. Our strategy
has some similarities with the proof by Luczak[46] for connected random 2-uniform hypergraphs
with given degree sequence and minimum degree at least 3. The main difference is that, in our
case, we have some vertices of degree 2 and the matching on the set of points in the bins has some
constraints because of these vertices. This makes it more difficult to compute the probability of
connectedness.

A pre-kernel is connected if and only of its kernel is connected, since the pre-kernel is obtained
by splitting 2-edges of the kernel and assigning vertices of degree 1. Thus, we only need to analyse
the connectivity of the kernel. Let d denote the degree sequence of the vertices of degree at least 3,
k; the number of vertices of degree 2 that are in exactly 7 3-edges (for i = 1,2), m; the number of
2-edges and mg the number of 3-edges.

We say that a kernel-configuration is connected if the 2-uniform multigraph described as
follows is connected: contract each vertex-bin and each edge-bin into a single vertex and add
one edge uv for each edge ij of the matching in the kernel-configuration such that i is in the bin
corresponding to u and j is in the bin corresponding to v. Given a kernel-configuration with
matching M, perform the following operations:

1. For each vertex-bin v with more than 6 points, partition the points of v into new vertex-bins
so that each of the new vertex-bins has 3, 4 or 5 points. Delete v and keep M unchanged.
See Figure 4.7.

2. For each edge-bin e of size 2 such that exactly one of its points, say p., is matched to a
point, say p,, in a vertex-bin v of size 2, do the following. Let p, be the point in e other
than p. and let p! be the point in v other than p,. Let ¢ be the point matched to p, in M
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vertex-bin edge-bins

Figure 4.7: Breaking a vertex-bin into smaller pieces.

vertex-bins edge-bins

Figure 4.8: Transforming an edge-bin of size 2 matched to a vertex-bin of size 2 into an edge of
the matching

and let j be the point matched to p), in M. Delete v and e from the kernel-configuration.
Add a new edge to M connecting ¢ and j. See Figure 4.8.

3. For each edge-bin e of size 2 such that both of its points p. and p, are matched to points p,
and p,, in vertex-bins v and w of size 2, do the following. Let p) be the point in v other
than p, and let p/, be the point in w other than p,,. Let i be the point matched to p) in M
and let j be the point matched to p!, in M. Delete v, w and e from the kernel-configuration.
Create a new vertex-bin of size 2 with points p/ and p!, and add the edges pli and p),j
to M. See Figure 4.9.

See Figure 4.10 for an example of the procedure. If the kernel-configuration created in Step 1 is
connected, the original kernel-configuration was also connected, since splitting vertex-bins cannot
turn a disconnected kernel-configuration into a connected one. We say that the structures in
Step 2 and Step 3 are connected if the 2-uniform hypergraph obtained by contracting each bin
into a single vertex is connected. It is trivial that, if the structure obtained is connected, then the
original kernel-configuration was connected.

Recall that M is chosen u.a.r. from all possible matchings when generating a random kernel as
described in Section 4.8.2. This implies that, in the structure obtained after Step 3, the resulting
matching has uniform distribution among the perfect matchings on the set of points in the bins
such that each point in an edge-bin of size 2 is matched to a point in a vertex-bin of size at least 3,
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vertex-bins edge-bins

Figure 4.9: Transforming an edge-bin of size 2 matched to two vertex-bins of size 2 into a vertex-bin
of size 2

each point in a vertex-bin of size 2 is matched to a point in an edge-bin of size 3, each point in a
vertex-bin of size at least 3 is matched to a point in an edge-bin, and each point in an edge-bin of
size 3 is matched to a point in a vertex-bin.

Here we describe a new model to generate structures as the one obtained by the process above.
Let and t € {3,4,5}" and let t' € {3,4,5}V'. Let L < >_,¢;/2 and L' < 3", #,/2 be such that
Yoiti—2L =), ti —2L" =: K. Let B(t,t', L, L") be generated as follows. In each step, every
choice is made u.a.r.:

1. (Left-bins) For each i € [N], create one bin/set with ¢; points in it. We call these bins
left-bins.

2. (Right-bins) For each i € [N'], create one bin/set with ¢, points in it. We call these bins
right-bins.

3. (Left-connectors) Create L bins with 2 points inside each. We call these bins left-connectors.

4. (Right-connectors) Create L' bins with 2 points inside each. We call these bins right-
connectors.

5. (Matching) Choose a perfect matching such that each point in a left-connector is matched to
a point in a left-bin, each point in a right-connector is matched to a point in a right-bin, each
point in a left-bin is either matched to a point in a left-connector or in a right-bin, and each
point in a right-bin is either matched to a point in a right-connector or in a left-bin. The
edges in the matching from points in right-bins to points in left-bins are called across-edges.

In the structure we obtained from the kernel-configuration, vertex-bins of size at least 3 have the
same role as the left-bins, edge-bins of size 3 have the same role as the right-bins, vertex-bins of
size 2 have the same role as the right-connectors, and edge-bins of size 2 have the same role as the
left-connectors. See Figure 4.10.

We will prove that B(t,t’, L, L') with K — oo is connected a.a.s.
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left-bins right-bins

Figure 4.10: Modifying a kernel-configuration
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Lemma 4.8.8. Let and t € {3,4,5}" and let t' € {3,4,5}"". Let L <, t;/2 and L' < 3, t//2
be such that > ,¢; —2L =>",t; —2L' =: K. If K — oo, then B(t,t’,L, L) is connected a.a.s.

Before presenting the proof for this lemma, we explain how to prove Lemma 4.8.6 assuming
Lemma 4.8.8 holds. In the structure obtained from the kernel-configuration, the number of points
from vertex-bins of size at least 3 (which corresponds to left-bins) that are matched to points in
edge-bins of size 3 (which corresponds to right-bins) is 73 + m; (1), where m; (1) is the number of
edge-bins as described in Step 2 of the procedure. In order to use Lemma 4.8.8 to conclude that
the kernel-configuration is connected a.a.s. (and thus proving Lemma 4.8.6), it suffices to show
that m; (1) — oo a.a.s. (which ensures that the condition K — oo is satisfied).

Let U be the set of points in vertex-bins of size 2 that will be matched to points in edge-bins
of size 2. (See Step 3 in the proof of Lemma 4.8.2.) There are

ways of matching the points in U to points in edge-bins of size 2. For every edge-bin ¢ of size 2,
let X; be the indicator random for the event that i has both of its points matched to points in U.
For xz € S}, we have that m,; ~ ki and so

P(X;=1) = <k21)2! <222___22> (k1 —2)!
R

<111>4! (27:2 _44) (ky — 4)!
P(X;=1,X;=1) = L

~
Y

S

NT67 fOI'i?éj,

and so E (Y, X;) ~mj /4 and Var(>", X;) = o(E (3, X;)?). Thus, by Chebyshev’s inequality,

P50 Xi—E (3, X0)| 2 B (5 %)) = 01(521)

and so we can choose t going to 0 sufficiently slowly so that m; (2) = > . X; ~ m; /4 a.as.
Similarly, m5 (0) = >, X; ~ m; /4 a.a.s. Thus,

my (1) > (1+0(1) 22 — oo

: *
since x € S¢.

We finish this section by presenting the proof for Lemma 4.8.8.
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Proof of Lemma 4.8.8. Let Q =), t; and let Q" = ). t.. The number of choices for the matching

in Step 5 is
Q Q' N @Q
<2L)(2IJ!(217>(21/M}(!_. oL

Let A be a set of left-bins with P points of which S points are matched to a set of left-connectors
(covering all points in these left-connectors). Similarly, let A’ be a set of right-bins with P’ points
of which S’ points are matched to a set of right-connectors. Note that S and S’ must be even
numbers. We compute the number of configurations such that A, A’ form a connected component
with r:= P — S = P’ — 5" across-edges:

((572) (5) (=) e 90)

x rl(K —r)!

(o) (o) s =)

Thus, the probability that A, A’ form a connected component (with parameters S, S’) is exactly

(52)(5) (7).

Q\ (@
P)\ P
So we want to bound the summation:

DS <S§2> <5%//2> <I7“(> (4.55)

/
(BEw) (A <Q)<Q>
(P',S' m') P\ P

where the second summation is over the pairs (A, A") where A is a set of n left-bins with P points
and S points matched to left-connectors and A’ is a set of n’ right-bins with P’ points and S’
points matched to right-connectors; and r = P — S = P’ — S’. Let C be an integer constant to be
determined later.

First consider the case where

P<Cand P <C,
or

Q-P<Cand Q' —P <C.
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We only need to check one of the options above because if AU A’ is disconnected from the rest of
the graph the same is true for the AU A’ where 4 is the complement of A in the set of left-bins
and A’ is the complement of A’ in the set of right-bins. So let us assume P < C and P’ < C.
Then the number of choices for (P, S,n) and (P’,S’,n’) is O(1). Moreover, there are at most (]T\Z)

choices for A and (]7\;,,) choices for A’, where N is the number of left-bins and N’ is the number of

right-bins. Then the summation in (4.55) for this case is at most

<5§2) (S%// 2> (I:> (JD (JZ’/> _0 (LS/ 2(L/)S//2K”N"(N/)"'>

ks

1
=0 QP75/271”/277L (QI)P’fs’/er/2fn’

-0 (gmrm) —

since P—S/2—r/2—n>P—-S5/2—(P—-S)/2—P/3 = P/6 (and similarly for P'—S'/2—r/2—n')
and P or P’ is at least 1.

Now consider the case where

P<Cand Q — P <C,
or

Q—-P<CandP <C.

fP<Cand@Q—-P <C.Thenr=P-S<Candr=P -8 >P -2L' >Q-C-2L'=K-C,
which is impossible since K — oo and C' = O(1).

Finally consider the case

P>C and P' > C,
or

Q-P>Cand Q' —P >C.

Using Stirling’s approximation (Lemma 2.5.1), there is a positive constant « such that
()
r
< aVK.
<[K/21> <LK/2J>
[r/21 )\ [/2]
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Thus, for P and P’ in this range,

e s G0 o )
st (g> <§”> sty ) <g> <g’>

) E)(E R
- Bl

<a Y — IE_N> (]Z>\ﬁ -
(55 (152 5/2 [(//2;1><P —5/2—L L//22JJ>
e D
(55 (%22 15( >)) (g//zz_—%)> |

where u(x) := [2/2] — x/2 and d(x) := /2 — |x/2]. Note that, for P’ < Q'/2,

() . () !

< <1,

) ) )

and for P’ > @Q'/2
( Q'/3 )
Q'/3—P'/3

) () |
K) Q2 d(K) )

Q'/2-d(K)\ Q'/2 — d(
(P’/Q—d(r)> <Q//2 P/2 = d(K) +d(r )> <Q’/2—P’/2—d(K)+d(T)
1
L,

IN

<

IN

< Q'/6 — d(K) )
Q'/6 — P'/6 — d(K) + d(r)
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Thus, for P’ < @',

()
, <L (4.56)
<c]23///22—_c2((f:))> <1 4.56

For C < P < BlogQ,

<JZ> @@ Q/6 —u(K)\ Q O\ F/otul)
(92~ . (22~ < (o)~ (5s0)
P/2 —d(r) P/2 —u(r)

and so by choosing C' big enough and using (4.56)

() ()

BlogQ>6 — (D).

25, (e = oG

C<P<BlogQ
The range @ — Slog@Q < P < () — C can be treated similarly.
There exists a constant v > 0 such that, for Slog@Q < P < Q/2,

<N> (%3 Q/6 — u(K)\
Q/2 —nu(K) =702 -k S <p/6 _Z(r) > = O(y"/67u),
< P/2 —u(r) ) ( P/2 — u(r) )

and so, by (4.56),

) ()vE < Q-0 (4715 = ol1),

> N IR
5 (o) ()

Blog Q<P<Q/2

for sufficiently large constant 5. The range Q/2 < P < @ — flog @ can be treated similarly. The
same argument works for (P, S’ n') and Q'. We are done because P < Q —C or P < Q' — C
(otherwise, it falls in a case that has already been treated). O
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4.8.6 Proof of Theorem 4.8.1

In this section we obtain an asymptotic formula for the number of connected pre-kernels with
vertex set [n] and m = n/2 + R edges, when R = w(n'/?1log®?n) and R = o(n). The complete
proof is contained in this section together with Sections 4.8.7, 4.8.8 and 4.8.9, in which we prove
some lemmas we state in this section. This proves Theorem 4.8.1.

We rewrite the conditions defining S,, C R*. We have that (ny, ko, k1, k2) € Sy, if all of the
following conditions are satisfied:

C1 TLl,kO,k’l,kQZO;

C2) T, > 0 (equivalently, 2n; — 2ko — k1 > 0);

(C1)

(C2)

(C3) T3 > 0; (equivalently, 3ny + k1 + 2ky < 3m);

(C4) Q3 > 3nz > 0 (equivalently, kg — k1 — k2 < 3m —n and ny — ko — k1 — k2 < n);
(C5)

C5) @3 = 0 whenever ng = 0.

For z = (nl, ko, k1, kg) € S, let

P31 P!Qs! —1)! A)ns
5! 2!Q3!(mg — 1) § f3(Q) Qs > 3ns:
(x) = kolk1 ko !ng!ms | T3 1Tl (my — 1)Imy 12222 Gma - A8 (4.57)
Wpre(T) = P3! P! Qs (ms — 1) 1 - '
— — otherwise.
ko!kllkgl’rlg!mg!Tg!TQ!(m; — 1)!m2—!2k22m2 gms 673
Recall that &* = (A%, k%, k%, k3) is defined as
< 3m - 3m 20"
n = %)’ 0= * * %)
g2(A*) g2(A*) f1(A*)g1 (A7)
e B 2x o 3m Ah()
() () 2T (V) 201(0)
where A* = A*(n) is the unique nonnegative solution of the equation
A
ANg) _
f2(2X)

The existence and uniqueness of A* was discussed in Lemma 4.7.4.
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We will show that #* is the unique point achieving the maximum for f in the set S, and
then we will expand the summation around z*. To determine the region where the summation
will be expanded we will analyse the Hessian of fy.. Let

33 12 15 18 47 16 11 -6

1112 6 6 6 1| —16 22 12 2
Ho=s5115 6 7 s and T=g51 11 12 31/3 —4/3 (4.58)

18 6 8 12 6 2 —4/3 —4/3

Later we will see that the Hessian of fyre at * is (—1/r*)Hy — (1/r)T + O(J), where J denotes
the 4 x 4 matrix of all 1’s. For two matrices A, B of same dimensions, we say that a matrix

Let z; = (1,1, —-3,0). Then z; is an eigenvector of Hy with eigenvalue 0. Let ¢; € R* be the
vector such that the i-th coordinate is 1 and all the others are 0. Let

B = {:1: e R : x =121 + Y2e2 + Y363 + Va€4, |v1] < 61n and |y;| < on for i = 2,3,4},

and let B = {(n1/n,ko/n,k1/n, ka/n) : (n1, ko, k1, k2) € B}, that is, B is a scaled version of B.
We will choose d; and 0 later. The set 2* + B (this is the Minkowski sum of {z*} and B) is the
region where we will approximate ) n!exp(n fore(£)) by using Taylor’s approximation. For this,
we show that, for an appropriate choice for 61 and §, the set * + B is contained in S,,.

Lemma 4.8.9. Suppose that 6, = o(r) and that § = o(r?). Let 2 € B. For any function F
among ny(z + z*), k;j(z* + x) for i = 0,1,2, Q3(z* + x) — 3ng(z* + x), and the linear functions
defined in (4.42), we have that F(z* + x) ~ F(z*). Moreover, A(z) ~ A(z").

Proof. Write x as x = y121 + Y2€2 + y3€3 + yaeq with |y1| < 61 and |v;| < 6 for i = 2,3,4. We will
show that F(y121) = o(F(x*)) and F(vye;) = o(F(x*)) for i = 2,3,4. Since F is a linear function,
this implies that F(2* + z) = F(2*) + F(z) = F(2*) 4+ o(F(z*)), proving the first statement in
the lemma.

Using (4.49), we have that F(z*) = Q(r?n) for all the functions F' under consideration and so,
for i = 2,3,4, we have that F(y;e;) = o(r?n) = o(F(z*)) since |vy;| < dn = o(r’n).

Using (4.49), we have that F'(z*) = Q(rn) for all F under consideration except kg, T3 and
Q3 — 3ns. Since |y1| < d1n = o(rn), we have that F(y121) = o(rn) = o(F(z*)) for all F' under
consideration, except ko, T3 and Q3 — 3n3. So let F' be one of the functions ks, T3 or Q3 — 3ns.
Then, using z; = (1,1,—3,0), we have that F(z;) = 0 and so F(z* + x) = F(z*), finishing the
proof of the first statement in the lemma.

Since Q3(z* + x) ~ Qs3(z*) and ns(z* + ) ~ n3(z*), we have that cs(x + z*) = Q3(z* +
x)/n3(z*+x) ~ cz(x*). Thus, since A(y) is defined as the unique solution of Afa(A)/f3(A) = e3(y),
we have that A(z) ~ A(z*) by Lemma 2.10.5. O
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Corollary 4.8.10. Suppose that §; = o(r) and that § = o(r?). Let z € B. Then there exists
¥ = o(1) such that 2* +z € S}, and z* + z is in the interior of Sy,.

Proof. Recall that Sj is defined in (4.53). Lemma 4.8.9 and the definition of Sj, immediately
imply the first part of the conclusion.

We check whether z* + z satisfies the conditions (C1)—(C5) strictly. We have that z* satisfies
the constraints (C1)—(C4) with slack Q(r?n) by (4.49) and recall that r?n — co. By Lemma 4.8.9,
we have that * + z also satisfies all the constraints (C1)-(C4) with slack Q(r?n).

It remains to check (C5). We have that nz(z* + z) ~ n3(z*) = Q(rn) = w(1) and so (C5) is
satisfied strictly. We conclude that * + z is in the interior of Sy,. O

The following lemmas are the main steps in the proof of Theorem 4.8.1. We show that z* is
the unique maximum for f,e in S and compute a bound for any other local maximum.

Lemma 4.8.11. The point £* = (7], 1%6, l%{, l%;) is the unique maximum for fpre in Sm and
s 2 1 1\ ..
fore(Z*) =2rlnn — 4rlnr + <—3ln(2) — gln(?)) + 3) A
2 1 7
—=1In(2) — = In(3) + —— | (A")* + O((\)?).
#(~5m@ - g+ g5 ) (0P + o[

Moreover, there exists a constant § < —(2/9)In(2) — (1/9) In(3) + (7/36) such that any other local
maximum in S, has value at most

2 1 1
2rlnn —4rinr 4+ <—3 In(2) — 3 In(3) + 3> M+ B2

We then estimate the summation of exp(n fpre(Z + %)) over points € B such that « + x* is
integer.
Lemma 4.8.12. Suppose that 7 = o(r/n) and 67 = w(r/n), and 63 = o(r*/n) and 62 = w(r?/n).
Then
Z exp (nfpre(i‘ + :%*)) ~ 144372027/ exp(n fore(Z7)).

reB
z+a*ezt

Finally, we bound the contribution from points far from the maximum.

Lemma 4.8.13. Suppose that 6] = o(r/n) and §? = w(rlnn/n), and 6% = o(r*/n) and §% =
w(r?Inn/n). We have that

Z Wpre(7) = 0 (n!exp(n fore(27))) -
z€S\(z*+B)
Y/
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The proof of Lemma 4.8.11 is deferred to Section 4.8.8. The proofs of Lemmas 4.8.12 and 4.8.13
are presented in Section 4.8.9. We are now ready to prove Theorem 4.8.1.

In order to use Lemmas 4.8.12 and 4.8.13, we need to check if there exists d; such that
83 = o(r/n) and 62 = w(rlnn/n), and § such that 63 = o(r*/n) and 62 = w(r?*Inn/n). There
exists such &, if and only if (r/n)? = w((rlnn/n)3), which is true if and only if n/r = w(In®n),
which is true since r = o(1). There exists such ¢ if and only if (r*/n)? = w((r?Inn/n)?), which is
true if and only if r? = w(In®n/n), which is one of the hypotheses of the theorem.

By Proposition 4.8.3 and Lemma 4.8.9, we have that, for x € (z* + B),
Gpre () = Wpre(z)E (]P’ (P(x,Y) simple and connected) ‘E(x)) P (3(x)),

where Y(z) is the event that a random vector Y = (Y1,...,Y,,(,)) of independent truncated

Poisson random variables with parameters (3, A\(x)) satisfy Z:ﬁgx) = @3(z). By Corollary 4.8.7
and Lemma 4.8.9,

E (]P’ (P(z,Y) simple and connected) ‘E(:c)) ~ 1. (4.59)

By Stirling’s approximation, the definition of fye (in (4.44) and (4.45)), and definition of wpye
(in 4.57) , we have that

Wpre () ~ n!

(2mn)%/2 \ koky konzs T3 Ty

ST 1/2
1 P3PQ3 .
( exp (1 fore(%))-
Since x € (z* + B), by Lemma 4.8.9, we have that
PBGs BB, 1
kokikonamsTsTomy  kiktkspsmsTyTyms  r5/24/6

Next we estimate P(X(z)). We will use Theorem 2.10.8, applied with n3 as the parameter n in
Theorem 2.10.8 and ¢z = @3/n3 as ¢ in Theorem 2.10.8. By Lemma 4.8.9 and (4.49), we have
that Q3(x) — 3ns(x) ~ (Q3(z*) — nz(x*)) ~ 12R?/n = wln(n). Thus, by Theorem 2.10.8,

1
T /2705 + ;@) — c3(2))

where 73(z) = /\(év)fl()\(fﬁ))/*fz(A(fE)) and c3(x) = Q3(x)/n3(x) = A(@) f2(A(x))/f3(A(x)). Since

P(%(z))

)

Qs(x)/n3(x) ~ Q3(2*)/ng(2*), Lemma 2.10.5 implies that A(z) ~ A* — 0 and so (omitting the
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(x) in the following)
L) + AN f5(A) = Afa(A)?

L+ms —es = F2(N)f5(A)

GG 03 (5 5) +A(5 + ) row
G+ 5) (5 +31) =o0"

_ A;5//11424( ON) ~ X~

by Lemma 4.8.9 and (4.49). Moreover, Q3 ~ 6R by (4.49). Hence,

1 1
B() ~ V2r6R)(1 + 13 —c3)  rv/12mn
Thus, .
Srle) = s 3 P )1 of1) (4.60)

for all x € (z* + B). Since (z* + B) NZ* is a finite set for each n, Lemma 2.7.1 implies that
there is a function g(n) = o(1) such that the error in (4.60) is bounded by ¢(n) uniformly for all
r € (z* + B)NZ* Thus,

1
Z gpre(m)Nn!W Z exp(n fpre (7))

z€(x*+B)NZ4 z€(z*+B)
1

~ H'W . 144\/3772712?”7/2 eXp(nfpre(ﬁj*)),

by Lemma 4.8.12. Thus,

> o) ~ Y expn (i)

z€(z*+B)NZ*

Together with Lemma 4.8.13, this finishes the proof of Theorem 4.8.1.

4.8.7 Partial derivatives

In this section, we will analyse the first, second, and third partial derivatives of fyr.. This will be
used in the proof that &* achieves the maximum for fye (Lemma 4.8.11) and also to approximate
the summation around #* (Lemma 4.8.12). See Section A.4 for a Maple spreadsheet.
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Recall that h,(y) = yIn(yn)

—y and, for & = (7y, ko, k1, k2),

Fore(®) = hn(P3) + hn(Pa) + hn(Q3) + h(m2)

— hn (ko) —
— hn(T5) —
—]%21112—7%51112 —
+ n3ln f3(A(x))

where A(z) is the unique positive solution to A fo(

P (k1) —

Using (4.10) to compute the partial derivatives of ngIn f3(A(z)) —

and ks), we obtain

P (kg) —
ha(T2) — 2hy (g

hn(1i3) — hp(1n3)

m31In6

— Q3 In \(z),
)\)/fg()\) = C3, where C3 = Qg/ﬁg.

QsIn\(z) (w.r.t. ny, ko, k1

exp (dfpre ) = 4T3 UCIT (4.61)
dny 9m3Q3T2f3)\
2
exp (dfpre ) - ”23T2’\ (4.62)
d ko 2Q3ko f3(A
exp (d Jore(® ) Tgnng)\ (4.63)
d ky k1Q3f3
2
exp (df pre ) 3A (4.64)
d ks 2k2Q3f3
For the second partial derivatives, we need to compute
8?(n3In f3(\(z)) — Q3 In \(x))
dadb ’
for any a,b € {ny, ko, k1, l%g} Using (4.10), this is
0 (9, 0 0Qs N0 (00 N on( hO) 0Qs1
da ( I fs(A) = =5~ In A) aa< I fs(A) = %, In A) aa< f2(0) b A
_Oc A () 0031
da 63(1 +n3 — 63) fg()\) ob A ’
0Qs 1 %@ ot (o, 0Qs
da ng  da 13 | e3(1+n3—c3) 57 70b
0Qs 0Q3 1
+ —= + = .
( “7 0a ) <C3 b ) Q3(1+mn3 —c3)
(4.65)
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The second partial derivatives now are

Pfoe(d) 9 4 9 1 1 1 4
ondny Py Py T3 Qs n3 mg  Tb
02 fove (2 4 2 1 4 2
forel®) 4,2 1, 4,2
9y 0ko P, Qs n3 Ty my
02 fore( 3 2 1 2
forel®) _ 3 2 1,2, 5
910k, T3 Q3 n3z 1b
02 fore( 6 2 1
forel®) _ 6, 2 1, p
On10ks T3 Q3 n3
02 fore( 4 4 1 4 2 1
{p Ex)zf—i-f—*—*—f—f-%Dkk
OkoOky P Qs n3 1o mgy ko
2 A
w:i—i—z—i—Dkk
O0koOky Qs n3 Ty
2 A
Phwld) _ 41,
OkoOko Q3 n3
02 fore (2 1 1 4 1 1
P11 4 11
Ok, 0k, ki T3 Q3 n3 Ty
02 fore( 2 4 1
{p gx):—f—i—f—f—i—Dkk
Ok10ks T3 Q3 n3
02 fore( 1 4 4 1
{p gm)z—*—*+*—*+Dkk,
OkoOks ko T3 Q3 mn3
where
—1)2
D —__ (s )A;
(1+m3—c3)Q3
1) ez —2
b (= Des—2)
(1+m3—c3)Q3
—92)2
Dy = — (e =2) —-

(1+mn3—c3)Q3

In the next lemma, we find an approximation for the Hessian fpre

by computing the series of each partial second derivative with A — 0.

spreadsheet.

(4.66)

at £*. It follows immediately
See Section A.4 for a Maple

Lemma 4.8.14. The Hessian of fpe at #* is (=1/r2)Hy — (1/r)T + O(J), where Hy and T are

defined in (4.58) and J is a 4 x 4 matrix with all entries equal to 1.
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We will bound the third partial derivatives for points close to x*.

Lemma 4.8.15. Suppose that §? = o(r/n) and §° = o(r*/n). Then for any z € B we have that

O fore(Z* + )

01,0401 t1(2)t2(2)t3(2) = o(1),

for any t1, tg,tg S {’fll, ];‘0, l;‘l, ]232}

Proof. Let x € B. Then z = az; + b, where |o| < §; and b = (0, b2, b3,bs) and |b;| < § and
bTz1 = 0. Recall that z; = (1,1, -3,0) and so & = (v, & + by, —3c + b3, bs). Then, by using (4.66),
we may compute each partial derivative 8t18g§’;eat3 t1(2)t2(2)(t3(2)) exactly. We omit the lengthy
computations here. (See Section A.4 for a Maple spreadsheet.) The third derivative is the sum
of the part involving A and the part that does not involve A\. The part not involving A can be

written as
S T(@a® (a+bo)(=3a+ bs) b,

a=(a1,a2,a3,a4)EN,
a1+az+az+as=3

where each T'(a) is a sum of terms in the format 1/2%, where
z € {f, ko, kv, k2, 73, Py, Py, Qs, T, Ts }.
This can be expanded so that it is
> To(f)al bR bl b,
f=(f1.f2,f3.f4)€{0,1,2,3}x{0,1}?,

fit+fot+fa+fa=3

where each T (f) is also a sum of terms in the format 1/2%, where
FAS {ﬁlv ]%07 ]%1’ E27ﬁ37 P27 P37 Q37T27T3}'

Since 6 = o(r/n) and 6° = o(r*/n) and R® = w(N), we have that 6; = o(r) and § = o(r?).
Thus, by Lemma 4.8.9, we have that z ~ z(2*). Using this fact and computing the series of each
term with » — 0, we obtain T5(f) = O(1/r*=f1), and so 6 = o(r*/n) and &; = o(1/,/n) ensure
WP BT (f)] < 0! SR HITy(£)] = 0(1).

Similarly the part involving A can be written as

> U(f)al o] b by

f:(fl7f27f37f4)€{0717273}X{071}37
fitfetfa+fa=3
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where each U(f) is a sum of terms in the following format

1 (_ (c3 —e1)(2c3 —e2 —e3)
Qs3(1+1—c3) n3

+ (c3 — e2)(c3 — e3) (el + (e —e1) 5 (77(1 il A [N —n) 1)) >

Qs (1+n—c3) Q3(1+n—c3) 3

where e1, e, e3 € {1,2}. Since §; = o(r) and § = o(r?), by Lemma 4.8.9, we have that \(z* +z) ~
A(z*). Using this fact and computing the series of U(f) with » — 0, we have that U(f) =
O(1/r4=11), and so § = o(r*/n) and 63 = o(r/n) ensure \af1b£2b§3b£4U(f)| < 5{15f2+f3+f4|U(f)\ =
o(1). O

4.8.8 Establishing the maximum

In this section, we prove Lemma 4.8.11 which establishes the maximum of f,.e in S. Recall that
the region S where we want to optimise fpre(Z) over is defined by conditions (C1)-(C4). We
rewrite these conditions as follows:

D1 5> 0 and, if fig = 0, then Q3 = 0.

fass <©>
|\/

D2

| \/

(D1)
(D2)
(D3) P
(D4) ko, k1, ke > 0 and T > 0 and T3 > 0;

These conditions are obviously a subset of the conditions (C1)-(C5), with the 17 > 0 being the
only constraint missing, which is implied by T5 > 0. First we will show that £* is the only local
maximum in the interior of S:

Lemma 4.8.16. The point z* = (ﬁ*{,l%g,l%f,l%;) is the unique local maximum for fp. in the
interior of S and its value is

orlnm — drinr + <—§1n(2) - %ln(3) + ;) X (—31n(2) - %m(:s) + 376> ()% + O((\)?).

We will then analyse local maximums when some condition in (D1)—(D4) is tight. The following
lemma will be useful to reduce the number of cases to be analysed by giving sufficient conditions
for a point not being a local maximum.
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Lemma 4.8.17. Let k be a fixed positive integer and S C R be a bounded set. Let f: S — R be
a continuous function such that f(z) = — Y7, f;(z) Int;(x) + g(x), where ¢;(z) = Zle a; x>0
for all z € S. Suppose z(9) € § is such that &(x(o)) = 0 for some i. Suppose there is v € R* such
that z(©) + tv is in the interior of S for small enough ¢ and

dg(z©® + tv)

dt |t=0 > Cv

for some (possibly negative) constant C. Then z(°) is not a local maximum for f in S.

The following lemma gives a bound for the value of fye(2) for any local maximum other
than z*:

Lemma 4.8.18. Let S; be the points in Sy, such that any of the constraints in (D1)—(D4) is tight.
There exists a constant 8 < —(2/9)In(2) — (1/9)In(3) + (7/36) such that any local maximum of
Sy in 57 for fore has value at most

2 1 1
2rlnn —4rinr 4+ (—3 In(2) — 3 In(3) + 3> M+ B2

Note that the constraint Qg = 0 whenever n3 = 0 makes S’m not closed. We analyse the value
of any sequence of points converging to a point with 3 > 0 and ns = 0:

Lemma 4.8.19. Let (2(i))ien be a sequence of points in S, converging to a point z with
Q3(z) > 0 and n3(z) = 0. Then lim;_soq fpre(2;) = —00.

Lemma 4.8.11 is trivially implied by Lemmas 4.8.16, 4.8.18, and 4.8.19. In the rest of this
section, we prove these lemmas.

Proof of Lemma 4.8.16. The computations in this proof are elementary (such as computing
resultants) but very lengthy. See Section A.5 for a Maple spreadsheet.

Since any local maximum must have value exp(d(ﬁre) =1 for any t € {y, ko, k1, ko}, by (4.61)
AT gin X — 9M3Q3T5 f3(A) = 0 (
AsT2A2 — 2Q2ko f3(A) = 0 (4.68
TynzToN? — k1Q3 f3(\) = 0 (
T273A? — 2k2Q2 f3(\) = 0. (

Next we proceed to take resultants between the LHS of these equations to show that there is only
one solution in the interior of S,, satisfying all of them. In these computations, we consider f3(\)
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and A as independent variables. The resultant of the RHS of (4.68) and (4.69) by eliminating
f3(A) is L L o )

N Ton3Q3(601 ko + 4koko + 271 ky — k% — 61hko) = 0
and, since only the last term may possibly be zero in the interior of S,.,, this implies that any
local maximum in the interior of S,, must satisfy

6’&1];‘0 + 4];‘2];‘0 + 27%1];'1 — ]AC% — 67%];‘0 =0, (4.71)

and note that this determines 12:2 in terms of nq, 12:1 and 12:0 for any local maximum in the interior
of Sy,. Similarly, the resultant of the RHS of (4.69) and (4.70) by eliminating A is

F3(N2T202Q% (4koko + 3mky — 3k — k2 — 4n1ko)? =0

and it implies that any local maximum in the interior of S, must satisfy

Akoko + 3rnky — 3hqky — k2 — dRiky = 0. (4.72)
The resultant of the RHS of (4.71) and (4.72) by eliminating ks is

ATy (3rnko — 3hnko — k) = 0,
and it implies that any local maximum in the interior of Sy, must satisfy
ko — 3n1ko — Ak =0, (4.73)

which gives determines /%1 in terms of /%0 and 77.

Taking the resultant of the RHS of (4.67) and (4.71) by eliminating k2 and ignoring the factors
that cannot be zero in S, gives us

— AN R kg — 2METRS 4+ NPy — 20312 ko + 6Nk i ko 4+ ANET R ko + AN AR + 36K3 fa(A\) ki n2
— 72kg f3(\) ki + 36k3 f3 (AN kii® + T2 f3(A)kgnT — 144 f3(A)ankgr + 72f3(\)im*kg = 0
(4.74)

and then we take the resultant of the RHS of (4.73) and (4.74) by eliminating k; and ignoring
the factors that cannot be zero in S, gives us

2TkoAin® — 45koAm2fy + 21ko 2 — 3AASko + 12mas f3(N) + 1205 M

4.75
— 12XmA3 — 12A7A — 4f3(\)7] + 1203 = 0. (4.75)

Taking the resultant of the RHS of (4.68) and (4.71) by eliminating k2 and ignoring the factors
that cannot be zero in S, gives us

8]2:8]"3()\)+4)\212:8+6)\2m1%0+4)\21%1 ];‘0*4]2?0)\2 *2)\2’f11];50+8]%1f3()\)];‘0+)\2];‘%+2f3 ()\)];‘%*2)\27%1]%1 =0
(4.76)
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and then we take the resultant of the RHS of (4.73) and (4.76) by eliminating k; and ignoring
the factors that cannot be zero in S, gives us

2ko f3(A)R2 + X202 ko — 6X iy ko — 12ko f3(N) iy +9N2m2ko + 18ko f3(\)im? — 4N2a2 + 42243 = 0,
R (4.77)
and note that this determines kg in terms of n7 and .

Finally we take the resultant of the RHS of (4.75) and (4.77) by eliminating ko and ignoring
the factors that cannot be zero in .S,,, we get

6AmA1 + 6.f3( Ny + 32y — 6 — 613 — 2f3(\)72 — A2A2 + 6n1\ = 0. (4.78)

We can then use the equation determining A (that is, Afa(A)/f3(A) = Qs/n3) by replacing ko, k1
and kp by the values determined by 721, A and m and taking the resultant with (4.78) by eliminating
ko and ignoring the factors that cannot be zero in S,,:

3re? — 9im?e + e\ — Ae® + 3ime*\ — e*\ + 2X — 12\ + 9n® — 3 + 18\ = 0
which has two solutions for 7: 7 = 1/3 (which is false) or

1AM g2(N)
3 @A)

which has a unique positive solution A* by Lemma 4.7.4, which defines £*. Thus, £* is the only
point in the interior of Sy, such that all partial derivatives at it are zero. We now show that * is
a local maximum. Using the second partial derivatives computed in (4.66) and the series of the
determinants of each leading principal submatrix with A\ — 0, we have that the Hessian at &* is
negative definite, which implies that Z* is a local maximum.

m:

By writing fpre(2*) in terms of A* and computing its series with A — 0, we obtain

orlnn — drinr + (—§ In(2) — éln(3) + ;) X (—2 In(2) — éln(?)) + 376) ()% + O((\)).

O]
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Proof of Lemma 4 8.17. Let I € [q] be the set of indices such that £;(z(?)) = 0. We compute the
derivative of f(z(®) 4 tv) at t = 0, using the fact that ¢; is a linear function,

d f(z© + to) S04 ! - (—6:(z @ + tv) In £, (20 + tv) + £;(2(0) In ¢;(2()))
dt t=0 — t=0" t
a (—i(tv) In (2@ + tv) + 4@ @) (In £;(x@) — In(L;(2©) + tv))
=C+ lim
P t—0+ t
. 4i(2) ti(v)

o _ ( ) _ 7 %
=0 Ztg%a ( o) i tv)) z‘e[;]\l tli%{r t = (1 " tﬁz’(m(O))>

—C+ Z Jim (—&-(v) In (2 + tv)) -3 b
=1

i€lg\I

Since zg + tv is in the interior of S for small enough but positive ¢, we have that ¢;(v) > 0 for all
i € I. Fori € [q] \ I, we have that £;(v)In£;(2(®) 4 tv) + £;(v) is bounded. For i € I, using the
fact that ¢;(v) > 0, we have that £;(v) lim;_,o+ In £;(2(?) + tv) = —oco. Thus, we conclude that

d f(z(© 4 tv)

>0,
dt t=0

which shows that z(9) is not a local maximum. O

Proof of Lemma 4.8.18. We want to find the local maximums in Sy, which is the set of points

in S, such that any of the constraints in (D1)-(D4) is tight. Recall that the constraints (D1)-(D4)
are the following:

>

(D1) > 3n3 > 0 and, if 7z = 0, then Q3 = 0.
(D2) 15 >0

(D3) P53 >0

(D4) ko, k1,ky > 0 and Tp > 0 and T3 > 0;

We split the analysis in the following cases:
Case 1: Qg =ng = 0;
Case 2: Qg = 3ns > 0 and ]53 = 0;

Case 3: Q3 = 33 > 0 and P, = 0;
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Case 4: Qg =3f3 >0 and Py # 0 and b, #0;
Case 5: Qg > 3f3 >0 and P5 = 0;

Case 6: Qg > 3ng > 0 and Py =0.

We will use the definitions in (4.42) many times in the analysis. For Maple spreadsheets with the
computations below see Section A.6 for Case 1, Section A.7 for Case 2, Section A.8 for Case 3,
Section A.9 for Case 4, Section A.10 for Case 5, and Section A.11 for Case 6.

Case 1: Assume that Q3 = ng = 0. Recall that, by definition, we have that Qg =3m—n1 —
Qko - 2k1 - 2]€2, T2 == 2n1 - 2k30 - k:l, and T3 =3m — 3711 ]{?1 — 2/€2 Thus
Qg = TQ + Tg. (479)

Moreover, Tz > 0 and Tg > 0 are constraints in the definition of S”m Thus, since Qg =0, we
have that To = T5 = 0. Recall that n3 =1 —ny — kg — k1 — ko. Hence, we obtain the following
equations:
1—f1 —ko—ki — ko =0,
201 — 2ko — k1 = 0,
31 — 3y — k1 — 2ko.
By solving this system of equation, we obtain the following values for i1, k1, and ko in terms of
ko and m:
ﬁl =2 3m;
ki =4 — 61 — 2ko;
ks = =5 + 91 + ko.
Moreover, Py = 3(m — i) = —6 4 121, Py = 2(Ay — ko) = 4 — 61 — 2ko Thus, fore(z) depends
only on kg and we get
fpre(x) = f(I;:O) = hn(pi%) + hn(P2) + hn(mZ) - hn(l;:O) - hn(lgl) - hn('1;2)
— hp(73) — 2R (5 ) — k2 In2 — 105 In2 — 73 In 6,

where ko € [5 — 97,2 — 3rn]. We have that

—5 + 9ri + ko)ko A% ko k(=5 + 9 + ko) (3 — 2 + ko)

df (3 — 2 + ko)? A2 f 3k — ko + 33/ — 10 — 2712
exp d]% - ( and
0
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For ko € [5 — 9m, 2 — 3], the denominator of the second derivative is always nonnegative and
its numerator is always negative for sufficiently small r (that is, sufficiently large n). Hence, f is
strictly concave. Thus, there is a unique maximum and it satisfies:

(3 — 2 + ko)?

——— =1
(=54 91 + ko) ko

)

that is,
£ oN\2
ko = 7(3773 2
3m—1

We then compute the series for f(ko) at this point with A\* going to zero (by using (4.48)):

f(ko) =2rInn — 4rlnr + <— In(2) — %ln(?)) + ;) N+ (A)2In(\) + O((A%)?).

Case 2: Assume that Q3 = 373 > 0 and P; = 0. Since P53 =0 and P = 3(m — ﬁl) by definition
(see (4.42)), we have that ;1 = m. Moreover, since Ty = P3 — k:1 — 2ky and T3, kl, ki > 0 are
constraints in the definition of Sl, we have that k; = 0 and kg = 0. Using Qg = 3ng and
their definitions in (4.42), we have that 3m — ny — 2k — 2k, — 2ky = 3(1 —ng — ko — ki — kg)
and so ko = 3 — 31 — 21 = 3 — 5. Thus, we only have to compute the value of f; in the
point (71,3 — 51, 0,0). By computing the series of fyre in this point with A\* going to zero (by
using (4.48)), we get

2rin(n) —4rinr + <3 —In(2) — ?l)ln(3)> M4 O0((A")?).

Case 3: Assume that Q3 =33 > 0 and P, = 0. Since P, = 0 and P, = 2(n1 ko) by definition
(see (4.42)), we have that ko = 1. Moreover, since T2 Py — ky and Tb, k; > 0 are constraints
in the definition of Sm, we have that k; = 0. Using Qg = 3n3 and their definition in (4.42), w
have that 3m —n; — Qko - 2]{11 — 2]{32 = 3(1 — Ny — k‘o - kl kg) and so k:g =3—3m—3n1. So let
f(71) == fpre(f1,m1,0,3 — 3 — 371) and g € [2 — 31, 1 — m]. We have that

exp(df):(mS(l—ﬁl—m)3 and aef (21 — 1)(4 — T — 7y)

d iy n — 71)2(—271 + 31) d2h; (=24 71+ 3m)(1 — 1y —m)(1h — )

For ny € [2 — 3m, 1 — /], the denominator of the second derivative is always nonnegative and its
numerator is always negative for sufficiently small r. Hence, f is strictly concave. Thus, there is
unique maximum satisfying

8(1 — iy — 1) — (1 — fy)3(—2h; + 31m)) = 0,
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which has a unique real solution at 1/2 + ar, where a ~ —2.03566, which is the real solution for
90® + 2502 + 19a + 11 = 0.
We then compute the value of the function f at 1/2 + ar:

2rin(n) + 2rlnr 4 5,

with 8 = 1.9389.

Case 4: Now suppose that Q3 = 3n3 > 0 and P; >0 and P2 > (0. By Lemma 4.8.17, we do not
need to consider the cases ko =0, k1 =0, kg =0, T3 =0, Tg =0 and m3 = 0.

Since Q3 = 3ng, we have that ko =3 — 3m — 20y — k; — ke. Thus we analyse the function
F(n, k1, ko) i= fore(fn, 3 — 31 — 27y — ky — ko, k1, ko).
We have that, for any local maximum in this case,

< df > 8P3k3n3n,
exp = =

9

dnq §T26
< df ) 2Pskg
exp — )| =—==1;
d kq Toky
d Pk
exp< Lf> = A?’Aozl;
d ko T2k
and so
8PP kinZing — m3TH = 0; (4.80)
2?3];‘0 - Tﬂ%l = 0; (481)
P2kg — T2ky = 0. (4.82)

By taking the resultant of the RHS of (4.81) and (4.82), by eliminating k1, we get
972 (kg — 3+ 3 + 47y)
(92 ky — 61 ko + n12ky + 273 — 272 — 36m2n1 — 9MA2 + Sdiniy — 27A2 + 18a3) = 0.

Using Q3 = 3n3 and their definition in (4 42), we have that 3m —nq — ko — 2k1 — ko = 3(1—nq—
kg—kl —kz) and so 3m—3 = ko-l—kl +k2—2n1 Thus, k2—3+3m+4n1 = ko-l—kl +2k52+2n1 >0
since we already excluded the case ko = 0. Recall that in this case we have 73 > 0. Thus, for any
local maximum in this case,

9y — 6y ke + 112k + 27° — 272 — 36m%h, — 9MAZ + bdmny — 2772 + 1875 = 0. (4.83)
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This implies that /;:2 can be determined in terms of nq:

i 9(=3im o+ 3 — 2i) (1 — )
> (317 — 71)2 '

By taking the resultant of the RHS of (4.81) and (4.82), by eliminating ko, we get
4472 (k1 — 201) (9 2ky — 6mngky + nl12ky + 36m2n1 — 36mny 4 3602 — 2473 — 12mn?) = 0.

In this case g > 0. Moreover, 27y — ky =0 implies, by the definitions in (4.42), that Ty =
PQ — k:1 =2n1 — 2k0 — /ﬁ < 0 since ko >0in S . But we have already excluded the case T2 =0.
Thus,

k) — 6mngky + nl1%ky + 36m2n, — 36mng + 3602 — 2473 — 12mn? = 0. (4.84)
This implies that 12:1 can be determined in terms of 7nq:

];Z . 12ﬁ1(—3m +3 - 2ﬁ1)(m - ﬁl)
b (31 — )2 '

We take the resultant of the RHS of (4.80) and (4.84) by eliminating k; and then the resultant of
the polynomial obtained with the RHS of (4.83) by eliminating ko and ignoring the factors that
cannot be zero in S,, and we obtain:

187 — 3612 + 18m> — 187y + 18y — 3m?hy + 22A% — 16mat — a3 = 0.

This cubic equation has one real solution for 7; and two complex solutions because the discriminant
A of the polynomial above is —63/4 4+ O(r), which is negative for sufficiently large n. For we have
that the real solution is 1/2 — 7 — 672 — O(r?) and so the value of the function fyr at this point
is, by using (4.48),

orlnn — 4rlng + @ - éln(S) - gln(2)> M+ (” =2 ) - ;m(g)) (A)2 + O((\)).

Case 5: Now suppose that Py = 0 and Qg > fi3 > 0. Since P; = 0 and P; = 3(m — ny)
by definition (see (4.42)), we have that 7y = 7. Moreover, since T3, k1, ks > 0 in S, and
T3 P3 — k:l — 2k:2 by definition, we have that k:l =0 and k‘g = 0. Thus, for any local maximum
with Py = 0, it suffices to analyse

f(3) :== fpre(m, 1 — 1 —ng3,0,0),

where ng € (0,1 — m), since by definition kg = 1 — Ay — k; — kg — fig = 1 — 1 — fig > 0 and
Qg =3m—nq — 2k0 — 2krl — 2k2 =4m — 2+ 2n3 > 0. We do not have to analyse the value at
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the endpoints of the interval for 73 as they were already considered in cases before. Also, in this
case ()3 = P», thus we do not have to check the case P, = 0. Thus, it suffices to consider points

satisfying
df 2(1 = 1 — ng) f3(A)
= = 1
eXp(d%) g\ ’
where Afa(A)/f3(A) = Q3/n3. The equation below is equivalent to
iy = (1—m)f3(N)
fa(XN)

Combining this with the equation defining A implies:

_1-2e*+24+ A+ Ae?
222 —2 -3\ + e’

and since r goes to zero so does A. We have that
1A+Ou%
r=—
24 ’

which implies
A =2\ + O(\")2

We then compute the series of f(ng) with A going to zero:
1 1 1 )
2rlnn —4rinr + —§IH(2)—61n(3)+6 A+ O(N)
1 1 * *\ 2
=2rlnn —4rlnr + fln(2)f§ln(3)+§ A* 4+ O((A*)7).

Case 6: Now suppose that Py=0and Q3 > fi3 > 0. We have that Py, = 2(n1 - ko) Thus, we
have n; = k:o since P2 = 0. Moreover, since Tg, k:l >0in S and T2 Pg — k:1 by definition, we
have that k; = 0. Thus, we only need to analyse

F(h1, k2) = fore(Ri1, 11,0, k2),

where Qg > 3ng > 0 and 153 > (0. Thus, it suffices to consider points satisfying

df\ 2 i df 1 fgA?
exp STASNhE 1 and exp|—— ) === =1,
din ) 9m2fs(\)? d ko 2 kaf3(N)

where Af2(\)/f3(\) = Q3/fi3. The second equation implies that for any local maximum

o 1(1—201)N°
T2 KN
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By using this with the derivative w.r.t. n;, we get
CA2V2 = 3f(N)m
2XA3/20/2 — 3f2()\)
By putting this together with the equation defining A, we have that
(—e* +1+V20)A
f3(X)
which has a unique solution £* ~ 0.8267. For A = ¢*, we have n; = % + ar, with o ~ 1.4887 and

ko = B(1/2 — ny) with 8 ~ 0.1173. By using this values of 77 and ko, we evaluate the function
(nl,kg) as

:0’

2rlnn —4rilnr +61Inr + O(r),

since « < 0,0< g <2and X > 0. O

Proof of Lemma 4.8.19. Let (i) =

(711 (4), ko ( ), k1(i), k2(i)) and similarly for Qs(i), n3(i), ete.
Let A(7) be such that A(7) fa(A(2))/ fi( =
hn(

le (3
A7) = Q3(i)/n3(i). Recall that
Ps) + hn(P2) + hn(Q3) + hn(112)
= (ko) = fon(kv) = hn(k2) = hn(i5) = hn (115
- hn(T?’) - hn(TZ) - 2hn(m5)
—l%gln2—m51n2—m31n6
+nzln f3(A) — Q3In \.
Since S C [0, 1] and the fact that |[ylny| < 1/e for y € [0,1], we have that foe(z) < C +

fizln f3(A) — QsIn )\ for some constant C. Thus, it suffices to show that fig(i)In f3(A(i)) —
Q3(i) In A\(i) = —o0 as i — oo.

(i

fpre(nla kO» kla k2)

Since Q3 (i) converges to a positive number and fi3(i) converges to 0, we have that Qs (i) /fi3(i) —
oo. This implies that (i) — co. Thus,

A3 (i) In f3(A(i)) — Qs(i) In A(i)

< fg(i)A(i) — Q3(i) In A(7), since fz(A) < exp(N)
< i) 240~ Qi) A0, since A() < Qali)/a()

= Q3(1)(1 — In(A(2))) — —o0, since A(i) — oo and lim inf Qg( ) > 0.

1—00
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4.8.9 Approximation around the maximum and bounding the tail

In this section, we approximate the sum of exp(n fyre(z)) over a set of points ‘close’ to z* and
bound the sum for the points ‘far’ from x*. More specifically, we prove Lemmas 4.8.12 and 4.8.13.

Proof of Lemma 4.8.12. We use Lemma 4.8.15 and Lemma 4.8.16, which were proved in Sec-
tion 4.8.7 and Section 4.8.8, resp. Let x € B. By Lemma 4.8.15, since 6] = o(r/n) and
83 = o(r*/n), we have that

O fore(Z* + )

e (@)ha(@)t3(2) = o).

for any ti,te,t3 € {ny, ko, k1, 12:2} By Lemma 4.8.11, we have that

Ofpre(d*)
ot 0,

for any t € {n1, ko, k1, 12:2} Thus, by Taylor’s approximation (Theorem 2.4.1),

exp (nfore(#" + 2)) = exp <n o)+ I 0(1)> , (4.85)

where H is the Hessian of fyre at 2*. Using the fact that B N ((Z* — z*)/n) is a finite set for
each n and Lemma 2.7.1, this implies that

A o niT Hi
Z exp (nfpre(T* + Z)) ~ Z exp <nfpre(:n )+ 5 > . (4.86)
i€B &cB
2€(Z4—x*)/n 2€(Z4—z*)/n
So we need to show that
~T 174
Z exp <n$ 2H$> ~ 144V/37% 722, (4.87)

i€B
2€(Z4—2*)/n

Let
1 0 0 0
1 1 0 0
A= -3 010
0 0 01
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We rewrite the summation in the LHS of (4.87) over C' := {y : Ay € B} as

_ 3 eXp(—nyT(ATHoA)y ny' (ATTA)y | O(ny" Jy)

272 B 2 + 2 )  (4.88)
yel

ye(Zr—A"1z*)/n

by Lemma 4.8.14 (for the definitions of Hy and 7', see (4.58)).  Note that the condition
“% € (Z* — x*)/n” became “y € (Z* — A~12*)/n” because A is an integer invertible matrix and

1 0 0 0
-1 1 0 0

-1 _
AT = 3 010
0 0 0 1

is also an integer matrix. Using the definition of Hy and T in (4.58), we have that

—nu(AT nu( AT n T
5 eXp( y(A"Hod)y ny(A"TA)y  nO(y Jy)) _

/ 272 2r 2
yeC
(Z4 A~ 1 *)/n
Y e - M oo dn o n oy
— . p 12r2 Yo 67"2 Y2Ys3 67"2 Ya2Yq4 — 727"2 y3 9T2 —5Y3Y4 67"2 Ya
yeC
ye(Z*—A"1z*)/n
2Ty1 + y1y2+ y1y3
_Hn 5, 2n _n 3ln 2Jr + i nO(y" Jy)
307 Y2 574?/2?/3 157‘3/23/4 180 Ton Y3 A5 y3y4 45 y4 9 >
(4.89)

The set C' = {y : Ay € B} can be described as
C={yeR:|y1| <&, |y <6 fori=23,4},
since B was defined as

~

B = {jc e R*: & = 121 + Y2e2 + Y363 + Ya€4, |v1] < 61 and |y;| < for i = 2,3,4}.
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Thus, the ranges of the summation for different variables y;’s are independent. We have that

ly1]<é1 j=1
y1€(Z—(A" %)) /n

4
n o9 N n
Z exp < oY + Y2 + L ys + Z O(nylyj))

4

- Z exp (—y%/2+?31?§2+§1ZJ~3+ZO(T§1§J‘)>7

TN =
G1E(Z— (A" a*)1)//Tn

where 7; =

Vnyi/\/r for i = 2,3. We apply Lemma 4.6.1 with « = 1/2, 8 = g2 + 73, ¢ = O(r)
o(1), ¥ = O(rgs + rgs + rgs) = O(r) = o(1), s, = \/Tn — oo and T}, = 614/n/r — oc:

4

> exp ( — Ui /2+ Do+ s+ Y 0(@1%)) ~ V2rnm exp((G2 + §3)%/2).
511 <61/n/r =t

Y1 €(Z— (A" a")1)/(rv/n)

We then proceed similarly for yo, y3 and y4. Fix y3 and y4. Set g; = /ny;/r for i = 3,4. We
apply Lemma 4.6.1 with a = 1/12, 8 = —(1/6)y3 — (1/6)91, & = —(2r/15) + O(r?) = o(1),
= (3r/5)ys —r/15 + 2?23 O(r*y;) = o(1), s, = ry/n — 00 and T, = 6y/n/r — oc:

n o n n 2n 3n
|§;5 exp (— Toral ~ G EYels — o gYaYa — 1o Ys T o Yays 7y2y4 + ZO ny2y; )
Y21=
y2€(Z—(A"" 2%)2)/n
1 5 1. 1. 2r, 3r
= > exp < = 7302 = GUads = GUada — 505 + £ U203 —yg + Z O(r )
[92|<dv/n/r
U2€(Z— (A 2)2)/(rv/n)

~ 2V3mr/nexp((ys + §4)°/12).

Fix y4 and set g4 = /nys/r. We apply Lemma 4.6.1 with a« = 1/72, § =

—(1/8)fs, ¢ = O(r) =
o(1), ¥ = O(rgs) = O(r) = o(1), s, = ry/n — oo and T, = d+/n/r — oc:

4
n
> exp (— 2V~ o s+ YO nygyj/r))
lys|<é

7j=3
Ys€(Z—(A~12%)s)/n
1 1 .
= >, exp < — 05— gUsa+ ) O(ryszm)
|g3|<8v/n/r J=3
Us€(Z— (A" 2%)3)/(rv/n)
~ 6vV271ry/nexp(j3/18)).
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Finally, for y4, we apply Lemma 4.6.1 with « = 1/36, 5 = 0, ¢ = O(r) = o(1), v = 0,
$p =1ry/n — oo and T, = d/n/r — oo:

n 1. .
> exp ( ~ gVt O(ny4y4/?“)) = > exp ( — gl T O(ry4y4)>
lya|<6 [ga|<5y/n/r
Ya€(Z—(A""a*)4)/n Y4 €(Z— (A7 a*)4)/(ry/n)
~ 6T/ TN.
Hence,

ATHA
Z exp <nx 5 x) ~V2rnT - 2V 3Try/n - 6V 27ry/n - 6ry/mn = 144\/§7r2n27“7/2,
ieB

2€(Z4—2*)/n

completing the proof. O

Proof of Lemma 4.8.13. Recall that h,(y) = yIn(yn) — vy,

Ps'P2lQ3'(m2 — 1)' f3(>\)n3

() = 3 Follkalnglmal T3\ Tol(my — 1)lmy 12k22my gms A@s
WprelT) = P3'P2'Q3'(m2 — 1)' 1

kolk ko Inslms T3\ To (my — 1)lmy 12k22m2 Gms 673

if Qg > 3ns;

otherwise.

and, for x € S such that Q3 > 3ng

Fore(&) =hn(Ps) + hn(Py) + hn(Q3) + hn(m2)
— ha(ko) = hn (k1) = hu (ko) = hn(f3) = hn(113)
— (P53 — ky — 2ko) — By (Py — ky) — 2hy, (103
—k2In2 — 75 In2 — 7z n6
+ngln f3(A) — Qsln A,
and, if Q3 = 3ns,

fpre(i') :hn(pi’)) + hn(p2) + hn(QB) + hn(mZ)
- hn(fﬁo) - hn(lgfl) - hn(];?) - hn(ﬁS) - hn(mii)
— (P53 — ky — 2ka) — By (Py — ky) — 2hy, (125
— kyIn2 —shy In2 — 7z In 6

— fi31n6.

132



Thus, by Lemma 2.5.1 (which states that Stirling’s approximation is correct up to a constant
factor), there is a polynomial @(n) such that for & € S,

Wpre () < Q(n)n!exp(n fpre(Z)).

Hence, if we obtain an upper bound for the tail ZIE(S\(x*JrB))m% n!exp(n fore(Z)), we also get an
upper bound for the tail >, g\ (++B))nz4 Wpre() although it is a weaker bound because of the
polynomial factor Q(n).

Let 2 € (S\ (z* + B))NZ*. Let 1, v2,73, 74 be such that x = z* + 121 + Yee2 + 3€3 + Yae4.
Let 87 = w(d1) be such that 6] /01 goes to infinity arbitrarily slowly and let ¢’ be such that ¢’/
goes to infinity arbitrarily slowly. If §; < |y1| < 8] and 6 < |y;| < ¢ for i = 2,3,4, by (4.85),

o5 (fpre(@) o (ME =3 H (@ = 8
exp (1 fore (7)) p( 2 )

where H is the Hessian of fyre at 2*. Recall that, by Lemma 4.8.14, H = (=1/r*)Ho — (1/r)T + J,
where Hy and T are defined in (4.58) and J = J(n) is a matrix with bounded entries. Thus, there
exists a positive constant « such that

exp (n@ — i) H (@ - fc*)) e (n(fe — )7 ((=1/r*)Ho — (1/r)T + J) (& — @*))

2

=2
< < a5%n> ( a62n>>
<max | exp | — ,€Xp | ——
T T
1
(1)’

where the last relation follows from 6?n/r = w(lnn) and §°n/r? = w(Inn).

By Lemma 4.8.11, for any local maximum z in .S other than z*,

exp(nfpre(r)) 1 1 1

xp(nfpme () exp(R07n))  exp(RR2/n)  exp(Q(n*n))’

since R = w(n'/21n*?2(n)). Hence, for any z € S\ (z* + B),

exp(n fpre(7)) _ 1
exp(n fpre(x*)) exp(Q(ln3/2 n))
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Thus,

nA exp(72.fpre(27))
exp(Q(In®/2 n))

> Wpre () < Q(n)n! > exp(nfpre(#)) < Q(n)n!

2e(S\ (a7 1 B))NZ =E(S\a" +B)n2t
= o (nlexp(n fore(2¥))) .

4.9 Combining pre-kernels and forests

In this section, we will obtain a formula for the number of connected graphs with vertex set
[n] and m edges, proving Theorem 4.1.1. We defer the proof of some lemmas to Section 4.9.1.
We will perform Step 4 as described in the overview of the proof in Section 4.4: we will analyse
the summation ). grorest (N, ) geore(n, M — (N — n)/2) by combining the formula obtained for
forests (Section 4.5) and for cores (Section 4.7). We relate the formulae for cores and pre-kernels
(Section 4.8) so that we can deduce the asymptotic value of ) gforest (IV, 1) gpre(n, M — (N —n)/2),
which is the number of connected graphs.
For n € [0, 1], let

1—n 1—n
( 2”)1n(1—ﬁ)+ —

where 1 = nj(n) = 3m/g2(A\*) and \* = A*(n) is the unique positive solution of the equation
Af1(N)g2(N)/ f2(2)\) = 3m/n. We have already discussed the existence and uniqueness of A* in
Section 4.7.

t(n) =— + 1 feore(N]), (4.90)

Elementary but lengthy computations show that

(1;ﬁ)ln(1—fz)+1;ﬁ

2RIn(N) + (2In(3) —In(2) — 2)R + 2RIn(n) + (ln3 - ;ln(2)> n (4.91)

+1n (J;Ql(?;?) i+ (;n + R) In ( g%(ﬁjﬁll((;:));)‘*)g> ’

where R = R/N. See Section A.13 for a Maple spreadsheet. In this section, we use § to denote
y/N. We obtain the following asymptotic formulae.

Theorem 4.9.1. We have that

t(n) = —

N 3
E ( )gforest(N, 1) geore (N, M) ~ 7\[ exp(Nt(n*) + NInN — N) (4.92)
n TA*N
n€[N]
N—n even
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and

g (N) Grorest (N, 1) gpre (11, M) ~ v3 exp(Nt(n*) + NInN — N) (4.93)
ne[N] " N
N—n even

where A\** is the unique positive solution to

20f1(AN)g2(A) — 3/2(2)) _ 6R

AN g1(A) N (4.94)
and -
aro _ J22AT)
m R ) (4.95)

Theorem 4.1.1 follows immediately from Theorem 4.9.1 by simplifying ¢(7*) by using (4.91)
with (4.95) and (4.19). The rest of this section is dedicated to prove Theorem 4.9.1.

The following lemma shows that A** is well-defined.

Lemma 4.9.2. The equation

201N (N) = 3£(20) _
fi(M g1 (V) "

has a unique solution for «, > 0 and it goes to 0 if a,, — 0.

Proof. For the first part, it suffices to show that the function

_ 20 1(N)g2(A) — 3/2(2))
= FNg ()

is strictly increasing and it goes to zero as A — 0. By computing the series of f(\) with A\ — 0,
we obtain f(\) = A?/2+O(M\3) — 0 as A — 0. To show f()) is strictly increasing, we compute its
derivative:

df(d) 2™ +e3r —er —1 - AP —4Xe? — Ne?)

dA fi(A)2g1(A)?
while it is obvious that the denominator is positive for A > 0, it is not immediate that so is the
numerator.

Let g(\) = e +e3d —e —1— A3 —4Xe?) — Ne?. We will use the following strategy: starting

S s ' tg(n) d'g(\)
W.lth i = 1, we check that X T
d*g(A)

55 > 0 for any A, then we obtain g(A) > 0 for A > 0. We omit the computations here. See
Section A.14 in the Appendix for a maple spreadsheet. We have that

d® g(x)
d5

If for some 7 we can show that

|a=o0 = 0 and compute

= 2048¢* — 12e* — 32463 — 486> — 640> — 256 > — 2)e7,
X
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which is trivially positive since exp(z) > 1+ x for all x € R and the sum of the coefficients of the
negative terms is less than 2048. ]

It will be useful to know how A** compares to R and n*. By Lemma 4.9.2, \** = o(1) since
R = o(N). We can write R and 7* in terms of \** by using (4.94) and (4.95). By expanding the
LHS of (4.94) and the RHS (4.95) as functions of A** about 0, we have that

r= Qo).
)2 (4.96)

Next, we state the main lemmas for the proof of Theorem 4.9.1. We defer their proofs to
Section 4.9.1. First we show the relation between gpre(n, m) and geore(n, m) for a certain range
of n. The next lemma follows from Theorem 4.7.1 and Theorem 4.8.1 and a series of simplifications
that show that feoren] = fpre(2™). For the simplifications see Section A.12.

Lemma 4.9.3. Let a3 < as be positive constants. If ;v RN <n < asv RN, then

Gprela ) /3 (4.97)
gcore (n? m)
Moreover, for all n > 0,
gpre(n7 m) < gcore(na m) (498)

This will allow us to obtain the formula for connected hypergraphs from the formula for simple
hypergraphs. We compute the point of maximum for ¢(n):

Lemma 4.9.4. The point 7* is the unique maximum of the function ¢(7) in the interval [0, 1].
Moreover, n* is the unique point such that the derivative of ¢(n) is 0 in (0,1), and ¢'(n) > 0 for
n < n* and ¢'(n) < 0 for n < n*.

We then expand the summation around this maximum and approximate it by an integral that
can be easily computed.

Lemma 4.9.5. Suppose 6> = o(\**/N) and § = w(1/N'/2). Then

=

™ *
> exp(N(i)) ~ || =~ exp(NH(7")).
nen*—IN,n*+35N]|
N—n even

Finally, we show that the terms far from the maximum do not contribute significantly to the
summation:
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Lemma 4.9.6. Suppose that §° = o(A\**/N) and §? = w((In N)/N). Then

N Nlexp(Nt(n*
Z gforest(N, n)gcore(n, m) = p( ( )) '
" Ne)
n€l0,N)\[n*—SN,n*+3IN]

We are now ready to prove Theorem 4.9.1.

Proof of Theorem 4.9.1. In order to use Lemma 4.9.5 and Lemma 4.9.6, we need to check if there
exists § such that % = o(A\**/N) and 62 = w(In N/N). This is true if and only if

log® N
*k\2
v =u (5,

which, by (4.96), is true if and only if

R = w(log® N),

which is true by assumption. Thus, assume that § satisfies 6> = o(A\**/N) and 62 = w(In N/N).
Let J(6) = [n* —dN,n* +0N]|N(2Z — N). By (4.96), we have that

n* = O(\*N) = O(VRN).

Moreover, since §° = o(A**/N) and R — oo,

6N = o(VRN3) = 0<\2}3/73> = o(n*).

Thus, there are constants «; > 0 and ag > 0 such that any n € J(J) satisfies a;vVRN < n <
azv RN. By Lemma 4.9.3

gpre(nvm) N2\/37

Ycore (n7 m

for any n € J(§) and m =n/2+ R. Since R = o(n) and R = w(logn), by Theorem 4.7.1 and by
Theorem 4.5.1, for n € J(§),

n (N —n)INW-n)/2
N (e

1 ~
gcore(na m) ~ 27rn\/77 -n! exXp (nfcore(n1)> and gforest(na N) =
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Thus, for n € J(J), with m = n/2 + R, by Stirling’s approximation and using the fact that
n = o(N) by (4.96),

N N\ n (N —n)INN-1)/2 1 | .
(n>gforest(N7 n)gcore(nam) ~ <n> : N : (Ngn)!Q(N_n)/Q : 27_‘_“\/; + N exXp (nfcore(n1)>

N NINWN-n)/2
N

72 exp (nfcore(ﬁ*{)>

J\/ﬁﬁ - exp (Nt(ﬁ) +NInN N)
By (4.96),
vn \f
TNV2ZR  aNVA"
and so N /6
(n>gforest(N7 n)gcore(na m) ~ WN\/W (499)

for n € J(0). Since J(0) is a finite set for each n, by Lemma 2.7.1, we have that there exists a
function ¢(n) = o(1) such that the o(1) in (4.99) is bounded by ¢(n) for any n € J(4). Thus,

< )gforest n)geore(n,m) ~ Y _ V6 exp <Nt(ﬁ) +NInN — N>
J(6

ne neae) TVVA™ (4.100)
V6 TN

—ex Nt +NInN - N
~ T e Vi) )

by Lemma 4.9.5. Together with Lemma 4.9.6, this proves Equation (4.92) of Theorem 4.9.1.
Equations (4.100) and (4.97) implies that

N 3R V6 7rN
ores Nn rel(7, T N2 ex Nt +N1HN—N
ng%é)(n)gf (N )y 2y VD [T cxpve) )

2\/5- \/\iiNexp(Nt(fz*) +NInN — N)

~ \/\7/% exp(Nt(n*) + NIn N — N),
(4.101)

which, together with Lemma 4.9.6 and the fact that gpre(n, m) < geore(n, m), proves Equation (4.93)
of Theorem 4.9.1. O
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4.9.1 Proof of the lemmas in Section 4.9

In this section, we prove Lemmas 4.9.4, 4.9.5 and 4.9.6. See Section A.15 for a Magle spreadsheet.
We start by computing the derivatives of ¢t. For that, we need to compute d)(‘j T(Ln . This can be
done by implicit differentiation using Equation (4.19) that defines A\* and recalling m = n/2 + R.

We obtain

dxs R

dn — #2ma(r*)’ (4.102)
where 1 ) ) 2ep(2)) 2
_ 1 exp exp ~ 2exp
WEXTR e T Ry T REY (4.103)
Thus, the first derivative of ¢(7), which is defined in (4.91), is
In(1 — ) In 2 f2023)\ 1 m2g1(\*)3
g e (T8 ) g (o o) (1104
The second derivative is
1 2R 4R? b(\*)
C2(1—-n)  (A+2R)n A+ 2R)2 a(\F) f2(2)) (4.105)
where
f2(2)) exp(A)
b(\) = 2Fy (\) — 222 2
) =2A(3) 91(A)
The third derivative is
B S (7 + R)
2(1—n)? " 727+ 2R)2
. i (4.106)
L d <_ AR? ) b(\) AR d < b(A*) ) dA*
dn \ a(n42R)2) a(M)f2(2X*)  a(n+2R)2dA* \a(A*)f2(2X*) ) dn”

Lemma 4.9.7. For § = o(n*) and n € [n* — dN,n* + 6 N|, we have that |\*(n) — \**| = o(n*).
Proof. Given a connected (N, M )-graph such that its core has n vertices and m edges, we have
that m = M — (N —n)/2. Recall that 7* = fo(2A*)/ f1(A\**)g1(A**) by (4.95) and

N () g1 (M) )

by (4.94). Thus,
A (14 exp(20*F) + exp(A*))

M
3 exp(2A*) — 1
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Hence,

A () LA (n*)ga(A" (%) _3m _3M 1 3 3 _ A7) i(AT)g2(A™)

f2(22%(n*)) Copx N n*  2n* 2 f2(20%)

and so \* = A*(n*). The lemma then follows directly from the fact that \** = \*(n*) and
Lemma 4.7.4. ]

Now we bound the third derivative for points close to n*:

Lemma 4.9.8. The third derivative of ¢(n) is O(1/A**) for |n — n*| = o(R*).

Proof. We analyse the terms in (4.106). By Lemma 4.7.4, since n = (1 4 o(1)),

d ! AR(A+R) N _ 1 AR(7 + R))
dn <_2(1—ﬁ)2+ﬁ2(h+2R)2)— 2(1—ﬁ)2+h2(n+zv)2
= | — 1 4V(n*+R) o(n*
= (o Gt i) 0o
1

where the last equality is obtained by computing the series of the expression in the previous
equation using (4.96). For A — 0,

a()) = é + 1% +Oo0?) (4.107)
b(\) = 4\ + O(\?); (4.108)
Thus, by Lemma 4.7.4 and (4.96),
d (_ 4R? ] ) b(X*)  _ AR*(3h— gR) b(\*)
da \ a(n+2R)2) a(A*) 22 ) #2(a+2R)3 a(A*)f2(2A%)
22(37% — 9L ok
~ (2?)2(%* T 22]];))3 a()\*ljg;\c2(;)\**) = )\1* +0(1).
We have that
ddb(;\) ~ dexp(2)) exp(A)(3 exi(ak)) —3-2)) f2(2;1)(i><)1;(2k)
and
da(d) 1 N exp(A)  exp(2\) | exp(\) exp(2\)  4dexp(2)) 4F1(>\)2.
dA A i) A2 () g2(V)? f2(20)  fa(2X)?
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Thus, by (4.102)
4R? 4 < b(\¥) )d)\*
a(h+ 2R)2dN \a(A) fa(2A) ) dn
B AR? (db(/\) 1

T am+2R)2\ dX ‘)\:)\* a(\*) f2(20%)

~ o nE (Cin b 2 2R a0 ) ) <‘nmR<A>> ‘

By Lemma 4.7.4, the above is the value applied at A** with an error of o(A**) and the series for it
with \** — 0 is

2
O(1).
3\* +0(1)
We now present the proofs of Lemmas 4.9.4, 4.9.5 and 4.9.6.

Proof of Lemma 4.9.4. By setting (4.104) to zero and using m = A* f1(A*)g2(A*)/ f2(21*), we get
following value for n

= 4.109
AN )91 (%) (4109
We also know that, by (4.19),
N fi(A)g(N) .. 3 3R
——————— =3m == . 4.110
f2(22%) " ( )
Thus, by combining (4.109) and (4.110), we get the following equation:

6 fi(A*)g1(A*) ’

which has a unique solution \** for R > 0 by Lemma 4.9.2. By computing the series of the second
derivative as A* — 0, we get that the second derivative at n* is

-1+ 0(\Y),

which is negative for big enough n and so n* is a local maximum. O
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Proof of Lemma 4.9.5. Let J(§) = [n* — 0N, n* +N| N (2Z — N). Using Taylor’s approximation,
Lemma 4.9.4 and Lemma 4.9.8, for n € J(J),

exp(Nt()) = exp <Nt(ﬁ*) GO0 Bl (TN»

|
2
Nt// Sk [ 5 ok |2
~ exp <Nt(ﬁ*) + (n )g ] >

since 8% = o(\*/N), and so

3 v Nt'(R9)| — n*?
D exp(Nt(i)) ~ Y exp (Nt(n ) + 5 )

neJ(8) AeJ(6)
. (%) (4.112)
= exp (Nt(n")) Z exp( SN > .
x€[—IN,6N]
(n*+x)e(—N+27)
We change variables from z to y = fx/2 with ¢ = /[t"(i*)[/2 ~ 1. Using § = w(1/V/N) and
Lemma 4.6.1,
t"(n*)x? 5 TN
Z exp <2]V> = Z exXp (—4y ) ~ 7
z€[—6N,6N] y€e[—80v/N /2,60/N /2]
N—(n*N+z)e2Z y€EZ-(£//N)

O]

Proof of Lemma 4.9.6. From Theorems 4.7.1 and 4.5.1, and the definition of ¢, we have that there
is a polynomial Q(N) such that

N
Z (n > gforest(N7 n)gcore (TL, m) < Q(N)N' Z exp(Nt(h))
ng[(i* —0)N,(7*+5)N] nel0,N]

ng[n*—0dN,n*+0N]|

Using Lemma 4.9.4 and (4.112), we have that

S (Vi) < Nexp(Nt() — Q(N52),
nef0,N]
ngn*—dN,n*+J4N]|

and N6? = w(In N) for 62 = w(In N)/N). O
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Glossary for Chapter 4

C(N, M)
N

M

R

n

fulr

i (
AE,

>

)

gcore(na m
gforest(N7 n
gpre(m m
A**

)
)
)
)
)
)

2-edge
3-edge

number of connected 3-uniform hypergraphs on [N] with M edges
used for the number of vertices in the graph

used for the number of edges in the graph

M — N/2 used as an excess function in the graph

used for the number of edges in the core

R/n, scaled R

A — SN

er + k

the unique positive solution to Afx_1(A)/fx(A) =

number of (simple) cores with vertex set [n] and m edges

number of forest with vertex set [N] and [n] as its roots

number of (simple) pre-kernels with vertex set [n] and m edges that are connected

unique positive solution to Ae** +e* +1/(f1(A\)g1(\)) = 3M/N. This is used to
define a point achieving the maximum when combining cores and pre-kernels, p. 58.

F2(2N*) /(f1(A**)g1(A**)). This is the point achieving the maximum when combining
cores and pre-kernels, p. 58.

an edge that contains exactly one vertex of degree 1

an edge that contains no vertices of degree 1

For the core:

For any symbol y, § = y/n denotes the scaled version of y

yIn(yn) —y.

a function used to approximate the exponential part of weore, p- 72
a function used to count cores, p. 78

used as the number of vertices of degree 1

set of alld € (N'\ {0,1})*™™ with ), d; = 3m —m

unique positive solution to Afi(A)/f2(N) = ca(nq)

n — n1, the number of vertices of degree at least 2.

m — ny, the number of 3-edges
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Q2(n1) 3m — nyp, the sum of degrees of vertices of degree at least 2
ca(n1)  Q2(n1)/n2(n1), the average degree of the vertices of degree at least 2.
2 (nl) Any exp()\m /fl()‘m)

G(ni,d) random core with n; vertices of degree 1 and degree sequence d for the vertices of
degree at least 2, p. 73

A*  unique positive solution to Af1(A)g2(A)/f2(2X) = 3m/n. This is used to define a point
achieving the maximum for feore, p. 77

n  3m/nga(\*). This the point achieving the maximum for feore, p. 72

Y (Yi,...,Y,,, where the Y;’s are independent random variables with truncated Poisson
distribution Po(2, s, )

Yn, event that a random variable Y satisfies >, Y; = 3m — ny

For the pre-kernel:

For any symbol y, § = y/n denotes the scaled version of y
ho(y)  yln(yn) —y.
fpre @ function used to approximate the exponential part of wpre, p. 86
Wpre & function used to count pre-kernels, p. 110
ny used as the number of vertices of degree 1
ko used as the number of vertices of degree 2 that are in two 2-edges
k1 used as the number of vertices of degree 2 that are in one 2-edge and in one 3-edge
ko  used as the number of vertices of degree 2 that are in two 3-edges
x used as (n1, ko, k1, k2)
subset of N"3(®) such that d € D(xz) if d; > 3 for all i and 2?23(133) d; = Qs3(x), p. 89
ko + k1 + k2, the number of vertices of degree 2
n — ny — na(z), the number of vertices of degree at least 3

n1, the number of 2-edges in the pre-kernel

2m; (), the number of points in 2-edges in the kernel
m — ny, the number of 3-edges in the pre-kernel

3ms(z), the number of points in 3-edges in the pre-kernel

(z)
()
()
()
5 (x)  mny1— ko, the number of 2-edges in the kernel
()
()
()
()

3m —ny — 2na(x), the sum of the degrees of the vertices of degree at least 3
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Q3(x)/n3(x), the average degree of the vertices of degree at least 3

Ps(z) — k1(z) — 2ka(z), the number of points in 3-edges that will be matched to points
in vertices of degree at least 3

Py(z) — k1(z), the number of points in 2-edges that will be matched to points in
vertices of degree at least 3

unique positive solution to Afa(A)/f3(A) = c3(x)
Q3(x)/n3()

unique positive solution to Afi(N\)g2(N)/f2(2)\) = 3m/n. This is used to define a point
achieving the maximum for fpre, p. 77

This the point achieving the maximum for fyre, p. 87
random kernel (it receives parameters (V, M3, k1, ka2, d)), p. 90

random pre-kernel with parameters x = (n1, ko, k1, k2) and degree sequence d for the
vertices of degree at least 3, p. 90

(Y1,...,Y,,), where the Y;’s are independent random variables with truncated Poisson
distribution Po(3, A(x)).

event that a random variable Y satisfies >, ¥; = 3m — ny — 2ny

a set of points ‘close’ to z*, p. 94
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Chapter 5

Robustness of random k-cores

We consider the following procedure: for a fixed integer k > 3, given a k-core G with n vertices,
delete an edge e chosen uniformly at random from the edges of G and obtain the k-core of the
new graph G — e. Recall that the k-core of a graph can be obtained by a deletion procedure that
iteratively deletes vertices of degree less than k and stops when the remaining graph has minimum
degree at least k. Note that even a vertex with very high degree can be eventually deleted since a
cascading sequence of deletions may occur. From now on, assume we are obtaining the k-core by
applying this deletion procedure (sometimes we will use variants of this procedure but they are all
essentially the same). The deletion of a single edge can have a catastrophic effect on the k-core.
For example, by deleting any edge of a connected k-regular graph, the resulting graph has an
empty k-core. In fact, for any graph G such that there is Hamilton path P where each vertex but
the first is adjacent to at most & — 1 vertices that appear after it in P and the degree of the first
vertex is k, the deletion of any edge incident with the first vertex in P triggers a cascading effect
that causes the whole k-core to collapse when applying the deletion procedure. If the deletion of a
single random edge has a nonnegligible probability of making the k-core empty or at least much
smaller than the original k-core, then one could say that the graph was weak as a k-core. If, on
the other hand, the number of vertices of the new k-core is close to the original one with high
probability, then one could say that the graph was a robust k-core. So the number of vertices
that are excluded from the original k-core can be seen as a measure of robustness of the graph
as a k-core. In this chapter, we will show how this procedure behaves for random k-cores. In
particular, we are interested in the robustness of the k-core of G(n, m).

It is then relevant to know an estimate for the number of vertices in the k-core of G(n,m).
Let us recapitulate some results that were already mentioned in the Introduction. Luczak[46, 45]
has proved that the appearance of a nonempty k-core is a remarkable phenomenon: in the
random graph process for G(n,m), the first nonempty k-core is of order at least 0.0002n vertices.
Informally, this means that the k-core is born ‘giant’. Pittel, Spencer and Wormald [54] proved a
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very precise result that determines the threshold ¢ for the emergence of a giant k-core in G(n, m):
when the average degree 2m/n is below ¢ — n~1/27¢ for some positive ¢ < 1/2, the k-core of
G(n,m) is empty a.a.s. and when the average degree is above ¢ +n~'/27¢ it has order ©(n)
a.a.s. Not only that, they also give quite precise estimates in the number of vertices in the
k-core throughout the whole graph process. After this threshold result, many proofs were given
for the emergence of a giant k-core in graphs and hypergraphs, using a variety of techniques;
see [20, 28, 51, 17, 40, 35, 36, 59]. We show that, if the average degree is above ¢y, + ¢ for a positive
constant e, the k-core is quite robust: the number of vertex deletions triggered by the deletion
of a single random edge is bounded in probability (that is, for any h(n) — oo, however slowly,
the probability that more than h(n) vertices are deleted goes to zero). We actually obtain more
general results, which we describe next.

We consider k-cores chosen uniformly at random from the k-cores with vertex set [n] and m
edges. As we have already mentioned, we use a deletion procedure to find the k-core of a graph.
We analyse the number the vertices deleted when this procedure is applied to G — e, where G is a
random k-core with given number of vertices and edges and e is an edge chosen u.a.r. in E(G).
We show that, if the average degree ¢ = 2m/n of G tends to k, the k-core of G — e is empty a.a.s.
An intuitive reason for why this happens is the following. As mentioned before, for any k-regular
connected graph the graph obtained by deleting any single edge has an empty k-core. Thus, if ¢ is
exactly k, that is G is k-regular, the deletion of any edge makes the deletion procedure delete
the whole connected component that contained that edge. Moreover, the k-core G is k-connected
a.a.s., and so G — e has an empty k-core a.a.s. It is then reasonable to expect that, when c is very
close to k, the k-core of G — e is very small or even empty. We can conclude that the k-core of
G — e is empty for ¢ — k, because we can show that a.a.s. it should have less than vn vertices for
a constant v (which we can choose to be as small as we want) and one can deduce from a result
by Janson and Luczak [36] that, there exists a constant vy > 0 such that, a.a.s., either the k-core
of G — e has at least ygn vertices or it is empty. This is similar to the aforementioned result by
Luczak that says that, a.a.s., either the k-core of G(n,m) has at least 0.0002n vertices or it is
empty.

Next we consider the case when the average degree c of GG is greater than k£ 4+ . We define a
constant ¢, > k and analyse the behaviour of the deletion procedure when the average degree
c is below and when it is above ¢,. For bounded ¢ > ¢}, + ¥(n) with ¢ = w(n~1/%), we have
that, for any h(n) = w(¢)(n)~1), the probability that more than h(n) vertices are deleted goes
to zero. Roughly speaking, this means that G is quite robust as a k-core. In the intermediate
case k+¢ < ¢ < ¢}, — ¢, all vertices are deleted with probability bounded away from zero. Since
¢ > k + ¢, the deletion procedure has a nonneglible probability of stopping without deleting any
vertices at all and so it is not possible to determine the outcome of the deletion procedure a.a.s.
Nonetheless, we also prove that, for any h(n) — oo, a.a.s. either less than h(n) vertices are deleted
or the whole k-core collapses.

For the k-core of G(n,m), the relation between the threshold ¢ for the appearance of the
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k-core and the constant cj we defined plays an important role. For any constant ¢ > 0, if
¢ > ¢, + n~Y2te the average degree of the k-core of G is asymptotic to a certain increasing
function of ¢ with probability tending to 1. The constant ¢} is actually defined as the value of
this function at the threshold c;. This implies that, if the average degree of G(n,m) is above
cr +w(n~/4), the average degree of its k-core is above ¢}, a.a.s. Therefore, using our result for
random k-cores with average degree ¢, + w(n_l/ 4), we can deduce that, if the average degree of
G(n,m) is ¢x + ¢(n) with ¢(n) = w(n~='/*), then, for any function h(n) = w(¢(n)~'), less than
h(n) vertices are deleted a.a.s.

5.1 Main results

Let G = Gi(n,m) be a graph sampled uniformly at random from the (simple) k-cores with vertex
set [n] and m = m(n) edges. For any graph H, let K(H) denote the k-core of H and let W (H)
be the random variable |V (H)| — |V(K(H — e))|, where e is an edge chosen uniformly at random
from the edges of H. Note that |V (H)| — |V(K(H — e))| is the number of vertices we delete from
H — e to obtain its k-core.

Recall that, for every integer k > 0, fx(\) := e* — Zf:ol A¢/il. For every integer k > 1, let

etu
hi(p) = :
(») fe—1(p)
For every integer k > 3, let
ek = inf{hy(p) : p > 0} (5.1)
and let
[ik.c, be the unique positive solution of ¢, = hy(p). (5.2)
We discuss the existence of py ., later. Let
CZ; — Nk,ckfk—l(uk,ck)' (53)
fk(lu’k,ck)

Our main result describes the behaviour of W(Gg(n,m)) according to the range of m. We
remark that W (Gk(n,m)) is a random variable in the uniform probability space with ground
set {(G,e): G €@, e€ E(G)}, where G is the set of all k-cores with vertex set [n] and m edges.
One consequence of working with this probability space is that proving that an event holds with
probability bounded away from zero in it still leaves the possibility that, in a non-negligible
proportion of graphs in G, the event does not hold.

Theorem 5.1.1. Let & > 3 be a fixed integer. Let m = m(n) and ¢ = 2m/n. Then the following
hold.
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(i) If ¢ > k and ¢ — k, then W(Gg(n,m)) = n a.a.s.

(i) Let € > 0 be a fixed real. Suppose that k +¢ < ¢ < ¢, —e. For any function h(n) — oo,
we have that a.a.s. W(Gg(n,m)) < h(n) or W(Gg(n,m)) = n. Moreover, W (Gi(n,m)) =n
with probability bounded away from zero.

(iif) Let ¥(n) = w(n~'/%) be a positive function and let Cy be a constant. Suppose that
. +1(n) < ¢ < Cy. For every h(n) = w(yp(n)~1), we have that P(W (Gg(n,m)) > h(n)) — 0.

We remark that there are some known results about the k-core of random graphs with given
degree sequence under some constraints on the degree sequences (see [35, 20, 28]). Since the degree
sequence of a graph G and the degree sequence of G — e for any edge e € E(G) are very similar, it
is intuitive that one can draw some conclusions about W (Gg(n, m)) by using these results. Indeed,
in the case ¢ > ¢ + ¢ is bounded, one can use [35] to conclude that W (Gx(n,m)) = o(n) a.a.s.
We were not able to derive results for the cases (i) and (ii) directly from known results about the
k-core of random graphs with given degree sequence. These results classify the degree sequences
and provide results according to such classification. The k-core of G(n,m) is the whole graph
while, according to our results, the k-core of G(n, m) — e can be empty in cases (i) and (ii) with
non-negligible probability. Since the deletion of a single edge has very little effect in the degree
sequence of the graph, the existing results we mentioned cannot apply to these cases since they
do not draw different conclusions for two almost identical degree sequences.

We apply Theorem 5.1.1 to study the robustness of the k-core of G(n,m), the random graph
with uniform distribution on all graphs with vertex set [n] and m edges.

Corollary 5.1.2. Let k > 3 be a fixed integer. Let m = m(n) and suppose that ¢ = 2m/n =
cx +1(n) > ¢ +n% and ¢ < Cp, where § is a constant in (0,1/4) and C’o is a constant. Then,
for every h(n) = w(y(n)™"), we have that P(W (K (G(n,m))) > h(n)) —

The proof of Theorem 5.1.1(iii) has a simple strategy. We define a deletion procedure to obtain
the k-core of a random multigraph with minimum degree at least k after deleting one random
edge. We then define a branching process and couple it with the deletion procedure in a way
that the number of particles alive in the branching process is an upper bound for the number
of edges marked to be deleted in the deletion procedure. We show that the branching process
faces extinction in at most h(n) steps a.a.s., which implies that the deletion procedure stops in at
most h(n) steps a.a.s. This implies that the number of deleted vertices is at most h(n) a.a.s. We
then use the well-known fact (Theorem 2.2.2) that the probability that the random multigraph
is simple is ©(1) and so the number of vertices that have to be deleted from the random simple
k-core is also at most h(n) a.a.s.

We now describe the strategy for the proofs of Theorems 5.1.1(i) and (ii). First we define a
random walk and couple it with the deletion procedure for a random multigraph in a way that the
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position of the walk is always bounded from above by the number of endpoints of edges marked to
be deleted. The coupling holds for at least ©(n) steps. We then show that a.a.s. the random walk
either reaches zero in at most h(n) steps or it remains in the positive axis for at least ©(n) steps.
The latter holds with probability bounded away from 0 for ¢ € (k, ¢},) bounded away from the ends
of this interval, and with probability going to 1 for ¢ — k when h(n) goes to infinity sufficiently
slowly. We can then conclude that a.a.s. the deletion procedure for the random multigraph either
deletes at most h(n) vertices or it deletes at least ©(n) vertices, with the latter holding with
probability bounded away from 0 for k < ¢ < ¢}, — ¢ (and with probability going to one in the
case ¢ — k). Since the probability that the random multigraph is simple is ©(1), the same result
can be deduced for the random simple k-core except for the part that states that the number of
vertices deleted is ©(n) with probability bounded away from zero. To deal with this, we show
how to couple the deletion process of the random multigraph and the random simple k-core for
h(n) steps, where h(n) goes to infinity sufficiently slowly.

We then use the differential equation method as described in Section 2.9 to show that,
conditioning upon deleting at least ©(n) vertices, the deletion procedure continues until we have
only yn vertices a.a.s., where we can choose the constant v > 0 to be arbitrarily small. We finish
the proof by applying a result by Janson and Luczak [35] from which we can deduce that for a
small enough v > 0 the k-core should either be empty or have more than yn vertices a.a.s.

The differential equations related to deletion procedures for finding the k-cores of hypergraphs
are strongly related to those for graphs (see, e.g. [17]). For this reason, we expect that the
techniques we used can be extended to analyse robustness aspects of k-cores in hypergraphs.

This chapter is organized as follows. In Section 5.2, we define a deletion procedure for finding
the k-core of a random multigraph G — e and random walks that approximate the behaviour
of the deletion procedure. In Section 5.3, we prove Theorem 5.1.1(iii) and Corollary 5.1.2. In
Section 5.4, we prove an intermediate result for the cases in (i) and (ii) in Theorem 5.1.1: we
show that, for ¢ < ¢ — e and any h(n) — oo, the k-core of a random multigraph G — e either has
n — Q(n) vertices or it has at least n — h(n) vertices a.a.s., and, for ¢ — k, it has n — Q(n) vertices
a.a.s. In Section 5.5, we prove Theorem 5.1.1(i) and (ii), except for the claim in part (ii) that says
that W(Gk(n,m)) = n with probability bounded away from zero, which is handled in Section 5.6.

5.2 Random walks and a deletion procedure

In this section, we will describe a deletion procedure for finding the k-core of a random multigraph
after the deletion of a random edge and we will define random walks that will help us to analyse
this procedure.

We will use the allocation model Gg“‘lti(n, m) restricted to k-cores as described in Section 2.2.
As we mentioned before in Section 2.2, by conditioning Gg‘ul“(n, m) to be simple, we obtain a
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uniform probability space on k-cores with vertex set [n] and m edges. That is, Gi(n, m) has the
same distribution as G}?‘ﬂ“(n, m) conditioned upon simple graphs.

Let Dy(n,m) be the set of d € N” with Y " ; d; = 2m and d; > k for all ¢ € [n]. Recall that
G™%(d) denotes the graph generated using the pairing model and degree sequence d, which we
have introduced in Section 2.2. We recall a few properties of G™*(d) that we have mentioned in
Section 2.2. The random graph Gg‘um(n, m) conditioned upon having degree sequence d has the
same distribution as G™(d). By Lemma 2.10.2, we have that the degree sequence of G2 (n, m)
has the same distribution as Y = (Y7, ...,Y,) where the Y;’s are independent truncated Poisson
random variables with parameters (k, \) conditioned upon the event ¥ that > , ¥; = 2m. For
more information on truncated Poisson random variables, see Section 2.10.

For every multigraph H, let d(H) denote the degree sequence of H. For any d = (dy,...,d,) €
N", let D;(d) be the number of occurrences of j in d and let n(d) = > | di(d; — 1)/(2m).

5.2.1 A deletion procedure

In this section, we describe a deletion procedure for finding the k-core of the random multigraph
GRult(d) — e, where e is an edge chosen u.a.r. from the edges of Giti(d). We will sample
Gg“ﬂ“(d) using the pairing model by discovering one edge at a time. We start by choosing e by
picking two points uniformly at random from the set of all points.

Deletion procedure (d)

e Partition [2m] into n bins Si,. .., S, such that |S;| = d; for every 1 <i <n.

e Iteration 0: choose e by picking distinct points u and v uniformly at random from [2m)].
Delete u and v and mark all points in bins of size less than k.

e Loop: while there is a marked undeleted point, choose one such point « u.a.r. and find the
other end v of the edge incident to u. Delete v and v. If v was in a bin of size exactly k
(now of size k — 1 because we deleted v), mark all the other points in the bin.

After the deletion procedure is over, the k-core can be obtained by adding a random matching
uniformly at random on the undeleted points. Let Zp(d) denote the number of marked points
after the deletion of the edge e chosen in Iteration 0. Note that Zy(d) € {0,k — 2,k — 1,2(k — 1)}.
The case Zp(d) = k — 2 is very uncommon since it means the edge e has both ends in the same
bin and such bin has size k.

Let Y;(d) be the number of undeleted marked points after the j-th iteration of the loop (and
Yo(d) = Zp(d)). The procedure stops when Y;(d) = 0. Let Z;(d) be the number of points that
are marked in the j-th iteration of the loop.
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We mark new points in an iteration of the loop if v was in a bin of size k. The probability
that this happens (denoted by p;(d)) is the ratio of the number of unmarked points in bins of
(current) size k and the number of undeleted points other than u. If v is also a marked point,
then no new points will be marked and v is deleted. In this case, Z;(d) = —1 and the probability
that this happens (denoted by p} (d)) is the ratio of the marked undeleted points other than u
and the number of undeleted points other than u. Thus, in the j-th iteration of the loop,

k—1, with probability p;(d);
Zij(d) = ¢ —1, with probability p’(d);

0, otherwise.

The probabilities of p;(d) and p/(d) are analysed later. We have that

Z;(d)
k—1

W(GE () = Y

j=0
and the number of edges deleted is the number of steps performed by the deletion procedure.

We have that, in the j-th iteration of the loop,

ED(d) — (G + 1)(k = 1) _ kDu() + K

< pi(d 4
om —2j — 1 spid) s 50— (54)
which implies
kDy(d) J
(d) = \) _J ). .
pi(d) 2m—2j—1+0(2m—2j—1 (5:5)

5.2.2 Random walks

Given c and k, we will define random walks in Z that will help us to study the behaviour of the
deletion procedure as we explained in Section 5.1. Recall that A(k, c) is the unique positive root
of Afx—1(N)/fx(X) = c¢. For more properties of A(k, ¢), see Section 2.10.

Let
Ak, c)k—1

(k= Dfe-1(A(k, c))

Let Z(k,c) be a random variable such that

Q(kv C) =

(5.6)

Z(k.¢) k —1, with probability ¢(k, c);
) Cc) =
0, otherwise.

152



The variable Zj is set to be equal to Zy(d). Let Yy = Zy. For j > 0, let Y; =Y,_1 + Z; — 1 where
Z; has same distribution as Z(k,c) and the variable Z; is independent from Zy, Z1,...,Z;_1.

Thus, we defined a random walk such that the position in iteration j is ¥; and the drift is given by
Z; — 1. Similarly, for £ = &(n) > 0 and £ <1 — g(k, ¢), define the random variable Z* (k, c,£) by

k —1, with probability q(k,c) + &;

0, otherwise.

Zt(k,c,€) :{

The variable Z; is set to be equal to Zg(d). Let Y;" = Z. For j > 0, let Yj+ = Y}tl—l—Z;r—l where
Zj+ has same distribution as Z 7 (k, ¢, &) and the variable Zj+ is independent from Zy , Z", ..., Z;f_l.
Note that (Y;);jen and (Y]Jr) jen are actually branching processes.

For £ =¢(n) > 0 and £ < ¢q(k, ¢), define the random variable Z~ (k, ¢, §) by

k —1, with probability ¢(k,c) — &;
Z (k,c, &) =4 —1, with probability &;
0, otherwise.

The variable Z; is set to be equal to Zp(d). Let Y~ = Z;. For j > 0,let Y;” =Y,";+Z; —1 where
Zj_ has same distribution as Z~ (k, ¢, ) and the variable Zj_ is independent from Z,, 7, ,..., Zj__l.

We say that Y} is the number of particles alive in iteration j and that Z; is the number of
particles born in iteration j (and similarly for Yj+, Zf7 and Y;", Z; ).

The random walk given by Z7(k,c, &) is going to be used to bound the number of marked
points in the deletion process by above, while the random walk given by Z~ (k, ¢,§) will bound it
from below. Here we will prove some properties of these random walks.

Recall that hy(p) = pet/fr—1(p) and ¢ = inf{hy(p) : p > 0} = hy(pk,q,). Here we justify
why the infimum is reached by a unique pu.
Lemma 5.2.1. The infimum of {hy(u) : 4 > 0} is reached by a unique positive p that satisfies
k—1

I (5.7)

Moreover, hi(p) = ¢ has exactly two positive solutions when ¢ > ¢y.

Proof. 1t is easy to see that hy is differentiable and its first derivative is

et <1+M_ fk—?(#)).

[ ) A
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When p — 0 and k£ > 3, we have that

e _ (k=)
() = s = ey (1 0() = (14 0,

which goes to oo as u goes to 0. When p — oo, using e > fr_1(u),

pet
= > b
fkfl(ﬂ)

which goes to co as p goes to co. Thus, it suffices to show that there is a unique p such that (5.8)
is zero. Using the fact that fy_o(u) = fr_1(p) + u*=2/(k — 2)!, we have that

b (1)

k—1

el - fe—2(p) et _ H
fk_1<u><”“ “fk_lw) fk_1<u><1 <kf2>!fk_1<u>>

and so the first derivative is 0 if and only if

k—1

G (5.9)

Moreover, f;(p) = fe—1(n) > 0 for g > 0 and any integer ¢. Thus, the functions on both sides
of (5.9) are convex and increasing for > 0 and so (5.9) has a unique solution. This implies that
the equation hg(u) = ¢ has exactly one positive solution for ¢ = ¢j and exactly two solutions when
c> cg. ]

In view of Lemma 5.2.1, define j, . as the largest solution of hy(u) = c.

Lemma 5.2.2. The following hold:

(i) E(Z(k,c)) is a strictly decreasing function of ¢ for ¢ > k, and E (Z(k,¢},)) = 1.

(i) For any e > 0 with ¢} —e > k, there exists a positive constant « such that E (Z(k, ¢} —¢)) >
1+ a.

(iii) Let Cy be a nonnegative integer. There exists a positive constant 8 such that, for any
nonnegative function ¢(n) < Cp, we have that E (Z(k, ¢}, + ¢ (n))) < 1 — Sy(n).

Proof. Let g(c) =E (Z(k,c)). Note that g(c) = (k — 1)q(k, ¢) by the definition of Z(k,c). By the
definition of ¢} in (5.3), we have that \(k,c}) = pu.q, and so

. , Ak, Cl) Hk,cp —
gler) = (k= 1alk, ) = 75— 2)!fk,1(k)\(k, ) =2 ()
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since (5.7) holds for v = g ¢, -

We have that A(k, ¢) is a strictly increasing function of ¢ and vice-versa by Lemma 2.10.4. If
¢ >k, then \(k,c) > 0. Thus, by considering ¢ = ¢(A) = Afx_1(\)/fr(A) and differentiating with
respect to A, we get

iq(k,C) =

1 (E—1D)N=2 MNe=2f 5(0)
d\ ( : >

K=D'\ fict(N) faet (V)2
e A
RECES =Ty (k ARGy ) <0

since Afx—2(N)/fe—1(A) > k —1 for A > 0 (see Lemma 2.10.4). Thus, g(c) is strictly decreasing
for ¢ > k. This finishes the proof of (i).

We now prove (ii) and (iii). By Lemma 2.10.4, for ¢/ > 0 sufficiently small we have that
k <c(e') < k+e. It is easy to see that ¢()\) is a continuously differentiable function on A € [/, 00)
with &’ > 0. Moreover, as already mentioned, ¢()\) is a strictly increasing function of A. By
the Inverse Function Theorem, this implies that A(k, ¢) is a continuously differentiable function
on ¢ € [c(e),Cp] and so g(c) is a continuously differentiable function on ¢. Thus, the infimum
inf{g'(c) : ¢(¢) < ¢ < ).} and the supremum sup{g’(c) : ¢, < ¢ < Cp} are both achieved and are
both negative constants since g(c) is strictly decreasing. By the Mean Value Theorem, there are
positive constants « (depending on €) and § (depending on Cp) such that g(c) > 1 + alc — ¢} for
c(e') < e< ¢, and g(c) <1—Blc— ¢ for ¢, < ¢ < Ch. O

Lemma 5.2.3. Let k,c(n),&(n) be such that E(Z~(k,c,&)) > 1 + ¢, for some constant € > 0.
Then P(Y;” >0, Vj > 0[Z; > 0) is bounded away from 0, and, for any function h(n) — oo,

P (Yj_ >0Vj > h(n)) =1+ o(1).

Proof. The first part follows from the fact that (Yj_)jzo is a random walk in R with positive
expected drift (see e.g. [27, p. 366]).

For the rest of the proof the probabilities are always conditioned upon Z; > 0. Note that
Zj_ are independent random variables with range [—1,k — 1]. Thus, by Hoeffding’s inequality

(Theorem 2.3.1), since Y, = Zy + 3271 (Z; — 1),

B 3 " €I2j
where €’ € (0,¢). For each i € N, let A; denote the event that Y, ,, > (¢ —&')(h + it) and let A;

denote its complement. For j = h(n) and i € N we have that (5.10) implies

5’2(h+z't)> .

CESE (5.11)

P(A;) < exp (—
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Let t(n) be a function such that t(n) — oo and ¢(n) < (¢ —€')h(n)/2. Since Z; > —1, we have
that Y, > 0 for all j" € [h(n) +it(n), h(n) + (i + 1)t(n)] conditioned upon the event A;. Thus,

P <Y-7 >0Vj> h(n)) =1-P <Y-7 < 0 for some j > h(n)>

>1—ZIP’(Y <Oforsome]€[h+zth—i—(z—i—l)]’ ) < ) ZPI)
>0 >0

/2 i
=1-> P(A) >1—Zexp( k};ﬁ;)t)) by (5.11)

>0

— 1 exp (‘M) (1- e (m)) — 1+ 0(1).

5.3 The case ¢ > ¢}, +w(n™1/*)

In this section, we will prove that the random k-core of G (n, m)—e with ¢ = 2m/n > ¢|,+w(n=/4)
(and bounded) has size ‘close’ to n. More precisely, we prove Theorem 5.1.1(iii). We start by
proving a version of Theorem 5.1.1(iii) for random multigraphs with given degree sequence.

Theorem 5.3.1. Let ¥(n) = w(n~'/4) be a positive function and let Cy be a constant. Suppose
that m = m(n) is such that ¢ = 2m/n satisfies ¢, + ¥(n) < ¢ < Cy. Let d € Di(n,m) be
such that |Dg(d) — E (Dg(Y))| < né(n) for ¢(n) = o(vb(n)), where Y = (Y7,...,Y,) and the
Y;’s are independent truncated Poisson random variables with parameters (k, A(k,c)). For every

h(n) = w(¢(n)~!), we have that P(W (G™(d)) > h(n)) = o(1).
Using Theorem 5.3.1, we can deduce a result about multigraphs with given number of vertices
and edges, which is then used to prove Theorem 5.1.1(iii).

Corollary 5.3.2. Let ¥(n) = w(n~'/4) be a positive function and let Cy be a constant. Suppose
that ¢ = 2m/n is such that ¢, + ¢(n) < ¢ < Cy. For every h(n) = w(¢(n)™!), we have that
P(W (G2 (n,m)) > h(n)) = o(1).

Proof of Theorem 5.3.1. We will choose £ big enough so that Z;(d) is stochastically bounded from
above by Z* for j < t(n) steps, where we choose t(n) later. That is, we will couple (Z;(d));=o,..+
and (Z; )j=o,..+ so that Z;(d) < Z;r for j < t(n).

For the first step we set Zj = Zo(d). To couple Z;(d) and Z+, we will show that one can
choose £ > 0 so that for j < t(n),

B(Z} =k —1) = qlk,e) + € > p;(d) = P(Z;(d) = k — 1). (5.12)
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Then one way of coupling Z;(d) and Z;T would be to use a random variable X that has uniform
distribution in [0, 1] and set

o Z7 =Zj(d)=k—1if X € [0,p;(d)];

o Z7 = Z;(d) =0if X € (pj(d),p;j(d) + 1 — q(k,c) — &;

ZF =k—1if X € (pj(d) +1 - q(k, ) = £ 1;
o Zj(d)=-1if X € (pj(d) +1—q(k,c) =& pj(d) + 1 —q(k,c) = § + pj(d)];
e Zj(d) =0if X € (pj(d) + 1 —q(k,c) =+ p(d), 1].

Recall we start the deletion process with n bins with d; points inside each bin ¢. Let p denote
the initial ratio between the number of points in bins of size k and the total number of points.
Since |Di(d) — E(Dr(Y))| < no(n) for ¢(n) = o(yp(n)), we have that, for some function ¢;(n)
such that ¢1(n) = O(¢(n)),

_ kDi(d)  kE(Dg(Y)) Ak OF n
P o = am TR R GGy 2m T
Ak o FeO(K, ©)) B Ak, c)k! (5.13)
= HROG ) AE O fia O ) T T e D a0k )
= Q(k7 C) + ¢1‘

Choose t(n) = 1(n)~'n®, where « is constant in (0,1/2). By (5.5),

<2 (0 (2) o) »(ov0() o)

Since t(n) = ¥(n)"'n® with o € (0,1/2) and ¢ (n)~! = o(n'/*), we have that t(n) = o(n®*).
Together with the fact that 2m > kn, this implies that

pj(d):p(l—FO(ZL))—i-O(ij_Zj)=p+0<;>. (5.14)

Moreover, since o < 1/2 and ¥(n) = w(n=1/%),

W =w(n ) =0 () = w <w>

n

and so t/n = o(1)), which implies
pi(d) =p+o(y) (5.15)
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by (5.14). Thus, by (5.13) and (5.15),

pi(d) = q(k,c) + o() + O(¢) = q(k, ¢) + o(¥),

So we can choose & = o(v)) satisfying (5.12). Note that we also need to choose £ so that
1—gq(k,c) — &> 0. Lemma 5.2.2 implies that ¢(k,c) <1/(k—1) and so any { <1—1/(k —1)
satisfies 1 — q(k,c¢) — & > 0.

We can assume that h(n) < t(n). We will show that
+ ; _
P (YJ = 0 for some j < t(n)) =14o(1).

That is the random walk (YJJF) jen reaches 0 in at most ¢(n) steps a.a.s., which implies by our
coupling that so does (Y;(d)); and so W(G™"(d)) < ¢(n) a.a.s., proving Theorem 5.3.1.

We have that E(Z(k,c,&)) < 1—Bv¢(n)+ (k—1)¢ according to Lemma 5.2.2 for some positive
constant 3. Since & = o(1), we have E (Z1(k,¢,£)) <1 — B'4(n) for some positive constant 3’
Thus, we have that

(k= 1)1 = B'9(n))"™ = 2(k — 1) exp (t(n) log(1 — B(n)))
(k—1)exp (=t(n)B'v(n)) = 2(k — 1) exp (—f'n%) = o(1)

because t(n) = n® /1y (n) with a > 0. By Markov’s inequality this implies
P(Y;" >1) <E(Y;") =o(1),

and we are done. O

5.3.1 Proof of Corollary 5.3.2 and Theorem 5.1.1(iii)

In this section we use Theorem 5.3.1, which is a result for the random multigraph G™%(d),
to prove a result about the random multigraph Gg“‘lti(n,m) which is then used to deduce a
result for the random simple graph Gg(n,m). More specifically, we prove Corollary 5.3.2 and
Theorem 5.1.1(iii).

Let h(n) = w(y(n)~1). Choose ¢(n) such that ¢(n) = o(1(n)) and ¢(n) = w(n=/*). First
we will prove Corollary 5.3.2. We will show that d(G{™"!(n,m)) is in the set of sequences that
satisfy the hypotheses in Theorem 5.3.1 a.a.s. Intuitively, this means that such set of sequences
contains all the ‘typical’ degree sequences for Gfulﬁ(n, m). Let Dy(n,m) be the set of degree
sequences d satisfying | Dg(d) — E (Dg(Y))| < né(n). By Corollary 2.10.2, d(G!% (n, m)) has the
same distribution as Y = (Y7,...,Y,,) such the Y;’s are independent truncated Poisson random
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variables with parameters (k, A(k,c)) and conditioned upon the event ¥ that >, Y; = 2m. Using
Chebyshev’s inequality,

P (| Dk(Y) — E(Dy(Y))| = né(n)) < #W.
By Theorem 2.10.8, we have that
1 1
B ~ V2mne(l +ne —c) =9 (\/ﬁ)

since ¢ is bounded and 7, < ¢ by (2.7). Thus,

multi M P (Y ¢ ’[)k(n’ m)) _ n\/ﬁ —
P (d(GR""" (n,m)) & Dg(n,m)) < ) =0 <n%(n)2> = o(1) (5.16)

since ¢ = w(n=1/4).

For each n, we have that Dy (n,m) is a finite set and for every d € Dy(n,m), we have that
P(W (Glti(d)) > h(n)) = o(1) by Theorem 5.3.1. Thus, by Lemma 2.7.1, there exists f(n) = o(1)
such that

P (W(GE(d)) = hn)) < f(n), (5.17)

for all d € Dy(n, m). We have that
P (W(GE(n,m)) = h(n))
<P <W(G}§"ﬂti(n, m)) > h(n) ‘ d(GP(n, m)) € Dy(n, m)) P (d(G?um(n, m)) € Dy(n, m))
+ P (A(GF"" (n,m) & Di(n,m))

—P (W(Ggmlti(n, m)) > hin) ‘ d(G (1, m)) € Dy(n, m)) +o(1), by (5.16)

= > P(WER(@) = hn)) P (AGE (0, m)) = d ‘ d(GR" (n,m)) € Dy(n,m))
deDy(n,m)

< f(n)P (d(G;;mlti(n, m)) = d ’ d(G (1, m)) € Dy(n, m)) by (5.17)
def)k(n,m)
< f(n) =o(1),
proving Corollary 5.3.2.

We will now prove Theorem 5.1.1(iii). To deduce the result for simple graphs, we impose further
conditions on the degree sequences: let Di(n, m) be the set of degree sequences in Dy(n,m) that
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satisfy the conditions that max; d; < n® for some € € (0,0.25) and that |n(d) — E (n(Y))| < ¢(n)

We have that, by Lemma 2.10.10, Var(Y;(Y; — 1)) = O(1) since ¢ is bounded and so by Chebyshev’s
inequality,

() ()2 o) =0 ().

ng(n)?
By (2.18), we have that

P (m]aXYj > n€> = O(nexp(—n°/2)).

This implies that P(d(G"™"% (n,m)) € Dg(n,m)) is also 1+o0(1). For d € Dg(n,m), the probability
of that Gglum(d) is simple is already known: by Theorem 2.2.2,

P(G™"(d) simple) = exp <_77(d) @, <maxi df))

5.18
Ne 173 max; d? ( )
vee Tyt Ol )

where 1. = Ak, ¢) fu—a(A(k, ¢))/ fr—1(A(k,¢)). For each n, we have that Dj(n,m) is a finite set
and so Lemma 2.7.1 and (5.18) imply that there exists g(n) = o(1) such that

) 2
‘P(Gmum(d) simple) — exp <77C - 77c> ‘ < g(n),

5 (5.19)

for all d € Dy (n, m). Hence,

P (G (n,m) is simple) > P (G™"(d) simple) P (d(Gp™" (n,m)) = d)

and so

=P (W(G};mlti(n, m)) > h(n) ‘ GBI m) s simple)
< P (W(G?ulti(n,m)) > h(n))

P (Gulti(n,m) is simple)

=o(1).

This finishes the proof of Theorem 5.1.1(iii).
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5.3.2 The k-core of G(n,m)

In this section, we use Theorem 5.1.1(iii) to deduce that the k-core of G(n,m) is ‘robust’. More
specifically, we prove Corollary 5.1.2. We will use a result by Pittel, Spencer and Wormald [54,
Theorem 2]. Although this result does not state the number of edges in the k-core, this can be
obtained from its proof with the main steps in [54, Equations (6.18),(6.34)] and [54, Corollary
1] applied to J;. We state [54, Theorem 2] with the addition of a concentration result for the
number of edges here.

Theorem 5.3.3. Suppose ¢ > ¢, +n %, § € (0,1/2) being fixed. Fix o € (3/4,1 — §/2)
and ¢ = min{20 — 3/2,1/6}. Then with probability > 1 + O(exp(—n¢)) (V¢ < (), the ran-
dom graph G(n,m = cn/2) contains a giant k-core with e "%« fi(up .)n + O(n?) vertices and
(1/2) pe,c€™ %< fe—1(pr,c)n + O(n7) edges.

We will now prove Corollary 5.1.2.

Proof of Corollary 5.1.2. Recall that ¢ is bounded and ¢ > ¢; +n %, where ¢ is a constant in
(0,1/4). So 6 = 1/4 — €, where ¢ is a constant in (0,1/4). Let ¢’ < ¢ be a constant such that
g/ <1/4—46/2. Fix 0 = 3/4 + &'. Thus, the average degree of the k-core is

Pk i1 (i) /A
Tr(pk.c) <1 + Ol )>'

The proof of Lemma 5.2.1 shows that A'(pkc,) = 0 and h'(u) > 0 for g > pg,. Since c is
bounded and by the definition of py ¢, this implies that py . = pg.c, + Q(c — ¢x). Moreover, the
function = — xfi_1(x)/fr(z) is smooth. Thus, the average degree of the k-core of G(n,m) is
(¢, +O(c—c))(1+ O(n~1/4*="). Since ¢ — ¢}, > n~% = n~ Y4+ with £ > ¢/, the average degree
of the k-core is ¢}, + Q(c — ¢x). Since ¢ — ¢, = w(n~/*), we can now apply Theorem 5.1.1(iii) to
obtain the desired result. O

5.4 The case k < ¢ < ¢, —¢: deleting O(n) vertices

In this section, we prove that, for ¢ < ¢}, — e and any h(n) — oo, the k-core of Gznum(n, m) —e
either has n — Q(n) vertices or it has at least n — h(n) vertices a.a.s., and it has n — Q(n) vertices
a.a.s. when ¢ — k. This is is an intermediate step for the proof of Theorem 5.1.1(i) and (ii).

First we obtain a result for G™(d):

Theorem 5.4.1. Let € > 0 be a fixed real and let ¢(n) = o(1). Suppose that k < ¢ < ¢} —e. Let d
be such that Di(d) > E (Dr(Y))(1 — ¢(n)), where Y = (Y7,...,Y,) and the Y;’s are independent
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truncated Poisson random variables with parameters (k, Ay ). Then there exists a constant ¢’ > 0
(depending on ¢) such that, for any function h(n) — oo, we have that a.a.s. W(G™(d)) < h(n)
or W(G™"(d)) > &'n. Moreover, W (G™(d)) > 'n with probability bounded away from zero.

We can use Theorem 5.4.1 to prove the same result for GI"t (n, m).

Corollary 5.4.2. Let € > 0 be a fixed real. Suppose that k£ < ¢ < c; — e. Then there exists

a constant ¢/ > 0 (depending on ¢) such that, for any function h(n) — oo, we have that a.a.s.
W(GPW(n,m)) < h(n) or W(GPW(n,m)) > e'n. Moreover, W(G¥W(n,m))) > &'n with
probability bounded away from zero.

For the case ¢ — k, Theorem 5.4.1 implies a stronger result because there is a function
h(n) — oo such that W (G™ ¥ (n, m)) > h(n) a.a.s. From this one can deduce the following result.

Corollary 5.4.3. There exists a constant ¢’ > 0 such that, if ¢ — k, then W (G (n, m))) > &'n
a.a.s.

Proof of Theorem 5.4.1. We will choose £ so that Z;(d) is stochastically bounded from below by
Z;, where Z; has the same distribution as Z(k,c, &), and so that E (Z7(k,c,§)) is bounded
away from 1 from above.

Let p = kD (d)/2m. First we compute the probability that Zy(d) > 0. In Iteration 0, the
probability that e has its endpoint w in a of bin of size k (and so Zp(d) > k — 2) is p, since p is
the ratio of points in bins of size k and the total number of points. Similarly to (5.13),

p = q(k,c) + O(¢1)

for some function ¢1 = O(¢). Lemma 5.2.2 implies that g(k,c) > 1/(k —1). Thus, Zy(d) > 0 with
probability bounded away from zero.

For j > 1, by (5.5) we have that

pj(d) = q(k, ) + O(¢1) + O (th— 2t> ’

where ¢1 = O(¢). Moreover, for j > 1,

pi(d) <

L0l o (1)

om —2j — 1 n

Lemma 5.2.2 implies that E (Z~ (k,¢,€)) > 1+ o' — (k — 1)¢ for some constant o’ > 0. Choose a
fixed £ in (0,a/(k —1)). Thus, we have E(Z~(k,¢,€)) > 1 + « for some a > 0.
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We choose ¢” > 0 small enough so that, by setting t(n) = ”n, we have p;(d) > q(k,c) — &
and P(Z;(d) = —1) < & for any j < t(n). This is possible since

t e'n

(5.20)

om—t 2m—¢e'n
goes to 0 as ¢”” — 0. Thus, we can couple the processes for at least t(n) = &”n steps.

By Lemma 5.2.3, a.a.s. either Y, <0 for some j < h(n) or Y, >0 for all j. Moreover, the
latter occurs with probability bounded away from zero. Note that this means that

P (3j € [h(n),e"n] s.t. Y, < 0) = o(1)
and so, by the coupling,
P (3j € [h(n),e"n] s.t. Yj(d) <0) <P (3j € [h(n),"n] s.t. Y, < 0) = o(1),

which implies that a.a.s. either Y;(d) = 0 for some j < h(n) or Yj(d) > 0 for 1 < j < ¢’n.
Moreover, since
P(3j < h(n) st. Yj(d) = 0) < P(3j < h(n) s.t. Y, =0)

by the coupling, we have that Y;(d) > 0 for 1 < j < &”n with probability bounded away from zero.
Thus, a.a.s. either W(G™W(d)) < h(n) + 2 or W(GPW(n,m)) > "n/(k — 1), and the latter
holds with probability bounded away from zero. This completes the proof of Theorem 5.4.1. [

5.4.1 Proof of Corollary 5.4.2 and Corollary 5.4.3

In this section, we use Theorem 5.4.1 to show that, for ¢ < ¢ — e and any h(n) — oo, the k-core
of Giulti(n, m) — e either has n — Q(n) vertices or it has at least n — h(n) vertices a.a.s., and it has
n—(n) vertices a.a.s. when ¢ — k. More specifically, we prove Corollary 5.4.2 and Corollary 5.4.3.
The proof of Corollary 5.4.2 is very similar to the proof of Corollary 5.3.2; we include it here for
completeness.

First we prove Corollary 5.4.2. Let f)k(n,m) be the set of degree sequences d satisfying
Di(d) > E (Dg(Y))(1 — ¢(n)), where we choose ¢(n) later. Recall that d(G"!*(n,m)) has the
same distribution as Y = (Y1,...,Y,,) such the Y;’s are independent truncated Poisson random
variables with parameters (k, A(k,c)) and conditioned upon the event ¥ that ), Y; = 2m. Using
Chebyshev’s inequality,

n 1
P (|D4(Y) ~ E(Du(Y))| 2 B (D(Y))6(0)) < gz = O(T@(ﬂ)) (5.21)

since ¢ is bounded. If r = 2m — kn < n'/4, by Theorem 2.10.8 (Equation (2.15)), we have that

P(S) ~ e—T% _0 <%>
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by Stirling’s approximation (Lemma 2.5.1). If r > n/4, Theorem 2.10.8 (Equation (2.14)) implies

1 1
B ~ V2mne(l +ne — ¢ =0 <\/ﬁ>
since ¢ is bounded and 7. < ¢ by (2.7). Thus, P(X) = Q(1/4/n), which, together with (5.21),
implies
P (| Dk(Y) — E(Dy(Y))| = E(Dy(Y))o(n))
P(X) (5.22)

IN

P (d(GYi(n,m)) & Dy(n,m)())

(i)

So we choose ¢ = w(n~'/4). Let A(d) be the event that W (G™(d)) < h(n) or W(G™u!t(d)) >
¢’n and " is given by Theorem 5.4.1. Let A(d) denote the complement of A(d). Since Dy(n, m)
is a finite set for each n and P(A(d)) = o(1) for d € Dy(n,m), Lemma 2.7.1 implies that there
exists a function f(n) = o(1) such that

P(A(d)) < f(n) (5.23)
for all d € Dy (n,m). Thus, by (5.23) and (5.21),

P (W(Gmulti(d)) e (h(n), z-:”n))

<P (Z(d) ‘ A(GM (1, m)) € Dy (n, m)) P (d(Ggmlti(n, m)) € Dy(n, m)) +o(1)
< f(n)(1+0(1)) + o(1) = o(1),
proving Corollary 5.4.2.

Now we prove Corollary 5.4.3. Suppose ¢ — k. It suffices to prove that Zp(d) > 0 a.a.s. and
that p;(d) ~ 1 for all j < t(n) for some t(n) that goes to infinity. In the proof of Theorem 5.4.1
we have that

p= Q(kvc) + O(¢1)
where ¢1 = O(¢) and so

t
(d) = q(k
pild) = ath.c) + 00 +0 (5.
by (5.5). Moreover, P(Zy(d)) > p. Thus, we only need to show that g(k,c) — 1. Recall that

Ak, )kt
(k = Dfr—1(A(k, 0))"
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Since ¢ — 0, so does A(k, c). Hence, by computing the series of q(k, c¢) with A(k,c) — 0,

Ak, c)* !

Ak, )kt
=D

q(k,c) = (1+O(X(k,c))) ~ 1.

Thus, we can choose t(n) going to infinity slowly enough (depending only on ¢ and c¢) so that
Zj(d) =k —1for all 1 <j <t(n). Corollary 5.4.3 is now straightforward since we just proved
that there exists h(n) — oo such that W (G™(d)) > h(n) a.a.s.

5.5 Thecase k<c<c¢ —¢

In this section, we will prove that, for ¢ < ¢ — ¢ and any h(n) — oo, the k-core of Gi(n,m) —e
either has at least n — h(n) vertices or it is empty a.a.s. and, for ¢ — k, it is empty a.a.s. More
specifically, we will prove Theorem 5.1.1(i) and Theorem 5.1.1(ii) except for the claim that
W(Gg(n,m)) = n with probability bounded away from zero, which is handled in Section 5.6. We
use the differential equation method as described in Section 2.9. We will also use some results
from [17] about the system of differential equations for the case ¢ > k + ¢.

The strategy of the proof is the following. First we will show that, for a sufficiently small
constant v > 0, a.a.s. the k-core of Gg‘ul“(n, m) — e has either at least yn vertices or it is empty.
This is an application of a result by Janson and Luczak [35, Lemma 5.1] about the size of k-cores
of graphs with given degree sequence. We define a system of differential equations and use
Theorem 2.9.2 to show that the solution to this system of equations approximates the behaviour
of the deletion procedure a.a.s. We show that, if the deletion procedure does not stop in &'n steps,
then the solution to the system of differential equations implies that it will not stop until the
number of undeleted vertices is less than yn, in which case we will show that it should be empty.

We will use the pairing-allocation model P(M, L, V, k) as described in [17]: given a set M of
points together with a perfect matching Ejs on M and two disjoint sets L,V let h be chosen
uniformly at random from the functions mapping M to L UV such that |[h=1(v)| > k for all
v eV and |h~(v)] =1 for all v € L. Let Gp = Gp(M,L,V, k) be the multigraph obtained
by adding edges joining h(a) and h(b) for every ab € Ej; and h(a),h(b) € V. Note that
GBIt (n m) = Gp([2m], @, [n], k) with Ey = {{i,m + i} : i € [m]}.

We say that the vertices in V are heavy vertices and the vertices in L are light vertices. We
will also say that point ¢ € M is in v if h(i) = v.

Cain and Wormald [17] analyse a deletion procedure for obtaining the k-core. Here we will use
a similar procedure with the only modifications being in the first step. The procedure receives as
input & : [2m] — [n] such that |h=1(v)| > k for all v € [n]. We remark that this deletion procedure
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is similar to the one described in Section 5.2.1, but it does not receive the degree sequence as the
input.

Deletion procedure — pairing—allocation (h):

o Let M =[2m|, L=@ and V = [n].

e Iteration 0: Choose ¢ € [m] uniformly at random. Find v = h(i) and w = h(m + i) (that is,
the edge to be deleted is e = uv). Delete i and m + i from M. If u # v and |h=1(v)| = k,
then delete v from V', add k— 1 new elements to L and redefine the action of h on h=1(v)\ {i}
as a bijection to the new elements. Similarly to u, if u # v and |h~!(u)| = k, then delete
u from V, add k — 1 new elements to L and redefine the action of h on h=1(u) \ {m + i}
as a bijection to the new elements. If u = v and |h~1(v)| < k + 1, then delete v from V,
add |h~!(v)| — 2 new elements to L and redefine the action of h on h=1(v) \ {i,m + i} as a
bijection to the new elements.

e Loop: While L # @, choose j € h™'(L) uniformly at random. Delete j and m + j from
M and delete h(j) from L. Find v = h(m + j). If v € L, delete v from L. If v € V and
|h=Y(v)| = k, then delete v from V, add k — 1 new elements to L and redefine the action of
h on h=1(v)\ {i} as a bijection to the new elements.

Let hqg, My, Lo, Vo be the values of h, M, L,V resp., after Iteration 0. Let h;, M;, L;, V; be the
values of h, M, L, V| resp., after the i-th iteration of the loop. Then the proof of [17, Lemma 6]
gives us the same conclusion as [17, Lemma 6]:

Lemma 5.5.1. Starting with h = P([2m], @, [n], k) and conditioning upon the values of M;, L;
and V;, we have that h; has same distribution as P(M;, V;, L;, k).

The following lemma is a simple concentration result for the vertices of degree k in the
pairing-allocation model. It is going to be useful in the analysis of the deletion procedure above.
This lemma can be deduced from [17, Lemma 1].

Lemma 5.5.2. Let M, L and V be disjoint sets with |V| — oo. Let t := |M|—|L|—k|V|. Suppose
that ¢ — oo and that there is a constant € > 0 such that |V| > ¢|M|. The number of vertices of
degree k in Gp(M,V, L, k) is asymptotic to P(Po(k, \) = k)|V|, where A = A(k,t/|V]).

Proof. Similarly to the allocation model (see Section 2.2), the degree sequence of the heavy vertices
of Gp(M, L,V, k) has the distribution Multi>(|V'|,|M|—|L|). Thus, by Lemma 2.10.1, the degree
sequence of the heavy vertices of Gp(M, L, V, k) has the same distribution of Y = (Y7, ... ,Y|V|),
where the Y;’s have are independent random variables with distribution Po(k, ), conditioned upon
the event ¥ that Zz/zl Y; =t. Let Dy be the number of vertices v of degree k in Gp. Let Di(Y)
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denote the number of occurrences of k in Y. Then E (Dg(Y)) = P(Po(k, \) = k)|V| = ©(]V]),
since |M|/|V| is bounded. By Theorem 2.3.1,

P (IDK(Y) ~ E(D(Y))| = 9lV]) < exp(~Q(¢*|V])).
By Lemma 2.10.8, P(X) = Q(1/+/]V]). Thus,

P (IDk(Y) = E(Dy(Y))| 2 6IV]) < O(/[V]) exp(~Q(¢*|V])),

and so it suffices to choose ® = w(1/|V[?~%), for some a > 0. O

5.5.1 No small k-cores

In this section, we show that there is a positive constant « such that the k-core of Gg‘“m(n, m)—e
either has at least yn vertices or it is empty. This is an application of a result by Luczak and
Janson:

Theorem 5.5.3 ([35, Lemma 5.1]). If a degree sequence (dy)nen satisfies Y, e®% < Rn for
constants a and R, then there is a constant « such that a.a.s. no subgraph of G™(d) with less
than yn vertices has average degree at least k.

Lemma 5.5.4. Let Cj be a constant. Suppose that m = m(n) satisfies kn < 2m < Cyn. Then
there exists a constant v such that a.a.s. the graph obtained from Gg‘m“(n, m) by deleting an
edge chosen uniformly at random either has a k-core of size at least yn or its k-core is empty.

Proof. We will use Theorem 5.5.3. We set o € (0,1/3) and we will choose R later. Let Dy (n,m) C
Dy.(n,m) be the set of degree sequences d such that >, e < Rn. Since the degree sequence of
G™ulti(n m) — e is bounded by the degree sequence of G?ulti(n, m), it suffices to show that the
degree sequence d = d(G(n, m)) is in Dg(n,m) a.as.

Let Y = (Y1,...,Y,) be such that the Y;’s are independent random variables with distribution
Po(k, Ac). As already mentioned before, d has the same distribution of Y conditioned upon the
event ¥ that ), Y; = 2m. By Theorem 2.10.8, we have that, if r = 2m — kn < logn,

= (10" (v M) L (),

e

where we used the fact that r! < /27r (g)r For any r — oo,

B 1+0(r 1) S 1+0(r Y
V2mne(l+n.—c) — V2mnCy
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since ¢ < Cp and 7. < ¢ by (2.7). Thus, we conclude that

P(s) = Q(%) (5.24)

For Jy big enough (depending only on Cp), we have that \(k,Cy)/Jo < e~!, which implies
Ak, c)/Jo < e ! since ¢ < Cp and A(k, c) is an increasing function of ¢ (Lemma 2.10.4). Clearly,

Z e®D;j(Y) < eon.
i<Jdo

Let J; = Jo+ (1 + B)logn with B € (3,5 —1). Let p = A(k,c)"~1/((Jo — 1)! fi(A(k, c))). Then

1 pn*/g

Ylognti — 1 — g1 = O(n_ﬂ)'

P (3] > Jy with D](Y) > 0) < npz (148

i>0
Using (5.24) and the fact that and 3 € (1/2, (2a)~! — 1), we conclude that

3j > Jy with D;(Y) > 0)
P(X%)

]P’(miaxdi > J1> :P<3j > Ji with D;(Y) > 0‘2) < P<
= O(n_ﬂ\/ﬁ) = o(1).

And so ‘
Z e™D;(Y) =0 a.a.s.

j>J1
Now we consider j € (Jy, J1]. By Hoeffding’s inequality,
P (|D;(Y) — pPn| > ay/n) < 2¢~2¢°

where pU) = A(k, ¢)7 /(! fr(A(K, ¢))). Together with (5.24) this implies that

2

P(ID;(Y) = pn| > av | T) = O(v/m)e ™.

Thus,

2

P (|Dj(Y) —pYn| > av/n for some j € (Jy, J1]> = (1+pB)logn-O(y/n)e™®
=0(n™"),
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for a = /(1 + p')logn with 8/ > 0. Thus, a.a.s.

Ji (1+8) logn

Z ¥ D;(Y) < eo Z e (p(j)n—f-a\/?z)
j=Jo+1 J=1
(1+B)logn
< o Z e <p,n + a\/ﬁ> , by our choice of Jy
]:
(148)logn 4
< e [ np Z e—21/3 4 ea(JI*JO)(Jl — Jo)av/n since o < 1/3;
j=1
(L+B)at1/2(1og 1)3/2
< ado p n g /
<. (62/3(1_62/3)+ o™ g+ ) ) n

Using 1+ 8 < (2a)~! we have that n(!t9a+1/2 < n®’ for some o/ < 1 and so we can set

R = ™0 <1 ST f =T V1i+B 1+ ﬂ)) :

5.5.2 The case ¢ — k

In this section, we will prove that, for ¢ — k, the k-core of G(n, m) — e is empty a.a.s., proving
Theorem 5.1.1(i). So suppose that ¢ = 2m/n =k + ¢(n), where ¢(n) = o(1) and ¢(n) > 0. Let
S; denote the number of points in heavy vertices just after the i-th iteration of the loop. Let Sy
denote the number of points in heavy vertices after Iteration 0. We will use x as i/n and y(i/n)
to approximate S;/n.

We will use Theorem 2.9.2. Define D, = {(z,y): —y <2z <k —~, v <y <k+~}. Note
that D, is bounded, connected and open. We choose v < min{~o/3, k} so that the k-core cannot
be non-empty and smaller than ygn a.a.s.(yg is given by Lemma 5.5.4). Moreover, we work with
n big enough so that ¢(n) < . After the first step there are at most 2(k — 1) points in Ly and all
the other vertices in Vj and so Sp > 2m — 2(k — 1). Then it is clear that So/n <k+ ¢ < k+~
and Sp/n > 7.

Let Tp = min{i : (i/n, S;/n) ¢ D}. Let W; denote the number of light vertices after iteration
i is performed. We also use the stopping time 7' = min{i : W; = 0}. That is, there are no
light vertices to be deleted and the deletion process has actually ended. We need to check the
boundedness hypothesis, trend hypothesis and Lipschitz hypothesis (see Theorems 2.9.1 and 2.9.2).
The boundedness hypothesis is trivially true: |S; — S;y1| < k always.

169



Now we check the trend hypothesis. Let f(z,y) = —ky/(k — 2x). Let H; denote the history of
the process at iteration ¢ > 1. We need to show that & := |E (S;+1 — Si|H;) — f(i/n, S;/n)| = o(1)
while ¢ < T and 7 < Tp. We have that S;11 — S; is zero if j is matched to a light vertex, is —1 if
J is matched to a point in a heavy vertex with degree > k and is —k if j is matched to a point in
a heavy vertex with degree exactly k. The probability that j is matched to a point in a heavy
vertex is S;/(2m — 2i — 2). The probability that such a heavy vertex has degree k is at least
1—Y"{d; : d; > k}/S; where d is the degree sequence of G (n, m) (we do not sample the degree
sequence, we just decide if the vertex had degree k or not). But, for every degree sequence d such
that > | d; = 2m = kn + n®(n), we have that > {d; : d; > k} < n¢(n). Moreover, S; > yn for
(i/n,Si/n) € Dy. Thus, 1 —> {d; : d; > k}/S; > 1—¢(n)/y=1—0(1) and so we have that

E(Sivr — SilH) = — 9014 0(1)) = £(i/m, Si/n) + o(1)
2m — 21 — 2
and so the trend hypothesis holds. Straightforward computations show that the Lipschitz
hypothesis also holds in D, N {(z,y) : > 0}.

According to [65, Theorem 6.1}, y'(z) = f(x,y) has a unique solution in D, say y*, with
y(0) = k and a unique solution in D, say y**, with y(0) = Sp/n. Note that y* is a fixed
function while y** is a random variable because Sy is a random variable. The Lipschitz condition
implies that, for any z with both (z,y*(2)) and (z,y**(2)) in D, for all 0 < z < x, we have
that |y*(z) — y™*(z)| < x|k — So/n|R =: &3, where R is some big constant and so 3 = o(1). Let
& = o(1) and & > & and & > &. By [65, Theorem 6.1], there is a constant C' and a function
¢ — 0, such that, a.a.s. at each step i < min{T, no} we have that

|S; = ny*(i/n)| < &n, (5.25)

where o denotes the supremum of z such that (z,y*(z)) and (z,y**(2)) are at £°>°-distance at least
C&; of the boundary of D, for all 0 < z < z.

It is straightforward to check that

(@) = k <l<: —]€2x>’“/2'

Let &’ be given by Corollary 5.4.3. For &’ < x < (k — )/2, we have that

_9p\ k21 /
(k—2:c)—y*(m)—(k—2a;)<l—(k k2> )ZZZE.

This implies that, if (5.25) holds at ¢ where e'n < i < (k—~)n/2, then W; = 2m—2i—2—5; = Q(n).
Thus, if (5.25) holds for some step i € (¢'n,on] with T' > ¢, then T' > i + 1 because there are still
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Q(n) points to be deleted. This implies that, conditioning upon 7' > &'n, we have that T > on
a.a.s.

For any constant « € (0,), using the fact that {3 = o(1), there exists  such that z < on and
the ¢*°-distances of (x,y*(x)) and (x,y**(x)) to the boundary of D, are in (C&, «). For such an
x we have T > z a.a.s. because T' > on a.a.s. (conditioning upon T > &'n). Thus, (5.25) holds
a.a.s. Since x is at £°°-distance at most a of the boundary of D,, either 22 > k — v — «a or
y*(z) < v+ a. We excluded y*(z) > k + v — a because y*(0) = k and y* decreases as x increases.
For n sufficiently large so that |{(n)| < 7, the equation (5.25) with 2z > k—y—a or y*(z) < v+«
shows that 5; < nyg a.a.s.

Since T' > ¢'n a.a.s. by Corollary 5.4.3, the k-core would have to be smaller than yyn a.a.s. and
so it must be empty a.a.s. by Lemma 5.5.4. We conclude that W (G™W(n, m)) = n a.a.s. Since
the probability that GI"(n, m) is simple is (1) (as in (5.18)), we have that W (Gy(n,m)) =n
a.a.s.

5.5.3 The case c€ [k +e,c+k —¢

In this section, we will prove that, for ¢ < ¢ — e and any h(n) — oo, the k-core of Gi(n,m) — e
either has at least n — h(n) vertices or it is empty a.a.s., proving Theorem 5.1.1(ii) except for the
claim that W (Gg(n,m)) = n with probability bounded away from zero, which is addressed in
Section 5.6. Let €’ be given by Corollary 5.4.2. Assume that ¢ — C € [k +¢,c+ k' — €], where C
is a constant. We will explain later how to drop this assumption.

We use the deletion procedure described in the beginning of the section. For each i, let S;
denote the number of points in heavy vertices right after iteration ¢, let I; denote the number of
heavy vertices right after iteration ¢ and let W; denote the number of points in light vertices right
after iteration i. We will use the Differential Equation Method (Theorem 2.9.2) to approximate
S; and T;. Note that W; = 2m — 2i — 2 — S;. We will use y(i/n) to approximate S;/n and z(i/n)
to approximate T;/n.

Let v be a positive constant with v < min{1,C' — k} to be chosen later. Define
D, = {(:x,y,z) y<z<l4y, v<x<C—7v, vy<y<C+Hry,y> (k+’y)z}.

Then D, is bounded, connected and open. We have Ty € {n,n —1,n — 2} and Sy € [2m — 2 —
2(k —1),2m — 2]. Thus, Ty/n =14+ o(1/n) and Sp/n = C + o(1). Then D, contains the closure
of the points (0, y, z) such that P(S; = yn and T; = zn) # 0 for some n. Note that y > (k + )z
implies that p := A(k,y/z) > ¢ for some constant € > 0. As we will see later, this will be very
important in the proof. Note that, for the case ¢ — k one cannot add the condition y > (k + )z
to D, since this would exclude the initial point from D,.
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We use the stopping time 7" = min{i : W; = 0} again. We have to check the boundedness
hypothesis, the trend hypothesis and the Lipschitz hypothesis. The boundedness hypothesis is
again easy: |Siy1 — S;| < k and |Tj41 — T;| < 1 always.

We now check the trend hypothesis. We remark that the trend hypothesis is exactly like
n [17]. Define

o) =gy (1-2) gy = -2y (k- -0,

where 1 = A(k,y/z). Let H; denote the history of the process at iteration i > 1. We will show
that |E (Siy1 — Si|H;) — fy(i/n)| = o(1) and |E (Ti41 — T3|H;) — f2(i/n)| = o(1) while i < T and
i < Tp. We have that S;11 — S, is zero if j is matched to a light vertex, is —1 if j is matched
to a point in a heavy vertex with degree > k and is —k if j is matched to a point in a heavy
vertex with degree exactly k. The probability that j is matched to a point in a heavy vertex
is S;/(2m — 2i — 2). Conditional upon this event, the probability that j is matched to a vertex
of degree k is k/S; times the number of vertices of (current) degree k. By Lemma 5.5.2, the
number of vertices of degree k at step 4 is asymptotic to T} - P(Po(k, \) = k) = T; - \¥/ (k! fe(N\)),
where \ := \(k, S;/T;). Thus, the probability that j is matched to a point of degree k vertex,
conditioned upon the event that it is matched to a point in a heavy vertex, is asymptotic to

kT (B = DUR(N)S = TR

Si kU fi(N) (k — D! fi(N)S;
B (k= DI\ frm1t(NT; = AP e MY
R T e e A oV

((k = DINT}) (fi1(A) — AL/ (k = 1))
(k = Dfe(X)Ss
>\Tz )\k—l

S, since fi(A) = fe—1(A) — =Dk

=1-

Thus, |[E(Siy1 — Si|H;) — fy(i/n)] = & = o(1). Similarly of T;, we have that |E (Tj11 — T;|H;) —
f2(i/n)| = &, = o(1). The Lipschitz hypothesis is straightforward to check.

According to [65, Theorem 6.1], the system of differential equations y'(z) = f,(x) and
Z'(x) = f.(x) has unique solutions (y*, z*) and (y**,z**), with initial conditions y(0) = C and
2(0) = 1, and y(0) = Sp/n and z(0) = Ty, resp. Note that, as in the case ¢ — k, we have that (y*, z*)
is a pair of fixed functions while (y**, 2**) is a random variable since the initial position is random.
The Lipschitz hypothesis implies that, there exists a constant R such that, for any « with both
(z,y"(2), 2"(2)) and (z,y™(2), 2" (2)) in D, we have max{ly*(z) — y™* (x|, [2"(z) — 2™ ()]} <
x|k — So/n|R =: &3 with {3 = o(1). Let & = o(1) be such that £ > max{¢.,&,,&3}. Thus, by [65,
Theorem 6.1], there is a constant Cy and a function & = o(1), such that, a.a.s. at each step
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i < min{T,no} we have that
max{‘Si—ny*(i/n)’,‘Ti—nz*(i/nﬂ} <én, (5.26)

where o denotes the supremum of x such that, for all 0 < 2/ < x, we have (2/,y*(2), 2*(2)) and
(2, y**(a'), 2** (a)) are at £>°-distance at least Cp&a of the boundary of D.,.

In [17], properties of the differential equations system {y'(z) = fy(x), 7' (z) = f.(x)} were
proved. Among them is that u?/(C — 2x) and (ze*)/fi.(1) are constants as long as C — 2z > 0,
y > 0 and p > ¢ for constant € > 0. The authors of [17] notified us that a small detail was omitted
in their proof: one needs p/(0) to be not zero. The reason for that is at some point in their proof
they cancel a factor that is zero if and only if z/(x) = 0. If 14/(0) # 0, then p?/(C —2x) is a nonzero
constant until p/(x) becomes zero. But in this case it is impossible to p/(z) to become zero since
¢/ (z) is continuous and p?/(C — 2z) being a constant implies that u/(x) = a/p is bounded away
from zero, where « is a nonzero constant.

With initial conditions y(0) = C and z(0) = 1, we get u?/(C — 2z) = A(k,C)?/C and
zet [ fr(u) = eMFC) /£ (A(k, C)), which can be used to deduce that

Bk, C))

V=TT W

(5.27)

For x > €'/2, since p%/(C — 2z) = A(k,C)%/C, we have u(z) < M cy/1—¢/C and so
hi(p) > (1 + €”)hg(Apc), for some €” > 0. Thus, for every z such that ¢/ < 22 < C — v
using (5.27),

. hi(Ak.c) 1 ve"
C-2z—y"=C—-2r—(C—-2z)—==>(C—-2x)(1— T > T
This implies that, if (5.25) holds at ¢ with e'n < 2i < (C'—v)n, then W; = 2m —2i—2—S; = Q(n).
Thus, if (5.25) holds for some step i € (¢'n,on] with T' > 4, then T' > i 4+ 1 because there are still
Q(n) points to be deleted. This implies that, conditioning upon 7' > &'n, we have that T > on
a.a.s.

For any constant a € (0,7), using the fact that £&5 = o(1), there exists x such that z < on
and (z,y*(x), 2" (x)) and (z,y™*(x), 2**(x)) are at £*°-distance (Cp&2, a) of the boundary of D..
For such an x we have T' > x a.a.s. because 1" > on a.a.s. Thus, (5.26) holds a.a.s. Since x is at
¢>-distance at most « of the boundary of D,, we have that at least one of the following hold:

(a) z*(z) < v+
(b) 22> C —v—a;
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(€) y*(x) <7 +a;

(d) There exists (&, 7, £) such that % =k+~vand |y*(z) — | < a and |z*(z) — 2| < a.

We excluded y*(z) > C' +v — o and 2*(z) > 1+ v — « because y*(0) = C and 2*(0) =1 and f,
and f, are decreasing.

Since p?/(C — 2x) = Ak, C)?/C, p decreases as z increases. Since u(0) = 0, we have that
hi(p) > hip(Ag,c) and so y*(xz) < C — 2z by (5.27). Thus, for 2z > C — v — a, we have that
y <7+ a, that is (c) holds.

If (a) or (c) holds, then by (5.26), then a.a.s. S; < (v + a¢)n < 3yn. Now suppose that (d)
holds. Then
v(@) | |9||7@) 2| _ alkty+1)
7 () ‘ x) |7 gl '
Thus, using a < 2, we have that y*(z)/2*(x) = k+O(v) and so u = O(y). Using that p?/(C —2z)
remains as a positive constant during the process, we then have C — 2z = O(v?), we can then
conclude that the S; = O(yn) a.a.s. Thus, conditioned upon T' > &'n the k-core has at most O(yn)
vertices a.a.s. Let 7p be the constant given by Lemma 5.5.4. By choosing + small enough, we
can conclude that, conditioned upon T' > &'n, the k-core has less than yyn vertices a.a.s. and
which implies, by Lemma 5.5.4, that the k-core must be empty a.a.s. By Corollary 5.4.2, we have
that W (G2 (n,m)) < h(n) or W(GP(n, m)) = n with probability 1+ o(1) conditioned upon
T > ¢'n (where the convergence depends on ¢).

y'(z) 9

z¥(x)  Z| T

y
z

Recall that we assumed ¢ — C. We show how to drop this assumption here. Let (¢;);en such
that every ¢; € [k +e,c+ k" — €. Let r(n) be the probability that neither W (Gt (n, m)) < h(n)
nor W (G (n, m)) = n. Then every subsequence of (c;);en has a subsequence that converges to
some constant Cp and in that subsequence r(n) — 0. So by the subsubsequence principle r(n) — 0.
Since the probability that G (n, m) is simple is (1), we have that W (G (n,m)) < h(n) or
W(Ggk(n,m)) =n a.a.s.

5.6 Deletion procedure for Gjy(n,m)

In this section, we show that, for k 4+ ¢ < ¢ < ¢}, — ¢, there exists a function h(n) — oo such that
the k-core of Gi(n, m) has fewer than n — h(n) vertices with probability bounded away from zero.
Since we have already proved that, for any function h(n) — oo, either this k-core has at least
n — h(n) vertices or it is empty, this implies it is empty with probability bounded away from zero.

Lemma 5.6.1. Let ¢ > 0 be a fixed real. Suppose that ¢ = 2m/n satisfies k +¢ < ¢ < ¢, —e.
Then there exists a function h(n) — oo such that P(W (Gg(n,m)) > h(n)) = Q(1).
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Together with Section 5.5.3, this lemma implies that P(W(Gi(n,m)) = n) = Q(1), which
completes the proof of Theorem 5.1.1(ii). We now prove Lemma 5.6.1. We will work with a set of
‘typical’ degree sequences. Let G(d) be chosen uniformly at random from all (simple) k-cores with
degree sequence d. We will define a deletion procedure for finding the k-core of G(d) after the
deletion of a random edge and for finding the k-core of G™(d) after the deletion of a random
edge. In this deletion procedure, in each step a vertex is deleted. We show that we can couple
the deletion procedures for G(d) and G™(d) for #(n) — oo steps in such way that the exact
same vertices are involved in each step. Since we already know that, for h(n) going to infinity
sufficiently slowly, we have P(G™(d) > h(n)) = Q(1) by Theorem 5.4.1 (under some constraints
in the degree sequence), we must have P(G™(d) > hy(n)) = Q(1) for hi(n) going to infinity
sufficiently slowly (depending on h(n) and ¢(n)). Using the fact that the set of degree sequences
analysed is a set of ‘typical’ degree sequences, we can easily carry the result over to Gi(n, m).

We start by defining a set of ‘typical’ degree sequences. Let ¢(n) = o(1) with ¢(n) = w(n=1/4).
Let Y = (Y1,...,Y,) be such that the Y;’s are independent truncated Poisson random variables
with parameters (k, Ar,.). Let Dg(n, m) be the degree sequences d such that | Dy (d)—E (D (Y))| <
ng(n) and max; d; < nP for some B € (0,0.25) and |n(d) — E (n(Y))| < ¢(n). Similarly to the
proof in Section 5.3.1, one can prove that d(Gy(n,m)) € Di(n,m) a.a.s. We will show that there
exists h(n) — oo such that

P (W(G(d)) = h(n)) = Q(1), (5.28)

for d € Dy(n,m). Since Dy(n,m) is a finite set for each n, by Lemma 2.7.2, there exists a constant
o > 0 such that P (W(G(d)) > h(n)) > « for sufficiently large n. Thus, together with the fact
that d(Gg(n,m)) € D(n,m) a.a.s., this implies that

P (W(Gg(n,m)) > h(n)) > P(d(Gk(n,m)) € Dy(n,m))a ~ a,

which implies Lemma 5.6.1. We will now prove (5.28).

As mentioned before, we will couple deletion algorithms for G(d) and G™(d) so that they
coincide for t(n) — oo steps, for d € Dy(n,m). We use a deletion algorithm that is essentially the
same as the one we used in the other sections. The only difference is that we explore a whole
vertex at a time (instead of an edge at a time) and mark the vertices that have to be deleted.

Deletion procedure by vertex:

e [teration 0: Choose an edge uv uniformly at random, delete uv and mark the vertices with
degree less than k.

e Loop: While there is an undeleted marked vertex, say w, find its neighbours, delete w and
the edges incident to it, and then mark all neighbours of w that now have degree less than k.
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If we can do such a coupling for t(n) — oo iterations of the loop, then we can choose h(n) — oo
such h(n) < min{t(n),e'n} with ¢ as in Theorem 5.4.1 so that P(W (G™(d)) > h(n)) =
(1). This would imply that the deletion algorithm did not stop for at least h(n) steps and so
B(W(G(d)) > h(n)) > (1),

In the rest of this section, we show that there exists ¢(n) — oo such that we can couple the
deletion algorithms for G(d) and G™"(d) so that they coincide for (n) iterations of the loop.
For now assume that t(n) — oo with t(n) < logn. Later we add more restrictions on the growth
of t(n). We show that the probabilities that a certain edge uv is chosen in the first step are
asymptotically equivalent for G(d) and G™(d) and so the first step can be coupled. For the
other steps i < t(n), we show that the probabilities that the set of neighbours of the vertex w
is some specific set are again asymptotically equivalent for G(d) and G™"(d) with some error
&(n) = o(1). So we can couple the deletion algorithms for ¢(n) steps, where ¢(n) will depend on
¢(n). In the computations in this section, we will use P4 to denote the probabilities in the
deletion procedure for G™"(d) and we will use P to denote the probabilities in the deletion
procedure for G(d). First we analyse the procedure for multigraphs. Let uv € (‘2/) Then

]P)multi(uv € E(GmUIti(d>))
m

_dydy  (2m —2)12™m]

T om (2m)!2m1(m —1)!

dydy dydy
- m(2m — 1) T om? (1+&m),

Puti(uv is chosen in the first step) =

(5.29)

where &1 (n) = O(1/n).

In i-th iteration of the loop, we delete a vertex w and find its set of neighbours U. Let £ < k—1
be the current degree of w and let {uy,...,us} be a subset of £ undeleted vertices. Let z1,...,xy
be an enumeration of the points inside w. Let y1,...,y¢ be the points matched to z1...,x,. Let
m be the number of undeleted edges at the beginning of the i-th iteration of the loop and let d
be the degree sequence of the current graph. Using [z]; = (z)(x —1)...(z — 7 + 1), we have

P
P (U = {u1,...,u}) = 01P(y; € u; Vi) = W(l +&(n)), (5.30)

where £2(n) = o(1) because m > m — kt(n) > m —klogn and ¢ < k —1. Now we have to compute
estimates for the probabilities in the deletion algorithm for simple graphs. The following lemma is
an application of [47, Theorem 10].

Lemma 5.6.2. Let d € Dy(n, m) be such that max; d; < n%25. Let H be a graph on [n] with at
most kt(n) edges. Let L be a supergraph of H with at most k edges more than H such that there
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is a simple graph G with degree sequence d such that GN L = H. Then

P (L C G(d) ‘ HC G(d)) - Wu +u(n)),

where h is the degree sequence of H, J = L — E(H), j is the degree sequence of J, and v(n) = o(1).

Notice that to use this lemma one has to check the existence of a simple graph G with certain
properties. In our case, Erdés-Gallai Theorem will be enough to ensure such simple graph exists.

Lemma 5.6.3. Let n be sufficiently large so that n—n%2%—klogn > y/n. Let n’ > n—logn. Let g
be a sequence on [n'] such that g1 > go > -+ > gy, .. gi iseven, g1 <n%? |{j : g; = 0} < klogn.
Then there exists a simple graph with degree sequence g.

The proofs for these lemmas are presented in Section 5.6.1. Now we can analyse the deletion
algorithm for simple graphs. Let uv € (‘2/) Then

P (uv is chosen in the first step) = P (uwv € E(G(d))) %
We need to compute P(uv € E(G(d))). Note that this is the same as P(L C G(d) | H C G(d))
with L = ([n], {uv}) and H = ([n], @). In order to use Lemma 5.6.2, we need to check if there is a
simple graph G with G N L = H with degree sequence d. This is the same as saying that there
exists a simple graph G with degree sequence d such that uv ¢ E(G). It suffices to show that, for
every set of vertices S C [n] \ {u,v} of size d,, there is a simple graph with degree sequence d’,
where d’ is obtained from d be deleting v and decreasing the degree of every vertex in S by 1
(that is, S can be the set of neighbours of v and it does not include u). Note that ). d; is even
because Zj d; is even. Moreover, n — 1 > n —logn and max; d; < n%25 and d’ has no zeroes. By
Lemma 5.6.3, there is a simple graph with degree sequence d’ and so we can use Lemma 5.6.2 to

show that id
]P) G — UL
(uv S ) om

(1 +&3(n)), (5.31)

where £3(n) = o(1). Thus, (5.29) and (5.31) show that the first step can be coupled so that the
same edge is chosen.

Now suppose we are in the i-th iteration of the loop and deleting a vertex w. Let n be the
number of undeleted vertices in the beginning of iteration ¢ and let i be the number of undeleted
edges at the beginning of iteration i. Let d be the current degree sequence (that is, d, is the
number neighbours u has among the undeleted vertices). At each iteration we delete at most k — 1
edges and only one vertex. So 7 > n—t(n) and 1 > m — (k—1)t(n). Let £ := d,, and {u1, ..., up}
be a set with ¢ (undeleted) vertices. Let U be the neighbours of w discovered in iteration i. We
want to compute the probability that U = {uy,...,us}. In order to use Lemma 5.6.2, we have to
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check if there exists a simple graph G with degree sequence d such that GNL = H, where H is the
graph discovered so far (which includes the deleted vertices) and L = ([n], E(H)U{wu1, ..., wus}),
which is the same as checking if it is possible to get a simple graph such that w as no neighbours
in {u1,...,us}. Let U’ be a set of £ undeleted vertices such that U’ N {uq,...,us} = &. There
are plenty of choices for U’ since ¢(n) < log(n). Let d’ be the degree sequence on 7 — 1 obtained
from d by deleting w and decreasing the degree of each vertex in U’ by 1. Then # > n — logn,
max; d; < n%? and |{j : d; = 0} < kt(n) < klogn. Using Lemma 5.6.3, there is a simple graph
with degree sequence d’ and so, by Lemma 5.6.2,

Oy du

2¢[ml,

where £4(n) = o(1). Thus, using (5.32) and (5.30),there exists a function £(n) = o(1) such that

PU ={u1,...,ur}) = Ppui(U = {u1, ..., us})(1 + &(n)).

We conclude that the deletion algorithms can be coupled for #(n) steps as long as (1+£)! = 1+0(1).
Thus, it suffices to choose t = o(1/¢). This finishes the proof of Lemma 5.6.1.

P(U ={u1,...,w}) = (1 +&(n)), (5.32)

5.6.1 Proofs of Lemma 5.6.2 and Lemma 5.6.3

In this section, we prove some results about the deletion procedure for simple graphs. More
specifically, we prove Lemma 5.6.2 and Lemma 5.6.3.

For any graphs H C L on [n] and d € N” such that ) " , d; is even, let N(d, L, H) denote
the number of graphs G on [n] with degree sequence d such that GN L = H. First we state a
result by McKay [47, Theorem 2.10] that estimates the probability that G(d) contains a subgraph
L conditioned upon containing a subgraph H of L.

Theorem 5.6.4 ([47, Theorem 2.10]). Let d € N” such that > ;" ; d; = 2m is even. Let H C L
be graphs on [n]. Let A = max]} ;d; and let A; denote the maximum degree of L. Let
J = ([n], E(L) \ E(H)). Let j denote the degree sequence of J and let h denote the degree
sequence of H. Let v:= A(A+ Ap) and 7 := A(A + Ar + 2). Then the following hold:

(a) If m — E(H) — E(J) >,
N(d H.H) _ |
N(d,L,L) ~ 2El[m — |E(H)| - )5,

(b) I m — E(H) — E(J)>7+A(Ar +1),

" B A(AL+1) |E(J)
N(d,H,H) S [[i2,[di — hij, (1 z(m,w(H)\,,E(J)H))
N(d,L,L) — 2|E(J)|[m — |E(H)| - 1]\Ej| (1 + 2(m—\E(H)|_»yA_2(e_1)|E(J)|/e))lE(J)l
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We are now ready to prove Lemma 5.6.2.

Proof of Lemma 5.6.2. Let Ap, be the maximum degree in L and let A be the maximum degree
in D. Note that A;, < |[E(H)| +k < klogn + k and A < n%2?%. Recall that J = L\ H. Then
m— |E(H)| — |E(J)| > m — kt(n) — k > n%2°(2n%2%)
>AA+AL) =:7.

So we can use part (a) of Theorem 5.6.4 to obtain that

szl[di - hi]ji
Dégmwm_mﬁm—ﬂwm
H:}l:l[di - hl]]z

- Q‘E(J)|[m]|E(J)‘ (1 + Vl(n))

P(LCG()|HCG

with v1(n) = o(1) because |E(J)| < k and m — |E(H)| —v > m — klogn — 2y/n. Now we will use
part (b) of Theorem 5.6.4. We have to check the conditions for (b):
m— |E(H)| —|E(J)| >m —kt(n) —k > 3vn

>AA+AL+2)+A(AL+1)
so we can apply Theorem 5.6.4(b). We have that
0 < A(ArL +1)

“m—|EH)|-|EJ)|-AA+AL+2)

n0-25 (025 4 1)

= klogn — k — n%25(2n0-25 + 2) = va(n);
with ve(n) = O(1/4/n), and
A2
0<
~ 2A[E(G)] - [E(H)| =y = (1=1/e)|E(])])
Vn

< _.
~ 2(n — klogn —n025(2n0-25) — (1 — 1/e)k) va(n),
with v3(n) = O(1/y/n). Then Theorem 5.6.4(b) implies that

o =i [di — hil;,

1+ VQ(n)>E<J>

P (L C G(d) | H C G(d)) 1+ v3(n)

(1) (
with v4(n) = o(1). Since v;(n) = o(1) for i = 1,2, 3,4, we can conclude that
Lo [di = halj,
P(LCG(d)|HCG) =F—(1
( C G(d) ‘ c G( )) 2|E(])|[m]‘E(J)I (1+v(n)),
where v = o(1). O
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Proof of Lemma 5.6.3. We will use Erd6s-Gallai Theorem: g is the degree sequence of a simple
graph if and only if, for every 1 < £ < n/,

n/

l
Sg<ee—1)+ Y min{t, g},
=1

j=t+1

If £ > n%25 41, then 3¢, g; < bgy < L(£ —1). TIf £ < %,

0
> g <" < Vn<n—n®® — (k+logn <n' — £~ |{j:g; =0}
=1

nl

= 1-{jrg=0} < Y min{t,g;},

and we are done. O
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Glossary for Chapter 5

)
)
P (1)
)
Ak, c)

HE,c
Multisg(n, 2m)
P(M,L,V,k)

2m/n, the average degree

inf{hg(p) : p > 0}, p. 148

ke Sre—1 (ke )/ Fie(pik ey, ), D- 148

the degree sequence of a graph H

|{i : d; = j}|, the number of vertices of degree j

the set of d € N” with > | d; = 2m and min; d; > k

>, di(ds — 1)/(2m)

ed =3 N/l

Gr(n,m), the graph sampled uniformly at random from the (simple) k-cores on [n]
and m

kaulti(n, m), the random multigraph generated using the allocation model restricted
to k-cores

the random multigraph generated using the pairing model and degree sequence d
the graph sampled uniformly at random from the (simple) graphs on [n] and m edges
e'u/ fr—1(p), p. 148

the k-core of a graph H

the unique positive solution to Afx_1(\)/frk(A) =¢

be the largest positive solution to ¢ = hy(u) for ¢ > ¢, p. 154

multinomial distribution conditioned upon each coordinate being at least k

the pairing-allocation model, where V is the set of heavy vertices and L the set of
light vertices, p. 165

used to denote the event that » ;' ;| ¥; = 2m for independent truncated Poisson
random variables with parameters (k, A\(k, ¢))

|V(H)|—|V(K(H —e))|, where e is an edge chosen uniformly at random from of E(H)

used to denote a vector (Y7, ...
with parameters (k, A\(k, ¢))

, Yy,) of independent truncated Poisson random variables

For the random walks and deletion procedure:

p;(d)

probability that Z;(d) = k — 1, p. 152
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ZT(k,c,€)

Z~(k,¢,¢)

probability that Z;(d) = —1, p. 152

Ak, )1 ((k = D! fr-1(A(k, €))), p. 152
the number of undeleted marked points after the j-th iteration of the loop in the
deletion procedure, p. 151

ijfl + Zj -1, p. 153

thl + Z;-r — 1, the position after Step j of the random walk that bounds the deletion
procedure from above, p. 153

Yj__l + Zj_ — 1, the position after Step j of the random walk that bounds the deletion
procedure from below, p. 153

random variable with same distribution as Z(k, ¢) giving the drift of Y} Step j, p. 153

random variable with same distribution as Z*(k, ¢, &) giving the drift of YjJr in Step j,
p- 153

random variable with same distribution as Z~ (k, ¢, §) giving the drift of Y, in Step 7,
p- 153

the number of points that are marked in the j-th iteration of the loop in the deletion
procedure, p. 151

a random variable used to define random walk that approximates the deletion proce-
dure, p. 152

a random variable used to define a random walk that bounds the number of marked
points in each step in the deletion procedure from above, p. 153

a random variable used to define a random walk that bounds the number of marked
points in each step in the deletion procedure from below, p. 153

For the Differential Equation Method:

o INCS

N o« <

Tp

the number of points in heavy vertices after iteration ¢

the number of heavy vertices after iteration 4

the number of points in light vertices after iteration i

y(i/n) approximates S;/n

z(i/n) approximates T;/n

min{i : W; = 0}, a stopping time indicating the deletion procedure has ended

min{i : (i/n,S;/n) ¢ D}, a stopping time indicating the deletion procedure has left D
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Chapter 6

Future directions

In this chapter, we summarise the results presented in this thesis and discuss future research
directions.

In Chapter 3, we explored properties of random 2-cores to obtain an asymptotic formula for
the number of 2-connected (n, m)-graphs in the sparse range m —n — oo and m = O(nlogn).
(Recall that a (n,m)-graph is a graph with vertex set [n] and m edges.) As we mentioned in the
Introduction, less results are known for the enumeration of unlabelled graphs with some property
of interest than for labelled graphs. In 1950 in the Gibbs Lecture at an American Mathematical
Society meeting, G. E. Uhlenbeck cited the enumeration of 2-connected unlabelled graphs as
one of the unsolved problems in statistical mechanics. The exact enumeration of 2-connected
unlabelled graphs with fixed number of vertices and edges was addressed by Robinson [60]. From
a result by Wright [66] combined with a result by Komlés and Szemerédi [41], we have that for
m > (1/2 + e)nlogn, where ¢ > 0 is a constant, the number of 2-connected unlabelled graphs
with n vertices and m edges is asymptotic to the number of unlabelled graphs with n vertices
and m edges. (We remark that the results in [66, 41] are about Hamilton cycles.) Our techniques
for obtaining the asymptotic formula for 2-connected (n,m)-graphs provides information on the
structure of 2-connected (n, m)-graphs. We intend to use this information and to further extend
our techniques to find an asymptotic formula for the number of 2-connected unlabelled graphs
with given number of vertices and edges in the sparse range.

In Chapter 4, we defined cores of 3-uniform hypergraphs and studied properties of random
cores. From that, we obtained an asymptotic formula for the number of connected (n,m, 3)-
hypergraphs for the range m = n/2 + R with R = o(n) and R = w(n'/?In?n). (Recall that a
(n, m, k)-hypergraph is k-uniform hypergraph with vertex set [n] and m edges.) As we mentioned
in the Introduction, Andriamampianina and Ravelomanana [3] obtained an asymptotic formula
for the number of connected (n,m, k)-hypergraphs for m = n/(k — 1) 4+ o(n'/3), and Behrisch,
Coja-Oghlan and Kang [4] provided an asymptotic formula for the case m = n/(k — 1) + ©(n).

183



No asymptotic formula is known for the number of connected (n,m, k)-hypergraphs for k > 4
in the range m — n/(k — 1) = Q(n'/3) and m — n/(k — 1) = o(n). The superlinear range
m —n/(k—1) =w(n) is open for any k > 3.

The reason why our method does not cover the whole range R = o(n) and R = Q(n'/3) is
that, when computing the number of connected cores with given number of vertices and edges,
we write this number as a summation ) ¢ g(z), where g(z) is the number of connected cores
with some parameters x = (n1, ko, k1, k2). We write a function f(x) that approximates g(z). We
then find the point #* achieving the maximum for f in S. By expanding the summation ) f(z)
around z*, we can determine the value of the summation ) ¢ g(x) asymptotically. For doing
this, it was important that * was ‘reasonably’ inside the interior of the set S. When R = O(n'/?)
the point achieving the maximum is ‘too close’ to the boundary of S. We intend to deal with this
case by fixing some functions of the parameters that cause x* to be ‘too close’ to the boundary
of S and estimating the summation with these functions fixed. We expect to extend our results to
obtain an asymptotic formula for the number of connected (n,m, 3)-hypergraphs for m =n/2+ R
as long as R = o(n) and R = Q(n'/3). This way, we would completely close the gap between the
case R = o(n'/?) and the linear case R = Q(n) in which no asymptotic formulae were found.

In [56], Pittel and Wormald obtained properties of the giant component of G(n,m) by using
the asymptotic formula they obtained for the number of connected (n,m,2)-cores (recall that
an (n,m, k)-core is a graph with vertex set [n|, m edges and minimum degree at least k). They
determined the limit joint distribution of X, Y and Z, where X is the number of vertices in the
2-core of the giant component, Y is the number of vertices in the giant component that are not in
the 2-core and Z = W — X, where W is the number of edges in the 2-core. Since the number of
vertices and of edges of the giant component can be written as linear combinations of X, Y and
Z, [56] also determines the limit joint distribution of the number of vertices and edges. Even more
than that, Pittel and Wormald determined the probability that (X,Y, Z) = (z,y, z) under some
constraints on (z,y, z) and conditioned upon a certain event B,, that imposes a lower bound in
the number of vertices of the largest component and an upper bound in the number of vertices of
the second-largest component. One of the main steps in the proof was to determine the number
of (n,m)-graphs with one component with x vertices in its 2-core, y vertices not in its 2-core and
x + z edges. This is the same as

(n ><m+y>g(a:,:c+2)f(x+y,ﬂs)< ") ) (6.1)

r+y T m-—x—y—=z

where g(x,z + z) is the number of connected (x,x + z,2)-cores and f(z + y,x) is the number of
rooted forests with vertex set [z + y] and set of roots [z]. Pittel and Wormald [56] determined
the value in (6.1) asymptotically by using their asymptotic formula for g(z,x + z) and a known
formula for f(x + y,x). We intend to follow a similar strategy to find the limit joint distribution
of X, Y and Z for 3-uniform hypergraphs since we have obtained an asymptotic formula for the
number of connected cores with given number of vertices and edges. We remark that Bollobas
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and Riordan [14] determined the limit joint distribution of the number of vertices and of edges in
the giant component for random k-uniform hypergraphs. As far as we know, their result does
not provide point probabilities and it does not determine the limit distribution of the number of
vertices in the core of the giant component.

In Chapter 5, we studied robustness properties of the random graph G (n,m), which has
uniform distribution on all (n, m, k)-cores. Our main result concerns the random graph Gy (n, m)—e
obtained by deleting an edge e chosen u.a.r. from the edges of Gi(n, m). We defined a constant
¢, and analysed the k-core of G (n,m) — e for ¢ = 2m/n above or below ¢). We proved that,
for ¢ < ¢}, — ¢ and any h(n) — oo, the k-core of Gi(n,m) — e is either empty or has at least
n — h(n) vertices a.a.s. Moreover, if ¢ — k, we showed that the k-core of Gi(n,m) — e is empty
a.a.s. For ¢ > ¢, +1(n) with ¢(n) = w(n™'/*) and any h(n) = w(x)(n!), we proved that the
k-core of G(n,m) — e has at least n — h(n) vertices a.a.s. These results do not cover the range
c>c,+ O(n~1/%). It would be interesting to obtain results for ¢ > ¢}, +n~° where ¢ is a constant
in (0,1/2) since Pittel, Spencer and Wormald [54] showed that, when the average degree of G(n, m)
is above ¢ + n~¢, the k-core of G(n,m) is nonempty. Naturally, results about the k-core when it
is closer to the time of its emergence would be very interesting. Another range not covered is
when c¢ tends to ¢}, from below.

For the range k + ¢ < ¢ < ¢, — €, we also proved that the k-core of Gi(n,m) — e is empty
with probability bounded away from zero. But this still leaves the possibility that there is a
nonnegligible fraction of (n,m,k)-cores such that there is no edge (or very few edges) whose
deletion would cause the whole k-core to be deleted. It would be interesting to find out if this is
indeed the case. It is also natural to consider what happens when deleting more than one edge in
the beginning. More specifically, given h(n) — oo, is it true that, if we delete h(n) edges u.a.r.,
then the k-core of the new graph is empty a.a.s.? We intend to settle this question in the near
future.
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Appendix A

Maple spreadsheets

In this appendix we include some Maple spreadsheets for computations in Chapter 4.

A.1 Spreadsheet for Section 4.2

In this section we include some computations used in Section 4.2.

> zetasol := lambdax(exp(2*lambda)+exp(lambda)+1)/(exp(2*lambda)-1);
Phil := r/(1-r)*1In(r)+(1-zeta)*1n(l-r)+zeta/3*1n(1-r~3);
Phi2:= 1/(1/r-1)*1In(r)+(1-zeta) *1n((1/r-1)*r)+zeta/3*1n((1/r"3-1)*r"3);
is(simplify(Phil-Phi2,symbolic),0);
A(e?r e +1)
e2r —1

vV VvV Vv

zetasol =

Phit = ") (1= +1/3 (O) In (1 —r%)

1—1r

In (r)

Phi2 = ——

+ 1= ((r ' =1)r)+1/3 () In((r?—-1)r%
true
> Philambda:= subs(r=1/exp(lambda) ,zeta=zetasol,Phi2);
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\

In (M) 2N | oA A
Philambda = (()>+ (1— A e H)) In <e 1)

e —1 e —1

+1/3) (2 + ¢ +1)In <(62j>;1> (2~ 1)71

# Their formula

DNM := M-M*1n(M)+3*M*1n(N)-M*1n(6)+N*Philambda;

DNM := M — M1n (M) +3MIn(N) — M1n(6)

In ((GA)q) A (X et +1) -1
+N< er -1 +<1_ e2X —1 >1n< ed >+
A3
23 | A CO R AT

1/3 (2 +e —|—1>ln< = >(e 1)

phi := -(1-x)/2*1n(1-x) + (1-x)/2 + 2x(R/N)*1n(N) - (1n(2)+2)*R/N

-1/2*1n(2)*x + R/N*1n((exp(lambda)+1)/(lambda* (exp(lambda)-1)))

+1/2*x*1n((exp(2*lambda)-1)/lambda) ;
In (N In (2) + 2
b= —1/2 (1—2)n(1—2)+1/2—1/20 42 2 (@) +2) R
N N
1 21
—1/21In(2 :c—l—Rln( e + >N1+1/2:c1n<e 5 >
philambda := subs(x = (e Xp(2*lambda) 1-2*1lambda)/ (exp(2*lambda)-1) ,phi) ;
, — 2 e?r—1-2
A-1-2\ _RIn(N) (In(2)+2)R In(2) (e** —1—2))
+»1/2——1/2 popw— +2 N N —-1/2 pu—

e’ +1 —1 22 1 e —1 2x {1\ !
—l—Rln()\(eAl))N +1/2 (2 —1-27)In (S— ) (** — 1)

# Our formula

CNM := Nx1n(N)-N+N*philambda;

193



A —1-2)\ e?r —1-2)
CNM = Nln(N)—N+N<—1/2 <1_;32A—1> In (1-)

e?X —1
A ~1-2X _RIn(N) (In(2)+2)R In(2) (e2* —1-2))
1212 A2 ~ —-1/2 porw—

() s (- () (1))

> # Their formula minus ours

>  simplify(subs(R=M-N/2,M=zetasol*N/3,CNM-DNM) ,symbolic);

> num:= numer (%) ;

6e2A 1(362Aln e+ 1) =3¢ In (22— 1) +2e2 A In (¢2) — 1)

In (e?* + ¢ +1>—4/\62/\ln<e’\—1>+262/\)\ ln<e3)‘—1)—2)\62>‘ln<e)‘+1>
+3e2)‘1n( A )—1—26)‘)\11(1( 1)—26’\)\1n<e2’\+e)‘+1>—4)\e)‘1n(e)‘—1)
+2e’\)\ln<e —1)—2)\e)‘ln(e’\—|—1>—3ln<e>‘—|—1>—31n<e>‘—1>+3ln(e2>‘—1>
#2201 (e = 1)~ 2xIn (e? +e+&)—4Am<&—4>+2xm(&k—1)—2Am(&+4)>
num = —N(?)GZ)‘IH (e)‘—&—l) 3e* M n (e”‘ >+2e2)‘)\ ln< 1)

2e2>‘)\1n<62)‘+e>‘+> 4/\62’\111(6’\ >+262/\)\ln< )—2)\e2>‘ln<e>‘+1>
+3€2)‘1n<e)‘—1>+26)‘)\1n<e2’\—1>—2eA)\ln<eQ’\+e)‘+1>—4Ae)‘1n(e)‘—1)
—}—2e’\)\ln<e3)‘—1>—2)\e)‘ln(e’\+1)—3ln<e)‘—|—1>—31n<e)‘—1>+31n(e2’\—1>
+2Am<&k—1)—2Am(&k+@+d)—4Am<&—4>+2xm(&k—1)—zAm(@+4)>

> num2:= simplify(exp(num/N),symbolic);

num2 = (e)‘ +1

—3e22 4222 \+2e M43 23 3e2*—2e22A\—2e* -3 \ A\
> (e _1> ( +et+1

>2 A <e2A+e/\+1)

2Xy 9.2 A _ 2X 1 A
(eA—1>4e A-3e? tde )\-&-3-&-2)\(63)\_1) 2 (e2 et 1)
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> a := -2*lambda* (exp(2*lambda)+exp(lambda)+1);
> num3 := num2/(exp(3*lambda)-1) "a;

a = —2\ <62/\+e’\+1>

2) _

)—3e2’\+2 e2 A A+2erN+3 (
(&

A 3e2rA—2e2A—2eMN—3
nums = (e +1 ) (

2)\(e2’\+ek+1)
e2x+e,\+1>
42 AN—3e2 M f4eMA+34+2 0
(eA—l) e e +d e A3+

> num4:= num3*(exp(lambda)-1) “ax(exp(2+lambda)+exp(lambda)+1) ~a:

> numb:= simplify(num4,symbolic);

> b := 3%exp(2*lambda)-2xlambda*exp(2*lambda)-2*lambda*exp(lambda) ;
> (exp(lambda)+1) " (-b)*(exp(lambda)-1) " (-b)* (exp(2*lambda)-1) "b;

>  is(simplify(%/numb),1);

—3e22 4202 420043 3e?r—2e?M—2eM-3 /|
) (e —-1) (e -1

N —3e22 42620 4+2e* A 43
numsd = (e +1 )

b= 3e2* — 222\ —2eM\

N —3e2242e2 M 42e* )\ A —3e22A42e2 N 4+2e N 2\ 3222622 \—2er
(e +—1> (e —-1) (e —-1)

true

> # Conclusion: exp(numerator) = 1 and so numerator = 0
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A.2

Spreadsheet for Lemma 4.7.4

xxf1%g2/F2;
f := subs(fl=exp(x)-1,g2=exp(x)+2,F2=exp(2*x)-1-2%x,%);
xfl g2
F2

x(e® —1)(e” +2)

F = e2r —1 -2z
series(f,x=0);
11
3/2+1/4x +1/122° + %x3+0 (z*)
simplify (diff (£f,x));
—2— et _ 37 4 3627 4 o — 2627 4 % + 462722 + 3% + 26722
(e2e —1—22)?
F := numer(%);
F:=24e*" 437 - 32T — ¥ +2%%x — %z — 4e®%2? — 371 — 26722

simplify(subs(x=0,F));
Flp:= diff(F,x);
Flp:= simplify(Fip/exp(x));
0
Fip = 4e*® 42637 —4e?% — 26" —4e?%x — 5e%x — 8e2%2? — 36372 — 26722
Fip := 4e3% +2e%® — 4% — 2 —4e%z — 5o — 8%z — 3%y — 242
simplify(subs(x=0,F1ip));
F2p:= diff (Flp,x);
0
F2p = 123" + 2% —8¢e® —20e%x — 5 — 8e%a? —6e2%x — 4z
simplify(subs(x=0,F2p));
F3p:= diff(F2p,x);
0
F3p = 363" —4e?** —28e® — 36z — 8e%2? — 12e2%x — 4
simplify (subs(x=0,F3p));
F4p:= diff (F3p,x);
Fip:

simplify (F4p/exp(x));
0
Fip = 108¢3% — 20e?® — 64e® — 52e%x — 8e%a® — 24 %%y
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Fip = 108e2® —20e® — 64 — 522 — 822 — 24¢%x
> simplify(subs(x=0,F4p));
> Fbp:= diff(F4p,x);
24
F5p = 216> —44¢e® — 52 — 16 — 24z
> 261-44-52-16-24;
125
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A.3 Spreadsheet for Setion 4.7.3

> h := x —> x*n*ln(x)+x*n*x1ln(n)-x*n;

h =z znln(z) +anln(n) —an
# setting functions of lambda

gldef := exp(lambda)+1;
g2def
fidef

exp(lambda)+2;
exp(lambda)-1;

vV V. V V

> f2def := exp(lambda)-1-lambda;

> F2def := exp(2+lambda)-1-2*lambda;
> Fldef := exp(2+lambda)-1;

> eladef:= exp(lambda);

> c2lambdaval := lambdaxfl1/f2;

> # derivative of lambda

> dlambdaval := lambda*(-1+c2)/((3*m-nl)*(1+eta-c2));
> c2def := (3*m-nl)/(1-n1);

> etalambdaval := lambda*ela/f1;

> # More definitions

> Q2def := 3*m-ni;

> n2def := 1-n1;

> m3def := m-nil;

> subsf := x -> subs(eta=etalambdaval,c2=c2lambdaval,gl=gldef,g2=g2def,
fi=fidef,f2=f2def,F1=Fldef ,F2=F2def,ela=eladef,x);

> subsf2 := x -> subs(Q2=Q2def,n2=n2def ,m3=m3def, x);
gldef = e* +1
g2def = et +2
fldef = e —1

fodef = e —1— A
Fodef = e®* —1— 2\
Fldef = e2* —1

eladef :=
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V

vV V. V V V

vV V. V V

M

c?hnnbdaval:::AAZT
A(=1+¢2)
dlambdaval =
amodana Bm—nl)(1+4+n—c2)
3m — nl
def = ——
c2def T i

etalambdaval := Acla

f1

Q2def == 3m —nl
n2def :=1—nl

m3def := m —nl
subsf ;= x—x

subsf2 = x — x
# fcore without lambda part

f:=(n1)->expand (subsf2(h(Q2)-h(n2)-h(n1)-h(m3)-nl*n*1n(2)-m3*n*1n(6))/n):
# First derivative

dl:= simplify(diff(£f(nl),nl),symbolic);
disimple := -1n(n1)+1ln(m3)+1n(n2)+1n(3)-1n(Q2);
is(simplify(subsf2(disimple)-d1),0);
dl :=In(3)—In(nl)+In(l—nl)—In(Bm—nl)+In(m—nl)
disimple :== —In(nl)+1In(m3)+1n(n2)+1In(3) —In(Q2)

true
# exp of derivative with lambda part

d := simplify(exp(dl)*lambda/f2);

# simplifying

d := simplify(dxc2def/c2lambdaval);
(=14+nl)(m—nl)A

d = -3
nl (3m —nl)f2
m — nl
d:=3
f1nl
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V

vV V. V V

V

vV V. V V

# second derivative

# lambda part

# dlambda is used to indicate the derivative of lambda
# wrt nl

diff(1n(lambda)-1n(f2def),lambda) ;

dd := diff(diff(f(nl1),nl),nl)+dlambda*(1l/lambda)-dlambda*f1*(1/£2);

ddsimple := 1/Q2-1/n2-1/n1-1/m3+dlambda/lambda-dlambdaxf1/£2;
is(simplify(subsf2(ddsimple)-dd),0);

1 -1
ed—1-— )\
m nl -1 -2
dd = _3(37n——n1)2*_(3n1—»n1)2+_2(3n1_-n1) + (1 —nl)
nl _1 1 m nl
—— -2 (1—nl —nl"" + —
(1—n1)? ( ) (m—n1)*  (m—n1)?

dlambda dlambda f1

—2(m—n1)""+ 3 7

dlambda dlambda f1
A 12

ddsimple == Q2 ' —n27 ' —n1 ' —m3~ 1 +
true
# finding local max
solve (numer (d)=denom(d) ,n1);
nisolm := 3*m/g2;
# checking if nlsolm is correct sol

is(simplify(subsf (nlsolm-solve (numer (d)=denom(d),n1))),0);
m

f1+3

m

1solm = 3 —

nlsolm 2
true
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\Y

vV V V VvV V V V V

V

# Equation for m

eqmax := simplify(subs(nl=nlsolm,c2def=c2lambdaval));
# Solution for m

msol := (1/3)*lambdax*fl*g2/F2;

# checking if msol is correct sol

is(simplify(subsf (msol-solve(egmax,m))),0);
m(g2—1) AfI

eqgmazr = 3 92 —3m 12
Af1 g2
msol := 1/3 ];129
true
# Solution for nl in terms of lambda
nilsol := subs(m=msol,nlsolm);
Af1
nlsol = Aféf
# Series at optimal
ssl := x -> series(subsf(x),lambda=0);
mseries := ssl(msol);
nlseries := ssl(nlsol);
rseries := ssl(msol-1/2);
ddseries := ssl(subs(dlambda=dlambdaval, nl=nlsol,m=msol,dd));
n2series := ssl(l-nlsol);
m3series:= ssl(msol-nlsol);
Q2series:= ssl(3*msol-nisol);

ssl(c2lambdaval-2);
ssl(1+etalambdaval-c2lambdaval) ;

ssl((1-c2lambdaval) "2/ ((3*msol-nisol) *(1+etalambdaval-c2lambdaval) "2));
ssl := x> (subsf (x))

11
mseries == 1/2+1/12X+1/36 A + ——— X* + O (\?)

2160
niseries == 1/2 —1/12 X —1/36 A% + Loy B, T AP+ 0 (%)
2160 6480 272160
. 2 11 3 4
rseries i= 1/12A+1/36 A" + o0 A +0 (M)

201



ddseries == —12A71 =2 —4/5X+ O (\?)
1, 13

2series == 1/24+1/12A+1/36 A — —— X — —— X1+ O (N\°
n2series /2+1/ +1/ 5160 5130 + 0 (XN°)
1 7 11
L 2 3 _ 4 _ 5 6
mseries := 1/6 A+ 1/18 \* 4+ 716 A 3940 A 19440 N 40 (X°)
2 1
jes == 1+1 19N+ — A\ — — ¢ b
Q2series +1/3X+1/9A —1-135)\ 405)\ + 0 (X°)
1
LBA+ /18X + o= X 4 O ()
2 1 3 T L 5 6
1/6 A+ 1/36 2% — — \° — A+ N +0 (X%

270 6480 13608
4
36A*2+3/5+1—5A+0(A2)
> # For the third derivative

> series(x/(exp(x)-1)*(exp(x)+x*exp(x)-x*exp(2*x)/(exp(x)-1)),x=0);

1
2 4 5
1/2z2+1/6x —lsox-+0(x)
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A.4 Spreadsheet for Section 4.8.7

> h := x > x*n*ln(x)+ x*n*1ln(n)- x*n;
h =z znln(z) +anln(n) —an
> # functions of lambda
> eladef := exp(lambda);
> fldef := exp(lambda)-1;
> f2def := exp(lambda)-1-lambda;

> f3def := exp(lambda)-1-lambda-lambda®2/2;
> gldef := exp(lambda)+1;
> g2def := exp(lambda)+2;

Fidef := exp(2*lambda)-1;

F2def := exp(2+lambda)-1-2*lambda;
lambdaxf1/f2;

>

>

> etadef
>

f

subdef := x -> subs(eta3=etadef,ela=eladef,fl=fldef,f2=f2def,
3=f3def,gl=gldef,g2=g2def ,F1=Fldef ,F2=F2def, x);
eladef =
fldef = " —1

fodef = e —1— )
f3def = e —1—-X—1/2)2
gldef = et +1
g2def = e +2
Fldef := e®* —1
F2def = ¢®* —1—2)
Af1
12

subdef = x — x

etadef =

> # Relations

> n3def := 1-n1-k0-k1-k2;

> Q3def := 3*m-n1-2%(k0+kl1+k2);
> m2def := ni;

> m2pdef := m2def-kO;
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> m3def = m-m2def;

> P2def := 2+*m2pdef;

> P3def = 3*xm3def;

> T2def := P2def-ki;
T3def := 3*m3def-k1-2xk2;
n2def := kO+k1+k2;

subdef2 := x -> subs(n3=n3def,Q3=Q3def,m2=m2def ,m3=m3def ,m2p=m2pdef,
2=P2def ,P3=P3def, T2=T2def, T3=T3def, n2 =n2def, x);

nddef := 1—nl — kO — ki1 — k2
Q3def :=3m—nl —2k0 —2k1 —2k2
m2def := nl
m2pdef = nl — k0
m3def (= m —nl
P2def = 2n1 —2k0
P3def = 3m —3nl
T2def = 2nl —2k0 — k1
TSdef .= 3m —3nl — k1 —2k2
n2def = k0 + k1 + k2

subdef2 = x— x
# fpre (without lambda part)

f := (n1,k0,k1,k2) -> expand(subdef2( h(m2)+h(P3)+h(P2)+h(Q3)
-h(k0)-h(k1)-h(k2)-h(n3)-h(m3)-h(T3)-h(T2)-2%h(m2p)

~k2*n*1n(2) -m3*n*1n(6) -m2p*n*1n(2))/n):
# fpre

fpre := expand(f(nl,k0,k1,k2)+subdef2(n3*log(£3)- Q3*1n(lambda))):

# Partial derivatives
fnl := simplify(exp(diff(f(nl1,k0,k1,k2), nl))*lambda/f3);

fkO := simplify(exp(diff(f(nl,k0,k1,k2), k0)))+*lambda~2/£3;
fk1 := simplify(exp(diff (f(nl,k0,k1,k2), k1)))+*lambda~2/£3;
fk2 := simplify(exp(diff(f(n1,k0,k1,k2), k2)))*lambda~2/£3;

gV VvV V

VV V VV V V V

# Simplifying
fnls := (4/9)*T3"3*n3*nl*lambda/(m3"2*Q3*xT2"2*£3) ;
is(simplify(subdef2(fn1/fnls),symbolic),1);

vV V V V V V
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Vv

vV V. V V

\Y

fk0s := (1/2)*n3*T2"2*lambda”2/(Q3"2*k0*£f3) ;
is(simplify(subdef2(fk0/fk0s) ,symbolic),1);

fkils := T3*n3*T2xlambda~2/(k1*Q3"2*f3) ;
is(simplify(subdef2(fk1/fkls),symbolic),1);
fk2s := (1/2)*T3"2*n3*lambda”2/(k2*xQ3"2*f3) ;
is(simplify(subdef2(fk2/fk2s) ,symbolic),1);
[ nl (=3m+3nl +ki +2k2)° (=14 nl + k0 + kI +k2) A
(=3m~4nl +2k0+2k1 +2k2) (m—n1)* (=201 +2k0 + k1)* f3
o — _1/2(—2n1+2k0+k1)2(—1+n1 + kO 4 kI 4 k2) \?
kO (=3m+nl +2k0+2k1 +2k2)%f3
Mot = (=201 +2K0 + k1) (=3m +3nl + kI +2k2) (=1 +nl + k0 + k1 +k2) N?
k1 (=3m+nl +2k0+2k1 +2k2)*f3
2 = _1/2(—3m—|—3n1+k1+2k2)2 (=14 n1 + k0 + kI + k2) \?
k2 (—3m +nl +2k0 +2k1 +2k2)? 13
fuls = 4/9 T33n3 n1 A
m32Q3 T2%f3
true
fkOs := 1/224342}%%2\E
Q3%k0 13
true
Pots T3 n3 T2 \?
© o k1Q3? f3
true
fk2s = 1/2—Z§fz§iéi
k2 Q3%f3
true
# COMPUTATIONS FOR HESSIAN
dlninl := (-1)*(c3-1)*(c3-1)/((1+eta3-c3)*Q3);
dlknl :=(-1)*(c3-2)*(c3-1)/((1+eta3-c3)*Q3);
dlkk := (-1)*(c3-2)*(c3-2)/((1+eta3-c3)*Q3);
dd := (x,y) -> expand(diff(diff(f(n1,k0,k1,k2), x),y));

(c38 —1)°

Inl = —
dinin Q3 (1 + etad — c3)
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vV V. V V V

V

V

vV V. V VvV V V V

(c83—2)(c8—1)
Q3 (1+ eta3 — ¢3)
(c3 —2)*
Q3 (1+ eta3 — ¢3)
dd = (z,y) — 0

dlknl =

dlkk =

# nl

dninl := dd(nl,n1)+dlnini:
dni1k0 := dd(n1,k0)+dlkni:

dnikl := dd(nl1,k1)+dlkni:

dnik2 := dd(nl,k2)+dlknl:

dninls := 9/P3 + 4/P2 - 9/T3 + 1/Q3 -1/n3 - 1/m3

- 4/T2- 2/m2p +1/nl1 +dlnini;
is(simplify(subdef2(dninls-dnini1)),0);

dnikOs := -4/P2 + 2/Q3 - 1/n3 + 4/T2 + 2/m2p + dlknil;
is(simplify(subdef2(dn1k0s-dn1k0)),0);

dnikls := -3/T3 + 2/Q3 - 1/n3 + 2/T2 + dlknl;
is(simplify(subdef2(dnlkis-dnlk1)),0);

dnik2s := - 6/T3 + 2/Q3 - 1/n3 + dlknl;
is(simplify(subdef2(dnik2s-dn1k2)),0);

dninls == 9P3 ' +4P2 ' —9T3 ' 4+ Q3 ' —n3 ' —m3t—4T27 ' —2m2p!
(3 —1)°

1~ -
o Q3 (1 + etad — c3)
true
- B - - ~ 9-2)(c3 1)
dnik0s = —4P2 1 4203 —ng ' 4472 4 2mop-t — LC
el 20 mot TEME T 03 (1 1 etas — o3)
true
3 B B _ 3—=2)(c3—-1)
dnikls — 3791 +203" —ngL L2121 _ LC
s 20 mo Q3 (1 + etad — ¢3)
true
_ _ _ 3—=2)(ec8—1)
dnik%s = —6 T3 4203 —ng~! —
n1k2s 6 T3 +20Q3 n3 03 (1F etas —c3)
true
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# kO

\Y

> dkOn1 := dd(k0,n1)+dlkni:

> dkOkO := dd(k0,k0)+dlkk:

> dkOk1 := dd(k0,k1)+dlkk:

> dk0k2 := dd(k0,k2)+dlkk:

> dkOkOs := 4/P2 + 4/Q3 - 1/n3 - 4/T2 - 2/m2p -1/k0 + dlkk;
> is(simplify(subdef2(dk0k0s-dk0k0)),0);

> dkOkls := 4/Q3 - 1/n3 -2/T2 + dlkk;

> is(simplify(subdef2(dkOk1s-dk0k1)),0);

> dkOk2s := 4/Q3 - 1/n3 + dlkk;

> is(simplify(subdef2(dk0k2s-dk0k2)),0);

(c3 —2)°

dkOkOs = 4P27 ' +40Q3 ' —ng t—4T271 -2 kot —
0k0s 27 +4Q3 ns 2 m2p 0 03 (1 + clas — c)

true
(c3 —2)°
Q3 (1+ etald — ¢3)

dkOkls == 4Q3 ' —n3 t—2T271 —

true
(c8 —2)
Q3 (1+ etad — ¢3)

dkOk2s == 4Q37 ' —n3™ —

true
> # ki
> dkinl := dd(k1l,n1)+dlkni:
> dki1kO := dd(k1,k0)+d1kk:
> dkik1l := dd(k1,k1)+d1kk:
> dki1k2 := dd(k1,k2)+d1kk:
> dkikls := - 1/k1 - 1/T3 + 4/Q3 - 1/n3 - 1/T2 + dlkk;
> is(simplify(subdef2(dkikls-dkik1)),0);
> dklk2s := - 2/T3 + 4/Q3 - 1/n3 + dlkk;
> is(simplify(subdef2(dk1k2s-dk1k2)),0);
8 —2)?
dklkls == —k1 ' = T3 ' 4+4Q3 ' —n3~ ' — T2 1—Q3 (1(+eta32—03)
true
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(c3 —2)°

dk1k2s == —2T3 ' +4Q37 ' —n3~ ! —
s 4@ " Q3 (1 + eta3 — ¢3)
true
> # k2
> dk2n1 := dd(k2,n1)+dlkni:
> dk2k0 := dd(k2,k0)+dlkk:
> dk2k1 := dd(k2,k1)+dlkk:
> dk2k2 := dd(k2,k2)+dlkk:
> dk2k2s := -1/k2 - 4/T3 + 4/Q3 - 1/n3 + dlkk;
> is(simplify(subdef2(dk2k2s-dk2k2)),0);
3 —2)?
dk2k2s = —k2 ' — 4T3 4403 —ngt - L
° 40 " Q3 (1+ etad — c3)
true
> msol := (1/3)*lambdaxfl*g2/F2;
> nlsol := 3*m/g2;
> kOsol := 6*mxlambda/(g2*xflxgl);
> klsol := 6*m*lambda/(g2*gl);
> k2so0l := 3*m*lambda*fl/(2xg2x*gl);
Af1 g2
[ :=1/3
mso / 72
m
1sol := 3 —
nlso o2
mA
kOsol := 6 ————
" 92 f1 g1
A
klsol := 6A¥ﬁl—f
92 g1
A f1
k?sol:=:3/2f241;
92 g1

> # For lambda at maximum

> ddl := x -> factor(subdef (subs(c3=lambda*f2/f3, k2=k2sol, kl=klsol,
k0=kOsol, nl=nlsol, m=msol, subdef2(x)))):
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vV V. V VvV V V V V

vV oV

vV V. V VvV V VV V V V V

vV Vv

Vv

vV VvV Vv

dninlla := ddl1(dninl):
dnikOla := ddl(dnikO):
dniklila := ddl(dniki):
dnik2la := ddl(dnik2):
dkOnlla := ddl(dkOn1l):
dkOkOla := dd1(dk0k0):
dkOkila := dd1(dkOk1):
dkOk2la := ddl(dkOk2):
dkinlla := dd1(dkinl):
dk1kOla := dd1(dk1kO0):
dkikila := ddl(dkiki):
dki1k2la := ddl(dkik2):
dk2nila := ddl(dk2ni):
dk2k0la := ddl(dk2kO0):
dk2kila := ddl(dk2k1):
dk2k2la := ddl(dk2k2):

# Computing series for entries of Hessian as lambda -> 0 (at maximum)

ss := x -> series(x,lambda=0,18);
ss(dninila);
ss(dnik0la) ;
ss(dnik1la);
ss(dnik2la);
ss(dk0k0la) ;
ss(dkOk1la);
ss(dkOk21a) ;
ss(dkilkila);
ss(dk1k2la);

ss(dk2k21la);
ss := x+— ()
176 3677

94
B EDP Rty b - W N O &
T 95 5250 " (")
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32 72 624 669
AN T2+ N L S oA N0 (N
3 Tttt Tt T ()

22 769 1291

—60A7 + % AT+ 25 5250 " 157500 X +0o (W)
e i BB, BSS
—24 272 — 45—4)\‘1 - %4 — %AJrO(AQ)

ST % A %2 B gg? a 25356724570 X +0 (V)
AT 4/507 - % B ;;;g B 21356429570 2+ 732?230 X +0 (V)
—28A7% — %)\‘1 —g — %‘;’SA+O(A2)
3227+ % A ;%g B 253560265 a 3252035785 X +0 (W)

8
—48 172 + G A+ 0()
> # THIRD DERIVATIVE COMPUTATIONS
> ddd := (x,y,z) —> expand(diff (diff(diff(f(nl,k0,k1,k2), x),y),z));

> subss := (x,k) -> subdef (subs(c3=Q3/n3, Q3=Q3def, n3=n3def,nl=nlsol,
kO=kOsol, kil=klsol,k2=k2so0l,m=msol,x));

> sss := (x,k) -> series(subss(x),lambda=0,k);
ddd = (xz,y,2z) — 0
subss = (x, k) — x

# NON LABMDA PART

dnininl := ddd(nl,ni,n1):
dninik0 := ddd(nl,n1,k0):
dninikl := ddd(ni,nl,k1):
dninik2 := ddd(nil,n1,k2):
dn1k0k0 := ddd(nl,k0,k0):
dni1kOk1 := ddd(nl,k0,k1):
dni1kOk2 := ddd(n1,k0,k2):
dnikikl := ddd(nl,k1,k1):

vV V V VvV V V V V

Vv
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vV V. V VvV V V V V

V

vV Vv

vV V V V V V V

vV V V V VYV

dnlk1lk2 :=
dn1k2k?2 :=
dkO0k0Ok0O :=
dkOkOk1 :=
dkO0k0Ok2 :=
dkOk1kl :=
dkOk1k2 :=
dkOk2k2 :=
dkilkilkl :=
dk1k1k2 :=
dk1k2k2 :=
dk2k2k2 :=

ddd (n1,k1,k2):
ddd(n1,k2,k2):
ddd (k0,k0,k0) :
ddd (k0,k0,k1) :
ddd (k0,k0,k2) :
ddd (k0,k1,k1):
ddd (k0,k1,k2):
ddd (k0,k2,k2):
ddd (k1,k1,k1):
ddd (k1,k1,k2):
ddd (k1,k2,k2):
ddd (k2,k2,k2):

# Putting all terms

together

tder := (n1,k0,k1,k2) ->
dninini*nil*ni*ni+ 3*dnlnlkO*nl*ni1x*xk0+ 3*dninlkl*nlixnl*xkl+

3*xdninlk2*nl*nl*xk2+
6*dn1k0k2*n1xk0*xk2+
3*dnlk2k2*nl1xk2xk2+
3*dk0k0k2*k0*k0*k2+
3*dkO0k2k2*k0xk2*xk2+

3*dk1k2k2xk1*k2xk2+
# at a general term

tder(a,a+b2,-3*a+b3,

s:= expand(%):
#terms in s without

noa := subs(a=0,s):

3*dn1k0k0*n1*k0*k0+ 6*dnlkOkl*nl*xkOxkl+
3xdnlklki*nl*klxkl+ 6*dnlk1lk2*nlxklxk2+
dkOkOkO*kO*xk0*k0O+ 3*dkOkOk1xkO*kOxkl+
3*dk0k1k1*kO*xklxkl + 6*dkOk1k2*kO*xklxk2+
dklk1lk1xk1*k1lxkl+ 3*dklklk2xk1lxkl1*xk2+
dk2k2k2*k2*xk2*xk2:

b4) :

a
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V

V

vV VvV Vv

s1 := expand((s-noa)/a):

# terms in s with one a
onea:= subs(a=0,%):

s2 := expand((sl-onea)/a):
# terms in s with 2 a’s
twoa := subs(a=0,%):

s3 := expand((s2-twoa)/a):
# terms in s with 3 a’s
threea := subs(a=0,%):

is(simplify(noa+a*onea+a”2*twoa+a~3*threea-s),0);

true
# Three a’s

sss(threea,6) ;
—90X ' +0(1)
# Two a’s

subs (b2=0,b3=0,twoa/b4): expand(%):

sss(%,3);
subs (b2=0,b4=0, twoa/b3) : expand (%) :
sss(%,3);
subs (b3=0,b4=0, twoa/b2) :expand (%) :
sss(%,3);
9
10822 —54 X1 — 50 7O ()
108X 2418214+ 0(1)
1449

—108 A2 — 198 A7 — + 0\

20
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# One a

subs (b2=0,b3=0,0nea/b4"2):
b42:= expand (%) :

sss(%,5);

subs (b2=0,b4=0,0nea/b3°2):
b32:= expand(%):

sss(%,3);

subs (b3=0,b4=0,0nea/b2"2):
b22:=expand (%) :

sss(%,3);
31
—36 A2 +30N — 55 FOM
-36A 246121+ 0(1)
1329
108 A2 + 126 A + -5 tOM
# One a —-- continuation
subs (b2=0,onea-b42*b4"2-b32%b3"2) :
expand (%/ (b4*b3)) :
sss(%,3);
subs (b3=0,onea-b42*xb4~2-b22xb2°2) :
expand (%/ (b4*b2)) :
sss(%,3);
subs (b4=0,onea-b32*xb3"2-b22*b2°2) :
expand (%/ (b2xb3) ) :
sss(%,3);
31
—T2A72 4+ 60N — 5 TOW
31
—T2A72 4+ 60N — 5 TOW

529
T2A 24+ 156014+ 2=+ 0 (N

10
# THIRD DERIVATIVE LAMDA PART
dddil:= -((2*c3-a-b)*(dQ3+c3)/n3-dQ3*(c3-a)*(c3-b)/Q3)/(Q3*(1+eta3-c3));
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dddl — — ((2 ¢8 —a—b)(dQ3 +¢8) dQ3 (c3 —a)(c3 —b)
ns Q3
> ddd2 := (dQ3+c3)/n3;

) Q37 (1 + eta3 — ¢3)™"

ddd2 = M
ns

> dl := lambdax*((c3+dQ3)/(Q3*x(1+eta3-c3)));

o A (dQ3 + ¢3)

Q3 (1+ eta3 — ¢3)

> deta := dl*(1/lambda)*(eta3*(1+lambda*ela/fl-eta3));
Aela

dl

deta = (dQ3 + ¢3) eta3 <1 +
> dddlambda := dddl + (ddd2+deta)*(c3-a)*(c3-b)/(Q3*(1+eta3-c3)"2);

— eta5’> Q371 (1 + etad — c3)*

dddlambda = — <(2 ¢f —a=b)(dQ3 +c3) Q3 (c3 —a)(c5 — b)> Q371 (1 + etad — c3) !
nd Q3
+ <dQ5;l;03 + (dQ3 + ¢3) eta3 (1 + )\fezla — eta5’> Q37 (1+ eta3 — 03)_1> .

(¢8 —a)(e3 —b) Q37 (14 etad — ¢3) >
> dlnininl := subs(a=1,b=1,dQ3=-1, dddlambda):

dlninlk := subs(a=1,b=1,dQ3=-2, dddlambda):
dlnikk := subs(a=1,b=2,dQ3=-2, dddlambda):

dlkkk := subs(a=2,b=2,dQ3=-2, dddlambda):
tderlambda := (n1,k0,k1,k2) ->

dill*nl*nl*nl + 3*dllk*nl*nl*k0 + 3*dllk*nl*nlxkl + 3*dllk*nl*nlxk2+
3*d1kk*nl1xk0*k0 + 6*xdlkk*nl*k0*kl + 6xdlkk*nlxkO*k2 + 3*dlkk*nlxklxkl+
6*dlkk*nlxk1xk2 + 3*xdlkk*nl*k2*k2 + dkkk*xkOxkOxkO + 3*dkkk*kO*kOxkl+

> 3xdkkk*kO0*kO0*k2 + 3*dkkk*xkOxklxkl + 6*dkkk*kO0*kl¥k2 + 3xdkkk*xkOxk2*xk2 +
> dkkkxklxk1¥kl + 3xdkkk*klxklxk2 + 3*xdkkk*xkl*k2*xk2 + dkkk*k2xk2¥xk2;

vV V. VV V V

V

tderlambda = (n1,k0,k1,k2) — d111 n1® +3d11k n1?k0 + 3 d11kn1?k1 + 3 d11k n1%k2

+3 d1kk n1 k0? + 6 d1kk n1 k0 k1 4+ 6 d1kk n1 kO k2 + 3 d1kk ni k1>
+6 d1kk n1 k1 k2 + 3 d1kk nl k2% + dkkk k0> + 3 dkkk k0?k1
+3 dkkk k0*k2 + 3 dkkk k0 k12 + 6 dkkk kO k1 k2 + 3 dkkk k0 k22

+dkkk k13 + 3 dkkk k1%k2 + 3 dkkk k1 k22 + dkkk k23
> subsdddl := x->subs(d111=dlninini,d11k=dlninik,d1kk=dlnikk,dkkk=dlkkk, x):
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vV V. V VvV V V V V

V

# At general terminal

tderlambda(a,a+b2,-3*a+b3,b4d):

sl:= expand(%):
noal := subs(a=0,sl):

sa:= expand(sl-noal):

oneal:= subs(a=0, expand(sa/a)):

saa := expand(sa-a*oneal):

twoal:

Saaa

expand (saa-a”2xtwoal) :

subs(a=0, expand(saa/a"2)):

threeal:= subs(a=0, expand(saaa/a”3)):

is(simplify(noal+oneal*a+twoal*a”2+threeal*a~3-sl),0);

true
# two a’s
subs (b2=0,b3=0,twoal) :
expand (%/b4) :
subsdddl (%) :
sss(%,9);
subs (b2=0,b4=0,twoal) :
expand (%/b3) :
subsdddl (%) :
sss(%,9);
subs (b3=0,b4=0,twoal) :
expand (%/b2) :
subsdddl (%) :
sss(%,9);
1101
540 A2 — 90 \ 1_W+
1101
540 A2 — 90 A I_W
1101
540 A2 — 90 A I*W
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# One a

subs (b2=0,b3=0,0neal) :
b42 := expand(%/b4"2):
subsdddl (%) :

sss(%,9);

subs (b2=0,b4=0,0neal) :
b32 := expand(%/b372):
subsdddl (%) :

sss(%,9);

subs (b3=0,b4=0,0neal) :
b22 := expand(%/b2°2):
subsdddl (%) :

sss(%,9);

onea2:= expand(oneal-b22*b2"2-b32%b372-b42*xb4d"2) ;
subs (b2=0,0nea?2):

expand (%/ (b3*b4) ) :

subsdddl (%) :

sss(%,9);

subs (b3=0,onea?2) :

expand (%/ (b2%b4)) :

subsdddl (%) :

sss(%,9);

subs (b4=0,0nea?2):

expand (%/ (b3*b2)) :

subsdddl (%) :

ss8(%,9);
—2592 273 4 % A2 4 %g‘l A - 22?237 020N
—2592 173 4 % A2 4 %4 A - 22?337 00N
_osga Tt 4 100 2y JTOL o 2OORAT

5 25 3500
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oneal = 6 dIkk b2 b3 4 6 d1kk b4 b2 + 6 d1kk b4 b3 — 12 dKKK b2 b3

— 12 dkkk b4 b2 — 12 dkkk b4 b3
—5184 N3 + = —

5184\ =

5184\ 4 =

# No a’s

subs (b2=0,b3=0,noal) :
b43 :=
subsdddl (%) :
sss(%,9);

subs (b2=0,b4=0,noal) :
b33:= expand(%/b3°3):
subsdddl (%) :
sss(%,9);

subs (b3=0,b4=0,noal) :
b23:= expand(%/b2°3):

subsdddl (%) :
sss(%,9);
192
4032127 — 192
5
192
40321274 — 9
192
4032 74 — %

expand (%/b4°3):

2376

2376

2376
5

)\—3
it 3 _

A~ 3

A~ 2

A2 4

A2 4

2852

25

2852

25

2852

25

)\2
)\2

A~ 2

3528 |y _
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A.5 Spreadsheet for Section 4.8.8

> h := x > x*n*ln(x)+ x*n*1ln(n)- x*n;
h =z znln(z) +anln(n) —an
> eladef := exp(lambda);

> fldef := exp(lambda)-1;
> f2def := exp(lambda)-1-lambda;
> f3def := exp(lambda)-1-lambda-lambda®2/2;
> gldef := exp(lambda)+1;

g2def := exp(lambda)+2;

Fldef := exp(2+lambda)-1;

F2def := exp(2*lambda)-1-2%lambda;
lambdaxf1/f2;

>
>
>
> etadef :
>
f

subdef := x -> subs(eta3=etadef,ela=eladef,fl=fldef,f2=f2def,
3=f3def,gl=gldef,g2=g2def ,F1=Fldef ,F2=F2def, x);
eladef =
fldef = " —1

fodef = e —1— X\
fodef = e —1—X—1/2)2
gldef = et +1
g2def = e +2
Fldef := e®* —1
Fodef = e®* —1— 2\

etadef = j;ék

subdef := x+— x
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> # Relations

> n3def := 1-n1-k0-k1-k2;

> Q3def := 3*m-n1-2%(k0+kl1+k2);
> m2def := nil;

> m2pdef := m2def-kO;

> m3def := m—m2def;

> P2def := 2*m2pdef;

> P3def := 3*m3def;

> T2def := P2def-ki;

> T3def := 3*m3def-k1-2%k2;
> n2def := kO+kl+k2;

> subdef2 := x -> subs(n3=n3def,(3=Q3def,m2=m2def ,m3=m3def ,m2p=m2pdef,
P2=P2def ,P3=P3def, T2=T2def, T3=T3def, n2 =n2def, x);

nddef .= 1—nl — kO — k1 — k2
Q3def == 3m—nl —2k0 —2k1 —2k2
m2def = nl
m2pdef = nl1 — k0
mddef := m — nl
P2def = 2n1 —2k0
P3def := 3m —3nl
T2def := 2nl —2k0 — k1
T3def :=3m —3nl — ki —2k2
n2def = k0 + kI + k2

subdef2 == x— x
# fpre (without lambda part)

f := (n1,k0,k1,k2) -> expand(subdef2(
h(m2)+h (P3)+h (P2)+h(Q3)

-h(k0)-h (k1) -h (k2) -h (n3) -h (m3) ~h (T3) ~h (T2) -2%h (m2p)
-k2*n*1n(2) -m3*n*1n(6) -m2p*n*1n(2))/n):

\Y

\Y

V

Vv

# fpre
fpre := expand(f(n1,k0,k1,k2)+subdef2(n3*log(£f3)- Q3*1n(lambda))):

vV VvV Vv
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V

fnl := (4/9)*T3"3*n3*nl*lambda/(m3~2*Q3*T2"2*f3) ;
fkO := (1/2)*n3*xT2"2*xlambda~2/(Q3"2xk0*f3) ;
fk1 := T3*n3*xT2xlambda”2/(k1*Q3"2*£f3);
fk2 := (1/2)*T3"2*n3*lambda”2/(k2*Q3"2*£f3) ;
T33n3 n1 A\
fnt = 4)9 —2 22
m3°Q3T2°f3
3 T2\
o =122 =2
Q3%k0 f3
T3 n3 T2 \?
ol = 3n322
k1 Q3° f3
T 2 )\2
2 = 1j2 0N
k2 Q3°f3
eqnl := numer(fnl)-denom(fnl);

eqk0 := numer (fk0)-denom(fk0) ;

eqkl := numer(fkl)-denom(fkl);

eqk2 := numer (fk2)-denom(fk2) ;

eqnl := subdef2(eqni):

eqk0 := subdef2(eqk0):

egkl := subdef2(eqkl):

eqk2 := subdef2(eqk2):

eqnl = 4 T33n3 n1 X\ — 9 m3%2Q3 T2%f3

eqk0 = n3 T22)\*> — 2 Q3°k0 f3
eqkl = T3n3 T2\* — k1 Q3%f3
eqk2 = T3*n3 N2 — 2k2 Q3°f3

# Now I will start taking resultants of the equations above
resultant (eqkO,eqkl,f3):

eql := factor(%);

eql == N (=2n1 + k1 +2k0) (=14 ni + k0 + kI + k2)

(611 kO +2n1 ki — k1% — 6mk0 +4k0 k2) (nl +2k0 + 2 k1 +2k2 — 3m)>

# Discarding all terms except the fourth
eqls := op(4, eql);
k2sola := solve(eqls=0,k2);
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eqls == 6nl k0 +2nl k1 —k1®>—6mk0 +4k0 k2

—6n1 k0 —2n1kl + k1% + 6mko
k0

k2sola = 1/4
resultant (eqkl,eqk2, lambda):
eq2 := factor(%);

eq2 == f3%(3n1 + ki —3m +2k2)*

(=14 nl + k0 + ki + k2)? (4k0 k2 + 3mki —3n1 ki — k1® — 4 ni k2)°

(nl 4+2k0 +2k1 +2k2 —3m)*
eq2s := op(1,op(4, eq2));

eq2s == 4k0k2+3mkl —3nl ki —k1?> —4n1k2
eq3 := factor(resultant(eqls,eq2s,k2));
eqd =4 (—2nl1+ ki1 +2k0)(3mk0 —3n1 k0 —nlkl)
eq3s := op(3,eq3);
kilsola := solve(eq3s, kl);
eq3s := 3mk0 —3nl k0 — nl ki1

(m—nl1)k0

nl
eqd4 := factor(resultant(eqnl,eqls,k2));

kisola := 3

eqf = 32 (—2nl + k1 +2k0)* (—4Xk13n1 k0 — 2 A n1%k1* + \ni k1°
—2Xk13n12k0 + 6 Amnl k13k0 +4AXk1*n1 kO + 4 XA nl k0%k13 + 36 k0>f3 k1 n1?

— 72k03f3 k1 mni1 + 36 k03f3 k1 m? + 72 f3 n12k0* — 144 f3 n1 k0*m + 72 f3 m?k0*)
eqds := op(3,eq4d);

eqfs == —ANk13n1 kO —2An1?k1* + Xnl k1° — 2 X k13n1%k0 + 6 Amnl k13k0
+ANEI*nl kO + 4\ nl k0%k1 + 36 k03f3 k1 n1? — 72 k03f3 k1 mn1

+36 k03f3 k1 m? 4+ 72 f3 n12k0* — 144 f3 n1 k0*m + 72 f3 m?k0*
eq5 := factor(resultant(eqds,eq3s,kl));

eg5 = 9nl k0" (m — n1)* (27 k0 Am® — 45 k0 Anl m? + 21 k0 Amn1?
—3An13k0 + 12mn13f3 + 12013 m — 12 xmni? — 4 f3 nit

—12n1*\+12An13)
egbs := op(5,eqb);
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eqhs = 2Tk0OAm> — 45k0 Anl m? + 21 k0 Amn1? —3An13k0 + 12mni13f3

+12n13Am — 12 mn1? —4f3n1* —12n1* X+ 12 n13
> eq6 := factor(resultant(eqk0O,eqls,k2));

eqb = —4k0 (—2nl + kI +2k0)* (8k0%f3 + 4 X2k0% — 4 k0 A% — 2X%n1 k0 + 6 \2mko

+AN KO k1 4+ 8K1 f3kO +2f3 k1% —2X2nl kI + \2k1?)
> eqbs:=op(4,eqb);

eqbs = 8k0%f3 + AN?k0% — 4 k0 N* — 2 X°nl kO + 6 \2mk0

+4AX2k0 k1 + 8k f3 k0 +2f3 k1% —2X°nl k1 + N\2k12
> eq7 := factor(resultant(eqbs,eq3s,kl));

eq? = kO (k0 f3n1? + N2n12k0 — 6 N2mni k0 — 12 k0 f3 mni + 18 k0 f3 m? + 9 X\2k0 m?
—4X2n1% +4X°n13)
> eq7s:=op(2,eq7);

eq7s = 2k0 f3 n1? 4+ X2n1%k0 — 6 \2mnl1 k0 — 12 k0 f3 mnl + 18 k0 f3 m>
+9X2k0m? — 4 XN2n1? +4 X213
> kOsola := solve(eq7s=0,k0);
A Nn1?(—=1+nl)
213n1%+X2n1?2 — 6 2mnl — 123 mnl + 18 m2f3 + 9 \2m?2
> eq8 := factor(resultant(eq7s,eqbs,k0));

kOsola = —

eq8 = 4f3n1%(3m — n1)* (6 f3mni + 6 Amnl + 3 X>mnl
—6mA—6An1%—\2n1%2 —2f3ni%+6nl N\
> eq8s := op(5,eq8);
eq8s = 6 f3mnl + 6 Xmnl +3X2mnl —6mA—6An1% — \N2n1%2 —2f3n1?+6nl1 X
> mn2sola := factor(subs(k2=k2sola, kil=klsola, kO=kOsola, kO+k1+k2));
(=1 +ni1) X2
213 + N2
> eq9s := lambda*xf2%(1-n1-n2)-(3*m-n1-2*n2)*£f3;
eq9s == Af2 (1—nl —n2)— (3m—nl —2n2)f3

n2sola = —

222



> resultant (subs(n2=n2sola,f2=f2def,f3=f3def,eq9s),subs(n2=n2sol,
f2=f2def ,f3=f3def,eq8s) ,n1):

>  simplify(%);

> # eqsol relates m and lambda

> eqgsol := op(4,%);

> solve(eqsol=0,m);

> msola := factor(%[2]);

> msol := (1/3)*lambda*g2*f1/F2;

> is(simplify(subs(fi=fidef,g2=g2def,F2=F2def,msol)-msola),0);

> rsol := msol-1/2;
. (26A —2-2X— AQ)Q,X(STneZAA-+»37ne2A —9m?e??
2(er —1—N)

A2+ 3mer — A+ 9m? —3m — 12mA + 18 Am? +2))

eqgsol == 3me* )\ + 3me?* — 9m2e?A

“de2r L 3merM—eMA+9m2—3m—12mA+ 18 AmZ + 2\
A (2 + et —2)

13, =13 — ot
7n50hlt=:1/3‘X§fji:zﬁi;;?)
Ag2 f1
msol := 1/3 ?gf
true
rsol = 1/3Ai722f1 —1/2

subs (m=msol,n2=n2sola,eq9s):
solve(%=0,n1);
nlsolb := simplify(subs(g2=g2def,fi=fldef,F2=F2def,f2=f2def,f3=£f3def,%));
nlsol := fixlambda/F2;
is(simplify(subs(f1=fidef ,F2=F2def,nlsol)-nlsolb),0);

A(2f2F2 —292f1f3—g2f1 N> +2\F2)

F2 (2Xf2 —2f3 + \?)
(eA —»1) A

e2X —1 -2\

vV V V V V

nlsolb =
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1A
F2

true

nlsol =

> kOsol := 2xlambda”2/(gl*F2);
> 1is(simplify(subs(nl=nlsolb,m=msola,f3=f3def,gl=gldef,F2=F2def,
kOsol-kOsola)),0);
)\2
gl F2

true
> klsol := 2xlambda”2*f1/(gl*F2);

> is(simplify(subs(k0=kOsola,nl=nlsolb,m=msola,fl=fildef,f3=f3def,
gl=gldef ,F2=F2def,klsol-k1sola)),0);

kOsol = 2

A2 f1
gl F2

true
> k2sol := lambda~2*f172/(2%gl*F2);

> is(simplify(subs(kil=klsola,k0=kOsola,nl=nlsolb,m=msola,fl=fidef,
f£3=f3def,gl=gldef ,F2=F2def ,k2s0l-k2s0la)),0);

A2f12
gl F2

klsol := 2

k2sol := 1/2

true
> n3sola := simplify(subs(nl=nlsol,k0=k0Osol,kl=klsol,k2=k2sol,n3def));

> n3sol := gl*f3/F2;
> is(simplify(subs(f3=f3def,gl=gldef,F2=F2def,f1=fldef,n3sola-n3s0l)),0);
291 F2 —2f1 Mgl —4X%2 —4X2f1 — \2f12
gl F2
91 f3

F2
true

> Q3sola := simplify(subs(m=msol,nl=nlsol,k0=k0sol,kl=kisol,,k2=k2sol,
fi1=fidef,gl=gldef,g2=g2def,Q3def));
> Q3sol := lambdaxgl*xf2/F2;
> is(simplify(subs(£3=f3def,gl=gldef,F2=F2def,f2=f2def,Q3s0la-Q3s01)),0);
(=22 + A+ 14e*N) A

F2
Agl f2

F2

n3sola = 1/2

n3sol =

Q3sola := —

Q3sol =
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true
> T3sola := simplify(subs(m2=m2def,m=msol,nl=nlsol,k0=k0sol,kl=klsol,
k2=k2sol,f1=fldef,gl=gldef,g2=g2def ,D33def));

> T3sol := lambdaxf2xf1/F2;
> is(simplify(subs(f3=f3def,gl=gldef,F2=F2def,f1=fldef,f2=f2def,
T3so0la-T3s0l)),0);
T8sola = D33def
Af2 f1

T3sol :=
S0 79

false
> T2sola := simplify(subs(m2=m2def,m=msol,nl=nlsol,k0=k0sol,kl=klsol,
k2=k2so0l,fi=f1def,gl=gldef,g2=g2def ,D32def));

> T2sol := 2*lambda*f2/F2;
> is(simplify(subs(f3=f3def,gl=gldef,F2=F2def,f2=f2def,T2s0la-T2s01)),0);
T2sola := D32def
Af2

T2so0l := 2 —
250 72

false

> m3sola := simplify(subs(m2=m2def,m=msol,nl=nlsol,k0=k0sol,kl=klsol,
k2=k2sol,f1=fldef,gl=gldef,g2=g2def ,m3def));

> m3sol := (1/3)*lambdaxf1*f1/F2;
> is(simplify(subdef (m3sola-m3so0l)),0);

A (er = 1)
3sola == 1/3 ————
m3sola / 72
Mf1?
=1
ma3so /3 72

true
> m2psola := simplify(subs(m2=m2def,m=msol,nl=nlsol,k0=k0sol,kl=klsol,
k2=k2so0l,f1=f1def,gl=gidef,g2=g2def ,m2pdef));

> m2psol := lambda/gl;
> is(simplify(subdef (m2psola-m2psol)),0);
A (e —1-2))

2psola =
m2psola (1) F2
A
m2psol .= —
gl
true
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# Series

seriesl:= (value,k) -> series(subdef(value),lambda=0,k);

# This relates the parameters with lambda->0

nlseries := seriesl(nlsol,3);
mseries := seriesl(msol,4);
kOseries := seriesl(k0sol,4);
kilseries := seriesl(klsol,4);
k2series := seriesl(k2so0l,4);
n3series := seriesl(n3sol,4);
Q3series := seriesl(Q3so0l,4);
T3series := seriesl(T3sol,4);
T2series := seriesl(T2sol,4);
m3series := seriesl(m3sol,4);
m2pseries := seriesl(m2psol,?2);
c3series := seriesl(Q3so0l/n3so0l,4);

seriesl(Q3sol*(1+etadef-Q3s0l/n3s0l),5);
niseries == 1/2—1/12X —1/36 A* + O (\%)

11
mseries == 1/2+1/12X+1/36 A* + ——— X* + O (\?)

2160
, 7 2 L 3 4
kOseries := 1/275)\+2/9)\ +m)\ +0 (A
1
klseries := 1/2)\—1/3)\2—1-5)\3—4—0()\4)

k2series = 1/8A% —1/48 )% 4+ O ()\4)
n3series == 1/6 X+ O (\?)
Q3series := 1/2X+ O ()\?)
T3series := O (AQ)

T2series := 1/2X+ O (A\?)
m3series = 1/6 A+ O (\?)

m2pseries := 1/2XA 4 O ()\2)

c3series := 3+ 1/4X+ O ()\2)
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1/24 X% + 0 (X%)
fpre-(2*r*x1n(n)-4*r*1n(r)):
fl:= subs(m=msol, nl=nlsol,r=rsol,k0=k0Osol,ki=klsol,k2=k2s0l,%):
simplify(seriesl(f1,5),symbolic);
evalf(-2/3*1n(2)-1/3*%1n(3)+1/3);
evalf (-(2/9)*1n(2)-(1/9)*1n(3)+7/36) ;

(—2/31n(2) —1/3 In(3) +1/3) A + (—2/9 In(2) —1/91n(3) + 376> A +0 (N

—0.4949688834
—0.0816562945
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A.6 Case 1 in the proof of Lemma 4.8.18

> restart; h := x —> x*n*xln(x)+x*n*1ln(n)-x*n;
h =z znln(z) +anln(n) —an
> # lambda
> eladef := exp(lambda);
> fldef := exp(lambda)-1;
> f2def := exp(lambda)-1-lambda;
> f3def := exp(lambda)-1-lambda-lambda®2/2;
> gldef := exp(lambda)+1;
> g2def := exp(lambda)+2;
Fidef := exp(2*lambda)-1;
F2def := exp(2+lambda)-1-2*lambda;

etadef := lambdaxf1/f2;

subdef := x -> subs(eta=etadef,ela=eladef,fl=fldef,f2=f2def,f3=f3def,
gl=gldef,g2=g2def ,F1=Fldef ,F2=F2def, x);

> msolmax := (1/3)*lambdaxg2*f1/F2;

>
>
>
>

> rsolmax := msolmax-1/2;
> series(subdef (rsolmax),lambda=0) ;
eladef =
fldef = " —1
fodef = e —1— X\
fodef = e —1—X—1/2)2
gldef = et +1
g2def = e +2
Fldef := e®* —1
Fodef = 2 —1—2)\

1
etadef = )\f,];
subdef := x+— x

A g2 f1
[ =1
msolmax /3 72
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Ag2 f1
F2

11
/12X +1/36 02 + —— )3 A
/ +1/36 +2160 + 0 (X*)

rsolmax = 1/3 —-1/2

n2rel := kO0+k1+k2;
n3rel := 1-nl1-n2;
P3rel := 3*m-3*nl;
Q3rel := 3*m-nl-2%*n2;
P2rel := 2x(nl1-k0);
m2prel := ni1-kO0;
m3rel := P3rel/3;
n2rel = k0 + k1 + k2
ndrel == 1—nl —n2
P3rel :== 3m —3nl
Q3rel := 3m —nl —2n2
P2rel := 2nl1 —2k0
m2prel := nl — k0
mdrel ;== m — nl
sol:= solve(subs(n2=n2rel,{n3rel=0, P2rel=kil, P3rel=k1+2%k2}),{k1,k2,nl1});
kisol := rhs(sol[1]);
k2sol := rhs(sol[2]);
nlsol := rhs(sol[3]);
subsfork0 := x -> subs(nl=nlsol,kl=klsol,k2=k2s0l,x);
subsfork0(P3rel) ;
subsfork0(P2rel) ;
subsfork0(m2prel) ;
sol == {kl =—6m+4—-2k0,k2=-5+9m+k0,nl =—-3m+ 2}
klsol :== —6m +4—2k0
k2sol == —5+9m + k0
nlsol == —3m + 2
subsforkl) = x+— x
12m —6
—6m+4—2k0
—3m+2—-k0
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> f := (k0) -> subs( m3 = m3rel, P3 = P3rel, P2 = P2rel, m2p = m2prel,
n2 = n2rel, kl=klsol,k2 = k2sol, nl=nlsol, h(nl)+h(P3)+h(P2)-h(k0)-h(k1l)
-h(k2)-h(m3) -2*h (m2p) ~k2*n*1n(2) -m3*n*1n(6) -m2p*n*1n(2)) /n:

> expand(f (k0));

1—k0In(k0)+5In(2) —10mIn(2)+5In(=5+9m+k0) —9 In(=5+9m + k0)m
—In(=5+9m+k0)k0 —In(n)+2In(n)m+2In(-3m+2)—3In(-3m+2)m
—4In(6)+8mIn(6) +8mn(2m—1)—4In(-3m+2—-£k0)+6In(—3m+2—k0)m
+2In(-3m+2—-k0)k0 —4In(2m—1)—2m

> # Partial derivatives

> fkO := simplify(exp(diff(£(k0), k0)));
o = (3m — 2+ k0)?
" kO (—54+9m+k0)
> fk00 := simplify(diff(diff(f(k0), k0),k0));
> numfk00:= simplify(subs(m=1/2+r,numer (-fk00)));
>  simplify(subs(k0=+5-9%m,m=1/2+r ,numfk00)) ;
> simplify(subs(k0=+2-3%m,m=1/2+r ,numfk00)) ;

33m — 10 — k0 — 27m? + 3mk0
kO (=5 +9m + k0) (3m — 2+ k0)
numfk00 = 1/4 —6r —1/2k0 + 2712 —3k0r
—37 4 54r?
—67 + 3672
> eqk0O := numer (fk0)-denom(£fk0) ;
eqk0 = (3m — 24 k0)* — k0 (=5 + 9m + k0)
> kOsol := solve(eqk0=0,k0); factor(%);
9m? —12m +4

k00 =

kOsol =
%0 3m— 1
(3m —2)?
3m—1

> simplify(subs(kO=kOsol, f(kOsol))):
> subdef (subs(r=rsolmax, m=msolmax,w=exp(1l),%-(2*r*1n(n)-4*r*1n(r)))):
> simplify(series(,lambda=0) ,symbolic);

(1/3-1n(2) —1/3In(3)) A+ O (N?)
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A.7 Case 2 in the proof of Lemma 4.8.18

> restart; h := x —> x*n*xln(x)+x*n*1ln(n)-x*n;
h =z znln(z) +anln(n) —an
> # lambda functions
> eladef := exp(lambda);
> fldef := exp(lambda)-1;
> f2def := exp(lambda)-1-lambda;
> f3def := exp(lambda)-1-lambda-lambda®2/2;
> gldef := exp(lambda)+1;
> g2def := exp(lambda)+2;
> Fldef := exp(2+lambda)-1;
> F2def := exp(2+lambda)-1-2*lambda;
> etadef := lambdaxfl/f2;
> subdef := x -> subs(eta=etadef,ela=eladef,fl=fidef,f2=f2def,f3=f3def,

gl=gldef,g2=g2def ,F1=Fidef ,F2=F2def, x);

> msolmax := (1/3)*lambdaxg2*f1/F2;

> rsolmax := msolmax-1/2;

> series(subdef (rsolmax),lambda=0) ;

eladef =
fldef = " —1
fodef = e —1— X\
fodef = e —1—X—1/2)2
gldef = et +1
g2def = e +2
Fldef := e®* —1
Fodef = 2 —1—2)\

1
etadef = )\f,];
subdef := x+— x

A g2 f1
[ =1
msolmax /3 72
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Ag2 f1
F2

rsolmax = 1/3 —-1/2

11
/12X +1/36 M2 + —— \3 %
[12A+1/36 A% + 5o AP+ O (M)

> n2rel := kO0+k1+k2;
> n3rel := 1-n1-n2;
> P3rel := 3*m-3*nl;
> Q3rel := 3*m—-nl-2*n2;
> P2rel := 2x(n1-k0);
> m2prel := nl-kO;
> m3rel := P3rel/3;
n2rel = k0 + k1 + k2
ndrel == 1—nl —n2
P3rel :== 3m —3nl
Q3rel := 3m —nl —2n2
P2rel := 2nl1 —2k0
m2prel := nl — k0
mdrel ;== m — nl
> Q3so0l := 3*n3;
> nlsol := solve(P3rel=0,n1);
> kOsol := solve(subs(n3=n3rel,n2=n2rel,nl=nlsol,k1=0,k2=0,Q3rel=Q3s0l),k0);
Q3sol := 3ns
nlsol == m

kOsol == 3 —5m

> f := expand(subs( Q3=Q3sol, n3=n3rel, m3=m3rel, P3=P3rel, P2=P2rel,

m2p = m2prel, n2 = n2rel, k0=kOsol, nl=nlsol, k1=0,k2=0, (h(nl)+ h(Q3)

-h(k0)-h(n3)-h(m3) -2xh(m2p) -m3*n*1n(6)-m2p*n*1n(2))/n - n3*1n(6)));
f=1+mln(m)+2mln(n)+8mln(6) —4mln(—-1+2m) —In(n) —3 In(3 —5m)
+5In(B—=5m)m—-10mIn(2) —12mIn(3)+5In(2) +6In(3) —2m —4In(6)+2In(—-1+42m)

> simplify(series(subs(m=msolmax,r=rsolmax,g2=g2def,fl=fldef,

F2=F2def ,w=exp(1) ,f-(2*r*1n(n)-4*r*1ln(r))),lambda=0, 4));

(=In(2) —1/3 In(3) + 1/3) A+ O (A?)
A.8 Case 3 in the proof of Lemma 4.8.18

> restart; h := x -> x*n*ln(x)+x*n*1ln(n)-x*n;
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h =z — znln(z)+znln(n) — zn
> n2rel := kO0+k1+k2;

> n3rel := 1-n1-n2;

> P3rel := 3*m-3*nil;

> Q3rel := 3*m—nl-2*n2;
> P2rel := 2%(n1-k0);

> m2rel := nl-kO0;

> m3rel := P3rel/3;

n2rel = k0 + k1 + k2
ndrel .= 1—nl —n2
PS8rel == 3m —3nl
Q3rel :== 3m —nl —2n2
P2rel :== 2n1 —2k0
m2rel := nl — k0

mdrel == m — nl
> Q3sol := 3%*n3;

> kOsol := nl;
> klsol := 0;
> k2so0l := solve(subs(n3=n3rel,n2=n2rel,k1=0,k0=k0so0l,Q3rel = Q3sol),k2);

Q3sol := 3nd
kOsol = nl
kisol := 0

k2sol := 3 —3n1 —3m
> f := (nl1) -> subs( Q3=Q3so0l, n3=n3rel, m3=m3rel, P3=P3rel, P2=P2rel,
m2=m2rel, n2=n2rel, kO0=kOsol, kl=klsol, k2=k2sol, (h(nl)+h(P3)+h(Q3)
-h(k0)-h(k2)-h(n3)-h(m3)-h(P3-k1-2*k2) -k2*n*1n(2)-m3*n*1n(6))/n - n3*1n(6)):

> expand(f(nl));

1-3In(2)+3Im2)nf +3In(2)m—41In(6)m+6mln(3)+2mln(m —ni)
—2nlIn(m—nl)—In(n)+2Inn)m+3nl In(l—nf —m)+3mln(1 —nl —m)
+2In(-2+nf +3m)—nl In(—2+nl +3m)
—3mIn(-2+nl+3m)—2m—-3In(3) —3In(l —ni —m)

+2 1n(6)
> # Partial derivatives
> fnl := simplify(exp(diff(£f(nl), nl)));
> fninl := simplify(diff(diff(f(anl), nl),nl));
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(=14 nl +m)?
(m — n1)* (=2 + nl +3m)
4—nl —15m+2nlm+14m?

fnl = =8

Inl =
fnin (=24+nl +3m)(m—nl)(—1+nl +m)
> eqnl := numer(fnl)-denom(fnl);
eqnl == —8 (=1 +n1 +m)> — (m — n1)* (=2 + nl +3m)
> sol:= solve(subs(m=1/2+r,eqnl=0),n1): nls := sol[1]; nls2 := sol[2]:
> nls3 := sol[3]:
2
nls = \/ 105273 + 108 V9 7”3—4—* s +1/2 _*T
27 3/—1052713 + 108 /9313
> # nls is the solution I am seeking
> series(nls,r=0);
> cr := (-2/27)*(1052-108*sqrt(93))~(1/3)
-56/(27%(1052-108*sqrt (93))~(1/3))-25/27;
> evalf(cr);
2 5 (—1)%/3 25
1/2 4+ 44*\/1052‘7 108vV93v/—1 — — r
(27 27 /1052 — 10803 27
1 25
cro: \/1052 108 v93 —

>

>

27 {1052 — 10893 27
—2.035656368
simplify(subs(m=1/2+r, nl=1/2+b*r, f(nl)-(2*r*1ln(n)+2*r*1ln(r))),symbolic);
r(—2—m2)+2m@B)+2In(1—->0)+3In(-b—-1)—3In(b+3)+3bln(—b—1)
—bln(b+3)+3In(2)b—2bIn(1 —10))
evalf (subs(b=cr, simplify(%/r)));
1.938961708
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A.9 Case 4 in the proof of Lemma 4.8.18

> restart; h := x —> x*n*xln(x)+x*n*1ln(n)-x*n;
h =z znln(z) +anln(n) —an
> # lambda functions
> eladef := exp(lambda);
> fldef := exp(lambda)-1;
> f2def := exp(lambda)-1-lambda;
> f3def := exp(lambda)-1-lambda-lambda®2/2;
> gldef := exp(lambda)+1;
> g2def := exp(lambda)+2;
> Fldef := exp(2+lambda)-1;
> F2def := exp(2+lambda)-1-2*lambda;
> etadef := lambdaxfl/f2;
> subdef := x -> subs(eta=etadef,ela=eladef,fl=fidef,f2=f2def,f3=f3def,

gl=gldef,g2=g2def ,F1=Fldef ,F2=F2def, x);

> msolmax := (1/3)*lambdaxg2*f1/F2;

> rsolmax := msolmax-1/2;

eladef =
fldef = " —1
fodef = e —1— )
f3def = e —1—-X—1/2)2
gldef = et +1
g2def = e +2
Fldef := e®* -1
F2def := ¢** —1—2)

Af1

etadef = f;

subdef = x — x

Ag2 f1
=1
msolmazx /3 72

A g2 f1
=1 —1/2
rsolmax /3 79 /
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> n2rel := kO0+k1+k2;
> n3rel := 1-n1-n2;
> P3rel := 3*m-3%*nil;
> Q3rel := 3*m—nl-2*n2;
> P2rel := 2%(n1-k0);
> m2prel := nl-kO;
> m3rel := P3rel/3;
n2rel := k0 + k1 + k2
ndrel .= 1—nl —n2
P3rel :== 3m —3nl
Q3rel :== 3m —nl —2n2
P2rel := 2n1 —2k0
m2prel := nl — k0
mdrel == m — nl
> Q3sol := 3*n3;
> kOsol := solve(subs(n3=n3rel,n2=n2rel,Q3rel = Q3so0l),k0);
> subs(n3=n3rel,n2=n2rel,k0=k0so0l,Q3rel);
> subs(n3=n3rel,n2=n2rel,k0=k0sol,P3rel-k1-2*k2);
> subs(n3=n3rel,n2=n2rel,k0=k0sol,P3rel);
> subs(n3=n3rel,n2=n2rel,k0=k0sol,P2rel-kl);
> subs(n3=n3rel,n2=n2rel,k0=k0sol,P2rel);
> subs(n3=n3rel,n2=n2rel,k0=k0sol,n3rel);
Q3sol := 3ns
kOsol := 3 —2nl — ki — k2 —-3m
9m+3nl —6
3m—3nl — ki —2k2
3m —3nl

6nl —6+k1+2k2+6m
6nl —6+2k1 +2k2+6m

—24+nl +3m
> f := (n1,k1,k2) -> subs(Q3=Q3so0l, n3=n3rel, m3=m3rel, P3=P3rel,
P2=P2rel, m2p=m2prel, n2=n2rel, k0=kOsol, (h(nl)+h(P3)+h(P2)+h(Q3)
-h(k0)-h(k1)-h(k2)-h(n3)-h(m3)-h(P3-k1-2%k2) -h (P2-k1)-2xh(m2p)
-k2*n*1n(2) -m3*n*1n(6) -m2p*n*1n(2))/n - n3*1n(6)):

> # Partial derivatives
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> fnl := simplify(exp(diff(f(nl,k1,k2), n1)));

(=3m +3nl + kI +2k2)° (=3+2nl + kI + k2 +3m)® (=2+ nl +3m)*ni
(m —n1)? (60l —6+ ki +2k2+6m)°
> fkl := simplify(exp(diff(f(nl,k1,k2), k1)));
—3m+3nl +ki +2k2)(=3+2nl + ki +k2+3m)
(6nl —6+ k1 +2k2+6m) k1
> fk2:= simplify(exp(diff(f(nl,k1,k2), k2)));

(=3m +3nl + ki +2k2)*(=3+2nl + kI + k24 3m)

fk1 ::2(

k2 = — 5
(6nl =6+ k1 +2k2+6m) k2
> eqnl := numer(fnl)-denom(fnl);
eqnl == —8 (—3m +3nl + kI +2k2)* (=3 +2nl + kI + k2 +3m)?

(=24 n1 +3m)*nl —(m—n1)?(6nl —6+ ki +2k2 +6m)°
> eqgkl := numer(fkl)-denom(fkl);

eqkl == 2 (=3m+3nl + kI +2k2)(=3+2nl+kl+k2+3m)

—(6n1 —6+k1 +2k2 +6m)kl
> eqk2 := numer(fk2)-denom(fk2);

eqk2 == — (=3m—+3nl + k1 +2k2)* (—3+2nl + kI + k2 +3m)
— (61 — 6+ kI +2k2 4 6m)? k2

> resultant(eqkl,eqk2,kl):

> eql := factor(%);

> k2solalt := 3-3*m-4x*nl;

> subs(n3=n3rel,n2=n2rel,k0=k0sol,k2=k2solalt, P2rel);

eql =9 (=24 n1+3m)* (k2 —3+3m+4nl)
(9m2k2 — 6mni k2 + ni?k2 +27m3 — 2Tm? — 36 m?ni — 9mni? + 54mni —27n1% + 18 n13)
k2solalt == 3 —3m — 4 nl
—2n1 +2k1
> eqls := op(4, eql); k2sol := solve(%=0,k2); factor(%);

eqls = 9m?k2 — 6mnl k2 + n12k2 + 27m> — 2T m?
—36m?nl —9mni?+54mni —27n1%+18ni13
3m3 —3m2—4m?nl —mni%2+6mnl —3n12+2ni13

k2sol == -9 5
9m2 —6mnl + nl
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(3m —3+42n1)(m—ni)?
9 2
(3m —nl)

resultant (eqk2,eqkl, k2):
eq2 := factor(%);

eq2 = 144 (=2 + n1 +3m)* (kI —2n1)
(9m2k1 — 6mnl kI + n1?kl + 36 m?nl + 36 n1? —24n13 — 36 mni — 12mni1?)
> eq2s := op(4,eq2); kilsol:= solve(%=0,k1);factor(%);
eq2s == 9m?kl —6mnl ki + n1%k1 + 36 m?>n1 + 36 n1% —24n13 — 36 mni — 12mni1>
nl (3m2—3m—mn1 +3nl —2n12)
9m2 — 6mnil + ni?
nl 3m—3+2nl)(m—nl)
(3m —n1)?
> eq3 := resultant(eq2s,eqnl,kl):

klsol := —12

—12

> resultant(eq3,eqls,k2):
> factor(%);
> eqm := op(3,%);

46656 n1° (18 m — 36 m* 4+ 18 m® — 18 nt + 18 mni — 3m*nl +22n1* — 16 mni* — 7ni?)
(m —n1)? (=2 + nl +3m)° (3m —n1)"
eqm = 18m — 36 m? + 18m?® — 18 n1 + 18mnl — 3m?nl +22n1% —16mni? — 7ni1?

> eq := simplify(subs(m=1/2+r,eqm));
> sol := solve(eq=0,n1):

> x1 := soll[1]:

> x2 := sol[2]:

> x3 := sol[3]:

> evalf(limit(x1,r=0));

> evalf(limit(x2,r=0));
> evalf(limit(x3,r=0));
39
eq = 9/4=9/2r = 9r* + 187" — Zoni + 1501 r —3nl v’ +14ni* —16n1%r — Tnl?

0.5000000000
0.7499999995 + 0.2834733546 ¢
0.7499999995 — 0.2834733546 ¢
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> nlsol := x1:
> snl := simplify(series(nlsol,r=0,4));

> series(subdef (rsolmax),lambda=0);
snl = 1/2—r—6r>+60r°+ 0 (r!)
11
1/12X4+1/36 A% + —— X* + O (\*)

2160
expand (subs (k1=klsol,k2=k2so0l,m=1/2+r, f(nl,kl,k2)-(2*r*1ln(n)-4*r*ln(r)))):

V

simplify (%) :

simplify(series(simplify(subs(nl=sn1,%)),r=0,4),symbolic);

series(subs(r=lambda/12+lambda~2/36, (4-8*x1n(2)-4*x1n(3))*r+6*r~2) ,lambda=0) ;
(4—8In(2)—4In(3)r+6r2+0 (r?)

vV vV Vv

(1/3—2/31n(2) —1/3 In(3)) A+ <;; —-2/91In(2)-1/9 ln(3)> A +1/360° + %)\4

> evalf(11/72-(2/9)*1n(2)-(1/9)*1n(3));
—0.1233229611
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A.10 Case 5 in the proof of Lemma 4.8.18

> restart; h := x -> x*n*ln(x)+ x*n*x1ln(n)- x*n;

> n2rel := kO0+k1+k2;

> n3rel := 1-nl1-n2;
> P3rel := 3*m-3*nl;
> Q3rel := 3*m—nl-2*n2;
> P2rel := 2x(n1-k0);
> m2rel := nl-kO0;
> m3rel := P3rel/3;
h :=zw— znln(z)+anln(n) —an
n2rel = k0 + k1 + k2
ndrel .= 1—nl —n2
PS8rel == 3m —3nl
Q3rel .= 3m —nl —2n2
P2rel .= 2n1 —2k0
m2rel := nl — k0
m3rel := m — nl
> mnlsol := m; klsol := 0; k2so0l:= 0; kOsol := 1-nlsol-n3;
nilsol :(= m
kisol := 0
k2sol := 0

kOsol .= 1—m — n8
> f := (n3) -> subs(Q3 = 3*m-nl1-2*n2, n2=k0sol, P2=2*m2, m2=n1-k0, M2=nl,
k0=kOsol, nl=nlsol, +h(M2)+h(P2)+h(Q3)-h(k0)-h(n3)-h(P2)-m2*n*1n(2)
-2xh(m2))/n:
> g := (n3, lambda) -> f(n3)+ subs(Q3 = 3*m - nl - 2%(k0), k0 = 1-ni1-n3,nl=m,
n3*log(£3)- Q3*1n(lambda)):

> simplify(subs(n2=1-n1-n3,ni=m, Q3rel));

dm —242n38
> fn3 := simplify(exp(diff(f(n3), n3)))/lambda”2x*f3;
(=14+m+n3)f3
= —2
fn n3 \?
> eqn3 := numer (fn3)-denom(fn3);
eqnd = —2 (=1 +m+ n3) f3 — n3 \?

> n3sol := solve(eqn3=0,n3);
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(=1+m)f3

213+ N2
> eq3 := simplify(n3*(Q3/n3) = n3solx*((2*f3+lambda"~2)/£f3)
* (n3+1lambda/ (2%Q3))*(Q3/n3)) ;

eqd == Q3 =—(—14+m)\

n3dsol == —2

> lambdasol := solve(eq3,lambda);
hnnbdasol:::-—__;?an
> n3s0l2 := (simplify(solve(subs(Q3=Q3rel, n2=k0,k0=1-n1-n3,nl=m,eq3),n3)));
>  simplify(subs(n3=n3s0l2,m=1/2+r,rhs(eq3)/n3s0l2));
> subs(f3=f2-lambda”2/2, f2=exp(lambda)-1-lambda,’= lambda*f2/f3);
> rsol := solve(%,r);
> rseries := series(rsol,lambda=0);
n3sol2 == 1/2A—1/2Am —2m +1
(=14+27)A
“A+2Ar+8r
(—1+2r)A A —1-))
“A+2Ar+8r er—1-X—1/2)2
—2e* + 2+ A+ e*)
Ty wapsyy
1
rseries = 1/24)\—1-@)\2—%)\3—4—0()\4)

> g2 := lambda -> expand(subs(f3=exp(lambda)-1-lambda-lambda~2/2,
n3=n3s0l12,m=1/2+rsol,g(n3,lambda) - (2*r*1n(n)-4*r*x1ln(r)))):

> g2(lambda): subs(m=1/2+r,r=rsol,%):
> simplify(series(%,lambda=0,3),symbolic);
1

(1/6 —1/21n(2) —1/6 In(3)) A + (—1/24 In(2) - =5 In(3) + 712> A2 +0 (X%
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A.11 Case 6 in the proof of Lemma 4.8.18

> restart; h := x —> x*n*xln(x)+x*n*1ln(n)-x*n;
h =z znln(z) +anln(n) —an
> n2rel := kO+kl+k2;
> n3rel := 1-n1-n2;
> P3rel := 3*m-3%*nil;
> Q3rel := 3*xm-nl1-2*n2;
> P2rel := 2x(n1-k0);

> m2rel := nl1-kO0;

> m3rel := P3rel/3;
n2rel = k0 + k1 + k2
ndrel .= 1—nl —n2
PS8rel .= 3m —3nl

Q3rel == 3m —nl —2n2
P2rel == 2n1 —2k0
m2rel := nl — k0

m3rel ;== m —nl
> klsol := 0;
> kOsol := solve(P2rel=0, kO0);
> (Q3sol := solve(subs(kl=klsol,k0=k0sol,Q3+2*k1+2xk2=P3rel+P2rel),Q3);
> n3sol := subs(n2=n2rel,kl=klsol,k0=k0sol,1-n1-n2);
kisol := 0
kOsol = nl

Q3sol := 3m —3nl —2k2

ndsol .= 1—2nl — k2
> f := (n1,k2) -> subs(Q3=Q3rel, n3=n3rel, m3=m3rel, P3=P3rel, P2=P2rel,
m2=m2rel, n2=n2rel, kO=kOsol, kl=klsol, +h(nl1)+h(P3)+h(Q3)-h(k0)-h(k2)
-h(n3)-h(m3)-h(P3-k1-2*k2) -k2*n*1n(2)-m3*n*1n(6))/n;
> g := (lambda) -> f(n1,k2)+ subs(Q3 = 3*m - nl - 2*(nl+k2), n3 = 1-2*n1-k2, n3*log(£f3)-
Q3*1n(lambda)):

> # Partial derivatives

> fnl := simplify(exp(diff(f(nl,k2), nl))*lambda~3/£372);
—1+2n1 +k2)°\°
ft = gjg TLT2n TEL)
(m—mn1)" f3
> fk2 := simplify(exp(diff(f(n1,k2), k2)))*lambda~2/£f3;
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(—1+2nl +k2)\?

k2 = —1/2

k2 13
> eqk2 := numer (fk2)-denom(fk2);solve(eqk2=0,n1);
eqh2 = —(—142n1 +k2)\* —2k2 f3
A2+ N2k2+2k2 13
~1/2 2
> k2sol := solve(eqk2=0,k2); k2s0l2 := k2sol*(lambda”2+2%f3)/(2%£2);
(—=1+2n1) )\
k2sol i = —~——r— L
50 N2y 2f3
—142n1)\?
k2s0l2 = —1/2(+f2")A

>  simplify(subs(k2=k2s0l2, sqrt(fn1/fk2°2)),symbolic);
> %*(1-2%n1)/(2*n1-1);
> nlsol := simplify(solve(%=1,n1));
> y := simplify(%-1/2);
13 V2X3/2 (=1 +2n1)
(m—nl)f2
1/3 V2X3/2 (1 —2n1)
(m—nl1)f2
nlsol := VIN2 —3fpm
2/2X3/2 — 3 f2
y = —3/2 2 (2m-1)

212X\3/2 — 312
> lambdaxf2/£f3-Q3/n3;

> simplify(subs(Q3=Q3rel, n3=n3rel,n2=n2rel,kl=klsol,,k0=k0sol, k2=k2s0l2,
nl=nlsol,’%),symbolic);

> subs(f3=f2-lambda”2/2,f2=exp(lambda)-1-lambda,%) ;
> solve(%=0,lambda);

> z := %[2];
A2 Q3
3 n3
(—2f22+/\2f2+2f5’ﬁf—2f3/\>)\
B (212 — \2) f3
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(<2 (@=1=2)7+ X (A =1-N) +2 (A =1-2=1/223) VAVZ =2 (" = 1= A= 1/2A%) ) A
(ZA—2-2XA—\2) (A —1—A—1/2)2)
RootOf (2.2 = () 4+ 2¢ = 1,0.0) , RootOf (2.2 — (e7)” + 27 — 1,0.8267548776)

2 1= RootOf (2.7 — ()" + 2¢ —1,0.8267548776)
(subs (f2=exp(lambda)-1-lambda,m=1/2+r,lambda=z,y) /r):

> yy :
> Dbb := (subs(f2=exp(lambda)-1-lambda,m=1/2+r,lambda=z,
exp(lambda)-1-lambda-lambda~2/2)):

>  simplify(subs(k2=(1-2#n1)*(b/2),m=1/2+r, nil=1/2+c*r,g(nl,k0)));

r(—2—=2¢ln(2) —2¢ln(3) —2In(—r(-1+4+¢))c+2In(er(—=2+0))c
+cbln(—crb) +3cbIn(2) +2In(2)+2In(3)+2In(n) +2In(—r(-1+c¢c)) —In(cr(—2+1b)) cb
—2cln(f3)+cln(f3)b—3In(1+2cr)+3cln(l1+2cr) —2cbln(1+2cr))

> 242*%1n(1-c)*c+2*xc*x1n(2)+2*c*x1n(3)-2*1n(2)-2*%1n(3)-2*1n(1-c)-3*b*c*1n(2)
-2%1n (-2*c+b*c)*c+1n(-2*c+b*c) *¥b*c+2*c*x1n(£3) —c*x1n(£3) *b;

> evalf (subs(c=yy,b=bb,f3=exp(lambda)-1-lambda-lambda~2/2,lambda=z,%)) ;

242In(1—c¢)c+2¢cln(2)+2¢cln(3)—2In(2) —2In(3) —21In(l —¢)
—3cbIn(2) —2In(—2c+cb)c+1In(—2c+cb)be+2cln(f3)
—cln(f3)b
—1.932194501
> —(2x1n(r)*c-2*1n(r)-2*1n(r)*c+1n(r) *b*c-c*b*1n(r)-4*1n(r));
6 In (r)
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A.12 Spreadsheet for Section 4.9: comparing gpre and geore

> restart; h := x —> x*n*ln(x)+ x*n*1ln(n)- x*n;
h =z znln(z) +anln(n) —an
> eladef := exp(lambda);
> fldef := exp(lambda)-1;
> f2def := exp(lambda)-1-lambda;
> f3def := exp(lambda)-1-lambda-lambda®2/2;
> gldef := exp(lambda)+1;
> g2def := exp(lambda)+2;
> Fldef := exp(2+lambda)-1;
> F2def := exp(2+lambda)-1-2*lambda;
> subdef := x -> subs(ela=eladef,fl=fldef,f2=f2def,f3=f3def,gl=gldef,
g2=g2def ,F1=Fldef ,F2=F2def, x);
eladef =
fldef = " —1

fodef = e —1— )
f3def = e —1—-X—1/2)2
gldef = et +1
g2def = e +2
Fldef := e®* —1
F2def = ¢** —1—2)
subdef = x — x

> # Relations

> pren3def := 1-n1-kO0-k1-k2;

> preQ3def := 3*m-nl1-2%(k0+k1+k2);
> prem2def := nil;

> prem2pdef := prem2def-kO;

> prem3def := m-prem2def;

> preP2def = 2xprem2pdef;

> preP3def := 3*prem3def;

> preT2def := preP2def-ki;
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> preT3def := 3*prem3def-k1-2x%
> pren2def := kO+kl+k2;

>

>

>

>

>

Vv

vV vV Vv

subdef2pre := x -> subs(n3=pren3def,(3=preQ3def ,m2=prem2def ,m3=prem3def,
m2p=prem2pdef ,P2=preP2def ,P3=preP3def, T2=preT2def, T3=preT3def,
n2=pren2def, x);

coreQ2def := 3*m-nil;
coren2def := 1-n1;
corem3def := m-nl;
subdef2core := x -> subs(Q2=coreQ2def,n2=coren2def ,m3=corem3def, x);
prenddef = 1 —nl — k0 — k1 — k2
preQ3def := 3m—nl —2k0 —2k1 —2k2
prem2def := nl
prem2pdef = nl — k0
prem3def := m — ni
preP2def = 2nl —2k0
preP3def = 3m — 3 ni
preT2def := 2nl —2k0 — ki
preT3def := 3m —3nl — kI —2k2
pren2def = kO + k1 + k2
subdef2pre == x — x
core@Q2def := 3m — nl
coren2def = 1—nl
corem3def := m — nl
subdef2core == x —
msol := (1/3)*lambda*g2*fl/F2;
nisol:= filxlambda/F2;
kOsol := 2*lambda”2/(gl*F2);
klsol := 2xlambda”2*f1/(gl*F2);
k2s0l := lambda”2*f172/(2*gl*F2);
Ag2 f1
msol = 1/3 72
fl A
nlsol = N7
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2
kOsol = 2 A

gl F2
A2 f1
k1sol =
50 gl F2
)\2][‘1 2
k2sol = 1/2
250 212

> # fpre (without lambda part)

> f := (n1,k0,k1,k2) -> expand(subdef2pre(

> h(m2)+h(P3)+h(P2)+h(Q3)

> -h(k0)-h(k1)-h(k2)-h(n3)-h(m3)-h(T3)-h(T2)-2*h(m2p)
>  -k2*n*1n(2)-m3*n*1n(6)-m2p*n*1n(2))/n):

> # fpre

>

>

fpre := expand(f(n1,k0,k1,k2)+subdef2pre(n3*log(£3)- Q3*1n(lambda))):
# fcore without lambda part

> f:= (nl1) -> expand(subdef2core(h(Q2)-h(n2)-h(n1)-h(m3)
-nl*n*1n(2)-m3*n*x1n(6))/n):

> fcore := expand(f(nl)+subdef2core(n2*log(£2)- Q2*1ln(lambda))):
> s:= simplify(subdef (subs(m=msol,nl=nlsol,k0=k0sol,kl=klsol,k2=k2so0l,
fpre-fcore)) ,symbolic);

5= 2(e2k_11_%>(2 (et =1-2) =22 (2 1) e 422 In (1 = 1= A= Aet) e
—2AIn (e —1-A—2eM)er —2A2In(e** —1—A—Xet)er —2X In (e — 1)

—2In(2e* =2-2XA =A%) + AerIn (e} +1) +2In (2e** =2 —2X e —2X — Nt — A2)
—2ln(eg’\—1—)\—)\e>‘)—4)\ln(e2>‘—1—)\—)\e>‘)—|—2)\21n(e)‘—1—)\)
+2)\ln(2e2)‘—2—2)\(—3-)‘—2)\—/\26-)‘—)\2) +)\21n(2e2)‘—2—2)\e>‘—2)\—)\26A—)\2)
—2e2’\ln(e/\—1—)\)+4)\ln(e)‘—1—)\)—2e2>‘ln(2e2>‘—2—2>\e/\—2)\—)\2e/\—/\2)
+)\21n(e)‘+1)+2ln(ez/\—1—)\—)\eA)eQ)‘—Z)\2ln(e2/\—1—)\—)\e>‘)

+2AIn(e** —1) +2 % In (e =1 = A) +2Xe*In(e* =1 — ) —2Xe? In(e* —1—))
+2Xetn (2e?* —2—2Xet =24 — At — A2) + A2t In (22} — 2 — 2 e — 20 — A% — A?)
+2Xe? I (e* = 1) = A?In(2e* =2 -2XA =A%) —2A In(2e* — 22X — \?)
+2e*Mn (2e* —2-2X1 =A%) —2Xetn (2e* =222 - A?) — A% In (2e* —2 -2 — \?))
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> num := numer(s):
> snum := simplify(exp(num),symbolic);

> # show this is 1

—2-2)—)\?

N 2(1+0) (—e2A+14A+Ae?) N 2222 er—A2er—2-)\2
snum = (e —»1—-A) <2e )

(22X —2—2XeM — 24 — AZed — \2) 2T FRAS AT 2N

(€2* —1 __A__¢XeA)42(1+A)(762A+1+A+Aek)(egA __1)72A(e2kf1)(eA__ 1)2A(e2A,1)
A

(e)\ + 1))\()\6 +)\+2)

> snum2 := a”x1 * (b*c) x2 * (axc) (-x1) * b~ (-x2) * (d*c) "x3
*c” (x1-x2-x3) * d~(-x3);

> simplify(snum2,symbolic);
> snum3 := a"x1 * bc™x2 * ac”(-x1) * b~ (-x2) * dc"x3 * c"x4 * 4" (-x3);

> simplify(subs(dc=d*c,bc=b*c,ac=a*c,x4=x1-x2-x3,snum2/snum3) ,symbolic) ;

snum? — ax](bc)xz(ac)—zzb—x2<dc>z36x1—x2—x3d—z3
1
snum3 = a® be™ ac” b e ¢ d Y
> aa := 2*exp(1ambda)—2—2*1ambda—la£Lda“2;
> Dbb := exp(lambda)-1-lambda;
> cc := exp(lambda)+1;
> dd := exp(lambda)-1;

> xx1 := 2*exp(2xlambda)-2*lambda*exp(lambda)-lambda”2*exp(lambda)
-2-lambda“"2;

> xx2 := (2*(1+lambda))*(exp(2*lambda)-1-lambda-lambda*exp(lambda)) ;
> xx3 := -2+lambdax(exp(2*lambda)-1);

> xx4 := lambda*(lambda*exp(lambda)+lambda+2) ;

>  simplify(xx4-(xx1-xx2-xx3));

> aacc := simplify(expand(aa*cc));

> ddcc :
> Dbbcc :

simplify(expand(dd*cc));

simplify(expand (bb*cc));
aa = 2e* —2 -2\ — \?
bb = e* —1— )\
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cc = e)‘—i—l
dd == e —1
zzl = 2e* — 2 et — \2er —2 - )2

T2 = 2(1-1—)\)(62)‘—1—/\—/\6)‘)
xx8 = =2\ (eQ/\— 1)

x4 = A ()\e’\+)\+2>
0
aace = 2e** —2 -2 e* — 2\ — 2%t — A2
ddec = &2* — 1

bbee = e2* —1—X—\e'
> snumé4:= subs(a=aa,b=bb,c=cc,d=dd,ac=aacc, bc=bbcc,dc = ddcc,
x1=xx1,x2=xx2,x3=xx3,x4=xx4,snum3) ;

>2e2*2AeA,\2e*2A2 ( )2(1+)\)(62A1)\)\e>‘)

snum4 = (26’\—2—2)\—)\2 A —1-x—xe

_9a2A A 2, 2 _ 2A_1_)\— A
(ZGM_Q_Q)\GA_Q/\_/\QGA_)\Q) 262 +2 XM HA%eM 242 (e)‘—l—/\) 2(1+2) (e2A—1-A-Xe*)

(82)‘ B 1)72)\(62,\,1) (e/\ " 1)A(,\e/\+,\+2) (e)\ _ 1)2)\(62,\71)

> simplify(snum4/snum,symbolic) ;
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A.13 Spreadsheet for Section 4.9: simplifying t(n)

vV V. V V

V

vV V. V V

h := x > x*nx1ln(x)+x*n*1n(n)-x*n;
h := z+— znln(z) +anln(n) —an
# some function of lambda

gldef :
g2def := exp(lambda)+2;
fidef := exp(lambda)-1;
f2def := exp(lambda)-1-lambda;
F2def := exp(2+lambda)-1-2*lambda;
Fidef := exp(2*lambda)-1;
mrellambda := (1/3)*lambdaxflxg2/F2;
gldef = e* +1
g2def = e +2
fldef = e —1
fodef = e —1—\
Fodef = e®* —1— 2\
Fldef = e2* —1

exp(lambda)+1;

mrellambda = 1/3

f:=(n1)->h(3*mn-n1)-h(1-n1)-h(nl)-h(mn-nl1)-nl1*n*1n(2)-(mn-nl1)*n*1n(6))/n:
nlsol := 3*mn/g2;

# function fcore at nilsol

fcore := expand(subs(nl=nisol, f(nl)+(1-n1)*1n(£f2)-(3*mn-nl1)*In(lambda))):

mn

nlsol = 3 972
# We simplify fcorexn/N
mdefn := 1/2+R/nu;
mdefN := nu/2+R;
rdef := R/nu;
ndef := nux*N;

R

mdefn == 1/2+ —
v
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vV V V V V V

V

Vv

vV V V V V

mdefN = 1/2v+ R

R
rdef = —
v
ndef := Nv
# First part with 1n(n)
x1 := limit(expand(fcore)/1ln(n),n=infinity)*1n(n);

sl:= expand(subs(mn=mdefn,n=ndef,%*n/N),symbolic);
# scaled
cl := 2xRx1n(N);
a := 2*R*1ln(nu);
is(simplify(ci+a-s1,symbolic),0);
zl == (=1+2mn)ln(n)
s1 := 2RIn(Nv)

cl == 2RIn(N)
a:=2RIn(v)
true

fx1:= expand(fcore-x1);

# Getting the terms without functions of lambda
x2 := 1+2*%1n(3)*mn-1n(2)*mn-2*mn;

# scaled

s2 := simplify(subs(mn=mdefn,n=ndef,%*n/N));

c2 := (2*x1n(3)-1n(2)-2)*R;

b := (In(3)-(1/2)*1n(2))*nu;
is(simplify(s2-c2-b,symbolic),0);
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nmln() mn In (3) mn

fr1 :=1-3 —6 —3mn h1<7nn-—>

g2 g2

g2 ' +31n <1—3T;2n> mng2~ ! —3mn ln<rgn;> 92_1+31n<mn—3752n> mng2 !

1
+3 n(i)g +3mn In(3) +3mn In <mn—752n)
1
ln,<1,——3> Tnn,——3> mn — In (6) mn — 2 mn + In (f2) —-BIl(ﬁi;7nﬂl
g
n (A
-3 hl(A)7nn/+—3 g;7nn

22 == 1+2mnIn(3) —mn In(2) —2mn
s2 :=InB)r+2mIm(B)R—-1/2In(2)r —In(2)R—-2R
2 :=2mnB)-In(2)-2)R
b:=(In(3)—1/21In(2))v

true
> fx2 := expand(fx1-x2);
> #Terms of type 1ln(.)
> x3a := -1n((g2-3*mn)/g2)+1n(£2);
> simplify(subs(m=mrellambda,g2=g2def,f2=f2def,f1=f1def,F2=F2def,x3a),
> symbolic);
> x3 := 1n(F2/gl);
> is(simplify( subs(mn=mrellambda,gl=gldef,g2=g2def,f2=f2def,f1=fidef,
> F2=F2def,exp(x3-x3a)),symbolic),1);
> 83 := simplify(subs(m=mdef,n=ndef,x3*n/N));
> ¢3 :=0;
> ¢ := 83;
> is(simplify(subs(mn=mdefn,n=ndef, c-x3*n/N)),0);
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vV V. V VvV V V V V

V

In (2 1
fx2 = =3 mn In (2) M n (3) —3mn In (mn—mgn) g2~ !
g

92 92
43 In (1 — 322;) mng2~ ' —3mn In (ZZ) g2t
mn 1 In (6) mn mn
+3 In mn—3—2 mng2 +372+mnln(3)—|—3mnln mn - —y
9 g g
1
—In (1—3%) —1In <mn—3752n> mn —In (6) mn + In (f2) _311(];22)77171

In (A) mn

—3In(A 3
n(\) mn + 42

+ mn In (2)

g2 —3mn
g2

—ln(eA+2—3mn>+1n<e)‘+2)+ln<e>‘—1—)\>

z3 = In (FQ>
gl

z3a = —m( > +1n(f2)

true
s8 := In <F2) v
gl
cd =0
(%)
ci=In|—|v
gl
true

fx3 := £x2-x3a;

# Terms of type mn*1ln(.)

xd4a := 3*mn*1ln(mn*(g2-1)/g2)-mn*1ln(mn*(g2-3)/g2)-3*mn*1n(lambda) ;
x4 := mn*1ln((mn~2*gl~3)/(g2"2*f1*lambda~3)) ;
is(simplify(subs(mn=mrellambda,fi=fidef,gl=gldef,

g2=g2def ,exp(x4/mn-x4a/mn))),1);

c4d := 0;

d := simplify(subs(mn=mdefn,n=ndef ,mn*n/N))
*1n(mn"2xgl1~3/ (g2~ 2*f1*xlambda”3)) ;
is(simplify(subs(mn=mdefn,n=ndef, d-x4*n/N)),0);
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vV V V V V V

In (2 1
fx3 = -3 n( )mn_6mn n<3)—3mnln mn — 2 g2~ !
43 In 1——3122 mng2~ ' —3mn In mn g2t
92 g2
mn 1 In (6) mn mn
+3In|(mn—-3— |mng2  +3———+mnIn(3)+3mnln | mn— —
92 g2 92
1
—ln(1—37;£>—ln<mn—3$>mn—ln(6)mn—3n(fjg)mn
In (A 2 -3
—3ln()\)mn+3n(g)gmn—i-ln@)mn—l-ln(gggmn)
mn (g2 — 1) mn (g2 — 3)
zja :=3mnln| —— | —ln| ——— | mn — 3 In(\) mn
92 92
) = dn [ 9L
o g22f1 \3
true
c4 =0
mn?g13
d:= (1/2 R)ln | ———
(/2w + )n<922fM3>

true
# Now I will get the terms that are multiplied by m and divided by g2

fx4 := expand(fx3-x4a);

xba = %:

simplify (%/(3*mn)*g2,symbolic) :

simplify (exp (subs (mn=mrellambda,g2=g2def ,f2=f2def,f1=f1def,
F2=F2def,%)) ,symbolic);
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In (2 1
fry = =3 n (2) mn e n (3) —3mn In (mn—mgn> g2t
g

92 92
+3In(1- 3@ mng2~! —3mn In mn g2~ !
92 92
mn 1 In (6) mn mn
+3ln|({mn—-3— |mng2  +3———+mnIn(3)+3mnln | mn— —
92 92 92
In (f2

—In (1—3%) —1In <mn—3§g> mn—ln(6)mn—3n(fgg)mn

In (A 2 -3 2—-1 2 -3
—1—3711( )mn+ln(2)mn—|—ln 92 72T 3 n mn (92 — 1) ) +1In mn (92 — 3)

92 92 92 92
1

> # Did we get all the terms?

> is(simplify(x1+x2+x3a+x4a+xba-fcore,symbolic),0);

> # This is the part that does not depend on nu

> cl+c2+c3+c4;

> # This is the part that depends on nu

> atb+ct+d;

true
2RIn(N)+(2In(3)—In(2) —2)R
F2 2913
2RIn(v) + (In(3) —1/2 In(2)) v + In <gl> v+(1/2v+R)In (%)
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A.14 Spreadsheet for Lemma 4.9.2

> (2xx*xf1xg2-3*F2) /(f1xgl);
> f:= subs(fl=exp(x)-1,gl=exp(x)+1, g2=exp(x)+2, F2=exp(2*x)-1-2%x,%);
2xf1 g2 —3F2
f1g1
2z (e® —1)(e* +2) —3e?T+3+6x
N (e —1)(e* +1)

f:
> series(f,x=0);
1/22% — 1/402* + O (2°)
>  simplify(diff(f,x));
—et? 37 4o 11+ 2637 4 42e?” + ge”

- @ 12 1 1)

> g := numer (%) ;
> simplify(subs(x=0,g));

g = 2e'" 42637 —2e% — 2 — 22637 — 81e?T — 226"

0
> gl:= diff(g,x);
>  simplify(subs(x=0,gl1));
gl = 8et? +4e3% — 4% — 613" — 8e®T — 16 xe%% — 226"
0

> g2:= diff(gl,x);
> simplify(subs(x=0,g2));

g2 = 32¢*" + 637 — 6% — 18xe3” — 32627 — 322¢%% — 226"

0
> g3:= diff(g2,x);

>  simplify(subs(x=0,g3));

3 = 128¢** —8¢® — 54 2e3% — 9627 — 64 x6>F — 216"
g

24
> gh:= diff(g3,x);

>  simplify(subs(x=0,g4));

g4 = 512" —10e” — 54e3” — 162237 — 256 2% — 128 ze?% — 2 ze®

192
> gb:= diff(g4,x);

> simplify(subs(x=0,g5));
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g5 = 2048e1% — 12e% — 32437 — 486 2e3% — 64027 — 256 xe*T — 2 xe”®
1072
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A.15 Spreadsheet for Section 4.9.1

> restart; h := x —> x*n*ln(x)+x*n*x1ln(n)-x*n*1ln(w);

h := z+— znln(z) +a2nln(n) — znln (w)

> # setting functions of lambda

> gldef := exp(lambda)+1;

> g2def := exp(lambda)+2;

> fldef := exp(lambda)-1;

> f2def := exp(lambda)-1-lambda;

> F2def := exp(2+lambda)-1-2*lambda;

> Fldef := exp(2¢lambda)-1;
> mrellambda := (1/3)*lambdaxflx*g2/F2;

> subsf := x -> subs(ela=exp(lambda),gl=gldef,g2=g2def, fl=fldef,
f2=f2def ,F1=F1def ,F2=F2def,x);

gldef = e* +1
g2def = e +2
fldef = e* —1
fodef == e —1— A
Fodef := e®* —1— 2
Fldef := e** —1

Af1 g2

llambda := 1/3
mrellambda / 72

subsf ;= x—x

> # setting scaled functions nu = n/N
> mdefn := 1/2+R/nu;

> mdefN := nu/2+R;

> rdef := R/nu;

> ndef := nux*N;

7ndqﬁz:::1/24—€?

mdefN = 1/2v+ R

R
rdef = —
v
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ndef := v N

> # fcore at maximum

> # only the part depending on nu

> a := 2%R*1ln(nu);

> b := (1n(3)-(1/2)*1n(2))*nu;

> ¢ := 1n(F2/gl)*nu;

> d := ((1/2)*nu+R) *1n(mn~2*g1~3/ (g2~ 2*xf1*lambda~3)) ;
> fcore := atb+c+d;

a:=2Rln(v)
b:=(In(3)—1/21In(2))v

(57)
ci=In|— v
gl

7nn2913>

d:= (1/2v+R)In <g?2f1)\3

feore ;= 2RIn(v)+ (In(3) —1/21In(2))v +In <§12> v+ (1/21/—|—R)ln<
# cacti part
cacti := -(1-nu)/2*1n(1-nu)+(1-nu)/2;

cacti := —=1/2 (1—v)ln(1 —-v)+1/2—-1/2v
# derivative for part that does not

mn2g13
g22f1 \3

\Y

\Y

# depend on lambda

dcacti := diff(cacti,nu);

difa := diff(a,nu);

difb := diff(b,nu);

> difsimple := dcacti+difa+difb;

deacti == 1/21In(1 —v)

vV V. V V
I

V

difa = QEE
v
difb == In(3) —1/2 In(2)

difsimple :== 1/2 In (1 — v) +2§ +In(3) —1/21n(2)
v
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> # implicit diffentiation for lambda

> dlambdaval:= diff (subs(mn=mdefn,mn),nu)/diff (subs(fi=fidef,F2=F2def,

g2=g2def, mrellambda),lambda) ;
> # simplifying

> dlambdasimple := -(R/nu”2)/(mn*(1/lambdatela/fl+ela/g2-2%ela”2/F2+2/F2));

> #checking if simplification is correct

> is(simplify(subs(mn=mrellambda,fl=fldef,g2=g2def ,F2=F2def,ela=exp(lambda),

dlambdaval-dlambdasimple)),0);

e ——1) (eA +—2)

et (e/\ + 2)
e2A —1—-2) +H1/3 3

— _p2(1/3 L
dlambdaval := —Rv <1/3 2A_1_9x

A (er—1)er A (er—=1) (er+2) (262 -2 -
+1/362/(\—1—)2)\_1/3 ( (ezx(_:__)Q()\)? >>
dlambdasimple = —Rv?mn =" <)\1 + % + e—la -2 iaQ +2 F,?l)_l
f1 g2 F2
true
> # derivative for c
> c;
> cc := simplify(exp(c/nu),symbolic);
> difc := simplify(c/nu)+nuxdlc;
> dlcval := (1/cc)*dcc*dlambda;
> dccval := simplify(diff (subs(F2=F2def,f2=f2def,gl=gldef,cc),lambda));

> dccsimple := 2xF1/gl-F2*ela/gl~2;

> is(simplify(subs(F1=Fldef, F2=F2def,fl=fldef,gl=gldef,ela=exp(lambda),

dccval-dccsimple)),0);

(57)
In{— v
gl

F2
cc = —
gl
F2
ﬂﬁ::ln<>+udk
gl
gl dcc dlambda
dlcval - = ¥————
cva 72
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>

>

difcval2 =

>

>

>

>

>

>

>

>

>

e3r 4 2e2r —er 24 26\

decval = 5
(& + 1)
F1  F2el
deesimple := 2 — — #
gl g1
true

difcval:= subs(dlc = dlcval, dcc = dccsimple,dlambda=dlambdasimple,
ela=exp(lambda),difc);

difcval2:= subs(dlc = dlcval, dcc = dccsimple,dlambda=dlambdasimple,
mn=mrellambda,difc);

-1
F F1 F A A A A\ 2
difeval == In (f) — g1 (2 _fFee ) Ry~ F2~tmn (Al AP G0 IEP =P
g

gl gl

F F1 F
In <2> —3g1 (2 — - 2;;“) Ry I\71f171g21 ()\‘1 Lo
9

g1 g1 f1

# derivative for d

d;

dd := simplify(exp(d/(nu/2+R)),symbolic);
dldval := (1/dd)*(ddd);

#ddd = ddival+dd2val

dddival := 2*dd/mn*(diff (mdefn,nu));

f1 g2 2

ela ela® -1
— _—92—49oF2!
g2 F2 * >

ddd2val := diff(Subs(g1=g1def,g2=g2def,F2=F2def,f2=f2def,f1=f1def,dd),
lambda)*dlambda;

dddisimple :
ddd2simple :

2xmn* (diff (mdefn,nu) ) *(dd/mn"2) ;

*dlambda;

is(simplify(subs(gl=gldef,g2=g2def ,F2=F2def,f2=f2def,f1=f1def,
dddival-dddisimple)),0);

is(simplify(subs(m=mrellambda,gl=gldef,g2=g2def ,Fi=Fldef,F2=F2def,
f2=f2def,f1=f1def, ela=exp(lambda),ddd2val-ddd2simple)),0);

>

>

mn?g13
1/2 R)ln| ———
/2 R (2205
dd — mn?g13
T g2%f1 )3
2 3
dldval = 92T X ddd
mn=gl
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13
dddival — —2 IR

gQQfI 32
mn? (e* + 1)2 et mn? (et + 1)3 et mn? (e* + 1)3 e?
ddd2val := | 3 3 3~ 3 — 3 3
(e +2)"(er—1)A (A +2)(er=1)A (e +2)"(er—1)" A3
2 (A 3
+1
o ge )" ttambda
(er+2)" (er — 1) \*
) o mn g13R
ddd]szmple = —2W
F1 F2 el
ddd2simple := —3 mn? (2 i 162&> g1*dlambdag2 312274

g Y

true

true

> dldvall:= subs(ddd=dddlsimple,dldval);
> dldval2:= subs(ddd=ddd2simple,dlambda=dlambdasimple,dldval);
R
dldvall = —272
mnv
F1  F2ela ela  ela ela® !
dldval2 == 3¢g1 (2— — = Rg2 1" "N 2mn (N 4+ ——4+ —=—-2—42F27!
Ve g(gl gz2>g f voomn Tt e T

> difdval := diff (mdefN,nu)*1n(dd)+simplify(subs(mn=mdefn,mdefN*dldvall))
+(subs (mn=mdefn,mdefN*dldval2));
2,13
) mn“gl R F1  F2ela
difdval := 12In| ———= | -2—+3(1/2v+R)gl |2— — ——
4 / <922f1 AB) , t3W )6 ( PTRRTTE

R\ ! ela  ela ela® -1
1. -2 -1 -1
1/2+ — —_—t — —2—4+2F

Ay </+V> </\ +f1+92 F2+ 2>

) Rg2=1f171

# first derivative

\Y

> eql := simplify(difsimple+difdval+difcval2);
2,13
mn~gl F2
1 =12In(1-v)+In3)—1/2n2)+1/2In| ——= ) +In| —
al = 12 (1= )+ ) - 120 @)+ 172 (S (07
> eq2 := subsf(subs(mn=mdefn,3*mn-3*mrellambda));

> nusol := solve(eq2,nu);

. R A (e)‘—l) (e’\—|-2)
eq? = 3/2—1—3;— X192
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vV V V V V

>

>

R(e**—1-2))
3-3e2X £ 2242 () A+ 22N

nusol := 6

solve(eql=0,nu);
nulambda := F2/(f1xgl);
is(subsf (nulambda) - simplify(subsf (subs(mn=mrellambda,%))),0);
Rlambda := solve(subs(nu=nulambda,mdefn=mrellambda),R);
Mlambda := simplify(subsf(1/2+Rlambda));
1/997nn2gZF@2——2922fZA3
mn2g1 F2?
F2
f1g1

nulambda =

true
—2Xf19g2+3F2

f1 g1
(1 +e2A +—eA) A
e2r — 1

Rlambda := —1/6

Mlambda := 1/3
# Series at lambda=0

ss:= (x,y) -> series(subsf (subs(dlambda=dlambdasimple,mn=mrellambda,

R=Rlambda,nu=nulambda,x)),lambda=0,y) ;

>

>

>

V

vV V V V V V

nuseries:= ss(nu,3);
Rseries := ss(Rlambda,3);
rseries := ss(Rlambda/nulambda,3);

nuseries := \+ O ()\2)
Rseries := O (/\2)

rseries 1= O (\)
# Second derivative computations

# decomposing first derivative in eql

eql;

difl := (1/2)*1n(1-nu)+1n(3)-(1/2)*1n(2);

dif2 := +1/2%1n((mn"2*g1~3)/ (g2~ 2*f1*lambda"3));
dif3 := 1n((F2)/(g1));

is(simplify(eql-dif1-dif2-dif3),0);
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V

vV VvV Vv

1/2In(1—-v)+In(3)—1/21n(2) +1/2 ln<

mn?g13
g22f1 \3

difl :==1/2In(1—v)+In(3)—1/2 In(2)

(5

F2
1

2 .13
. mn-gl
dif2 .= 12In| ———
v f21n <922f1 A3>
F2
difs = h1<>
gl
true
ddif1l := diff(difl,nu);
ddifl = —(2—-2v)!
# For dif3, use dlc
ddif3 := subs(dcc=dccsimple,dlcval);
F1 F2el
ddifs = g1 (2= — =22 ) dlambdaF2~"
g1 g1
# For dif2, use dld with dddlsimple and ddd2simple
dd;
ddif2a := subs(ddd=dddlsimple, (1/2)*dldval);
ddif2b := subs(ddd=ddd2simple, (1/2)*dldval);
mn?g1®
g2%f1 N3
R
F1 F2el
ddif2b = —3/2 g1 <2 — - 12“) dlambda)~'f1 g2~
(Y g
Bval := 2xF1-F2xela/gl;
Aval := 1/lambdatela/fl+ela/g2-2*ela”2/F2+2/F2;

ss(subsf (Aval),3);
ss(subsf (Bval),3);

F2 el
Bual := 2F1 — 2 cla
gl
la ela ela’®
Aval = N1 “a 92— 49oF2!
va + 7i +-gQ 72 +2F2
O\
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AX+3X+0 (W)
> # Second derivative
> ddif := ddifil+ddif2a+ddif2b+ddif3;
> ddifsimple := dd1+dd2+dd3;
> dd2val := (3/2)*B*R/(g2*fl*lambda*nu”2*mn*A) ;
>
>
>

ddival := -1/(2%(1-nu))-R/(mn*nu"2);
dd3val := - BxR/(F2*nu~2*mnx*A) ;

is(simplify(subs(dlambda=dlambdasimple, ddif)-subs(ddl=ddlval,dd2=dd2val,
dd3=dd3val, B=Bval, A=Aval,ddifsimple)),0);

> # Series at lambda=0

> ss(ddif,8);

ddif == —(2—-2v)"' — % —3/241 <2 1;11 — Fggfja) dlambda
A1 g2 !
+ 91 <2 L F’era) dlambdaF2~"
gl g1
ddifsimple := dd1 + dd2 + dd3
BR
dd2val := 3/2W
ddival == —(2—2v)"' — LQ
mnv
BR
ddg”al:::__}iili?ﬁﬁii
true
S1-2BA- D X0V
> # Third derivative
> ddilval;
> subs(mn=mdefn,ddival);
> dddl := diff(%,nu);
> ss(%,6);
_ R
—(2—-2v) 1= —
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>

>

—(2-2v)""! —R<1/2+}5>1 v2

R\ 2 R\ !
ddd1 = —2(2—2V)2-—R2<LQ+-> V4+2l€<U2+-> y3
14 14

1/3X1+0(1)
dd2val;
dd2val2 := simplify(subs(mn=mdefn,%));
dd2a := 3*R/(nu*(nu+2%R));
dd2b := B/(g2*flxlambdaxA);
is(simplify(dd2val2-dd2a*dd2b),0);
ddd2 := diff(dd2a,nu)*subsf (subs(A=Aval, B=Bval,dd2b))+

dd2axdiff (subsf (subs (A=Aval,B=Bval,dd2b)),lambda)*dlambdaval:

>

vV V. V V

V

>

ss(ddd2,9) ;
BR
32 ———5—
/ g2 f1 A\vimn A
BR
dd2val? := 3
va Vg2fIN (v +2R)A
R
dd2a == 3 ————
¢ v (v+2R)
B
dd2b := —————
g2 f1 NA
true
22724133 +0(1)
dd3val;
dd3val2 := simplify(subs(mn=mdefn,%));
dd3a := -2*R/(nu*(nu+2+R)) ;
dd3b := B/(F2xA);

is(simplify(dd3val2-dd3a*dd3b),0);
ddd3 := diff(dd3a,nu)*subsf (subs(A=Aval, B=Bval,dd3b))+

dd3axdiff (subsf (subs (A=Aval,B=Bval,dd3b)),lambda)*dlambdaval:

>

s5(ddd3,9) ;
BR
F2uv2mn A
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BR

dd3val2 = —2
v vF2 (V+2R)A
R
dd3a == -2 ————
¢ v (v+2R)
B
true

22072 4+1/3X 14+ 0(1)

> # Series for third derivative at maximum

>

ss(ddd1+ddd2+ddd3,10);

Ao
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allocation model, 8

restricted to k-cores, 8
asymptotic notation, 7
asymptotically almost surely, 7

binomial random graph, 8

configuration, 9
configuration model, 8

differential equation method, 14
Erdos-Rényi random graph, 8

Hoeffding’s inequality, 10
hypergraph, 58
connected, 58
core, 61
cycle, 61, 62
isolated, 62
degree, 61
forest, 61
hyperedges, 58
k-uniform, 58
loop, 88
path, 58
pre-kernel, 62
rooted forest, 61
3-edge, 62
tree, 61
2-edge, 62

k-core, 8
kernel, 9

kernel configuration model, 9

Lipschitz
condition, 14
constant, 14

method of moments, 13
multihypergraph
connected, 65
double edges, 64
kernel, 88
k-uniform, 64
loop, 64
path, 65
simple, 64

(n,m)-graph, 8
(n,m, k) — core, 8

pairing model, 8
pre-kernel, 9

Stirling’s approximation, 11
subsubsequence principle, 11

Taylor’s approximation, 10
truncated Poisson, 16
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