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Summary

This thesis deals with random graph processes. More precisely it deals with two
random graph processes which create H-free graphs. The first of these processes
is the random H-elimination process which starts from the complete graph and in
every step removes an edge uniformly at random from the set of edges which are
found in a copy of H. The second is the H-free random graph process which starts
from the empty graph and in every step an edge chosen uniformly at random from
the set of edges which when added to the graph would not create a copy of H is
inserted.

We consider these graph processes for several classes of graphs H, for example
strictly two balanced graphs. The class of strictly two balanced graphs includes
among others cycles and complete graphs.

We analysed the H-elimination process, when H is strictly 2-balanced. For this
class we show the typical number of edges found at the end of the process. We
also consider the subgraphs created by the process and its independence number.
We also managed to show the expected number of edges in the H-elimination pro-
cess when H = K, the graph created from the complete graph on 4 vertices by
removing an edge and when H = K, where K3, is created from the complete bi-
partite graph with 3 vertices in one partition and 4 vertices in the second partition,
by removing an edge.

In case of the H-free process we considered the case when H is the triangle and
showed that the triangle-free random graph process only creates sparse subgraphs.
Finally we have improved the lower bound on the length of the K3 ,-free random
graph process.



Acknowledgements

I would like to thank my supervisor Stefanie Gerke for her constant guidance and
encouragement. I would also like to thank my family and friends for their support.



Contents

1 Introduction 7
2 Preliminaries 10
21 Graphs . .. ... .. 10
22 Asymptotics . . . ... 11
23 Probability . . ... ... .. 11
24 GraphDensities . . . .. ... ... . ... .. o o 11
25 RootedGraphs. ... ... ... ... .. ... .. ... .. ... 13
2.6 Probabilistic Theorems . . . . ... .................... 15
3 Random Graph Processes 18
3.1 Erd6s-Rényirandom graphprocess. . . . ... ............. 18
3.2 The H-freeprocesses . . . . . ... .. .. ..., 19
3.3 H-eliminationprocess . . ... ...................... 21
34 H-removalprocess . .. ... .. ... . ... ... ... ... 22
4 Previous Results 23
41 H-freeprocess . . . . . .. ... i 23
42 H-eliminationprocess . .. .. ...................... 39
5 H-elimination random graph process 41
51 Overlapping rooted graphs . . . ... ... ... .. ... ...... 41
52 Expected numberofedges . . . ... ... ... ... ... .. ... 43
53 Concentration . . ... ... ... .. . L L o 59
54 Independence Number . . . ... ... .................. 64
55 Subgraphs . ... ... .. .. 69
6 Subgraphs of the triangle-free random graph process 71
7 The K -free process 77
7.1 The differential equations . . . .. ... ... ... ... ... ... 77
7.2 Differential equationproof . . . . . ... ... ... . Lo oL 86
Bibliography 121



51
52

6.1
6.2

7.1

List of Figures

The K3, ..o oo i i e 53
The forbidden rooted graphs . . . .. ......... ... .. .. ..... 53
open/partial/complete vertices . . . . . .. ... Lo oo 71
Closing multiple openpairs . . . . ... .. .. ... .. .. ....... 74
Overlapatanopenpair . ... ... .. ... ... ... .. ....... 90



Chapter 1

Introduction

Random graph processes have received considerable attention lately. These pro-
cesses provide a natural context for modelling complex networks which evolve
over time. They also provide a simple way, and in some cases the only way, to
construct a counterexample in extremal graph theory. There are also strong con-
nections to algorithmic graph theory as examining these processes provide good
estimates on the typical running time of algorithms.

There are multiple ways to define a random graph process. The first of these is
known as the Erd8s-Rényi random graph process, which was introduced by Erd6s
and Rényi [14]. The process starts from the empty graph on n vertices and in ev-
ery step an edge is selected uniformly at random from the set of non-edges and
inserted into the graph. The process stops after m edges have been inserted. Even
though we call this a random graph this actually describes a probability space over
the graphs on n vertices containing m edges, where each of these graphs is selected
with the same probability. The aim is to study the likely structural properties of the
graph created by this process when the number of vertices is large. We say that a
property holds asymptotically almost surely (a.a.s.) if the probability that the prop-
erty holds tends to one as the number of vertices tends to infinity. The properties
of the Erd6s-Rényi random graph process are well known, due to its connection to
the Erd6s-Rényi random graph, where every edge is inserted independently with
probability p ~ (m/(3)).

One of the significant results of this process was improving the lower bound
of the Ramsey number R(k,t). We have that R(k,t) > n if there is a graph on n
vertices which neither contains a complete graph on k vertices as a subgraph nor
does it contain an independent set of size t i.e. a set where no two vertices in the set
are connected. Constructing such graphs is difficult.

The Erd6s-Rényi random graph process a.a.s. creates graphs with small inde-
pendent sets. Therefore if one chooses m as large as possible such that the process
a.a.s. has no copies of a complete graph on & vertices one has a lower bound on the
Ramsey number. One can improve the bound slightly by allowing a small number
of copies of a complete graph on k vertices and removing every edge from every
copy as this has almost no affect on the size of the independent sets. In order to in-
crease the number of edges in the final graph the following two modifications were
suggested at a conference by Bollobas and Erdés [10]. The processes first appeared
in print in Erdés, Suen and Winkler [17].

The first of these processes is called the H-free random graph process which starts
out from the empty graph on n vertices. In every step of the process we select an
edge from the set of non-edges which when added to the graph do not create a
copy of H, and insert it into the graph. The process stops once no more edges can



be added.

The second process, called the H-elimination process, runs in the opposite direc-
tion. This process starts from the complete graph on n vertices and in every step of
the process an edge selected uniformly at random from the set of edges contained
in a copy of H is removed. The process stops after no more copies of H exist.

This thesis deals with these two processes. Similarly to the Erd6s-Rényi ran-
dom graph process we are interested in the likely structural properties of the graph
created by these processes. However, in contrast to the Erd6s-Rényi random graph
process, which always finishes with the complete graph after inserting all of the
(g) possible edges, already determining the typical length of the H-free and H-
elimination process can prove challenging.

Multiple equivalent definitions exist for both the H-free and H-elimination ran-
dom graph process. We will discuss these in Chapter 3. The alternative definitions
indicate a connection between the Erd6s-Rényi, the H-free, and the H-elimination
graph processes. This connection was used by Osthus and Taraz [31] and inde-
pendently by Bollobds and Riordan [9] to establish bounds on the H-free process.
These results can also be transferred to the H-elimination process for more details
see Chapter 4.

We examine the H-elimination process for a special class of graphs, namely the
strictly 2-balanced graphs. Let v(H) and e(H) denote the number of vertices and
the number of edges of the graph H respectively. A graph H is strictly 2-balanced
i C(HY—1  e(H) -1

v(H)—2 wv(H)—-2

holds for every proper subgraph H' of H which contains more than two vertices. In
Chapter 5 we will show the expected number of edges contained in this process and
that the number of edges is a.a.s. concentrated around its expectation. Formally we
will show that there exists a constant ¢ depending on H such that the final graph
created by this process contains a.a.s.

(14 o(1))cn?~ (U =2)/(c(H)-1)

edges. We also investigate the subgraphs created by this process and have shown
that a.a.s. every sparse H-free graph is created by this process, but no dense sub-
graphs are. We also include bounds on the independence number of the graph
created by this process which hold a.a.s.. In case H is a complete graph we show
that the independence number of the graph created by the H-elimination process
is a.a.s. larger then that created by the H-free process and thus provides a worse
bound for the Ramsey number.

The remainder of the thesis deals with the H-free random graph process. When
H is a star Ruciriski and Wormald [38] have shown that the number of edges in the
final graph is a.a.s. the maximal possible number of edges in a H-free graph. The
next breakthrough was made by Bohman [4], who showed upper and lower bounds
matching up to a constant factor for the number of edges in the triangle-free pro-
cess which hold a.a.s.. He also determined an upper bound on the independence
number of the process and thus was able to recreate Kim'’s [27] lower bound on
the asymptotics of the off-diagonal Ramsey number R(3,t). The results have been



extended to several other graphs and classes of graphs [6], [46], [51], [33], [34], [47],
[32], for more details see Chapter 4.

The subgraphs of the random H-free graphs have also been considered. When
H is a triangle Bohman and Keevash [6] and Wolfovitz [50] established subgraph
counts which hold for the early stages of the process. Their results imply that a.a.s.
only sparse triangle-free graphs appear during the early stages of the triangle-free
process. However denser H-free graphs may appear during the later stages of
the process. We will show in Chapter 6 that this is not the case, namely a.a.s. no
dense triangle-free graph appears in the triangle-free process. More precisely we
show that there exists a constant ¢ such that if (e(F)/v(F)) > 6 then F'is a.a.s. not
contained in the random triangle-free graph process.

In the final chapter of the thesis we examine the K3 ,-free random graph pro-
cess. We apply the differential equation method to this random graph process in
order to establish a lower bound on the number of edges contained in the graph. We
show that the final graph contains at least Cn3/2/log log n edges for some constant
C'. This improves the previous best known lower bound established by Osthus and
Taraz [31].



Chapter 2

Preliminaries

This chapter introduces the notation and definitions used throughout this thesis. It
also contains the proof of several simple propositions which will be relevant later.

2.1 Graphs

A graph G = (V, E) is a set of vertices V' and a set of edges £ where £ C {{u,v} :
u,v € V,u # v}. We denote the vertex set of a graph by V' (G) and its edge set with
E(G) also v(G) = |V(G)| and e(G) = |E(G)|. The conjugate of a graph G = (V, E)
denoted by G is a graph on the same set of vertices, however an edge is present in
G iff it is not present in G.

There are several important classes of graphs. The complete graph on k vertices
is denoted by K} and the cycle on /¢ vertices is denoted by Cy. Also P, denotes
a path of length ¢, where the length of a path is determined by the number of
edges contained in it. The complete bipartite graph, where one partition has r;
and the other partition has 3 vertices is denoted by K,, ,,. In many cases we will
be interested in graphs which are created from another graph by removing specific
edges. Let {e1,e2,...ex} C E(G) then Gy, ¢, ..., ) denotes the graph created from G
by removing the edges {e1, ez, ...e;}. Also let R C V(G) then G denotes the graph
where every edge between the vertices of R is removed. The notation G~ will be
used for G. when G is symmetric meaning that removing any of its edges gives the
same graph, e.g. P,_1 = C, .

We are interested in several graph properties. The notation §(G) is used for
the minimal degree of G and A(G) for the maximal degree. The size of the largest
independent set in G, also referred to as the independence number of G, is denoted
by a(G).

Let F and G be graphs such that v(F') < v(G). For an injective function f :
V(F) — V(G) let f(E(F)) denote the set of vertex pairs in G which correspond to
the edges of Fie. f(E(F)) = {{f(u), f(v)} : {u,v} € E(F)}.

We say that there is a copy of F' in G if there is an injective function f : V(F') —
V(G) such that f(E(F)) C E(G). A graph F is a subgraph of G if V(F') C V(QG)
and E(F') C E(G) and is denoted by F' C G. We say that F' is a proper subgraph of
G, denoted by F' C G, if F'is a subgraph of G and F' is not isomorphic to G. Also
for S C V(G) we denote by G[S] the spanning subgraph of G on Si.e. V(G[S]) = S
and E(GIS]) = {{u,v} € E(G) : u,v € S}.

The Ramsey-number is denoted by R(k,[). We say that R(k,l) = n if n is the
smallest number such that any two colouring of the edges of K,,, with red and blue
either contains a blue K, or a red Kj.
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2.2 ASYMPTOTICS

The Turan number denoted by ex(n, H) is the maximal number of edges that
can be found in a graph on n vertices without creating a copy of H.

2.2 Asymptotics

When describing asymptotics we will use the following notation: Let f, g : N — R™
then

f(n) = O(g(n)) <= 3Cs.t. f(n)/g(n) <C

f(n) =Q(g(n)) < g(n) = O(f(n))

f(n) =0©(g(n)) <= f(n)=0(g(n)) and g(n) = O(f(n))
f(n) = olg(n)) < lim f(n)/g(n) =0

f(n) =w(g(n)) <= g(n) =o(f(n))

2.3 Probability

A probability space is defined by a triple (€2, 7, P), where (2 is the sample space, F
isa o-algebraand P : 7 — {0, 1}.

In case of a random graph processes described above we consider graphs on n
vertices. Let Q2 be the set of all maximal sequences of distinct pairs in F'(kK,,) satisfy-
ing the condition of the process. Each element w € 2 describes a possible evolution
of the process. Note that the probability measure on (2 is not necessarily uniform.
However in the case of the H-elimination and H-free random graph process it is
given by the uniform random choice at each step. Define a family of equivalence
classes on the elements of (2, where two elements belong to the same class in case
their first 7 entries match. Denote the partitions created by the equivalence classes
with P;. The parts of P; are called atoms. For every i the partition P; generates a
o-algebra F;. The collection F = Fy C F; C F, C ... is called the natural filtration
of the process. Given a random variable X and a c-algebra F we say that X is F
measurable if it is constant on each atom of . Define the conditional expectation of
a random variable X as:

EX|F)w)= Y PW)XW)/ Y BW),

w'E[w] w'€[w]

where [w] denotes the atom of F containing w. Note that E(X|F) is a random
variable and that it is measurable.

2.4 Graph Densities

Let H be a graph, then we define the density of H as

11



2.4 GRAPH DENSITIES

and the maximal density of H as

We say that a graph is strictly balanced if for every H' C H d(H') < d(H) and it
is balanced if m(H) = d(H). The 2-density of a graph with more than 2 vertices is
defined similarly

and the maximal 2-density

A graph is strictly 2-balanced if for every H' C H with v(H') > 2 we have dy(H') <
da2(H) and it is 2-balanced if mg(H) = d2(H). When determining whether a graph
is strictly 2-balanced it is enough to examine the densities of every spanning sub-
graph i.e. H is strictly 2-balanced if for every S C V(H) with |S| > 2 we have that
d2(H[S]) < d2(H). An analogous statement holds for 2-balanced graphs.

Bohman and Keevash [6] have shown that strictly 2-balanced graphs are 2-
connected. Osthus and Taraz [31] noted that they are also strictly balanced. In
Proposition 2.1 we show that every 2-balanced graph is balanced, however they
are not necessarily connected as a complete matching on 2k vertices where k£ > 11is
2-balanced. In Proposition 2.2 we will show that this is the only class of 2-balanced
graphs which are not connected. Note that adding an isolated vertex to a graph
decreases its 2-density and thus no 2-balanced graph contains an isolated vertex.
Let H be a 2-balanced graph, since it does not contain any isolated vertices thus
2e(H) > v(H) and thus do(H) > 1/2.

Proposition 2.1

Every 2-balanced graph is balanced.

PROOF Let H be a 2-balanced graph and H’' C H. Since H has no isolated vertices,
removing k vertices from H removes at least [k/2] edges. Therefore e(H)—e(H') >
(v(H) —v(H'"))/2 or equivalently 2e(H') + v(H) < 2e(H) + v(H").

Since H is 2-balanced we have that:

e(Hw(H) —2e(H') —v(H) < e(H)v(H") —v(H") — 2¢(H)
e(Hw(H) < e(H)v(H")
e(H') _ e(H)
o) = o)
completing the proof. n

12



2.5 ROOTED GRAPHS

Excluding the case when H is a maximal matching on 2k vertices every 2-
balanced graph has maximal 2-density larger than 1/2 as it must contain a path
with 2 edges and da(FP2) = 1. Using this fact we can show that every 2-balanced
graph which is not a matching is connected. Define the family of functions

fa(H) = v(H) =2 = (e(H) = 1)/d.
This family is very useful when analysing densities as f;(H) > 0 iff do(H) < d,
Ja(H) < 0iff doy(H) > dand fq(H) = 0iff do(H) = d.
Proposition 2.2
Every 2-balanced graph H with dy(H) > 1/2 is connected.

PROOF Assume for contradiction that H is 2-balanced with dy(H) > 1/2 and not
connected. Therefore one can partition V' (H) into V1, V5 such that there is no edge

joining a vertex in V; to a vertex in V2. Then we have that

1 1 e(H) -1 1
0> =2+ Gy ~ Jeeen M) =24 Gy = o) =2 ==y~ 2 G
B e(H[W1]) —1 e(H[V3]) —1
=il =2 = =gy 2

= fay(m)(H[V1]) + fap o) (H[V2]).

Therefore at least one of the terms is less then 0 and without loss of generality
we may assume that it is the first. Thus 0 > fg,q)(H[V1]) which implies that
d2(H[V1]) > d2(H) contradicting the fact that H is 2-balanced. n

2.5 Rooted Graphs

Let F be a graph and let R C V(F'), then we call (R, F) a rooted graph. We say that
(R, F') is nontrivial if every vertex in the root has a non-root neighbour. In most
cases we will be considering rooted graphs where R forms an independent set.

Definition 2.1
Let (R, F) be a rooted graph and G be a graph such that v(F') < v(G) and let S C V(G)
with |S| = |R|. For an injective function ¢ : R — V(G) we say that there is a copy of
(R, F') with respect to ¢ in G if there exists an injective function f : V(F') — V(G) such
that f(E(F)) C E(G) and flr = 6.

In many cases it is enough that there is a copy of (R, F') with respect to ¢ in G

for some ¢ : R — S where S C V(G). In this case we say that there is a copy of
(R, F') rooted at S in G.

Definition 2.2
(R', F") is a rooted subgraph of (R, F') denoted by (R', F') C (R, F) if (R, F") is a rooted
graph, F' is a subgraph of F and R' = RNV (F").

13



2.5 ROOTED GRAPHS

We say that (R, F”) is a proper rooted subgraph of (R, F') denoted by (R', F') C
(R, F) in case (R, F') is a rooted subgraph of (R, F') and F’ is a proper subgraph
of F'.

The following density function can be defined for rooted graphs:

_e(F)
BB = m —m

and the maximal density

m(R, F) = Rggg\)/((F) d(R, F5]).

We say that a rooted graph is strictly balanced if for every R C S C V/(F)
we have d(R, F[S]) < d(R, F) and it is balanced if d(R, F[S]) < d(R, F). In the
following we show that if (R, F') is a non-trivial strictly balanced rooted graph then
d(R',F') < d(R,F) forevery (R',F') C (R, F).

Proposition 2.3
Let (R, F) be a nontrivial strictly balanced rooted graph and (R',F') C (R, F) then

d(R',F') < d(R, F).

PROOF In case R’ = R then the statement holds as either V(F’) = V(F) in which
case e(F') < e(F)ord(R,F') <d(R,F[V(F')]) < d(R,F).

Now if R’ C R then create F” by adding the vertices in R\R' to F’, formally
F" = (V(F') U R, E(F")). Obviously d(R', F") = d(R,F"). Due to the fact that
(R, F) is nontrivial we have that (R, F"') C (R, F') and we have already shown that
d(R,F") < d(R, F). -

Note that this is not true for trivial rooted graphs, as removing an isolated vertex
from the roots does not necessarily have an affect on the density.
Proposition 2.4
Let (R, F) be a balanced rooted graph and (R',F') C (R, F) then d(R', F') < d(R, F).

PROOF Similarly as before let F” be the graph created from F’ by adding all the
vertices in R\R'. Obviously d(R’, F') = d(R, F"). The result follows as (R, F"') C
(R, F) and since (R, F') is balanced d(R, F") < d(R, F[V(F")]) < d(R, F). n

When determining whether a rooted graph is strictly balanced it is easier to
work with the following family of functions

e(F)

fa R, F) = o(F) - |R| - %

as f4(R,F) = v(F) — |R| — &) > 0 iff d(R,F) < d and similarly fy(R,F) =
v(F) — |R| — @ < 0iff d(R,F) > d. Note that if R is an independent set then

14



2.6 PROBABILISTIC THEOREMS

Ji(R,F)=0iff d(R,F) = dor F = (R, (). Therefore if (R, F') is a nontrivial strictly
balanced rooted graph such that R forms an independent set then by Lemma 2.3
we have that fy g p) (R, F') > 0 for every (R, F') C (R, F').

There is a connection between strictly balanced rooted graphs and strictly 2-
balanced graphs, namely H is strictly 2-balanced iff for every » € E(H) the rooted
graph (r, H,) is strictly balanced. Similarly H is 2-balanced iff for every r € E(H)
the rooted graph (r, H,) is balanced.

Note that rooted graphs generalise the notion of a graph as every graph can
be considered as a rooted graph where the roots form an empty set. In this case
the notion of density of the rooted graph and the notion of density of the graph
coincide.

2.6 Probabilistic Theorems

In this section we introduce some probabilistic Lemma’s and Theorem’s which will
be used during this thesis. The following two Lemmas give lower bounds on the
probability that no event from a set of multiple dependent events happen.

Lemma 2.5 (Harris’s Lemmal[23])

Let Q2 be a finite universal set and let E be a random subset of Q) given by
P(e € E) = pe

where these events are mutually independent over e € Q. Let {A;}icr be subsets of €,
where I is a finite index set. Let X; be the indicator random variable for the event that

A; CE. Then for X =) . X; we have that:
P(X =0) > [[P(X: =0).
icl
Lemma 2.6
With the setup of Lemma 2.5, if in addition E(X;) < 1 for every i € I then

POE=0) 2 oxp ().

maxier (1 — E(X;))
PROOF Lemma 2.5 gives us that P(X = 0) > [[..; P(X; = 0). We also have that

[IPx=0) =[]0 -EX) = [Jexp <_%>

iel iel iel v

o (_ E(X) )

max;er(1 — E(X;))

completing the proof. n

The following two Theorems give upper bounds on the probability that no
event from a set of multiple dependent events happens. We need the following

15



2.6 PROBABILISTIC THEOREMS

definition for the first of these. We say that L is a dependency graph for a family of
random variables {X;};cs if V(L) = I such that if A and B are two disjoint sub-
sets of I and L contains no edge between A and B, then the families {X;};c4 and
{Xi}iep are mutually independent.

Theorem 2.7 (Suen’s inequality [24])
Let X;, i € I be a finite family of Bernoulli random variables having dependency graph L.
Fori,j € I wewritei ~ jif{i,j} € E(L). Let
A=) E(XX;)
in~j
and

0= r?EaIXZ;E(Xk)
Then for X = ", X; we have that:

P(X = 0) < exp (—E(X) + Ae%) .

Theorem 2.8 (Janson’s inequality[25])
Let ) be a finite universal set and let E be a random subset of Q) given by

P(e € E) = pe
where these events are mutually independent over e € ). Let {A;}icr be subsets of €,
where I is a finite index set. Let B; be the event that A; C E. For i,j € I we writei ~ j if
i # jand Ay Aj # 0. Let

p="> P(B)

el
and
A= ZP(BZ N BJ)
inj
Then:
P (ﬂ&) <exp(—p+A4)
iel
and
() <o (-45)
P i <exp|—=—-].
iel 24

Note that we can assign indicator variables X; to the events 53; and in such a case
the event that none of the B; happen is equivalent to the event that X = )" X; = 0.

Note that if one considers a set of random variables which fulfil the conditions
of Janson’s inequality, then Suen’s inequality can also be applied to them, with the
same value of A. Thus Janson’s inequality gives a stronger bound, but Suen’s in-
equality can be applied more generally. The final Theorem in this section gives an
upper bound on the probability that out of a set of events many mutually indepen-
dent events happen.

16



2.6 PROBABILISTIC THEOREMS

Theorem 2.9 ([18])

Let {A;}ier be a set of events in an arbitrary probability space with I finite. Denote yn =
Y ici P(Ai). Let Y denote the size of the largest set J C I such that the set of events
{A;}jes are mutually independent and the event ;. ; A; holds. Then

S
]P)(YZS)S'[LS (%)S.
s! s

17



Chapter 3

Random Graph Processes

We start this chapter by showing equivalent definitions for the Erdés-Rényi ran-
dom graph process. Later we show how these definitions can be modified to create
equivalent definitions for the H-free and H-elimination random graph processes.

3.1 Erd8s-Rényi random graph process

Definition 3.1
The Erd6s-Rényi random graph process starts out from the empty graph on n vertices
and in every step it selects an edge uniformly at random from the set of non-edges and

inserts it into the graph.

Denote the graph created after m vertices were inserted by G, ,,. There are several
alternative definitions for this random graph process. The first of these orders the
edges before starting the process, instead of selecting the next edge after every step,

formally:

Definition 3.2
Consider the empty graph on n vertices and select a random permutation of the (%) possible

edges. Insert the first m edges of this permutation to create the random graph G, .

Originally Erdés and Rényi [13] considered the following equivalent random graph
model.

Definition 3.3

Let Gy, 1, be the graph selected uniformly at random from all labelled graphs on n vertices

containing m edges.

The properties of G, ,, are well understood mostly due to its connection to G, ,

when m ~ (g)p

Definition 3.4
Let G, be the random graph on n vertices where each of the (7)) edges is present with

probability p independently of the presence or absence of the other edges.

18



3.2 THE H-FREE PROCESSES

A well known equivalent definition for this random graph model G, is the fol-
lowing;:

Definition 3.5

Consider the complete graph on n vertices and assign to each of its (7)) edges a birthtime
uniformly and independently distributed on [0, 1]. An edge is present in Gy, ,, if its birth-
time is at most p.

This definition suggests the previously described connection between G, , and
G,m as ordering the edges according to their birthtimes and inserting the first m

edges into the graph creates G, ,,. Also if m = (})p such that m = w(1) then there
are a.a.s. m edges with birthtimes less then p.

Luczak [29] showed that for a graph property Q if one knows the asymptotic
probability for G, ,,, and this is the same for every m =~ p(g) than one also has it for
Ghp-

Theorem 3.1 ([29])
Let Q be an arbitrary graph property and p = p(n) € [0, 1]. If for every graph G,, ,, such
that m = (3)p+ O ( (5)p(1 — p)) it holds that P(Gy, m, has Q) — a as n — oo, then

also P(G,, , has Q) — a as n — oo.

In the same paper Luczak [29] also showed the other direction, but only if the graph
property is monotone. A graph property is increasing if it is preserved under the
addition of edges and it is decreasing if it is preserved under the removal of edges.
A graph property is monotone if it is either increasing or decreasing.

Theorem 3.2 ([29])

Let Q be a monotone graph property and 0 < m < (). If for every graph Gy, ,, such that

p=m/(5)+0 <\/m(m - (g’))/(;)s) it holds that P(G,, , has Q) — a as n — oo,

then also P(Gy, m has Q) — aasn — oo.

Similar results were known beforehand for the cases when the probability that the
graph property appears tended to 0 or 1 see for example [8].

3.2 The H-free processes

Definition 3.6 (H-free random graph process)

Fix a finite graph H. Start out from the empty graph on n vertices denoted by G ¢(H )p 0.
In step i consider O(i) the set of non-edges which when inserted into G ¢(H ), ; would not
create a copy of H. G¢(H )41 is constructed by adding an edge chosen uniformly at

random from O(i). The process stops when no more edges can be inserted.
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3.2 THE H-FREE PROCESSES

The set O(i) is called the set of open pairs at step i and let Q(i) = |O(¢)|. The set of
non-edges which when inserted would create a copy H in G ¢(H ), ; is called the set
of closed pairs at step i and is denoted by C(i). The graph created by this process is
denoted by G¢(H),,.

Similarly to the Erd6s-Rényi random graph process there are several alternative
definitions. Erd&s, Suen and Winkler [17] gave the following equivalent definitions.

The first of these is based on ordering the edges randomly at the start of the process.

Definition 3.7 (H-free random graph process)

Fix a finite graph H. Consider a random permutation on the edges of the complete graph
on n vertices. Start from the empty graph on n vertices and consider the edges in the
permutation one at a time. An edge is inserted into the graph if it does not form a copy of H

with the previously inserted edges. The process stops after all edges have been considered.

Proposition 3.3

The above definitions of the H-free random graph process are equivalent.

PROOF Note that it is enough to show that at any step of Definition 3.7 we have
that the next edge which will actually be inserted is chosen uniformly at random
from the set of edges which when inserted into the graph would not create a copy
of H. Denote the edges of the complete graph on n vertices with ey, ..., e ) and let
o be a permutation on [(4)]. Fix i < () and let ji, j2 be such that jy, jo # o(j) for
any j < i and inserting either the edge e;, or the edge e;, would not create a copy
of H. Now we are interested in the number of permutations S; such that for all
o1 € S1 we have that 01(j) = o(j) for j < i and the next edge to be inserted is j;.
Define S3 analogously. Our aim is to show that |S;| = |S2|. Let o1 € S and let o9
be the permutation created from o; by switching j; and js i.e. o2(o] 1( J1)) = j2 and
o2(oy 1( j2)) = ji. Note that oo € Sy and that due to symmetry this operation is a

bijection between the two sets. n

These first two models resemble the random graph process G, ;.. Introducing
birthtimes gives us a model resembling G, ,. In this case birthtimes are used to

determine the order the edges are chosen.

Definition 3.8 (H-free random graph process)

Fix a finite graph H. Consider the complete graph on n vertices and assign to each of the
possible () edges a birthtime uniformly distributed in [0, 1]. Now start out from an empty
graph on n vertices and increase p gradually. Every time a new edge is born consider adding
this edge to the graph. In case adding this edge would create a copy of H in the graph then

discard the edge, otherwise insert it into the graph. Edges with equal birthtime (which occur
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3.3 H-ELIMINATION PROCESS

with probability zero) are considered in arbitrary order. Denote with G ¢(H ), the graph
where all the edges with birthtime at most p have been considered.

Note that the term H-free can be replaced with any graph property preserved
by the deletion of edges, i.e. the next edge is chosen uniformly at random from
the set of non-edges which when added to the graph the chosen property is still

satisfied. In addition to the H-free random graph process, planar [21], bipartite
[17] and cycle-free [1] random graph processes have been studied.

3.3 H-elimination process

Definition 3.9 (H-elimination random graph process)
Fix a graph H. Start out from the complete graph on n vertices and in every step of the
process select an edge uniformly at random from the set of edges contained in a copy of H

and remove it from the graph. The process stops once no more copies of H exist.

Bollobas and Erdés [10] noted that the definition above actually describes a
family of processes as the edge which will be removed does not have to be selected
according to a uniform distribution, e.g. the edge could be selected in proportion
to the number of copies of H it is contained in. However the following equivalent
definitions only apply when the following edge is selected uniformly. Similarly to
the case of the H-free process this is equivalent to the following definition.

Definition 3.10 (H-elimination random graph process)
Fix a finite graph H. Start from the complete graph on n vertices. Take a random permu-
tation of the edges of K,, and traverse the edges one at a time. An edge is removed from the

graph if it is contained in a copy of H otherwise it remains in the graph.

Erd&s, Suen and Winkler [17] observed that in this second definition if one has
a copy of H in the graph then none of its edges have been traversed, as every
traversed edge has either been removed or it is not in a copy of H. Therefore when
deciding whether an edge is in a copy of H one only has to consider the edges
which have not yet been traversed. Thus we have that an edge remains in the graph
iff it does not form a copy of H with the edges which have not yet been traversed.
Note that this is equivalent to the process which starts out from the empty graph
and in every step of the process and edge is inserted iff it does not form a copy of
H with the edges which have not yet been traversed. Reversing the direction in
which the edges are traversed leads to the following definition.

Definition 3.11 (H-elimination random graph process)

Fix a finite graph H. Consider a random permutation on the edges of the complete graph
on n vertices. Start from the empty graph on n vertices and consider the edges in the
permutation one at a time. An edge is added if it does not form a copy of H with the

previously traversed edges, otherwise it is discarded.
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3.4 H-REMOVAL PROCESS

The difference between this definition and Definition 3.7 for the random H-
free graph process is that in this case an edge is discarded if it forms a copy of H
with the previously traversed edges, instead of the previously inserted edges. This
implies that for any permutation the H-elimination process gives a subgraph of the
H-free process. Similarly as in the previous section we can construct our process
by assigning birth times to the edges.

Definition 3.12 (H-elimination random graph process)

Fix a finite graph H. Consider the complete graph on n vertices and assign to each of the
possible () edges a birthtime uniformly distributed in [0, 1). Now start out from an empty
graph on n vertices and increase p gradually. Every time a new edge is born consider adding
this edge to the graph. In case adding this edge forms a copy of H with the previously born
edges then discard the edge, otherwise insert it into the graph. Edges with equal birthtime

(which occur with probability zero) are considered in arbitrary order.

Note that choosing the edge uniformly at random from [0, 1] or from [0,1) is
equivalent as with probability 1 none of the edges was assigned birthtime 1. The
graph created after every edge with assigned value less then p has been considered
is denoted by G(H ) p.

3.4 H-removal process

A third option to create an H-free graph is the H-removal process, which similarly
to the previous process starts out from the complete graph on n vertices and in
every step a copy of H is selected uniformly at random and its edges are removed
from the graph. The process stops once no more copies of H exist.

The number of edges present in this process has been investigated when H is a
triangle. Recently Bohman, Frieze and Lubetzky [5] have shown that the random
triangle-removal process terminates a.a.s. with n3/2+°(1) edges, improving previous
results by Spencer [43], Rodl and Thoma [36] and Grable [22].
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Chapter 4

Previous Results

4.1 H-free process

The first question concerning the H-free random graph process is the number of
edges contained in the process. The first results relied on comparing the H-free
random graph process to G, ;. These results already managed to approximate the
number of edges in the process up to a logarithmic factor. In many cases these are
still the best known bounds. The first half of this section discusses the ideas behind
these approximations. In many cases applying the differential equation method
improves these bounds. In some cases it gives lower and upper bounds which
differ only by a constant factor and for a special class of graphs it gives even tighter
concentration.

4.1.1 Bounds using approximations

Erd&s, Suen and Winkler [17] observed that Definition 3.8 implies that the graph
created from G, ;, by removing every edge contained in a copy of H is a subgraph
of G¢(H)n,p and thus also of G¢(H),. We will denote the graph created from G, ;,
by removing every copy of H with G(H),, ,. This observation was later used by Os-
thus and Taraz [31] and Bollobés and Riordan [9] to give lower and upper bounds
for special cases of the H-free random graph process. We will give the results in
Osthus and Taraz [31] as these are more general and their upper bounds are more
accurate.

Theorem 4.1 ([31])
Let H be a balanced graph then a.a.s.

e(Gy(H),) = Q (n2—1/m(H>) .

Note that this implies a lower bound for every 2-balanced graph H.

Theorem 4.2 ([31])
Let H be a strictly 2-balanced graph then a.a.s.

A(Gy(H)p) = O (n'=1/00 10g1/(A(H>—1>> '

The proofs analyse G(H ), where p is chosen in such a way that the expected
number of copies of H in G, ;, is a small fraction of the expected number of edges
found in G, i.e. p = cn~V/™H) where c is a suitably chosen constant. Based
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4.1 H-FREE PROCESS

on concentration results on the number of edges and the number of copies of a
balanced graph in G, , one can deduce e(G(H),,,) = Q(n?>~1/%H)),

For the upper bound consider x a vertex with maximal degree in i/ and denote
the neighbourhood of x with N(z). Now consider the graph H’ which is created
from H by removing x. Note that for any vertex v € V(G ¢(H),) and any S C N(v)
with |S| = A(H) there can be no copy of (N (x), H') rooted at S in G¢(H),,, except
when this copy contains v, as any such copy would imply that a copy of H is also
present in G ¢(H ).

Osthus and Taraz [31] show that any set of Cn!~1/%(H) [og!/(AH)=1) p vertices
in V(G(H)np) a.a.s. contains a subset S such that |S| = A(H) and a copy of
(N(x),H') is rooted at S in G(H)y, . This clearly implies the upper bound on the
degree of every vertex and thus also on e(Gf(H)y).

In many cases these are still the best known results on the number of edges in
the H-free process.

Instead of removing every edge found in a copy of H Wolfovitz [49] calcu-
lated, for strictly 2-balanced graphs, the probability that an edge is actually re-
moved. More precisely he gave an upper bound on the probability that assuming
f € E(Gnp) we have that f ¢ E(G;(H),,) when p = c(logn)/8e(f)p=1/d2(H)
for a suitably chosen constant c. This improved the lower bounds on e(G¢(H)y,),

although only in expectation.

Theorem 4.3
Let H be a strictly 2-balanced graph then
E(e(G(H)n)) = Qn2~%) (log log n) /(1 -1),

Warnke [47] showed the following connection between G ¢(H ), and Gy, p,, for
decreasing graph properties:

Lemma 4.4 ([47])
Suppose Q is a decreasing graph property and that A = \(n) > 2 is a parameter. Then for
every 1 < m < () /A, setting M = mM, we have

PG (H)pm ¢ Qand |O(m)] > n?/N < P[Gpus ¢ Q) + e ™4

Further using the connection between G, ,,, and G, , Warnke [47] showed that

Theorem 4.5 ([47])
Let m = m(n) = w(1) and p = m/(}). Suppose that a.a.s. |0(i)] > (3)/X for some
A = X(m) and that Q is a decreasing graph property. Then for the H-free process we have

PIG(H)nm ¢ Q) < PlGnpx ¢ Ql +o(1).

Later we will use a slightly modified version of this Theorem namely
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4.1 H-FREE PROCESS

Theorem 4.6
Let m = m(n) = w(logn) and p = m/(%). Then for any decreasing graph property Q we
have that:

PGy () ¢ Qand [O(m)] = n/X] < BlGhpn ¢ Q] +o(n™2).

4.1.1.1 Hamiltonicity

One can also answer the question whether there is a Hamiltonian cycle in G¢(H),
using similar methods. For this we need the following statements on random
graphs:

Theorem 4.7 ([7])

The threshold function for the appearance of a subgraph S in G, , is p = n=/™(5),

Theorem 4.8 ([35])

The threshold function for the appearance of a Hamiltonian cycle in G, , is p = n~ logn.

When d(H) > 1 the Hamiltonicity of the H-free process follows from the fact
that Gy, , = G(H)np = G¢(H)n,p as long as no copy of H is present in G,, ;. Since
this holds a.a.s. when p = o(n~"/4)) and because d(H) > 1 this holds at the time
when the Hamiltonian cycle is formed in G, ,,. Therefore there is also a Hamiltonian
cyclein G¢(H),.

The case when H is a cycle was solved by Allen [2] and Osthus [30] using the
following result of Sudakov and Vu [44]:

Theorem 4.9 ([44])
For every fixed ¢ > 0 and p > log* n/n the random graph G, a.a.s. has the following
property. If G' is a subgraph of G,, , with maximum degree A(G") < (1—¢)np then G—G'

contains a Hamiltonian cycle.

Theorem 4.10
Let H be a cycle then a.a.s. G y(H ), is Hamiltonian.

PROOF The difference compared to the previous case is that a small number of
copies of H are already present in G, , when the Hamiltonian cycle is formed at p =
log n/n. Select p = log* n/n. Next we will show that the graph G’ = G,,5 — G(H),, 5
a.a.s. has maximum degree 2. Note that once we have shown this the result follows
from Theorem 4.9.

In order to show that the maximum degree of G’ is 2 we will show that Gnp
does not contain two vertex overlapping copies of H. Let F' be a graph created
from two vertex overlapping copies of H. Note that the density of F' is larger than
las 6(F) > 2 and A(F) > 2 thus d(F) > ((vp — 1)0(F) + A(F))/(2vp) > 1.

Therefore according to Theorem 4.7 a.a.s. no copy of such a graph is present in
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4.1 H-FREE PROCESS

Gpp- The result follows as there are only finite number of ways two copies of H

can overlap. -

4.1.2 Bounds using the Differential Equation Method

Applying the differential equation method to the H-free random graph process
brought the next breakthrough. The differential equation method was developed
by Wormald [52]. The main idea is to identify a collection of random variables
whose one step expected changes can be approximated in terms of the random
variables in the collection. These expressions yield an autonomous system of or-
dinary differential equations, and in case some additional conditions are met then
the random variables in our collection are tightly concentrated around the trajec-
tory given by the solution of the o.d.e.. There are several different sets of conditions
which when fulfilled result in tight concentration of the random variables for ex-
ample Theorem 5.1 in Wormald [52] or Lemma A.1 in Warnke [46] which is an
improved version of Lemma 7.3 in Bohman and Keevash [6].

Next we present the version by Warnke [46]. The notation =+ is used in two
ways. First for b > 0 we denote by a + b the closed interval [ — b,a + b]. For
brevity we use the notation z = a+bforz € [a —b,a+ b and x £y = a £ b for
[z —y,z +y|] C [a — b,a + b]. The second is the notation +,. Every expression
containing this symbol is an abbreviation for two different statements the first is
where every =+ is replaced by + and the second is when it is replaced by —. For
example 2! = a*1 £ b holds if both 2+ = o™ £ band = = a~ & b hold. For the
sake of brevity we will omit the labels of the & sign whenever there is no danger of
confusion.

In case all of the conditions of the following Lemma are satisfied for every value
of i < m then we have bounds on the random variables X, (i) which hold a.a.s. for
every i < m.

Lemma 4.11 (‘Differential Equation Method’[46])

Suppose that m = m(n) and s = s(n) are positive parameters. Let V = V(n) be a set, and
{Z;}jev be a family of sets, where T; = Z;(n). For every 0 < i < msett = t(i) := i/s.
Suppose we have a filtration Fo C Fy C - - - and random variables X (i) and Y, (i) which
satisfy the following conditions. Assume that forall j € V and o € I the random variables
X, (2) are non-negative and F;-measurable for all 0 < i < m, and that forall 0 < i < m

the random variables Yoi(i) are non-negative, F;1-measurable and satisfy

Xo(i4+1)— X, (i) =Y, (i) = Y, (3).

a o

In addition, suppose that for each j € V and o € I; we have positive parameters u, =
Us(n), Ao = Ao(n), Bo = Bo(n), 7o = 75(n), S¢ = So(n) and S, = S,(n), as well as
functions x,(t) and f,(t) that are smooth and non-negative for t > 0. For all 0 < i* < m,
let G;= denote the event that for all 0 < i <i*, j € V and o € T;, we have

X, (i) = (%(t) + f"(t)) S,.

So
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4.1 H-FREE PROCESS

Moreover, assume that we have an event H; € F; for all 0 < i < m with H;+1 C H,; for
all 0 < i < m. Finally, suppose that for n large enough the following conditions hold:

1. (Trend hypothesis) Forall 0 < i < m, j € Vand o € I;, whenever G; \'H,; holds we

have ) g
E[Y;(i) | ] = (yfl(t) " (t)) Sa

So S

where y= (t) and h,(t) are smooth non-negative functions such that
t
GO =0 -y and L) 22 [ ha(r)dr b
0

2. (Boundedness hypothesis) For all 0 < i < m, j € V and o € I;, whenever G; N H,;
holds we have )
YE(i) < be_ S

v T 20T, Us

3. (Initial conditions) For all j € V and o € I; we have

X, (0) = <azg(0) + B") S,

35,
4. (Bounded number of variables) For all j € V and o € I; we have

max{[V], 1Z;]} < e".

5. (High probability event) The event H,; satisfies

P[3 <m: G;N-H;] =o(1).

6. (Additional technical assumptions) For all j € V and o € Z; we have u, = w(1) as

well as
s > max {151//07_0'(50')\0'/50')27 950')\0'/50'} s 5/(1830)\0/ﬁ0) <m<s- 7—0/1944,

m/s
sup  yE(t) < Ao, / |22 (t)| dt < Ay,
0<t<m/s 0

m/s
ho(0) < s5Mo and / |RL(#)| dt < s5 Ao
0

Then G, N Huy, holds with high probability.

The fact that the x, () are the solutions of a system of differential equations is
implicitly contained in the trend hypothesis. In order to verify the trend hypothe-
sis we need that E(Y;1(i)|F;) can be expressed using the random variables X, (i).
We also have that X, (i) is concentrated around z,(t)S,. Removing all of the error
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terms leaves us with a system of differential equations. In general this system of
differential equations is determined, usually with the help of heuristics, before at-
tempting to verify the conditions of Lemma 4.11. In this section we will show the
heuristics used in determining these equations for several H-free processes.

When analysing the H-free process using the differential equation method Def-
inition 3.6 will be used. One of the key observations behind the analysis of the
H-free process is that until one has roughly n?~¢ open edges for some small £ > 0,
depending only on H, the H-free random graph process resembles the Erds-Rényi
random graph process.

4.1.2.1 Star-free processes

In the special case when H is a star the H-free process is equivalent to the degree
bounded random graph process, or d-process where d = A(H)—1. In the d-process,
one starts out from the empty graph on n vertices and in every step selects uni-
formly at random a pair of non-adjacent vertices which have degree less then d and
adds this edge to the graph. Obviously the process contains at most |dn/2| edges.
Wormald [52], extending an argument of Ruciriski and Wormald [38], has shown
that one can track the random variables Dy(i), ..., Dg(i) accurately, where D; (i) is
the number of vertices of degree j in G¢(H),; when i < d(n/2 — n'~¢) for some
e > 0. Note that at this stage |O(d(n — n'=%))| = Q(n?7%%) as we have Q(n!~*)
vertices with degree less then d.
Note that

d—1 2
Qi) = (Z Dku)) +0(n) = 5 (n— Da(i))” + O(n)
k=0

where the O(n) term follows from the edges already present between the vertices
with degree less then d. Let D;r(z') be the number of vertices v which had degree
j — 1in G¢(H),,;, but have degree j in G¢(H )y, 1. Similarly let D;(z) be the
number of vertices v which had degree j in G(H),;, but have degree j + 1 in
Gf(H)p,i+1.- Then we have that:

1(3) Y00 D n (i
B(D} (i) = 21U ’“3’(3’“( )+ 0 _ jD]D;((Z.)) +0(n™")

for j > 0as Q(i) = Q(n*>~2). Since inserting an edge can increase the degree of any
vertex by at most one we have that D;.“ (i) = D;_,(i) and thus:

2D;(i)

-
n — Dq(i) +OE™)

E(Dj (i) =

for j < d. Clearly Dy(0) = n and D;(0) = 0 for j > 0.
In the following we will show the heuristics involved in determining the differ-
ential equations needed for the proof. Let t = i/n and D;(i) ~ z;(t(i))n where ~
means that we approximate the value of D;(i) with z;(¢(i))n. Then we can estimate

28



4.1 H-FREE PROCESS

the derivative of z; as follows:

A similar argument for the remaining variables gives us the following differen-
tial equations and initial conditions:

(1) = —fj’ojjgt) 20(0) = 1
2(t) = 22j‘11 (_t)zg(;zj(t) %(0)=0for0<j<d
) = T 24(0) = 0,

The simple way to find the solution for this system of differential equations is
by exploiting the connection between G ¢(H ), ; and G, ;, and thus the connection
between G(H),; and G p. Note that i = nt ~ (;)p thus p ~ 2¢t/n. When p =
O(n™') then the degree of every vertex can be approximated with independent
Poisson random variables with parameter A = np thus the expected number of
vertices with degree j is n(np)’e ""/;!. This suggests the following solutions for
the differential equations:

9 7,2t
zj(t) = (t)j;eforogj <d
d—1
2a(t) = 1= z(t)
k=0

and one can quickly check that these solutions satisfy the differential equations.
Wormald [52] has shown that a.a.s. the random variables remain close to the solu-
tions given by these differential equations.

Definition 4.1
Let G,,, be the event that
Dy (i) = nz(i/n) + o(n)

holds forall 0 < k < dand 0 <1i < m.
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Theorem 4.12 ([52])
Let H be a star. Then there exists an € > 0 depending only on H such that G, holds a.a.s.
form =n(d/2 —¢).

Wormald [52] actually states that this can be extended until d(n/2 —n'~¢) edges
have been inserted into the process for some small . Ruciriski and Wormald [38]
showed that after this point the minimum degree in the process a.a.s. increases and
soon after the minimum degree reaches d — 1 a.a.s. all the vertices with degree d — 1
form an independent set. Thus the process can continue until every vertex has
degree d and the graph contains |dn/2| edges.

Ruciniski and Wormald [39] also show that when the d > 3 the degree bounded
random graph process is a.a.s. connected. However Telcs, Wormald and Zhou [45]
showed that this does not hold in the case when d = 2, as in this case the degree
bounded process is a.a.s. not connected.

4.1.2.2 Strictly 2-balanced graphs

However when H is not a star this simplification can not be applied anymore.
Bohman and Keevash [6] in order to track the number of open pairs, also needed to
track the formation of rooted graphs. Let (R,I') be a rooted graph where R forms
an independent set and J is a spanning subgraph of I'. Denote by =4 ;r(i) the
set of injective functions f : V(I') — V(Gf(H)n,,;) such that f|r = ¢, f(E(J)) C
E(G¢(H)pn;) and f(E(I')\E(J)) € O(i). Note that =4 ; (i) describes the copies of
the rooted graph (R, J) rooted at ¢(R) such that the edges needed to extend this
copy into a copy of (R,I") can still be inserted. Let X s (i) = |24 51 (%)|.

In addition to the number of open pairs Bohman and Keevash [6] track the
random variables X ;r(4) if one of the following two conditions holds:

e a) m(R,I') < da(H) and I' does not contain H as a subgraph

e b) m(R,T") = dy(H), E(J) € E(I') and the graph I'" created from I' by adding
all the edges {a, b} € Rx R such that ¢(a)¢(b) € E(G¢(H)y,;) does not contain
a copy of H.

We will refer to these variables as the tracked variables. Let t(i) = i/n?~1/d(H)
and similarly as before we would like to show that these random variables are a.a.s.
concentrated around some functions for the beginning of the process namely for the
first yun?=1/d2(H) Jog1/(€UH)=1)  steps, where y is a constant depending on H. Our
aim is to approximate the random variables as follows:

Xg,50(i) = xp 0 (i) )nfaen )
Qi) = q(t(i))n”.
Recall that fy, ) (R,J) = v(J) — |R| — e(J)/2. Note that the expected number
of copies of (R, J) rooted at S C V(G,,,), with |R| = |S|, when p = n~1/d2(H)+o(1)
is nfa2enB)+ol) - gince we expect the H-free random graph process to create a

graph which resembles G, , when p = n~1/%(H)+(1) we choose this as our scaling
factor.
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4.1 H-FREE PROCESS

Note that Q(i) = X4, z¢(i)/2 where ¢ : ) — V(Gf(H),) and e and € are graphs
on 2 vertices with the edge present and absent, respectively.

Similarly as before we will use differential equations to determine the values of
these functions based on the expected change in the variables.

Denote by C,, ,,(7) the number of pairs in O(7) which would become closed if the
edge {u, v} were inserted in step i. We will use the following heuristic:

Cu,v(i) ~ Z Z X¢7H{r,e}7H7‘ (z)/aut(H)

re€E(H) ¢:r—{u,v}

r;ée
1/d2(H)
aut Z LrHp ey Hr (t)n =
reGE H)
r;ée

Note that this approximation assumes that C, ,(¢) is concentrated around the same
value for every open pair {u, v}. Define

2
C(t) = aut(H) GXE‘:(H) mT:H{r,c}vHr (t)
r.e
r#e

and let Q(i)* be the size of O(i + 1)\O(i) and Q(i)~ be the size of O(i)\O(i + 1).
Define X ;r sr(i) and X ;(i) similarly. Then we have that:

BQO)~ g Y Cunli) = el

1
For) e = )~ - [ (R,Je)
E(X(b’]’p(l)) ~ Q(Z) Z X¢7Je’1"(l) ~ Z q(t)n2 xR7Je71—\(t)n do(H)

|
~ (121730 R, 0 (t)nS 20 L))

-~ 1 .
E(Xd),JF( )) ~ Q(Z) Z Z Cf(e) (,L)
fE€Eg,sr(3) eEE(I\E(J)

1
~ e E() el (it ()

Recall that (i + 1) — t(i) = n~?*/42(#) and thus we have the following differ-
ential equations:

q(t) = —c(t)
gD yr(t) = Y @R (e(I') — e(J))e(t)zr,r(t)
ecE(J)
)= s X (D)
r,efiéH)
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4.1 H-FREE PROCESS

Clearly zg jr(0) = 1if J is the empty graph and =g jr(0) = 0 otherwise. Also
a(0) = 1/2.

Similarly to the star-free random graph process the similarities to G, ;, can be
exploited, this time with p ~ 2tn~1/%(H)  Obviously the edges are distributed
independently and we will assume that the open pairs are also distributed inde-
pendently. This suggests the following solution:

zrr(t) = (26)) (2q(1) ")

it follows that 2e(H)(e(H) — 1)
_ =€ € — L) ge(H)—1,e(H)—2
o(t) = 2 o 102
and thus
t
_ _ _ ety €(H) emy—1
2q(t) = exp (/0 c(7’)d7’> exp ( 2 aut(H)t :

Fix constants y, e, V and W satisfying 0 < 4 < ¢ < 1/W « 1/V <« 1/ep. The
notation 0 < a <  means that there is an increasing function f(x) such that the
following hold for every 0 < a < f(f):

o e(plog!/ ()= p)y < pe
° Q(,U logl/(e(H)—l) n)—V < ne

where e(t) = e’® — 1 with P(t) = W(t°UD~! 4 t). Also define s, = n!/(2e(f)=¢
and m = pn?~1/d2(H) o1/ (e(H)=1)

Definition 4.2
Let Gy, be the event that for every tracked variable and every i < m the following holds:

Xgur(i) = (1 +e(t)/se)(zpyr(t(i)) £ 1/so)nfaun B,

Theorem 4.13 ([6])
For strictly 2-balanced graphs G, holds a.a.s..

Theorem 4.14 ([6])

For strictly two balanced H we have that G ¢(H ), contains a.a.s.

edges.

PROOF Since G,,, holds a.a.s. we have that

Q= (12 99) (st + ) w2

Se Se

Note that e(t(m))/s. = o(1) and that s, = o(q(t(m))). We also have that ¢(t(m)) =
Q(n~¢) thus Q(i) = Q(q(t(m)n?)) = Q(1). The statement follows from the fact that

the H-free process finishes only when there are no more open pairs. m
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4.1 H-FREE PROCESS

Note that in order to set up the differential equations it would be enough to
consider the random variables Xy ;. (i) for every J C H, and r € E(H) as these
variables determine C,, , (7).

Before showing how these results can be extended to determine upper bounds
on the size of the maximal independent set and on the maximum degree we first
show how this result was modified by Picollelli [32] to show a lower bound on the
diamond-free process.

4.1.2.3 The Diamond

The diamond or K is a 2-balanced graph however it is not strictly 2-balanced as
K3 C K, and da(K3) = do(K, ) = 2. Similarly to the previous cases the aim is to
track Q (i) for which we need to determine E(Q(:) ™). However unlike the strictly 2-
balanced case C,, , (i) is not concentrated around one value for every {u,v} € O(i).
This is due to the fact that there is a large difference in the value of C, (i) based
on whether the codegree of {u,v} € O(i) is 0 or 1. Note that when the codegree of
{u, v} is larger than one then it is already closed.

Partition O(i) into two parts Oy (i) and O (i) where Og(¢) is the set of open pairs
which have codegree zero and O (i) is the set of open pairs which have codegree
1. Also let Qo(7) = |Oo(i)] and Q1(7) = |O1(i)]. Note that this is similar to what
was done in the star free process where the vertices with degree less than d were
partitioned into classes with degree exactly k for every & < d. The edges are also
partitioned into two groups namely the edges not contained in a triangle denoted
by Ey(i) and the edges contained in a triangle denoted by E(i). We are interested
in the sets Z4 ;1 (i) and the random variables X ;r(i) only in the case when I' =
(K3), for r € E(K3) and ¢(r) € O(i). Therefore we simplify the notation. For
the rest of this section fix r € K3 and let {e1,e2} = E(K3)\r. Let Zy p)(i) =
B¢, 1K), (1) and Xy p7)(i) = X4 1(ky), (7). In order to track Qo(i) and Q1 (i) we
need to partition the set =y g s)(i) according to whether the codegree of f(e;) and
f(e2) is zero or one. Thus for fixed ¢ and J we are looking at 4 sets =, () p(i) and
thus 4 random variables X p(7) p (i), where D C {ey, e2}. Formally =, gy p(i) is
the set of maps f € =, g(s)(7) which satisfy that f(e) € O1(i) U E1(3) iff e € D.
Similarly to the strictly 2-balanced case let t = i/n>~'/m2(H) = j /n3/2 and

Qo(i) ~ qo(t)n”
Q1(1) = q1 (t)n2

X(byE(J),D(Z) ~ x’/‘,E(JLD(t)an(T’J)‘

Similarly to the strictly 2-balanced case the n/2("/) term follows from the fact
that we expect our graph to look similar to G,,, when p = n~/2¥°(1)_ The expected
number of copies in (R, J) rooted at S in G, ,, when p = n~1/2+0(1) jg pf2(RJ)+o(1)
We also assume that each partition of = g(7)(i) contains a large fraction of the
elements.

We modify the definition of C, (i) slightly. For u,v € O;(i) it still denotes the
number of edges which when inserted into the graph would close {u, v}. However
in the case when {u,v} € Og(i) this is the number of open pairs which when in-
serted into the graph would remove {u, v} from Oy(i), therefore in addition to the
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4.1 H-FREE PROCESS

edges which when inserted would close {u, v} the edges which would increase the
codegree of {u, v} are also counted. Thus for {u,v} € Oy(i) we have that:

Cup(i) = Z Z Xoer,0(1)

¢:r—{u,v} DC{e1,ea}

~ 2 Z xr,q,D(t)\/ﬁ

DC{ey,e2}

= co(t)v/n.

For {u,v} € O4(i) let g({u,v}) denote the vertex connected to both u and v. As-
sume that inserting the edge {w1, w2} closes {u,v} and in particular increases the
codegree of {u,g({u,v})}. Then we have that {w;, w2} € O;(i) as inserting this
edge created a triangle. Therefore when {u,v} € O;(i) we have that:

Cup(i) = Z Z Xp,e1,0(%)

¢:r—{u,w} De{er,ea}

+ ( Z X¢7€1,€2 (Z) + Z Xd),el,ez (7/))
)}

prr—={u,g({u,v})} d:r—={v,g({u,v}

Q

(2 > -’L’r,el,D(t)—Flenel’eQ(t)) N

DC{e1,e2}

=C (t)\/ﬁ

Let D, , (i) denote the number of edges which when inserted into the graph would
increase the codegree of {u, v} by one and does not close {u, v} in the process.

Dup(i) = > Xpey (i) = 22,0, p(t)vVn = d(t)y/n.

b {uyw}
Thus we can express the expected change as:
E(Qg (1) =0
E(Qy (1)) = S Culi) ~ wB)olt)

QW 2 4(0)
EQIO) =g Y Y Kol =220 )y
Q(Z) {u,v}eQo(z) p:r—{u,v} ( )
g o aal)
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4.1 H-FREE PROCESS

E(XJ p(sy.0(0) ( (Z Xopnen@+D D Df<e>(i))
(i)

ecE(J ecD fe‘—‘cb E(J),D\e 4

1 nf2(RI), /i
~ @ ( Z Ty E(J )\eD )+ anE(]LD\e(t)d(t)) —

ecE(J) eeD

EX o =55 > X Crol)

Y e B(ONE(J) f€2.m9).0()

2 nf2(R»J) n
~ W ((2 — |E(J) U D|)co(t) + |D\E(J)|e1(t)) HQ\F

This gives us the following system of differential equations:

Q6(t) _ _‘ﬂ)(;)(i;(t)
(0 = By - 20
Ty 57,0 (t) (1t ( > Trpunen(t) + Zxr,E(J),D\e(t)d(t))
ecE(J ecD
- Eg@f” (2~ [E() U Dl)eo(t) + |D\EWDea(r)
o) =2 > Tren(t)
DC{e1,e2}
alt) = (2 Z Tr.eq,D(t) + 4Tre e (t))
DC{e1,e2}

d(t) = 2p.e, 9(t)

and initial conditions qo(0) = 1/2, q1(t) = 0, 2, p(yy,p = 1if E(J) = D = 0 and
0 otherwise. Similarly to earlier occasions we solve these differential equations by
comparing the diamond free random graph process to G, , when p = 2t/\/n. We
have that the codegree for any given pair of vertices in G, ,, is Poisson distributed
with parameter np? which would indicate that go(t) = e~** and q;(t) = 4t2e4".
However the approximation for ¢ (¢) is incorrect as this considers all edges, how-
ever for a pair of vertices which have exactly one mutual neighbour to be open, it is
required that neither edge involved in the creation of the mutual neighbour is con-
tained in a triangle. One could try expanding this argument by multiplying with
an e~ term i.e. the probability that a given pair of vertices have codegree zero,
for both edges. However this is unlikely to hold, as we have strongly limited the
number of triangles which can appear, due to the fact that every edge can be found
in at most one triangle. Recall that by definition |E(i)| = tn%/2. Let Ey(i) ~ r(t)n>/?
and thus F; (i) ~ (t — r(t))n®/. Then replacing the 4t> term with 4(r(t))? and thus
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4.1 H-FREE PROCESS

1 (t) = 4(r(t))2e~4" should be the correct term. Note that | Ey(i)| increases by 1 ev-
ery time an element in Oy (%) is selected and it decreases by 2 every time an element
in O (i) is selected. This implies the following differential equation for r ()

Q) —2q1(t)  qo(t) —2qu(t) 1 —8r(t)?

YOI T e tan 1Ay

and this differential equation with the initial condition r(¢) = 0 holds if r(¢) satis-
fies:
8t + 4r(t) — 3v/2 - arctanh(2v/2 - r(t)) = 0.

If one examines the solutions of the differential equations when H is a strictly
2-balanced graph one multiplies a 2¢ term for every edge present in the graph and
a 2¢(t) term for every edge still needed. Similarly here one multiplies a 2r(t) term
for every edge not in a triangle, a 2(t — r(t)) term for every edge in a triangle, a
2qo(t) term for every needed edge with codegree zero and a 2¢; (t) term for every
needed edge with codegree one. Thus the solutions of the above variables can be
expressed as follows:

qo(t) = e /2
a1 (1) = 4(r(t)%e ™ /2 = 2(r(t)?)e "
2y, 5(0),0(t) = (200)*~ VNP1 2g0) PYEDI 2 (1)) NPl (28 — (1)) P01,

Let K be a sufficiently large constant and define
t
e(t) = KW +1), eq(t) =1 +/ Ke(r)dr, s, =n'/S,
0

Let0 < e <1/40 and let p = p(e, K) > 0 be sufficiently small so that e(u+/logn) <
n® for all sufficiently large n. Let m = u+/log nn’/2.

Definition 4.3
Let Gy, be the event that the following bounds hold for every i < m, E(J) C {e1,ea},
D C {61,62} and f € V(Gf(K;)nﬂ) X V(Gf(K;)nﬂ)
. eqlt
Q;) = (g5(0) = D)2

Se

Se

e(t)ett’ (e())-2)
> X0 = <2xT,E(J),D(t) IO PO
o:r—f

Theorem 4.15 ([32])

For the diamond-free random graph process Gy, holds a.a.s..

4.1.2.4 Independent sets

Before discussing the upper bounds on the number of edges we will first show an
upper bound on the size of the largest independent set. Similar ideas will be used
when establishing an upper bound on the number of edges. Actually an upper
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4.1 H-FREE PROCESS

bound is shown for a(G¢(H)n,m) and since adding edges can only decrease the
independence number this is an upper bound on the size of any independent set at
the end of the process. Note that in case H is a triangle this actually gives an upper
bound on the length of the triangle-free random graph process as in a triangle-free
graph the neighbourhood of any vertex forms an independent set.

The main idea behind the proof is to give a lower bound on the number of open
pairs in any set of size 3u~! (log n)'~1/(¢(H)=1)p1/d2(H) ' Consider a set I of this size,
and let O (i) denote the set of open pairs in I at step i. Again the differential equa-
tion method is used to track the random variable |O;(7)|. However using the differ-
ential equation method for this random variable is not straightforward as inserting
certain edges into the graph can cause a large change in this random variable, e.g.
when H is a triangle then adding an edge connecting a vertex in I to a vertex with
many neighbours in / could close a large number of open pairs in O;(7). Therefore
instead of tracking |O;(i)| one tracks a random variable |O’(7)|, which do not take
the affect of these large changes into account. Note that |07 (i)| > |O;(7)|, however
in special cases, e.g. when H is a cycle or when H is a complete graph, one can give
an upper bound on |0} (7)| — |O;(i)].

Theorem 4.16 ([6])

Let H be a cycle or a complete graph. Let Q1(i) denote the number of open pairs in the H-
free process at step i in I C V(G (H)n,i), where |I| = 3~ (logn)1 =1/ (e(H)=1)p1/dz(H)
then:

Qr(i) = (1 £ e(t)n=2)(2q(t) + 2n72%) (3~ (log n) 1~/ (H) =) 1/d2(H))2 j9

Now one can calculate the probability that none of these edges are chosen in the
first m steps and applying the union bound gives:

Theorem 4.17 ([6])
Let H be a cycle or a complete graph then every set of size 3~ " (log n)' =1/ (e(H)=1)p1/d2(H)

contains an edge by time m.

4.1.3 Upper bounds

The idea for finding an upper bound on the number of edges is similar to find-
ing the size of the maximal independent set. However due to technical difficul-
ties, so far the order of magnitude has only been determined for cycles, the K4
and the diamond. In general one tries to show that after m steps a.a.s. there is a
copy of (N(v), H[V(H)\v]) for some v € V(h) rooted in every vertex set of size
Cnl=1/d2(H) 1gg1/e(H)=1 1, “When H is the K4 we want to show that there is a trian-
gle in every set of size Cn®/®log!/® n and in case H is a cycle of length ¢ then we
want to show that in any set of size Cn'/(“~1) log!/*=1) p, there is a pair of vertices
connected by a path of length ¢/ — 2. In case H is the diamond we want to show that
there is an edge with codegree one in every set of size Cn'/2\/Tog n.

The main idea is to track the number of open pairs which would complete a
copy of such a graph. Similarly to the independent set one ignores the edges which
would cause large changes in this random variable and tries to estimate the maxi-
mal affect of the ignored edges.
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Theorem 4.18 ([46],[51])
We have a.a.s. that
A(G(K1)) = O flogn).
Theorem 4.19 ([47],[34])
We have a.a.s. that
A(G4(Cp)n) = O((nlogn)/1).

Theorem 4.20 ([32])
We have a.a.s. that

A(Gf(K} )n) = O(v/nlogn).

4.1.4 Ramsey and Turdn numbers

As we mentioned in the introduction this graph process is strongly connected to
the Ramsey number. More precisely it is connected to the asymptotics of the off-
diagonal Ramsey number R(k,t) when £ is fixed and ¢ tends to infinity. Note that
showing that there exists a K-free graph on n vertices which has an independent
set of size ¢ implies that R(k,t) > n. Therefore it follows from Theorem 4.17 that

Theorem 4.21 ([6])
For fixed k > 3 we have that

Rip =0 (17 log() 7).

Currently these are the best known lower bounds.

Recall that the Turdn number ex(n, H) is the maximal number of edges con-
tained in an H-free graph on n vertices. Note that the number of edges in the
H-free random graph process give a lower bound for the asymptotics of the Turan
number.

Theorem 4.22
For every strictly 2-balanced H we have that

eX(n, H) — Q(nZ—l/dz(H) logl/(e(H)—l) n)

In most cases deterministic methods give better lower bounds. For general H
the Erdds-Stone theorem [16] gives the exact asymptotics for the Turan number,
except when H is bipartite. Deterministic constructions also exist for complete bi-
partite graphs. It is known that ex(n, K;) = O(n*~1/%) [28], [19]. Lower bounds
matching this upper bound up to a constant factor are known for the K3 5 [15], the
K33 [11] and the K ; whent > (s — 1)! + 1 [3].

Note that ex(n, H') < ex(n, H) when H' C H. Thus we have that

Q(n/?) = ex(n, K33) < ex(n, K3,) < ex(n, K34)) = O(n/?).

Still in many cases Theorem 4.22 is the best known lower bound. For example
when H = K, , forr > 5.
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4.2 H-elimination process

Although the H-elimination process has not been studied in detail, many results
originally shown for the H-free process still apply. Note that removing every edge
in every copy of H from G, ,, in addition to creating a subgraph of the H-free
process, one also creates a subgraph of the H-elimination process. Therefore the
previous results imply a lower bound when H is balanced, namely e(G.(H),, 1) =
Q(n?~1/4(H)) Recall that the H-elimination process creates a subgraph of the H-
free process, this implies that every upper bound for the H-free process is also an
upper bound for the H-elimination process. Tighter upper bounds can be shown
using the following Theorem of Spencer [42].

Fix a rooted graph (R, F') such that R forms an independent set. Let Ext(R, F)
be the event that for every injective function ¢ : R — V(G,,,) there exists a copy
of (R, F') with respect to ¢ in G, ,. Spencer [42] proved thresholds for the event
Ext(R, F).

Theorem 4.23 ([42])
Let (R, F') be a non-trivial strictly balanced rooted graph. Let ¢, be the number of graph
automorphisms of F' such that the roots are fixed points. Let cy be the number of bijections
on R which can be extended to an automorphism over F'. Let X > 0 be arbitrary and fixed.
Let p = p(n) satisfy

n?ERIEE) joy = In(nl®/ (ea)).

Then
P(Ext(R, H)) — e~
Select » € E(H) for H strictly 2-balanced. Then inserting any pair of vertices
into G, , when p = cn~ /%2 H) 1og!/(¢(H)=1) 3 3 5. creates a copy of H. This implies
that there are a.a.s. O(n?~ /%)) 1og!/(¢(H)=1)  edges in the H-elimination process,

when H is strictly 2-balanced.
A slightly weaker version of this theorem is valid for any graph.

Theorem 4.24 ([42])
Let (R, F') be a rooted graph such that R forms an independent set.

If for every (R', F') C (R, F) such that m(R, F') = d(R', F') we have that R' is a set
of isolated vertices then p = n~Y/™UF) is a threshold function for Ext(R, F) in the sense
that

If p = o(n™ Y™ B then P(Ext(R, F)) — 0
If p = w(n=V™EE)) then P(Ext(R, F)) — 1.

Otherwise let (R',F') C (R, F) be the rooted subgraph with the least number of
edges such that m(R,F) = d(R',F’") and R' is not a set of isolated vertices. Then
p = n~V/mBE) 1661/ ¢UF") s g threshold function for Ext(R, F) in the sense that there
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4.2 H-ELIMINATION PROCESS

exists constants 0 < ¢ < C such that

Ifp < en=t/mULE) log'/*F") n, then P(Ext(R, F)) — 0
Ifp> Cn~ V) 1661 /) 1y then P(Ext(R, F)) — 1.

This clearly gives an upper bound for the H-elimination process in general,
after examining (r, H,) for every r € E(H). Let m = min,cgg)m(r, H;). Now
let 71,72, ..r; be the set of edges where this minimum is achieved. If there exists
i < k such that for every (r;, F') C (r;, Hy,) with d(r;, F) = m we have that r
is a set of isolated vertices, then for any g(n) = w(1) function the H-elimination
process terminates with O(n~'/"())g(n) edges. On the other hand if this does not
hold, then let s; be the minimal number of edges found in (r;, ') C (r;, H;) such
that d(r;, F) = m and r; is not an isolated set. Let s = maxs;. Then the process
terminates a.a.s. with O(n="/™) 1og!/* n) edges.
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Chapter 5

H-elimination random graph process

In contrast to the H-free process one does not need to use the differential equation
method to analyse the H-elimination process. First we will show bounds on the
expected number of edges created by the H-elimination process. Afterwards we
will show that the number of edges is concentrated around its expectation in case
H is strictly 2-balanced. Finally we will examine the independence number and the
subgraphs present in the H-elimination process when H is strictly 2-balanced. In
this chapter we will be using Definition 3.12, where we assign a birthtime to every
edge independently and uniformly from [0, 1) and consider the edges in order of
the birthtimes. Let p. denote the value assigned to edge e and note that edge e is
inserted into the graph if no copy of (r, H,) is rooted at e in G, ,_ for any r € E(H).
Since in most cases the appearance of different copies of (r, H,) rooted at e are not
independent it is vital to study how these copies can overlap.

5.1 Overlapping rooted graphs

In this section we are considering how two rooted graphs can overlap.

Definition 5.1

Let (Ry, Fy) and (R2, F3) be two (not necessarily different) nontrivial rooted graphs. De-
fine (Ry, F1)®(R2, F) as the set of triples (g1, g2, F') where F is a graph and g; : V(F;) —
V (F) are injective functions such that the following hold:

o F'=(q1(V(F1))Ug2(V(F2)), g1(E(F1)) U g2( E(F2)))
o g1(E(F1)) Nga(E(Fy)) # 0
o gi(R, F1) # g2(Ra, I2)

In addition denote the vertex sets Sy, g, r = g1(R1)Ug2(R2), Ry, 9., F = 91(R1)Nga(R2)
and the graph Ty, g, & = (91(V (F1)) N 92(V (F2)), 1(E(F1)) N g2(E(F2)))-

Sg1,92,F is the “union” of the roots, Ry, 4, r is the “intersection” of the roots,
Ty, g0, F is the “intersection” of the graphs and F' is the “union” of the graphs. When
the roots of a rooted graph form an empty set then we have a graph and in this case
the rooted graph being strictly balanced is equivalent to the fact that the graph
is strictly balanced. It is known that the union of two balanced graphs with the
same density is at least as dense as the original graphs, however when both are
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5.1 OVERLAPPING ROOTED GRAPHS

strictly balanced the density of the union is denser then the original graphs. The
following Lemmas generalise these statements for balanced and strictly balanced
rooted graphs.

Lemma 5.1
For any two rooted graphs (R, F1), (R, F2) and (g1,92,F) € (R1, F1) & (Re, F») we
have for any value of d that

fa(Sgy 2.7 F) = fa(R1, F1) + fa(Ra, F2) — fa(Ryy g0, 75 Tgy,g0,F)-

PROOF Applying the inclusion exclusion principle gives that:

e(F
S50, ) = 0(F) = | g, — L0

=v(F) +o(F) - U(T91792,F) — |Ry| — |Ra| + |R91792,F|
e(F1) + e(Fa) — e(Ty, g0,F)

d
F F:
=v(F) — |R1| - e(dl) +o(Fy) — e(dz)
e(Ty, go.F)
_ (’U(Tgl,gg,F) - ‘R91792,F’ _ gldg2>

= fa(R1, F1) + fa(R2, F2) — fa(Rg; go,7, Ty, g0, F)

completing the proof. -

Lemma 5.2
Let (R1, F) be a strictly balanced nontrivial rooted graph and (Rz, F») be a rooted graph
such that d = d(Ry, F1) < d(Ra, F2). Then we have for every (g1, g2, F) € (R1,F1) &
(Rg, Fy) that:

fa(Rgy ;.75 Tgy g0, 7) 2 0

where equality holds only if (Ry, g,,F, Ty, .9.,F) = 91(R1, F1).

PROOF Due to the fact that Ry, 4, 7 C g1(R1) we have that fi(Rg, ¢,.F, Ty, .92, F

fa(g1(R1) N V(T g0.7), Tg1.00,¢) and equality holds only if Ry, 5, r = g1(R1
V (T}, ,g.,7)- Note that (g1(R1) N V(Ty,.90,F)s Tg1,g0,7) € g1(R1, F1). Since (Ry, F1) i
a strictly balanced rooted graph we have that f;(g1(R1) NV (T, ,45.,7), Tg1,g0,7) = 0.

F) >
)N

e
wn

Proposition 2.3 gives us that equality holds only if (g1 (R1) NV (Ty,,g5,7)s Tg1,90,F) =
g1(R1, F1). The statement follows. -

Lemma 5.3
Let (R1, F1) be a balanced rooted graph and (R, F») be a rooted graph such that d =
d(Ry, F1) < d(Rg, F3). Then we have for every (g1, g2, F') € (R1, F1) ® (Ra, F3) that:

fd(R917927F’T91792:F) Z O
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PROOF The proof is similar to the strictly balanced case. Since Ry, 4, r C g1(R1)
thus fq(Ryg, 92,7 Tg1.9o,7) > fa(91(R1) NV (T, g0.F), Tg1,go,7). Note that (g1 (R1) N
V(Ty1,90.F) Tg1,90,F) € 91(R1, F1). Since (Ry, F1) is a balanced rooted graph we
have by Proposition 2.4 that fq(g1(R1) NV (Ty,.9.,F), Tgy,g0,F) = 0. n

Lemma 5.4
Let (Ry, F1), (R2, F») be nontrivial strictly balanced rooted graphs such that d(Ry, Fy) =
d(Rga, F»). Then we have for any d < d(Ry, F1) and for every (g1, 92, F) € (R1,F1) @
(Ra, F) that:

fa(Sg1 o7, F') <O.

PROOF Obviously fq(Sg, ,g0.7s F) < far(Sgy g0, F) if d < d’ so we may assume that
d = d(Ry, F1). According to Lemma 5.1 for any (g1, g2, F) € (R1,F1) & (R, F3)
we have that f4(Sg, g,,7 F) = fa(R1, F1) + fa(R2, F2) — fa(Rg, 60,7 Tgy g0,F7). We
have that fj(Ri, F1) = 0 and fy(R2, F2) = 0. Thus it follows that f4(Sg, ¢..F, F) =
—fa(Rg, 92,7 Tg1.90,7). Lemma 5.2 gives us that f4(Rg, go.7, Tg1,g0,7) > 0 where
equality holds only if (Ry, 4,7, Ty, .g.,F) = g1(R1, FY).

Assume for contradiction that (R, 4,7, Ty, g.,F) = g1(R1, F1). This implies that
g1(R1, F1) C g2(R2, F>). However the case g1 (R1, F1) = g2(R2, F») is ruled out by
the definition, therefore g; (R1, F1) C g2(R2, F>). However this implies that (Ry, F»)
a nontrivial strictly balanced graph has a rooted subgraph with the same density

which is a contradiction with Proposition 2.3. -

Lemma 5.5
Let (Ry, F1), (R2, F2) be balanced rooted graphs such that d(Ry, F1) = d(Ra, F3). Then
we have for any d < d(Ry, Fy) and for every (g1, g2, F) € (R1, 1) & (R2, F>) that:

fd<Sgl,gz,F7F) <0.

PROOF Similarly to the strictly balanced case we may assume that d = d(R1, F1).
Lemma 5.1 implies f3(Sy, g7, F') = fa(R1, F1) + fa(Re, F2) — fa(Rg, go,Fs Tyy,g0,F)-
Again fy(Ry,F1) = 0 and fq(Re, F») = 0. Thus we have that f4(Sy, g..7, F) =

—fa(Rg, g2,Fs Ty, .g.,r) and Lemma 5.3 gives us that fq(Ry, g,,7, Ty, .g.,F) > 0. m

5.2 Expected number of edges

In this section we consider the expected number of edges contained in the final
graph of the H-elimination process. We give lower and upper bounds which match
up to a constant factor when H is 2-balanced, and we give the exact asymptotics
when H is strictly 2-balanced and when K = K and H = K3 .
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Let H. denote the event that an edge e is inserted into the H-elimination ran-
dom graph process. Recall that #. holds if no copy of (r, H,) is rooted at e in Gy, .
forany r € E(H).

Erd6s, Suen and Winkler [17] have considered the case when H is a triangle.
Note that in this case for #. to hold e must have no mutual neighbours in G, . .
Since the appearance of the individual mutual neighbours of e are independent
thus

P(e € E(Ge(K3)na)lpe) = (1 —p2)" >
and thus

(n—2)0?
(2n — 3)!

=(1 +o(1))ﬁn—1/2.

1
P(e € E(Ge(K3)n1)) = /0 (1= p2)"2dp, = 472 /

Therefore the expected number of edges in the process is (1 + o(1))y/7n3/% /4. We
will generalise this result.

Let (R, F) be arooted graph and S C V (G}, ) with |S| = |R|. Let I g r) be the
set of injective functions f : V(F) — V(Gy,) such that f(R) = S. Note that if for
some function f € Ig g r) we have that f(E(F')) C E(Gy ) then there is a copy of
(R, F) rooted at S in G}, ,. Now consider a set of rooted graphs M = {(R;, [;)}¥_,
where |R;| = |R;| for every i, j = 1..k. We define

IS,M: U U ((RaF)af)

(R.F)EM fels (r,F)

However it can happen for some ((R, F), f), (R, F'), f') € Is that f(E(F)) =
J'(E(F")). Based on this we can split the elements of Is 5; into equivalence classes
and let I ,, denote the set where one representative of each of these classes is taken.
We will also need the notation [a], = a(a — 1)...(a — b+ 1).

5.2.1 2-balanced graphs

We start by showing bounds on the expected number of edges in the random H-
elimination graph process when H is 2-balanced.

Lemma 5.6
Let H be a 2-balanced random graph and let p. be the probability assigned to edge e. Assume
n /) < < p=1/dH) 1og2 n then there exist constants ¢, C' > 0 depending only on

H and not on p, such that
exp(—C(n" 2D 71)) < B(Helpe) < exp (—en'/%p,)

PROOF Let M = {(r, H;)}repm)- Since |l v m,)| = 2[n]ym)—2 for r € E(H) thus
we have that I, y| = 2e(H)[n],(m)—2 = (1 + o(1))2e(H)n*)=2. Note that every
f,such that ((r, Hy), f) € I for some (r, Hy), is counted aut(H ) times. Therefore
1L /) = (1+0(1)2e(H)n*H)=2 Jaut(H). For (R, F), f) € I y; let X(g f) 1, be the
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indicator random variable for the event that f(E(F)) C E(Gy,p, ). Let

Xpe = Z X(RaF)vf’pf’
(RF).NEDs 3

then we have that
2e(H) .
BX,.) = (14 of1)) 2o k002501
Note that
P(Helpe) = P ({X,, = 0}).

Since E(X (g r),fp.) = pet =t = o(1) applying Lemma 2.6 gives

E(X
P(X,. =0) > exp (—(e(p};))_l> > exp (—C( v(H)— 2p§( )= 1))
1- DPe

for some constant C' depending only on H (e.g. C = 2¢(H) + 1 works for every H).

For the upper bound Theorem 2.8 will be used. First we need to calculate the value
of A. Let 7 = n'/%2(H)p_ and note that 1 < 7 < log? n then

A< Z Z nt ) =2pe()

r1,72€E(H) (91,92,F)€((r1,Hry )®(r2,Hry))
g1 (T1)=92(7“2)

< Z Z nfdQ(H)(Sghgg,F,F)Te(F)

r1,r2€E(H) (91,92,F)€((r1,Hry )D(r2,Hry))

since fq,(m)(Sg1,00.7, F') < 0 according to Lemma 5.5 and e(F) < 2(e(H)) — 3.
Note that ¢1 < }°, . cpu (r1, Hr) @ (r2, Hy,)| and thus depends only on H.
We already established that E(X,, ) > czn”(H)_QpZ(H)fl = cpm®™)~1 for any ¢ <
2(e(H))/aut(H). Applying Theorem 2.8 gives us that

(CzTe(H)—1)2
P(Xp, = 0) < exp <_2017-26(H)—3

Cexp (—2 s
= Oxp 2cq
= exp (—cnl/dQ(H)pe>

where ¢ = ¢3/(2¢1) depends only on H as ¢; and ¢z depend only on H. n

Note that the proof actually works for a much wider range of p.. The lower
bound actually holds for p. = o(1) for any fixed ¢ > 0 and the upper bound holds
for n~1/d2(H) < pe < 1. However the Lemma above is enough to show the asymp-
totics of the probability that the edge e will be inserted.
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Lemma 5.7
Let H be a 2-balanced graph then:

P(H) = ©(n~Y/4H),

PROOF Let pg = n= /%) and p; = n=1/d(H) 1562 p, Clearly
1
P(He) = /0 P(He|pe)dpe

PO D1 1
:/0 P(He\pe)dpeJr/ P(He|pe)dpe+/ P(He|pe)dpe.

Po 1
Since 0 < P(H,|pe) < 1 thus

Po
0< / P(He|pe)dpe < po = n—1/d2(H)
0

Note that
P1 log?n
[ exp(- O 2, — ) / exp(~Cr<D 1) g
PO
=(1+ o(l))n_l/dQ(H)/ exp(—CreH)=1ygr
1

Also

P1 log? n

/ CeXp (_Cnl/d2(H)pe) dpe = nil/dQ(H) / eXp(_CT)dT
Po 1

=(1+ 0(1))n_1/d2(H) /00 exp(—cr)dr

-0 <n—1/d2(H)) ] 1

Applying Lemma 5.6 gives us that
p1

P1
/ exp(—C(nP =21y g < / P(Help.)dpe

Po PO
and that
P1 P1
/ P(H.|pe)dpe < / exp(—c(n!/% D p,))dp,.
PO PO
Thus )
1
/ P(He|pe)dpe =0 (n_l/d2(H)) .
PO
We also have that
1 1
[ Btlpn. < [ B < BOLIp)
p1 p1
< exp(—clog®n) = o(n™?)
and the result follows. -
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Corollary 5.8
When H is a 2-balanced graph then

E(e(Ge(H)n,)) = O~ Y/EUD),

5.2.2 Strictly 2-balanced graphs

In the case when H is strictly 2-balanced these bounds can be improved. However
instead of just showing bounds on P(H.|p.) we will show a slightly more general
bound, which we will need later.

Lemma 5.9
Let H be a strictly 2-balanced random graph. Let M = {r,H,},cpir and Y C I} .
Define the event ) as the event that for every ((r, H,), f) € Y we have that f(E(H)) £
E(Gmp)'

If in addition we have that |Y| = (1 + O(n=%))|I. ,,| for some fixed ¢ > 0 and that
p < po = n~YeWH) logn then

P(Y) = (14 o(1))exp < aut({I};) (n?(M)=2), (H)—1)> .

Note that when p. < pg then by setting Y = é u and p = p, this implies that

2e(H) (nv(H)—Qpe(H)—1)> .

P(Helpe) = (14 of1)) exp (~ 20 7 :

The proof is similar to the 2-balanced case with the exception that in this case
A = o(1) and thus sharpening the remaining estimates gives us a tighter bound.

PROOF Let M = {r, H,},cp(m)- Then we have that |l y| = 2e(H)[n]y(g)—2 = (1 +
O(n=1))2e(H)n"™)=2. As in the 2-balanced case every f, such that ((r, H,), f) €
I. v for some (r, H;), is counted aut(H) times and thus |1 ,,| = |l a|/aut(H). Set
0 = min{e, 1/(2d2(H))} and note that this implies that 0 < § < 1. Therefore

2e(H)n?(H)—2

Y1= (40 ) = s

For (R, F

,F), f) € Y let X(g ), s, be the indicator random variable for the event
that f(E(F)) C E(Gpp). Let

Xp = Z X(R,F),f,p
(R,F),f)eY

then we have that

E(X,) = (1+ O(n‘é))mnv(H)—2pe(H)_1.
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Note that E(X (g r) s,) = p°) =1 and that 1/(1—p*~1) = 14+0(py) = 1+0(n 7).
Applying Lemma 2.6 gives

E(X
]P(Xp = 0) 2 €Xp <_1_I()e(plif))1>

> exp <—(1 + O(ns))jft((HH)) (n”(H)2pe(H)1>> )

For the upper bound Theorem 2.8 will be used. First we need to calculate the
value of A. We have that

A< Z Z 0 () =2pe(F)

r1,r2€E(H) (91,92,F)€((r1,Hry )D(r2,Hry))
g1(r1)=g2(r2)

< E Z nv(F)—ng(F)

r1,72€E(H) (91,92,F)€((r1,Hr  )D(r2,Hry))
g1 (T1)=92 (?“2)

S Z Z nfd2<H)(Sgl,92,F7F) loge(F) n
r1,r2€E(H) (91,92,F)€((r1,Hry )®(r2,Hry))

— Z Z nfdQ(H) (Sgl,gz,FvF)'i'o(l)
r1,72€E(H) (91,92,F)€((r1,Hr, )®(r2,Hry))

=o0(1).

The last step follows from Lemma 5.4 since fy,(#)(Sg,,,,F, F)) < 0 as when H is
strictly 2-balanced graph then (r, H,) is a nontrivial strictly balanced rooted graph
such that d(r, H,) = da(H).

We already established that E(X,) = (1+0(n~?))2e(H)n*H)=2petH) =1 Jaut(H).
Applying Theorem 2.8 gives us that

e nv(H)fQ e(H)—1
P(X, =0) <exp ((1 + O(n_‘s))2 (H) aut(H)p + 0(1))

aut(H)

e nv(H)—2 e(H)—1
— (14 (1)) exp ((1 + O(n—%y)2ed) P )

Therefore we have shown that

P(Xp = 0) = (1 + 0(1)) exp (-(1 + O(n_(s)) 26<H)nv(H)2pe(H)1>

aut(H)
Note that O(n=0n?H)=2pe() =1y — O(n=91og® ™)~ ) = o(1) and thus

Qe(H)nv(H)—2pe(H)—1
aut(H) '

P(X, =0) = (14 0o(1)) exp (—
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Lemma 5.10
Let H be a strictly 2-balanced graph then we have that:

o () ()

where I'(x) is the gamma function.

PROOF Let pg = n~1/%2(H) Jog n then:

P(He) = P(He N {pe < po}) +P(He N {pe > po})-

When p. < pg Lemma 5.9 can be applied, thus:

Po
P(H. N {pe < po}) = / P(H|pe)dp.
0
e(H)—1 4

B Po 2e(H)pe pv(H)—2
= (o) [ exp<— T )dpe

logn e(H)—-1
— (4 0(1))n—1/d2(H)/ exp (_26(H)t> it

0 aut(H)

= (o [~ ey <_2<H>tt(;)> p
0 au

Ooex fM o elH) 2e(H) \ V/eH)D

/0 p< aut(H) )dt_ F<6<H>—1>/<aut<H>> |

On the other hand P(HeN{pe > po}) = [, P(Helpe)dpe < [, P(Hel{pe = po})dpe <
P(He|{pe = po}) and

and

P(Hel{pe = po}) < (1+o(1)) exp (= log™ ™7 n) < exp(~log?n + (1)) = o(n ™),
as every strictly 2-balanced graph contains at least 3 edges. n

Corollary 5.11
When H is a strictly 2-balanced graph then

e (14 o(1)) L2 e (e 2e(H) \ VDD

523 The K

We have shown the exact asymptotics of the expected number of edges found in
the H-elimination process when H is strictly 2-balanced. Next we show similarly
tight bounds on the expected number of edges in the H-elimination process when
H = K, and when H = Kj,. Recall that the K is a 2-balanced graph, however it

is not strictly 2-balanced as dy (K, ) = d2(K3) =2and K3 C K.
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Theorem 5.12
Let H = K. Assume that p. < po = n~"/?logn then

P(Helpe) = (14 o(1))(exp(—npZ) + np? exp(—3np?))

PROOF Let e = {u,v}. Note that for . to hold either e has no mutual neighbours
in Gy, p, or e has exactly one mutual neighbour in G, ,,, denoted by w, and the
codegree of both {u,w} and {v,w} is zero. In case the codegree of e in Gy, ,, is
larger than one then #H. does not hold. Let &,y w where W C V(G ) be the

event that W forms the set of mutual neighbours of {u,v} in Gy, ,,- Then

P(Helpe) =P(He N Eplpe) + Y. P(HeNE fuylpe)-
weV (G pe)\e

Note that &,y C He. Therefore P(H. N &, g|pe) = P(E. p|pe) and the proof of Lemma
5.9 implies that P(&, g|p.) = (1 + o(1)) exp(—np?). Now to establish the value of
P(HeNEe {wy|pe) for a fixed w. Let M = (r, (K3),). Let I be the union of the sets I} ,,
I"{u’w}M and If{v,w}’M excluding the elements ((r, (K3),), f) such that f(V(K3)) =

{u,v,w} formally

I={((r,(K3):), f) € Ié,M U IJ/[u,w},M U I‘/{v,w},M t f(V(K3)) # {u,v,wh}.

Note that |I| = 3(n — 3) = 3(1 + O(n"!))n. For ((r, (K3),), ) € I let X( (k). f.00
be the indicator random variable for the event that f(E((K3),)) C E(Gyp, ). Let

Xpe = Z X(Tv(KfS)T)mfvpe
((rv(KS)'r)vf)GI

then we have that E(X,,,) = 3(1 + O(n™'))np?. Note that
P (He N & qurlpe) =P ({Xp, = 0} N {{u,w}, {v,w} € E(Gnp.))}-

Note that E(X ;. (x),).fp.) = Pz and that 1/(1 — p2) = 1+ O(po). Since O(n™') =
O(po) applying Lemma 2.6 gives

»Pe

E(Xp.)

P(Xpe—O)ZeXp<—l_p2
e

) > exp (=3(1 + Opo)) (np?)) .

For the upper bound Theorem 2.8 will be used. First we need to calculate the
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value of A.

A< ) 2 (|sg3 )

F
r1,72€E(K3) (91,92,F)€((r1,Hry )®(r2,Hry)) 12, |

< ¥ ) (15,0 4 isnonelgi®

T17T26E(K3) (917927F)€((T17HT1)®(T27H7“2)) ’5917927F|
3
< J2((91(r1),F))+o(1)
B Z Z (’S_‘]l g2 F‘>n
r1,72€E(K3) (91,92,F)€((r1,Hry )B(r2,Hry)) e

=o0(1)

v(F)—\Sgl,gQ,Flpz(F)

3

according to Lemma 5.4, f2(Sy, 4,,F, F') < 0, as we are combining strictly balanced
rooted graphs of density 2. We already established that E(X,,) = 3(1 + O(po))np?.
Applying Theorem 2.8 gives us that
P(Xp, =0) < exp (=3(1+ O(po))np; + o(1))
= (14 o(1)) exp (=3(1 + O(po))np?) -

Since O(np3) = o(1)
P(Xp, =0) = (1+0(1)) exp (—3(1 4+ O(po))np?) = (14 o(1)) exp (—3np?) .

Note that the events {X,,, =0} and {{u,w}, {v,w} € E(Gp,.)} are independent

and therefore
P(He N Ee fuylpe) = (1+ o(1))pZexp (—3npz) )

The statement follows as the events &, ,, and &, s are mutually exclusive for any

w,w € V(Gpp,)\e when w # w'. -

Lemma 5.13
Let H = K then

P(He) = (14 0o(1)) (é% + 1\2/\7;§> n~1/2,

PROOF Let py = n~/?logn. Similarly to the previous calculations we have that

P(He) = P(He N {pe < po}) +P(He N {pe > po})-
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According to Lemma 5.12
PO
POL N e <pod) = [ B(Helpe)d.

PO 2 2 2

= [+ o)) expl—np?) + g exp(~3m)dp.
0

logn
=1+ 0(1))n1/2/ exp(—72) + 72 exp(—37%)dr
0

= (1+o(1))n"1/? /OO exp(—72) + 72 exp(—372)dr
0

L.

= (1+o0(1))n"/? (
We also have that
P(He N {pe > po}) < P(He|po) < 2exp(— log? n) = o(n_4)

completing the proof. n

Corollary 5.14

+

I8

E(e(Gai (7)) = (1 + o(1)) ( VT ) w2

24+/3

524 The K3,

Now the case when H = K3 ,. This is also a 2-balanced graph which is not strictly
2-balanced as d2(K33) = da(K3,) = 2. Recall that in the K case we conditioned
on the number of copies of (r, (K3),) rooted at e in G, ,, and this was done because
d2(K3) = do(Ky ) and K3 C K, . In case of the K3, we will condition on the
number of copies of (7, (K3 3),) rooted at e in Gy, ,,. However in the case of the K
we had that H, held only in case the codegree of e was at most 1. However no such
restrictions apply in the K, case for the number of copies of (r, (K333),) rooted at e
in Gy, .. We will show that for any pair of vertices e there are a.a.s. at most 2log®n
copies of (r, (K?:4)T) rooted at e in G, ,, when p, < n~1/21logn, but due to this,
one has to distinguish between many cases. The other difference is that the copies
of (r,(K33)r) rooted at e can overlap. We will show that this happens with small
probability and thus these cases can be ignored.

A key property used in the previous proof was that the event that w was a mu-
tual neighbour of {u, v} was independent of the event that {u, v}, {u, w} or {v, w}
has any additional mutual neighbours. The following definition helps us express
this property.

Definition 5.2

Let (R, F') be a rooted graph and G be a graph such that v(F) < v(G). Alsolet S C Q C
V(G) such that |S| = |R|. We say that there is a copy of (R, F) rooted at S and outside )
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in G if there exists an injective function f : V(F) — V(G) such that f(E(f)) C E(G),
f(R)=Sand f(V(F))NQ =S.

For a set of vertices W C V(G . ) let

Isrpyw ={f € Isrp) : f(VIF)\R)NW = 0}.
The sets Is,v,w and I 5, - are defined analogously to the sets /sy and I .

[6V]

2

Figure 5.1: The K33,

Figure 5.1 shows a labelled copy of K3 . Let ry = {1,6}, 72 = {2,3} and r3 =
{4,6}. Note that due to symmetries of the graph edge ¢ is inserted during the K3,
elimination process iff there is no copy of (r1, (X3 )r, ), no copy of (ra, (K3 ,)r,) and
no copy of (r3, (K3 ,)r;) rooted at e in G, , see Figure 5.2.

Figure 5.2: The forbidden rooted graphs

Lemma 5.15

Let H = Ky, and assume that p. < po = n~Y2logn then

n® g n

4 5 n4 3
POeln) = (1 o)) exp (="t = ) exo (S ptexpl-om) ) + o)
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5.2 EXPECTED NUMBER OF EDGES

PROOF As mentioned above we split the cases according to the number of copies
of (r, (K33),) rooted at e. Assume e = {u,v}.

Define the set B as the set of sets A C Ié,(r,(Ks,s)r) such that a(V(K33)) N
b(V(K33)) = eforevery a,b € Awhena # b. Let M4 be the event thataset A € B
describes a maximal set of vertex disjoint copies of (r, (K3 3),) rooted at e. Formally
the event M 4 holds if for every a € A we have that a(E((K33)r,)) € E(Grp,) and
Ais maximal in the sense that for any injective function g € I/ (r(Ks.3)0) \A such that
g(V(K33))Na(V(Ks3)) = eforevery a € Awehave that g(E((K33),)) € E(Gnp.)-
Let D be the event that there are no overlapping copies of (r, (K3 3),) rooted at e.
Then

P(Helpe) > P(HeNDlpe) > > P(HeND N Malpe).

AeB
|A|<21log® n

Fix A such that |A| < 21og® n. Our goal is to determine a lower bound on P(H.NDN
Mylpe). Let £4 be the event that a(E((K33)r)) € E(Grp,) for every a € A and let
Za be the event that a(E(K33)) N E(Gl,p,) = 0 for every a € A. Note that if both €4
and Z4 hold then the copies in A are induced copies. Define U = |J,. 4 a(V (K33)).
Now we introduce an event G such that (GNEA NZ4|pe) C (He ND N My|pe) and
the events G and £4 N Z,4 are independent, i.e. G depends only on the presence or

absence of edges not spanned by U. Clearly for any such event G we have that
P(He ND N Malpe) > P(GNZaNEalpe) = P(Glpe)P(Ea N Zalpe).
Let G be the following event:

e there is no copy of (r, (K3),) rooted at a(€) outside U in G,,, for any a € A
ande € E(K&g)

e no copy of (11, (K3 4)r, ) is rooted at e outside U in G, p,
e no copy of (r, (K3 3),) is rooted at e outside U in G, ,,,

e for any R C V(Kj,), such that |R| > 2 and K3,[R] # K33, no copy of
(R, (K3:4)R) is rooted at S outside U in G, ;,, for any S C U with |S| = |R|

e for any R C V(K33) with |R| > 2 no copy of (R, (K33)r) is rooted at S
outside U in G, ;, forany S C U with |S| = |R)|.

Note that when conditioning on Z4 N £4 this ensures that A contains all the
copies of (r, (/33)) rooted at e and also that no copy of (r, (K3,)) for any r €
E(Kj;,) is rooted at e.
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5.2 EXPECTED NUMBER OF EDGES

Let My = (r, (K3),) and Mz = ((r, (K3,3),), (r1, (K34 ))- Also for j > 2 let

M; ={R,(K33)r: RS V(K33)N|R| = j}
U{R, (K34)r: R C V(K3 N K3y [R # KzzN|R| = j}.

Let

6
=) U ZemoYlmwmeoU U e

a€AgeE(K33) Jj=3 SG(U)

and for (R, F), f) € I let X(g r) p. be the indicator random variable for the event
that f(E(F)) C E(Gny,)- Let

Xpe = Z X(RvF)vape
(R,F),f)el

then we have that G holds iff X;,, = 0. Note that | o)l =n—|Ul = n—4[A| -2 =
— O(log® n) thus

8
> X > E(X(&,F),fp.) = 6l4] (1 +0 <logn n)) np;.-

acA CEE(K3 3) ((T F) f)ela(e ),Mq,U

We also have that

n—|U|l-2 n—|UJ\ (4
5 E(X(R,F)’fype)zz[n_wy]g( |3 >péo+< 4| !> <2>p§

((T,F),f)EIé’MQ’U
log®n nS o nt g
=|1+0 — — .

Fix RC V(K33)and S € (|R|) then

Z E(X(r,F),fp.) < Z E(X(r,7),f,p0)

(R,F),f)el (R,F),))Elg g, (K3,3)R)U

< nv(Kg,a)—lRlpg(Ks,S) e(Ks,3)[R]

!
S,(R,(K3,3)R),U

nl2(B:(K33)r)+o(1)
Similarly if R C V(K3 ,) and S € (é‘) then

> E(X (g p).1p,) = nf? B )R)Fo0)

(RE)DELg (r (15 3) )0
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5.2 EXPECTED NUMBER OF EDGES

Therefore
6 6
> E(X(rF),fp.) < D E(X(Rr,F),f.p0)
Jj=3 ((R,F),f)EIéM U J=3 ((R,F), f)EISM U

—no0 |3 phREDRD) L 3 R )

RCV(K3,3) RCV (K3 )
R|>2 _ !
‘ | K3,4[R]75K3,3
|R|>2

Let R C V(K33) with |R| > 2. If E(K33[R]) = () then

IR+ f2(R, (K33)r) = f2(0, K33[R]) + f2(R, (K33)R) = f2(0, K33) = 1.5

and since |R| > 2 thus fa(R, (K33)r) < 0. Otherwise let r € E(K33[R]) then
fa(r, K3 3[R]) + f2(R, (K33)r) = fa(r, K33) = 0. Since K3 3 is strictly 2-balanced
fo(r, K33[R]) > 0 and thus fo(R,(K33)r) < 0. The only difference for Kj, is
that it can happen that for some r € E(K;,) and r ¢ R C V(K3,) we have
that fa(r, K34[R]) = 0, however this is true only when K3 ,[R] = Kj3. Thus
f2(R, (K3 4)r) < 0forevery R C V(K5 ) with |R[ > 2and K3 [R] # K3 3. There-

fore g . .
1
E(X,,) = <1 +0 ( = ”)) (6\A|npz - ’;pgo> +o(1).

Since E(X (g r),fp.) < po forevery ((R, F), f) € I Lemma 2.6 gives us the following

P(Xpe = 0) = exp (=(1 + O(po) JE(Xp,))

2 n* 8 n® 10
=exp | —(1+O(po)) 6|A|npe+gpe+§pe +0o(1)

4 5
= (1+o(1)) exp (—pr - zpio) (exp(—6np?)) .
Since the event G is independent of the edges spanned by U thus

P(H. "D N Malpe) > P(X, 81411 — oy (137) =814l

P(X,
(14 o))y, = 0

=0)p
= 0)p (1 — pe) A

| \/

The last result needed to establish the lower bound is the number of sets A € B
such that |A| = k when k < 21log®n. Clearly

<”4k/4> >|{A€B:|Al =k} > ((” - 4kk_ 2)4/4>
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5.2 EXPECTED NUMBER OF EDGES

and thus [{A € B : |A| = k}| = (1 + o(1))(n** /(4*K!)). Thus

g n** o nt g 10 g 2\\F
Poip) = D (0 o) gt oo (=t = ol?) xnl-om) ')

4 5

n n 2log®n 1 4 k
— (14 o(1)) exp <—4p§ - 3pi°> PO < P exp(— 6np§)>
k=0

n' s 1’ nt s 2
=(14+o0(1))exp — g Pe— e Jexp | pe exp(—6np;) | .
Now for the upper bound. Let B be the event that there are more than 2log®n

vertex disjoint copies of (r, (K3 3),) rooted at e. Then

P(He|pe) < P(B) + Z (P(He N MA|pe)'

AeB
|A|<210g® n

We use Theorem 2.9 to bound P(B). Note that the expected number of copies of
(r, (K33),) rooted at e in G, 5, is less than the number of copies rooted at e in Gy, .
Now there are less than n*/4 possible copies of (r, (K3.4),) rooted at e and thus the

expected number is less than log® n/4. Therefore

elog®n

2log®n
) < exp(—2log®n) = o(n™?).

P(B) < (

8log®n
Fix A € B. Recall that My = (7, (K3),) and My = ((r, (K33)r), (71, (K:;A)n))- Let
=U U ZLemoViwmu

aEAgeE(m)

and for ((R

,F), f) € I'let X (g p), f,p. be the indicator random variable for the event
that f(E(F)) € E(Ghp.). Let

X;e = Z X(R F) fipe
((R,F),f)el’

then we have that (#. N Malp.) C {X, =0} N (Ealpe) and thus

P(He N Malpe) < P{X], =0} NEalpe) < P{X), = 0}pe)P(Ealpe)

8| 4]

as the events £4 and {X/ = 0} are independent. Clearly P(E4|p.) = pe ' and
DPe p y

to bound P({X],, = 0}|p.) we will use Theorem 2.8. As always the first step is to
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5.2 EXPECTED NUMBER OF EDGES

establish the value of A.

A< 3 Z ( U] >nv(F)—Sg17g27F|pz(F)

Sg1,92.F
(r1,F1),(re,F2)EM1UM> (g1,92,F)€(r1,F1)®(r2, F2) | 01.92.F |

< Z Z no(l)nv(F)f|Sgl,92,F|p8(F)
(r1,11),(r2,F2)EM1UM2 (91,92,F) €(r1,F1)B(r2, F2)

< Z Z no(l)nf2(sg1,92,F7F)+o(1)

(r1,F1),(r2,F2)EM1UMa (g1,92,F)€(r1,F1)®(r2,F2)

=o(1)

as according to Lemma 5.4 f>(S,, ¢,,7, F) < 0 for every element of the sum. Note

that one can calculate E(X}, ) similarly to E(X), ) and thus

1 8 4 5
E(Xl’,e) = <1 +0 ( ogn n>> <6A\np2 + %pg + T;pi()) )

Therefore

P(X,, = 0lpe) < (14 0(1)) exp (= (1 4 O(po))E(Xp,))

TL4

n5
—oxp (= (1 0 ) (Slalns? + a2 + 0t ) o)

nt

n5
= (1+o(1)) exp (—4p§ —~ 3pi°> (exp(—6np2)) .

Recall that [{A € B: |A| = k}| = (1 + o(1))(n**/(4¥k!)) thus

2log®n
—4 n** g nt g 0’ 2\\F
P(Helpe) <o(n ™)+ Y (14 0(1)) gy exp ( =0k = 50 ) (exp(~6np7))
k=0 '
n! s 0’ n' 2 4
= (1t o) exp (=" a2 = o) exp ("o exp(-0m?) ) + ol
completing the proof. n
Lemma 5.16

Let H = K; , and
00 8 10 8
c= /0 exp (—T4 - T3> exp <1 exp(—672)> dr

P(H.) = (14 o(1))en /2.

then

PROOF Let py = n~/?logn. Similarly to the previous calculations we have that

P(He) = P(He N {pe < po}) + P(He N {pe > po})-
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5.3 CONCENTRATION

According to Lemma 5.15
o
P(He 0 {pe < pob) = [ P(Helpe)dpe
0
o n’ 8 n’ 10 n? 3 2 —4
:/0 (14 o0(1))exp —Zpe—gpe exp Zpeexp(—ﬁnpe) + o(n™%)dpe

logn 8 10
—o(n ) + (1o [ exp (—74 - g) exp (74 exp(—672)> or

0

— o(n~Y) + (14 o(1))n" /2 /oo exp <_T48 - Tw) exp (Tj exp(—67'2)> dr.

0

Note that this integral exists as exp (7° exp(—672)/4) is bounded from above by a
constant.

We also have that
P(He N {pe > po}) < P(Helpo) < 2exp(—1log'®n) + o(n™) = o(n™?)

completing the proof. n

Corollary 5.17
Let H = K3 , and

then

5.3 Concentration

In this section we show that the number of edges is a.a.s. concentrated around its
expected value in case H is a strictly 2-balanced graph. The proof uses the second
moment method and in order to give bounds on the second moment we establish
P(He, N Hey)-

Lemma 5.18

Let H be a strictly 2-balanced graph and assume that pe, < pe, < po = n~ /%)

then

logn

2e(H)n”H_2>

P(Hey N Hey|Peys Pey) = (14 0(1)) exp <— (pEEH)_l +p§§H)_1) it ()

PROOF Recall that we have #., if for any r € E(H ) no copy of (r, H,) is rooted at e

in Gy p,.
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5.3 CONCENTRATION

Let M = {(r,H;) : 7 € E(H)} and let X, p,) s, be the indicator random vari-
able for the event that f(E(H,)) C E(Gy,p). Obviously

P(He|pe) =P ( Z X(’I‘,Hr),f,pe = 0) .

((TzH’r)yf)EIéJ\/[

Recall that |1{ ;| = (1 + O(n=1))2e(H)n*")=2 Jaut(H). Define

Xl = Z X(TvHr)vapel
((TuHr)af)GIél,]\/[

and X, analogously.

We will establish a lower bound on the probability that X; + X3 = 0 using
Lemma 2.6. The Lemma requires an underlying set and a unique probability as-
signed to every element in the set. This is achieved by exposing the edges of
Gr.p., in two rounds. First we consider G, . and then add the edges in Gy,
where p/ = pi{% to create Gy, p,,. In the setup of Lemma 2.6, 2 is two disjoint
copies of the edge set of K,,, denoted by I'y and I'. Let E; be a random subset
of I'y where every edge is chosen independently with probability p.,, except e;
and ey, which are chosen with probability 0. Similarly E’ is a random subset of
I where every edge is chosen independently with probability p’, except for ey,
which is chosen with probability 1 and ez which is chosen with probability 0. Note
that £ is equivalent to E(Gyyp,, ) and E' is equivalent to E(G), ;) when the as-
sumption p., < pe, is taken into account as this is satisfied when e; ¢ E(GW,E1 ),
e1 € E(Gnp.,) = E(Gnp,., ) UE(Gyy) and ez & E(Gnp.,) = E(Grp., ) U E(Grypy).
Let ((r, Hy), f) € I}, 5 then f(E(H;)) C E(Gnp,, ) is equivalent to f(E(H,)) C E1.
However in the case when ((r, H,), f) € I, ;; then for f(E(H,)) C E(Gnp.,)
we have to consider all possible S C E(H,), such that the edges in f(5) are in
E; and the remaining edges i.e. f(E(H,)\S) are in E’. For S C E(H,) define
Away),ps = (FIE(FN\S) NT1) and B,y ps = (f(S) NTY). Let Y1,y 1,5 be the
indicator random variables for the event that A(, y7,) r s € E1 and B, p,) 1,5 € E'.

Therefore, we have that

P(Xl + Xo = 0|p817p€2)
=P Y. Yemyset o Dl > Yom)ss=0
((rHr), F)ELL, A ((rHr), F)EL;, rp SSE(Hr)

Now we apply Lemma 2.6 to the right hand side. We have that Y{, y,) ¢ is the
indicator random variable that e(H) — 1 edges in I'y UT"” appear in E; U E’. Also
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5.3 CONCENTRATION

only one edge appears with probability one, thus

max max {E < e(H)71<
((TvHT),f)EIéLMUI’ MSCE(F){ ( THT):ﬁS)}—p() < Po

as e(H) > 2 for every strictly 2-balanced graph. Therefore:

P Z You,). 0+ Z Z Yo u,),55=0

(va)elél,M ((r,Hy), f)EI‘; M SCE(Hy)
E(Y(r,1,),10) E(Y(r,#,),7,5)
e ol D D vaan s D DI Dl sermens
1 —po 1 —po
((r,Hyr), f)ejflg M ((r,Hy), f)EIe M SCE(Hy)

For ((r,H;), f) € I}, j; such that e; € f(E(H,)) we have that E(Y(, 17,) r0) =
0 and that this affects at most O(n*(#)=3) elements in I ¢, For the remaining
((r, Hy), f) € I, 5y we have that E(Y(, 7,) 10) = pﬁg )" and thus

2e(H)n )2 e(H)—1

]E(-YY(T‘7H7~)7f7®) — (1 + O(n_l)) aut(H) pEl

((r,Hy),f)el] e1,M
Also since n?(H)=2p¢ =1 — po(1) ye have that

2e(H)n*HM)=2 .
Z E(Y(T,HT),f,@) = T(H)pe@ 4 0(1).
((rHr), F)ELL o

Note that E(Xl ’peupez) = Z((r Hy), f)e[e M E( (r,Hy), f@)
Let ((r, Hy), f) € I;, 5, such that ey € f(E(H,)). Then

> E(Xm,)18) = 3 peED=LISISI=1) = (4 pf)eli)=2
SCE(Hy) f=1(e1)CSCE(H:)

and this affects at most O(n?(#)=3) elements in I ¢,.1r+ For the remaining (r, f) €

I}, yy we have that

Yo EMmyps)= Y, paM T = (pe, 4 p) D
SCE(H,) SCEGH)

Therefore:

> E(im,)19)
((T,Hr),f)E eq, M SCE(Hy)
2@(1'-1')n”(H)*2

ne(H)—1 v(H)—3 ne(H)—2
aut(H) (pel +p) + O(?’L )(pel +p) .

— (1+0(n™")
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5.3 CONCENTRATION

Note that pe, +p' = (pe; — P2,)/(1 = pe;) = (1 4 O(pe;))(pes — P2,) = (1 +
O(pes))pes (1 + O(pe;)) = pes(1 + O(po)). Thus we have that O(n*)=3)(p,, (1 +
O(po)))eH)=2 = O(nvH)=3peH) =2y — O((npy)~1) = o(1) as do(H) > 1 for strictly
2-balanced graphs. Therefore
> > EVmz8)
((rHp),P)ELL, \ SCE(H:)

2e(H)n"=2

— (140 ) 207114 O + o)
e nv(H)—2
- B o)

Note that a similar calculation where p., + p’ is replaced by pe, gives us that

2e(H)n"" 2

_ -1
E(X2|p617p82) - (1 + O(po)) aut(H) DPes + 0(1)
The bound
_ 1\ 2e(H)nvH—2
- e(H)—1 e(H)—1) «&\tH)ie =
B(er 1 M) = (1 o(0)exp (= (071 4 peft0-1) 200 )

follows from the fact that 1/(1 —pg) = (1+O(po)), and we have already established

that
2e(H)nvH)—2

aut(H)

We use Theorem 2.7 to establish a matching upper bound. We are considering

O(po) (™D pED 1) = o(1).

the indicator random variables X, 11,) t ., for ((r, Hy), f) € I, y and X m1,) 1.,
for ((r, Hy), f) € I, s, assuming pe, < pe,. Note that connecting X(, g, ) 7, , and
X(ry,Hy,) 2.0 10T D@ € {Pey,pe, }, when fi(E(H,,)) N fo(E(H,y,)) # (), forms a de-
pendency graph for our random variables. The upper bound follows once § = o(1)
and A = o(1) is established.

Fix ((r1, Hr), f1) € I}, pp U I}, 5y, then there are at most O(n*H)=3) copies of
((r2, Hy,), f2) € Ig, pp UL, y suchthat X, g, .7, p and X, m,,). 1, 4 are connected
in the dependency graph. Note that P(X ;. ), fipes [Pers Pes) < P(Xy g pe, |Pers Pes) <
P72 which implies that § = O(n*H)=3)pe =2 — (1),

Now to show that A = o(1). Define V. as the set of endvertices of ¢; and e3. For
((r1, Hr ), 1), (s Hi), f2) € I,y U T,y such that f1(B(H,,)) 0 fo(E(Hy,)) # 0,
we have that fi(H,,) U f2(H,,) is the copy of (S, ¢,,r, F') for some (g1,92,F) €
(r1, Hy, )@ (re, Hy, ), rooted at some S C V. such that |S| =[S, ¢,,r|. We distinguish
between two cases based on whether e, € f(E(H,,)U f(E(H,,))) or not.

In case e; € f(E(H,,)U f(E(Hy,))), assume that e; € f(E(H,,)), which im-

plies that ((r1, Hy,), f1) € I, ,;. There are at most O(n*™)=3) ways to select
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5.3 CONCENTRATION

((r1, Hr,), f1) € I}, 5y such that ey € f(E(H,,)). Since this already fixed v(H) —
2 vertices of F, there are O(n?()=3p?(F)=8g1.05, r[=v(H) 42y — O(v(F)=1S6; 00 FI=1)
ways to select ((r1, Hy, ), f1), ((r2, Hr,), f2) € I}, 3 U I, 5, such that the two copies
create a copy of (Sy, g,,7, F') rooted atsome S C V. and ey € f(E(H,,))Uf(E(H,,)).
The same holds when e; € f(E(H,,)). In this case we have that p., < p < ¢ < py
thus
E(X(ry H, ) 10X (r2,Hyy ) frq|Per s Pes) < pe7L

Similarly when e; ¢ f(E(H,,)) U f(E(H,,)), then there are O(n*!")~1%1.02.71) ways
to select ((r1, Hy, ), f1), ((r2, Hr,), f2) € Ig, 3y UIL, 5 such that the two copies create
a rooted copy of (Sy, g..7, F). Also

F
E(X(erl)7f17pX(Tz,HT2),fz7q|p817p62) < pg( )

Slnce O(nv(F)_lsglv927F|_1p8(F)_1) — O(nv(F)_‘Sglvg%F'pS(F)) thus

2 Z Z O(nv(F)i‘SglvgmﬂpS(F))

r1,r2€E(H) (91,92,F)€(r1,Hry )®(r2,Hry)

- Z Z O(nv(F)_‘Sgl7g27F|_6(F)/d2(H)+0(1))
r1,r2€E(H) (91,92,F)€(r1,Hry )®(r2,Hpry)

= Z Z O(’I’LfdQ(H)(Sgl,gQ,FyF)'i‘O(l))

r1,72€E(H) (91,92,F)€(r1 7H7'1 )EB(T27H7'2)
= o(1)
according to Lemma 5.4 completing the proof. n

Lemma 5.19

Let H be a strictly 2-balanced graph then we have that:
P(He, NHe,) = (14 0o(1))P(He, )P(He,)-

PROOF Let pg = n~ /%) Jogn and A = [0, po] x [0, po] then similarly as before:

P(Hel m Heg ﬂ {p81 S p()} m {pez S pO}) _//4P(Hel m HBQ ‘p€17p€2)d(p617p62)

Po Po
— (1+0(1)) /0 /0 P(Her [Per)P(Hes [Pes) dper dpes
Po

PO
— (1 +0(1)) /O P(He, [pe, dpe, /0 B(He lpes)dpes

= (14 0(1))P(He, JP(He, )-

In Lemma 5.10 we have shown that the probability of inserting e; if p., > po is

o(n™*) = o(P(He, )P(He,)) and similarly for e; completing the proof. n
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Theorem 5.20
We have a.a.s. that

e e 1/(e(H)-1)

PROOF Let X, be the indicator random variable for the event H. and set X =
> eck, Xe- Corollary 5.11 states that that

E(X) = (1+ 0(1))% r <eé§{z 1>/ <a2§t({3)>1/<e<m—1> st

and therefore we only have to prove the concentration. Chebyshev’s inequality
implies that the statement holds if Var(X) = o((E(X))?). Now

Var(X) S E(X) + Z E(XelXeg) - E(X€1)]E(X62)
e1,e2€E(Kn)
=o((E(X)?) + Y. P(He, NHey) = P(He, )P(Hey)
e1,e2€E(Ky)

< o((B(X))?) + n'o((P(H))?)

as required. -

5.4 Independence Number

In the following, we will show bounds on the independence number of G(H),, 1
when H is strictly 2-balanced. Erd6s [12] has shown that there exist constants c;,c,
such that if one removes every triangle from G, ,, when p = ¢;/y/n then a.as.
every set of size ca\/nlogn still contains an edge. Since this creates a subgraph of
Ge(K3)n,1 we have that a(Ge(K3)n,1) = O(v/nlogn). We can generalise this result
for any strictly 2-balanced H by modifying a proof of Osthus and Taraz [31].

We will need the following result from Osthus and Taraz [31].

Lemma 5.21 ([31])

Given a graph G and f € E(G) we say that a sequence H, ..., Hy, of copies of H in G forms
a (k, f, H) cluster if they all contain f and have the property that for all i with 1 < i < k
H; contains an edge which is not contained in any of the other H; with j < i. Then for
strictly 2-balanced H and p = con="/%H)  where ¢y satisfies c&™ ™ e(H)? = 1/100 we
have that G,, , a.a.s. contains no (logn, f, H) cluster for any edge f € E(G,,p).
Theorem 5.22

For strictly 2-balanced H we have that a.a.s.

(Ge(H)p) = O(nt/42H) 1og n).
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5.4 INDEPENDENCE NUMBER

PROOF Consider G,,, with p = con~ /%1, where ¢, is as in Lemma 5.21, and
remove every copy of H from it. We will show that a.a.s. every vertex set of size
s = 2¢nt/d2(H) log n/co, where ¢ will be determined later, still contains an edge and
thus this also holds in G¢(H)n,1. Define o = (5)p.

For aset S C V(Gy, ), define an auxiliary graph Gg g on Gy, ,. Consider the set
of copies of H, such that at least one edge is contained in S. Now fix an ordering
on the set and consider the copies in order. For every copy containing an edge in .S
which has not been covered by previous copies of H, we set it as a vertex in Gg g.
Two vertices in Gg g are connected if the two copies share an edge. We have that
at most e(H)v(Ggs i) edges are removed from S when we delete every copy of H
from the graph. To bound the number of vertices in G's iz we will use the fact that
v(G) < a(G) + 2A(G)y(G) where a(G) is the size of the maximal independent set,
A(G) is the maximal degree and (G) is the size of the largest induced matching on
G. Assume that a.a.s. every S C V(G), ) such that |S| = s spans at least 11/2 edges,
a(Gsm) < p/(8e(H)) and v(Gs i) < u/(16(e(H))? logn). Lemma 5.21 implies that
a.a.s. A(Ggm) < e(H)logn holds for every S such that |S| = s and thus v(Gg ) <
1/ (8e(H)) + 2e(H)(logn)u/(16e(H)*logn) = pu/(4e(H)). Then we have a.a.s. at
least ;1/2 — e(H)v(Gs, i) > p/4 edges left in any set S with |S| = s.

Now we will show that our assumptions hold. Fix S C V (G, ) such that |S| =
s and let Xg denote the number of edges spanned by S. We have that pn = (3)p =
(14 o(1))cslogn. Applying the Chernoff bound gives that:

P(Xs < p1/2) < exp(—p/8) <n”%,

ifc> 8.
Let Ys i denote the maximal number of edge disjoint copies of H with at least
two vertices in S. We have that a(Ggs i) < Ys i. Note that the expected number of

copies of H with at least two vertices in S is

(H)— K

8e2e(H)’

e(H)

ps,p < ntUD=22pet) — LU= 2y,

due to our choice of ¢y. Then Theorem 2.9 gives us that

eus H

/Se(H) s
M) < exp(—p/8(e(H))) < n ™",

(¥ > u/se(i) < (

if ¢ > 8e(H).
Note that an induced matching in Gg g is equivalent to a set of pairs of copies
of H where the two elements in a pair overlap, but any two pairs are edge dis-

joint. Thus we wish to determine a maximal set of edge disjoint graphs, such
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5.4 INDEPENDENCE NUMBER

that every graph in this set is contained in H & H = (0, H) & (0, H). Consider
the copies of graphs F' such that (g1, 92, F) € (H & H) and at least three vertices

of the copy are in S. For a given (g1, 92, F) € (H @ H) the expected number of

(F)=3 g3 pe(F).

vertices, then, since the graph is strictly 2-balanced n?To1.92.7)=2pe(To1.92,0) =1 —
Q(nTor.00,7)=2)=(e(Tyy 00, 1) =D/ d2(H)y — (%) for some ¢ > 0. Otherwise T4, .92, F

is an edge and n¥(To1.02.7)=2¢(To1.02.7)=1 — 1. Therefore the expected number of

such copies is pgr < n’ Note that if T, 4, » contains more than 2

overlapping pairs of H is:

[y = Z [15.F < Z nv(F)f3S3pe(F)
(91,92,F)eHOH (91,92, F)eH®H
< Z n2”(H)_”(Tgl-,gQ,F)_353p2e(H)_e(Tgl»gzyF)
(91,92, F)eH®H
< Z C(Q)(e(H)—l)n1—u(Tgl,gQ,F)S?)pQ—e(Tgl,gQ,F)

(917927F)€H®H

1 s3 _1p
= Z 104€(H)4 nU(TngQ,F)*Z e(T91192,F)71 ’
(91,92, F)cHOH p

Since there are at most ¢(H)? elements (g1, g2, F) € H ® H, such that T is an edge
thus py < (1 + 0o(1))s3pn~!. Similarly, as before, Theorem 2.9 gives a bound on the
probability that a maximal edge disjoint subset is large. Since da(H) > 1 when H

is strictly 2-balanced, we have that

P =20 < (50) = ((5) ) <o ()

If ¢ > 32(e(H))? then 2s < p1/(16(e(H))?logn). Set ¢ > 32(e(H))? and our assump-

tions follow after applying the union bound. n

A lower bound, matching the upper bound up to a constant factor in the case of
the triangle-elimination process follows from a Theorem of Shearer [40]. This states
that every triangle free graph with average degree d, has independent set of size at
least n(dInd — d + 1)/(d — 1)? and in our case d = Q(y/n), and so a(G(H)n1) =
Q(n®?logn/n) = Q(y/nlogn). We can show a lower bound however, only when
d2(H) > 2 and in these cases it only matches the upper bound up to a log log factor.
Note that do(H) > 2, for every complete graph on at least 4 vertices.

Theorem 5.23
For strictly 2-balanced H such that do(H) > 2 we have that a.a.s.

logn
_ 1/do(H) P57
a(Ge(H)pa) =9 (” loglogn> '
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5.4 INDEPENDENCE NUMBER

PROOF Consider p = en~ /%) (loglogn)!/(¢)=1) where c satisfies the equal-
ity e(H)c®™)=1/aut(H) = 1. Define pg = n~ /%) logn. For a set of vertices
S C V(Gyp) let Xg be the indicator random variable for the event that S forms an
independent set in G, ,. Also letY,, , be the indicator random variable for the event
that {u,v} € E(Ge(H)np,) and let Ys =3, g Y. Note thatif S is independent
in G, then S is also independent in G(H ), and the set S’ which is created from
S by removing either u or v for every pair of vertices such that Y,,, = 1 is also
independent. Also S’ will be a.a.s. independent in G.(H ), 1 as a.a.s. no more edges
are inserted. In addition, if || = n!/d2(H) 181 _ anq vy < |§]/2, then |S'| > |S]/2.

Tog log
Fix S1,52 C V(G p) such that |S;| = [Ss] g: gnl/dQ(H)log)l% and condition on the
event that both S; and S5 are independent in G, ;,. Since this conditioning affects
at most O(n"")=3(|Sy| 4 |Sa|)) possible copies of (r, H,) rooted at {u, v} therefore
the results of Lemma 5.9 still hold for ¢ such that p < ¢ < pg. Thus for u,v € S; and

similarly for u,v € So we have that:

PO e e(H)=1pvr—2
P(Yu,v = 1’{X51X52 = 1}) = (1 + 0(1))/ exp <_2 (H)Zut(H) ) dq

26(H)pe(H)—1an—2>

< (1+ o(1))po exp <_ aut(H)

= (1+ o(1))po exp (—2loglog n)
= (14 o(1))n~Y4%H) /1ogn,

Therefore E(Yg, [{ X, X, = 1}) = o(|S1]|) and thus P({Ys, > |S|/2}{Xs, Xs, =
1}) = o(1). Due to symmetry P({Ys, > |S|/2}|{Xs, Xs, = 1}) = o(1). Let Zg be
the indicator random variable that X¢ = 1 and Yg < |S|/2. Then P(Zs, Zs, = 1) =
(14 0(1))P(Xg,Xg, = 1) and in the special case when S; = S; then P(Zg, = 1) =
(1+0(1))P(Xg, =1).

We will show that there exists an independent set in G.(H), 1 of size k =
n'/%(H) 1og n/loglog n by applying the second moment method to the random vari-
able 7, = ZSQV(Gn’p),‘S‘:k Zg. Define X}, = ZSQV(Gn’p),‘S‘:k Xg, we have shown
that E(Zx) = (1 + o(1))E(Xy) and that E(Z?) = (1 + o(1))E(X}?). Therefore

2 2
P(Z > 0) > (IIEE((%)) — (1+0(1) (i(g(’%)))
The statement B(X0\2
(E(of,z))) o
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5.4 INDEPENDENCE NUMBER

follows from the proof of Lemma 7.2 in Janson, Luczak and Ruciniski [26], but
for completeness we include a short adaptation of their proof. Note that when
da(H) > 2 then k = o(y/n/logn). We have that (E(Xy))?/E(X?) = 1+ o(1) iff
E(X?)/(E(Xk))? =1+ o(1). We have that E(X?)/(E(Xy))? > 1 so we only have to

give an upper bound. Now

i

ExY)  (a-p@ S Gha-pk-6)
(E(X) P ((a-n®)’

Let

and .
@it1 _ (k —1i) (1—p)~
i  (+Dm—-2%k+i+r1) s

Note that b; < 1 otherwise the following would have to hold

b =

(k=i (L=p) " > (i + 1)(n — 2k +i +1)
k? exp(pk) > (14 o(1))n
n2/d(H)+o(1) exp(o(logn)) > (1 + o(1))n
n?/d2H)+o() > (1 4 o(1))n

which leads to a contradiction as d2(H) > 2. Therefore the value of a; decreases.

Note that for every i < logn
—k
(i)

BHGH -

(%) K

2\
exp(plog?n) < <n> .

a; =

Thus i i .
2k’ 2k 8" 1
< - il = -
z;a_z;<n) +k<n) 1_0(1)+0(1) 1+ 0(1)
completing the proof. n

Note that this result implies that the graph created by the H-elimination pro-
cess a.a.s. has a larger independence number than the graph created by the H-free
process, when H is a complete graph. Therefore it will give worse lower bounds for
the off-diagonal Ramsey number. This is not unexpected as the H-elimination ran-
dom graph process creates a.a.s. less edges than the H-free random graph process
and thus it is expected to have a larger independence number.
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5.5 SUBGRAPHS

5.5 Subgraphs

Finally we will show that graphs with m(F) < dz(H) are a.a.s. present in the H
removal process, while graphs with m(F) > dy(H) are a.a.s. not present. The ex-
istence of subgraphs in the H removal process is proven similarly to the existence
of subgraphs in G,, ;,, which was shown by Bollobés [7] using the second moment
method. However our proof follows a simpler version by Ruciriski and Vince [37].
Theorem 5.24

Every finite graph F with m(F') < dao(H) is a.a.s. present in the H-elimination process for

strictly 2-balanced H.

PROOF Define d5(H) = maxp/cy do(H') and let a satisfy max{dy(H), m(F)} <
a < da(H). Instead of showing that F' is present in G.(H ), we will show that it is
already present in G.(H),, when p = n~'/%. Let Xr denote the number of copies

of F'in G, ;, then the second moment method implies that

Var(Xp)

(E(XF))*

Again we use the fact that a graph is actually a rooted graph, where the roots are
given by the empty set. Let M = {(0, F)} and let I} = {f : (0, F), f) € I} }-
Obviously |I}.| = (140(1))n"F) faut(F). For f € I}. let X; be the indicator random
variable that all of the edges in f(E(F)) are present in G.(H ), . We establish a

P(Xp=0) <

lower bound on P(X; = 1) by considering the appearance of an induced copy in
G, where none of the edges of the induced copy are contained in a copy of H
in G, . Note that the second condition holds if for every R C V(H) such that R
spans an edge in H, and every S C f(V(F')) such that |R| = |S| there is no copy of
(R, Hg) rooted at S and outside f(V (F)) in G, ,. Applying Theorem 2.6 gives us
that

v(F) nU(H)_‘R|pe(H)_e(H[R])

P(X; =1) > p" @ (1 —p) ("2 exp | - >
RCV(H) SCf(V(H))
e(H[R])>0 |S|=|R|

1-p

Note that with our choice of p we have for every R C V(H) such that R spans an
edge in H, that nv(HIE)=2pe(H[E) =1 > 1 and nv(H)=2pe(H)=1 = o(1). Therefore

v(H)—|R|,.e(H)—e(H[R v(H)—2,e(H)—1
7H>b<><{n_0<n<>p<>)):OOﬂmﬁdMA

L—-p n(IRI=2) p(e(H[R])-1 p ) = o(1),
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5.5 SUBGRAPHS

and thus P(X; = 1) > (1 + o(1))p*¥). Obviously P(X; =

1
E(X) = Efel, E(Xy) = @(n“(F)pe(F)). On the other hand:

Var(X) = > E(Xp,Xj,) —E(Xp,)E(Xp,)
f17f261}:'
< Z nQU(F)—v(T)er(F)—e(T)
TCF
e(T)>0

nQU(F) Qe(F))

= o p

Which is o((E(XFr))?), completing the proof.

1) < p*). Now

The fact that no copies of graphs denser than d»(H ) are present follows trivially

when comparing to G, ,, with p = n 1/ d2(H) o0 .

Observation 5.25

Every finite graph F with m(F) > do(H) is a.a.s. not present in the H-removal process

when H is strictly 2-balanced.

PROOF Follows from a Theorem of Erd6s and Rényi [14] that no copy of F' with

m(F) > do(H) is contained in G, , when p = n~/4%2(H) Jog n.
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Chapter 6

Subgraphs of the triangle-free random
graph process

In Chapter 4 we discussed results on the H-free random graph process. The main
focus was on determining the number of edges and the independence number of
the H-free random graph process. In this chapter we will focus on the subgraphs
created by the process. Wolfovitz [50] has shown for the triangle-free process and
Bohman and Keevash [6] have shown for the H-free random graph process, when
H is strictly 2-balanced, that the random variables tracked described in detail in
Chapter 4 imply that the H-free random graph process contains every finite graph
F as a subgraph when m(F') < dy(H). It also implies that as long as the random
variables are tracked no denser subgraphs appear. However it is still possible for
denser subgraphs to appear during the later stages of the process. In this chapter
we show that very dense graphs do not appear in the triangle-free random graph
process i.e. there exists a constant ¢ such that no copy of any finite graph with
d(F) > cis present in G ¢(K3),,. This is joint work with Stefanie Gerke [20].

In this chapter we will use the slightly simpler notation used by Bohman [4]. A
non-edge is open at step i if inserting it into G t(K3),,; would not create a copy of
a triangle, otherwise it is closed. The set of open pairs in step ¢ is denoted by O(7)
and the set of closed pairs is denoted by C(i). In the original version of the proof
the number of open pairs and for any pair of non-adjacent vertices u, v, the number
of open, partial and complete vertices were tracked.

\\% W \%\%
. \ /\
o ® .
u \% u A%

w open w partial w complete

Figure 6.1: open/partial /complete vertices

w is open/partial/complete with respect to {u, v}.
Dotted lines indicate open pairs, continuous lines indicate edges

A vertex w is open with respect to {u,v} if both pairs {u,w} and {v,w} are
open. A vertex w is partial with respect to {u, v} if exactly one of {u, w} and {v, w}
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is open and the other is an edge. Finally w is complete with respect to {u, v} if it
is a mutual neighbour of {u, v}, see Figure 6.1. Although these random variables
can be constructed from the random variables described in Chapter 4 due to the
simplicity of the triangle slightly tighter bounds exist.

Our proof requires only the number of open pairs at step i, denoted by Q(7),
and the set of partial vertices with respect to {u,v} at step i denoted by Y, ,(¢).
The following bounds were proven by Bohman [4] for the first un3/2\/logn steps.
(Bohman sets ;1 = 1/32, however no effort was made to optimise the value.) For
the remainder of this chapter we set x = 1/32 and m = un?/2\/log n.

Definition 6.1

Let H(3) be the event that the following bounds hold for all j < i and for all pairs {u,v} &
E(j):

Q) — n*a(t(5))| < n’gq(t(5))
Yoo ()] = Vny(t(5))| < vngy(t(j))

| Zuw(5)] < log®n
where

t(i) = i/n3/?
q(t) = exp(—4t%)/2
y(t) = 4t exp(—4t?)

[ exp(41? +40t)n~ Y0 it <1
9q(t) = exp(1£ 4400, 1/6 ct>1

gy (t) = exp(41% + 40t)n~1/C.

Theorem 6.1 ([4])
The event H(m) holds a.a.s..

Let W C V(G ¢(K3)n,;) and define ey (i) as the number of edges spanned by W
after step 1.

Lemma 6.2
Fix k. Let Si(i) be the event that there exists W C V(G ¢(K3)n,i) with |W| = k and
ew (4) > 3k. Then a.a.s. S(m) does not hold.

Note that since S(m) is a decreasing property it implies S (i) for every i < m.

A sharper result showing that a.a.s. 6V|VW7|”

can be found in [6] and [50], however for completeness a short proof of the result
has been included.

< 2 for any finite set of vertices W
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PROOF Fix k vertices in V' and denote this set by W. Let A; be the event that an
edge is added between two vertices in W at step .
Then since ¢(t(7)) > q(t(m)) for i < m we have
k? k> 2k

P(Ai1|H(i)) < Q0) < n2(q(t(i)) — gq(t(i))) = n?q(t(i))

2k2 4k 4k

< < = .

~ n2q(t(m)) ~ nZexp(—4p2logn)  n2-4?
Note that these estimates hold irrespective of the events A; occurring when j # 1.
Since P(A;+1 NH(i)) > P(A;j+1 N H(m)) and H(m) holds a.a.s. thus

(14 0(1)P(Aip1|H(i)) = P(Aiy1|H(m))

Thus conditioning on H(m), we have that the random variable ey (m) is dominated
by Bin (m, M) therefore

n2—4u2

n2—4n? 3kn2—4n?

Plew (m) > 3k[H(m)) < @) ((1+0(1)) 4k* )3’“ . ((1+0(1))em4k2)3k

<<<1+o<1>>eun3/wmélk)3k:o( -

In2—4p? n3k/2—20ku?

Since there are (Z) ways to select k vertices, it follows from the union bound that

E(setmiom) < (1o (wsamr ) =0 (o) = o)

as 4 is sufficiently small. =

The above proof shows that no copy of a dense graph appears in the process
while the first m edges are taken. We will now show that when m edges have been

taken at least one edge of any placement of a dense graph F' is closed.

Theorem 6.3
Let T be the event that there exists a copy of a finite graph F satisfying 10v(F)/u? < e(F)
in the triangle-free graph process. Then a.a.s. T does not hold.

PROOF Fix a set of vertices W C V(G f(K3)n,;) with |IW| = v(F'), and a set of pairs
of vertices Er C W x W such that if the pairs in Er were inserted as edges they
would form a copy of F' on W. Let Cr (i) be the event that at least one pair in Ep
is closed after step i and Op(i) be the event that none is closed after step i. For the

following assume we are in the event Op (7).
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Figure 6.2: Closing multiple open pairs

The edge {v, w1} closes {w1, wa },{w1, w3} and {wy, w4}

Note that a pair {u, v} is closed at step i if and only if there is a partial vertex w €
Y.+ () and the missing edge is chosen. Thus the probability of closing a pair s € O;
is |Y5(7)|/Q(7). The problem is that an edge can close several pairs of vertices in Er.
The subset of W x W closed by {w;,v} € O;, withv ¢ W is at most w; x (N;(v)NW)
(see Figure 6.2), where N;(v) denotes the neighbourhood of v in G ¢(K3)s, ;.

Let D; be the set of vertices not in W that have more than 6 neighbours in W at
time i. Excluding the pairs with both vertices in W and the pairs with a vertex in
D; the remaining pairs close at most 6 pairs in W x W and in particular at most 6
pairs in Ep. Therefore ) rc g )\ g, Y7 ()\(Di U W)| counts any pair that closes a
pair in Er at most 6 times.

Assume we are in m, then the set D; can have size at most v(F') otherwise
W U D; forms a set of 2v(F") vertices that span more then 6v(F') edges. Let B(i) =
Su(r) (1) N Sayry (1) NH (7). Hence

> feEp\E; |Yf(i)\(D‘ Uw)|
Qi)

- 2 fe(Er)\E; (\Yf(m — 2v(F))

B 6 Q(7) '

Since we are in the event S,y (7) there are at most 3v(F") edges in Er also |Ep| >

P(Cr(i+ DI[OF () N B(i)]) =

10v(F)/p? and because O (i) holds every non-adjacent pair in Er is open therefore

the sum is over at least (10/u? — 3)v(F) > 9v(F)/u? open pairs. Thus

| L 0u(F) ay(H(0)) — gy ((0))) — 20(F)
PCrI+DI0rONBON 2 = 5 "=62000) + t@))

If n is large enough then q(t(i)) + g,(t(i)) < 2¢(t()), and for m > i > n*/3 we have

y(t(i)) — gy(t(3)) = y(t2(z)) > 2t(n*/3) exp(—4t3(m)) = o6
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therefore since v(F') is a constant:

\/@2“(")) — 20(F) > 1—75\/@(75(%'))’

and so:

. o 9u(F)  Tymy(t(@)/15
PO OrONEOD = =2 G0 + 0,00
To(F) V() _ To(F) A1) exp(—42(0)
w? 20m2q(t(7)) w2 10n3/2 exp(—4t2(i))
140(F)i

5u2nd

It follows that for m > i > n*/3 and sufficiently large n,

P(OR(i+ DI0#() 1 B < 1 - H4D < exp (140

Using Op(i) C Op(i + 1) and that B(i) C B(i + 1) thus for sufficiently large n
& y larg

—

3

P(Op(m)NB(m)) = P(Op(i+1)NB@+ 1)|[Or(i) NB(i)])

e

IN
—

P(Or(i+1)|[Or(i) N B(i)])

-1 . m—1 .
14v(F)i 14v(F)i
< H exXp <_ e ) exp( Z ~ huZn3

=

3 L

i=[n4/3] i=[n4/3]

14v(F) {m(m—1) [a*3]([n*3] = 1)
=exp | — —

5u?n3 2 2

du(F) m® 4o (F) —4v(F)/3
< —_ = — == .
< exp < 3 M2n3> exp < 3 logn n

As there are (, (’})) % possible placements of F' applying the union bound gives

P(Tﬂ B(m)) < < n )U(F)!n—4k:/3 < nv(F)—4v(F)/3 _ 0(1)'

v(F) [ ]

Note that there is an alternative way to estimate P(Cr (i + 1)|[Or (i) N B(7)]). As
mentioned earlier the vertices with more than one neighbour in W cause a problem.
However the total number of such vertices is small as each of them is a complete
vertex with respect to {u, v} for some u,v € W. Bohman [4] showed that the num-
ber of complete vertices with respect to any pair of vertices {u, v} is at most log” n
and this implies that

> ZfeEF(W)\Ei Yy (@)| — v(F)? log® n

- Qi) '

This was one of the observations in Warnke [48] where he generalised the result for
strictly 2-balanced H.

P(Cr(i + D|[Or (i) N B(i)])
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Theorem 6.4 ([48])
For every strictly 2-balanced graph H there exist constants c, d > 0 such that a.a.s. no copy
of any graph F with 1 < v(F) < n and m(F) > c is present in the H-free random graph

process.
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Chapter 7

The K -free process

7.1 The differential equations

In this section we are considering the K ,-free random graph process. We will

show that the process contains a.a.s. Q(n®2,/loglogn) edges. This improves the
previous lower bound by Osthus and Taraz [31] who have shown that the process
contains Q(n®/?) edges.

Recall that the graph K , is 2-balanced, but not strictly 2-balanced as da (K3 ;) =
d2(K33) = 2 and K3 3 is the only proper subgraph of K, which has 2-density of 2
the remaining subgraphs have a smaller 2-density.

As in Chapter 4 we call a pair of non-adjacent vertices which can be connected
by an edge in Gy (K3 ,)»,; without creating a copy of K3, an open pair at step i. The
set of open pairs at step i are denoted by O(7) and Q(i) = |O(¢)|. Otherwise a pair of
non-adjacent vertices is called a closed pair and the set of closed pairs is denoted by
C(i). Recall that we are interested in the rooted graphs (r1, (K3 4)r), (12, (K3 4)r,)
and (73, (K3 4)rs), see Section 5.2.4, as the presence of any of these graphs rooted at
a vertex implies that it is closed.

The differential equation method will be used for the proof. Our aim in this
section is to introduce the random variables and the differential equations implied
by the expected changes in these random variables needed for Lemma 4.11. This
should not be considered a rigorous proof as for simplicity we only estimate the
expected change. In the following section we will show that these estimates are
fairly accurate during the early stages of the process.

We start by considering the random variables. As in the previous results for
H-free random graph processes we wish to track the number of open pairs. Recall
that in the diamond-free process for an open pair {u, v} the codegree of {u, v} had
a significant affect on the number of edges which would close {u,v}. In case of
the K3, one can observe a similar phenomenon, however instead of the codegree
of {u,v} it is the number of copies of (r, (K33),) rooted at {u,v} which have a
significant affect on the number of edges which would close {u, v}. Note that unlike
in the case of the diamond-free graph process where the codegree of any open pair
is at most one, in this case no upper bound exists. Let Ox(i) C O(i) be the set
of open pairs {u, v} where the number of copies of (r, (K33),) rooted at {u,v} is
exactly k. Define Qy (i) = |Og(7)|. Obviously Q(i) = ;<o Qk(%).

Let (R, T) be a fixed rooted graph where R forms an independent set. Later we
will see that we can restrict our analysis to graphs I' which contain at most one
copy of K3 3 where this copy is induced. Let ¢ : R — V(G (K3 4)n,:) be an injective
mapping and J C I be a fixed spanning subgraph of I'. Similarly to the strictly two

77
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balanced case we are interested in the random variables = ;r (7). Recall that these
random variables were the maps g : V(I') — V(G (K3 ,)ni) such that g|r = ¢,
9(E(J)) € E(G§(K;,)n:) and for every f € E(T')\E(J) we have that g(f) € O(i).

Similarly to the diamond-free case we would like to partition this based on
the number of copies of (r, (K33),) rooted at the open pairs of this copy. Let
k: E(T')\E(J) — N, where N denotes the set of non-negative integers. This gives us
sets 2y s (i) such that g € Z¢ jr . (4) if g € 24 s (7) and for every f € E(I')\E(J)
we have that g(f) € Oy )1 (7) where v is the number of copies of (r, (K3 3);) rooted
at f in J. Introducing v allows us to differentiate between the edges of G (K3 ,)
based on whether they are spanned by g(V'(I')) or not. Note that since I" contains
at most one copy of K3 3 the value of + is either 0 or 1.

We partition = jr (i) even further. In order to motivate this consider the case
when (R,I') = (r, (K33),). Note that for ¢(r) to be open it is vital that the codegree
of every non-edge in the copy of (K3 3)., except for that of r has to be exactly 2. Let
C C (E(Tr)) be a subset of the non-edges of I', but not in R and for convenience
let C = E(Tg)\C. Then g € E4 jr.c(i) if g € E4 sr..(i) and the codegree of ¢(¢)
in Gy(K;,)ni matches the codegree of ¢ in .J for every ¢ € C and the codegree of
g(c) in G¢(K3 4)n,; is larger than the codegree of c in J for every c € C.

In summary the set Z4 s . (i) denotes the set of injective maps g : V(I') —
V(G (K3 4)n,i) such that the following conditions hold:

® glr=2¢
e g(E(J)) C E(Gf(Kj4)n,i)

o forevery f € E(T')\E(J), g(f) € Oy(f)+,(i) where ~ is the number of copies
of (r, (K33),) rooted at f in J

e for every c € C the codegree of g(c) in G (K3 ,)n,; is larger then the codegree
of cin J.

o for every c € C the codegree of g(c) in G(K3 4)n:; matches the codegree of ¢
in J.

Define X s x,c(i) = [Eg,50x.0(0)]-
In order to express small changes in the function « let

if
R A

and this notation is also used when x(e) is undefined. Also let

- r(f) itf#e
(f) = o
k(f)—1 iff=e
and let k. ( f) be the same as « after removing e from its domain. In some cases when
[E(I\E(J)| = 1 we replace x with k when k(e) =k e.8. X (1), .y, (Ks)r e s,0(8) =

X 6,(K3) (r.ey (Ks)r k0 (1) In many cases when |E(I')\E(J)| = 1 we are not only inter-
ested in the individual random variables X, ;1 1 c(7) but also in their sum over £,
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7.1 THE DIFFERENTIAL EQUATIONS

which gives us all the possibilities when this last edge is open, therefore define:

Xouro(i) =Y Xgsrrco).
k>0

Similarly to the other H-free processes where H has 2-density 2, we define
t(i) = i/n%2. In the following we will write ¢ instead of ¢(i). Next we set up
our differential equations. As mentioned earlier in this section we will ignore small
errors thus approximate

Qi) ~ qr(t)n®

Xprm0(i) = TR ec(t)n/2B)

where fo(R,J) = v(J) — |R| — e(J)/2. We will also assume that for {u,v} € O(%)
the copies of (r, (K3 3),) rooted at {u, v} are non-edge disjoint.

One expects that in most cases we will have a similar result to the one shown
for the H-free process when H is strictly 2-balanced namely

v (t) = Z Z zrursec(t) = (2t)) (2q(t))s )W),

rk:E(T)\E(J)>NCCTR

Next we examine the changes of the random variables. Let Q' (i), Q; (i) rep-
resent the positive and negative change in the random variable formally Q; (i) =
|0k (i + 1)\Og(7)| and Q. (i) = |Ok(i)\Og(i + 1)|. For {u,v} € Oy(i) consider the
number of edges which when inserted into the graph would remove {u,v} from
Og(i). Trivially inserting the edge {u, v} would remove {u,v} from O(i). The re-
maining edges can be split into two parts based on whether {u, v} isin Oy (i + 1)
or C(i + 1). Denote the number of open pairs which when added would cause
{u,v} to end up in Oy (i) with Ay, (i) and let Cyy (i) denote the number of open
pairs which when added to the graph would cause {u,v} to end up in C(i + 1).
The random variables A, (i) will be needed to determine Q; (i) and together with
Cuo (i) it helps to determine Q; (7).

We have that

) 1 .
Aup(i) = m Z Z ZX¢7(K3,3){T,e},(Ks,a)r,k,w(l) (7.1)

r.e€E(K3,3) ¢p:r—{u,v} k>0
r#e

1 .
- m Z Z X¢7(K3,3){r,e}7(K3,3)r7®(z)

r,e€E(K3 3) ¢:r—{u,v}
r#e

2
~ 79 Z xT:(KS,S){r,e}a(KS,S)m@(t)\/ﬁ
'r,eEE(Kg,g)

r#e
since fa(r, (K33)re) =6 —2 — 7/2 = 1/2 for any choice of r and e. Define
2
a(t) = 7 Z xr,(Ks,s){r,e}7(K3,3)r7@(t)‘
T,eGE(Kg,g)

r#e
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Now Cy, (i) can be split into further 3 parts. The first of these is when {u, v}
is closed by adding the last edge to a copy of (r1, (K3,)r ) rooted at {u,v}. The
second is when an edge is added which creates a copy of (r2, (K3 4)r,) or a copy
of (rs, (K3 4)rs) rooted at {u,v} and in particular a copy of (r, (K33),) rooted at
{u,v}. Fmally when it creates a mutual neighbour for a pair of vertices assigned to
a non-edge of an already existing copy of (7, (K33),) rooted at {u, v}. Denote these
in order Cl,1(7), Cyp2(7) and Cy, 3(7).

We start with determining C,, 1 (7). Note that this either requires a copy of K3 3
to be already present in the graph or we create a copy of K3 3 in the last step. How-
ever for a copy of K3 3 to be created it is required that all of the vertex pairs assigned
to the non-edges of K33 have no mutual neighbours other than the ones required
to create the copy of K33. Let L be the set of non-edges contained in the copy
of K33 found in (K?:4) formally L = {{2,6},{2,7},{6,7},{3,4},{3,5},{4,5}} C
E((K3,)) as in Figure 5.1. Note that for any C' such that L N C # () we have that
X¢,(K§,4){r1,e}7(K;4)r1,k’,Cm = 0. Therefore

X, e - (4)
N ¢7(K374){7‘1,5}7(K3,4)7"17C
Cuv,1 (1) ~ Z Z Z aut(ry, Hy,)

e€E((K3 4)r) Lgég}g)((ﬁ)) ¢:r1—{u,v}

~ 6 Z Z xrlv(K3:4){r1,e}7(K3:4)T1 ,C(t)\/ﬁ

e€E((K3 4)r) L§5§E((K§,4))
=ai(t)vn

where aut(r, H,) is the number of automorphisms of H, which transfer the ele-
ments of r to r e.g. aut(ry, (K3 4)r,) = 6. Cyy2(i) resembles Ay, (i) except here

C#0
. 1 .
CU'U72(Z) ~ m Z Z Z X¢7(K3,3){7‘,e}7(K3,3)7‘,C(Z)

re€E(Ks,3) ¢rr—{u,v} CCE(K3.3)
r#e C£0

1
~ % Z Z T7(K3;3){T,e}7(K3,3)ryc(t)\/ﬁ

re€E(K3,.3) CCE(K3,3)
r#e C#0D

= Cg(t)\/ﬁ.

Finally fix 7’ € E(K33) and ¢ : 7’ — {u, v} then since we assume that the copies of
(r, (K33),) rooted at {u, v} are non-edge disjoint we have that

) 1 K3 {r e}s (K?)) @()
Cuv,3<z) ~ Z Z Z Z Z aut K3)
9EEG (K3 3) 1,(K3 3). 1 .r0,0(1) E€EK3 3 TeEE(K3) ¢ir—rg(e
2T oo r#e
X (i) x (t)
o XD (K3.3),(K3.3),,00,0 r(K3) (r.e) (Ks)r 0
re€E(K3)
r#e

- c37X¢5,(K3,3)T/»<K3,3>T/ r0,0(0)/4 (t)\/ﬁ
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where & is the function () — N. Note that if {u,v} € Oy(i) then according to our
assumptions we have that k = Xy (r, 5) , (K3.5),/,(Ks.5),0.50,0(2)/4 and thus Cyy 3(i) ~
c3k(t)v/n

In order to set up our differential equations we examine the one step changes
for each random variable. Start with the random variable Q (7). Let

Qi(i+1) — Qu(i) = Q (1) — @y (1)

where Q}f (i), Q; (i) > 0. For k = 0 we have that Q; (i) = 0 for all i and for k > 0
the following holds:

() A~ 1 i %Qk—l(t)a n
We also have that
B(Q; () ~ Qtz’) S 14 A56) + Cp(0) (7.3)
Fe0(3)
~ G 2 Ar)+Crali) + Crali) + Crali)
Fe0L(3)
qr(t

Similarly for Xy rr ..c (%)
Xparmo(i+1) = Xprsc() = X5 o) = X5 i e 0 ()

with X, (i) > 0 and Xd)JFnC( i) > 0 where X, (i) and X_ ;1 (i) are
defined analogously to Q; (i) and Q; ().

We will distinguish between the cases when J contains a copy of K33 or not.
We start with the case when J contains no copy of K33. Note that the value of
Xo.51,x,c (1) increases if the last edge of a copy (r, J) with respect to ¢ is inserted,
a last copy of (r, (K33),) needed to satisfy « is added and finally if the last non-
edge not in C' receives a mutual neighbour, assuming of course that the remaining
parameters remain unchanged. Therefore

1
E(X¢,Jr,.;c Q( Z Z &, e, Ke i, C (4)

2
e€E(J) k>0

¢£> >Y aw

RECOICETE R

&,(K3) {r,e3,(K3)r,0 0(2)
Z Z aut(Ks)

cEC 9€Z g 50,0\ (B) T 6E§(K5) ¢:r—g(c)
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%<1 Z ZwRJe,FK/Ck, )\anzRJ

q(t) e€E(J) k>0

1
i @ Z xR,J,F,,.iJj 7C(t)a(t)\/ﬁnf2(R,J)

B remrnEW)

L, (Ks) r.ey (Ka)r 0 (1)
Z T g, C\e(t Z -~ % d Vnnf2EJI),

CEC r.e€E(K3)
r#e

The only ways to decrease its value other than adding an edge are to close an open
pair required by E(I")\ E(.J) or add a copy of (r, (K3 3),) rooted at one of these open
pairs or to create a mutual neighbour for a pair of vertices which are required not
to have one. Thus

E(Xq;,JF K c( i) ~ Qti) Z Z (1 + Co(p) (1) + Ag(f)(i))

FEE(MNE(J) g€Z4, 5,1k, (%)

Dty )
Y Y X Z Kaﬁt};)@

ceC 9€EG 1T, r,c (1) Te€E(K3) ¢ir—g(c
r*£e

~ RIS () 4 e(t) + ) + eanp(®)
a®) FEBD\E()

T t
+ Z Z ¢’(K3){T,e})(K3)T7@( ) nfg(R,J)"rl/Z

~ 3
ceC T766E(K3)
r#e

Something similar is true for the case when J contains a copy of K3 3. The only
difference is in the number of edges which can create a mutual neighbour for a pair
of vertices which are required not to have one. Let L(J) be the set of non-edges
found in the induced copy of K33 and note that L C C. Also note that once the
copy of K33 has been completed the codegree of the vertex-pairs in G(Kj3 ),
corresponding to the non-edges in L(.J) are fixed i.e. they will not change any more
during the process. Thus if K33 C J then we have that:

E(Xgnww)z&i) > X (G + Ay )

fFEE(MN\E(J) g€E¢, .1 k.0 (1)

Diner )
PP DD Z K;flt}(;)

cGC’\L(J) 9€EEg,J,r,k,c(8) T, eei (K3) ¢rr—g(c
r*+e
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~ W ( (a(t) + c1(t) + c2(t) + e300 (1))
feBEMNE()

+ Z Z x¢7(K3){'r,e}7(K3)T7®(t) nfg(R,J)+1/2'

3
ceC\L(J) re€E(K3)
r#e

Note that if there is no copy of K3 3 in .J then L(.J) = (. These heuristics suggest
the following system of differential equations:

q()qi(t) = qr-1(t)a(t) — qe(t)(a(t) + c1(t) + ca(t) + 3 (t))

q(t)x) TR0 mc(t) Z ZxRJeyF’feka t) + Z xR,Jj,,.;;,c(t)a(t)

e€L(J) k20 FEEMNE(J)

x(b’(K ) T,e 7(K )T)@(t)
+ Z%,J,r,n,c\c(t) Z 3){ z}), 3

ceC re€E(K3)
r#e

— ZRJT k(1) (a(t) +c1(t) + ca(t) + e ) (1))
fEEMN\E(J)

T, (K3) ey (K)r 0 ()
—zpurnct) Y, D 3{;) ° :

ceC\L(J) re€E(K3)
r#e

Since the process starts from the empty graph we have that ¢o(0) = 1/2 and
qx(0) = 0for k > 0. Also zg jr.,c(0) = 1if E(J) =0, C = () and & is the constant
0 function. Otherwise zg s x,c(0) = 0.

In order to find a solution for this system of differential equations we will as-
sume that similarly to all of the previous cases the functions zp jr . c(t) can be
constructed by multiplying different terms. In the first step assume that we have
found functions ¢ (¢), which satisfy the differential equations. We have seen that
the number of triangles in the diamond-free process differs from the number of
triangles in G, ;. Similarly the number of copies of K3 3 found in the K 3.4 process
will diverge from the number of copies of K3 3 found in Gy, ;. We will first consider
cases where J does not contain a copy of K3 3.

In the strictly 2-balanced case we have seen that the solution for the differential
equations was zg sr(t) = (2t)%))(2¢(t))*)~¢). In the diamond-free process we
have seen that when partitioning the open pairs one just has to replace the ¢(t)
terms with the appropriate g;(t) terms. This indicates the following solution

T JT .k Z zg grkc(t) = (2)° eJ) H (2q,(1))-

CCTR fEEMNE()

Finally we will rely on the fact that this process is similar to G, ; and thus also to
Gyp wheni ~ (3)pand since i = tn®? thus p ~ % Note that the codegree of a pair

of vertices in G,, ;, follows a Poisson distribution with parameter A = np* = (2t)2.
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Based on these intuitions this suggests the following solutions

vrarme® =20 T Qaw) (exp(—412))! (1 = exp(—4£2)) !

fFEEMN\E(J)

and one can easily verify that, based on our assumptions, these solutions satisfy
the differential equations.

Now consider the function x4, x; ,, K5 5,x0,c(t) and note that this is zero unless
C = 0 in which case we have that:

Q(t)xizﬁo7K3,3,K3,3,no,0(t): Z Z$¢0:(K3,3)€7K3,37’96,j7®(t)

e€E(K3.3) k>0

= > 9(2t)%2qi(t) (exp(—(2t)?))

k>0
= 18(2t)%q¢() (exp(—(%)z))6

6

and thus

t
x¢o,K3,37K3,3,I€0,@(t) :/ 18(27’)8€Xp(—6(27')2)d7'
0

35 [ e dr e . T. 35, 35

Define the correction factor

€(t) = 5 18(27)8 exp(—6(27)?)dr
B (2t)? exp(—6(2t)?)

where the numerator is the correct form for x4, i, ; K; 5,x0,0(t), While the denomi-
nator is the form which we would get based on our previous calculations i.e. if we
ignored the fact that it is a copy of K3 3. Let 7(J) be the indicator function that J
contains a copy of K3 3. Since I' contains at most one copy of K3 3, and this copy is
induced we have that:

e C C
erarme(®) = 20 T Qasp) (exp(=462) (1 = exp(~412))“T &),
fEEMN\E(])

Note that this also satisfies the system of differential equations assuming that g;(t)
satisfies them.
Now we will determine g (¢). Recall that:

1
A0 =35 D T (s 0() = 22072() exp(— (20)%)°

T,eGE(K&g)
r#e
1
ab)=5 Y D TnKgoie K o) =

e€B((K3 4)r) LgégE((K:’,_A))
1
- §(2t)92q(t) exp(—(2t)%)5(9 + &(t))
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1
CQ(t) - % Z Z x?",(K313){TYe},(K373)T-,C(t)
re€E(K33) CCE(K3,3)
r#e C#0
= 2(2t)"2q(t) (1 — exp(—(2t)*)°)
Ty (K- ), (¢
coat) =0k Y 00D gy o)
r,eGi(Kg)

In order to solve the differential equations we again use the connection to G,
when p = 2t//n. In this graph the number of copies of (r, (K3 3),) rooted at {u, v}
is Poisson distributed with parameter (2¢)%/4 and thus the probability that there
are exactly k of them is

Note that (2t)8/4 = [(co(7) + a(7))/q(T)dr Also the codegree of a vertex pair is
Poisson distributed and thus the probability that a vertex pair has codegree zero
is exp(—(2t)?). Now if we consider multiple vertex pairs and assume that their
codegrees are independent thus the probability that 6 vertex pairs have codegree
zero is

exp (—(2t)2)6k .
Note that 24kt? = [ c34(7)/q(7)d7. This leads us to guess that the the last term

needed is :
exp (—/ Cl(TdT) .
o q(7)

= tcl(T)T— t} 7)22 exp(—(27)%)° 7))dT
P = [ S8ir = [ S eryaem(-@nro+ )

Define

and note that

F(t) = /0 6(27’)9 exp(7(27')2)6d7' +/0 /OT 18(2p)8 exp(76(2p)2)dpd7
1 32

4, 1 1
= — —20))° (64¢® + =0 + Z¢tr + 212+ —
216~ P20 (6 LR LR LT

35 [t 114
—t —(27)%)%d — —241%) — 1
bt [ esp(-(ntar + (s ) (expl-21%) - )
+ exp(—(2t))° <2t6 + =ttt + t2> .
We will only need that when ¢t < 1 then 0 < F(¢) < 1 and that for ¢ > 1 there exists
a small constant ¢ such that ¢t < F(t) < t.

Multiplying these terms together, and including a 1/2 term to satisfy the initial
conditions, gives us that:

8k 8
- 35 o <‘(2i)> (exp(—(2)) ™ exp (~F (1))

qk(t)
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Note that summing over £ > 0 gives us

8 8
q(t) = %exp <(2i> exp(—6(2t)2)> exp <—(2i)> exp (—F(t)).

It is easy to verify that ¢4(t) is in fact the solution. Derive g;(t) according to
the product rule. Deriving the first term gives us a(t)gr—1(t)/q(t), the second term
gives us —(a(t) + c2(t))qr(t)/q(t), the third term gives —c3 1 (¢)qx(t)/q(t) and the fi-
nal term gives —c;(t)qr(t)/q(t). Also note that the only terms in ¢(¢) which tend
to 0 are exp (—(2¢)®/4) and exp(—F(t)) and that the exp (—(2t)®/4) term tends to
zero much faster. Note that the process contains ¢(t)n? open pairs. Assuming that
the differential equations hold until the end of the process we have that the process
terminates once ¢(t) = n~2. Note that this happens when ¢ = O(log'/® n) suggest-
ing that the process terminates with ©(n?%/2 log!/®n) edges. This differs from the
strictly 2-balanced case where it is conjectured [6] that the process terminates after
O (n?1/d2(H) 1001/ (e(H)=1) ) steps, as the exponents of the log factors do not match.
We will only show that a.a.s. the process runs for Q(n%/2\/loglog 1) steps.

Theorem 7.1
The K 4~free random graph process. a.a.s. contains Q(n%/%\/loglog n) edges.

7.2 Differential equation proof

721 The Setup

In this section we verify the conditions of Lemma 4.11. In the setup of the Lemma
4.11 set m = pun®/?y/Toglogn, where 1 = 1/200. No attempt was made to optimise
the value of p. Also let s = n3/2. We make several additional restrictions on the
random variables described in the previous section, first we are only interested in
the random variables X ;r « c (i) when I'is one of (K3),, (K33), or (K3,)r and J
is a proper spanning subgraph of I' i.e. e(I') — e(.J) > 1. The differential equations
imply that since there are only a few open pairs f with many copies of (7, (K33):)
rooted at f, they will have no significant impact on the outcome of the process. Set
Emaz = logn/22loglogn. However we still need an estimate for ) _, ko @ (1) and
similarly for } -, ot >k0. Xo,50x,c (1) It would be hard to track these sums as
even determining their expected change is difficult. Instead of }_;.,  Q(i) we
track the number of open pairs {u,v} which have been in O (j) for some k > kpaqz
and j < 4, formally

o0 =|UJ U o)
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Similarly for every random variable X, jr . c(i) and every f € E(I')\E(J) we

would like to track >

Zg.armc,s(i) =

Let V = {q,z,y, z}. The elements of I; for j € V are as follows:

kmax{k}>kmaz

Xo,s1.5,c(1) therefore define

y U

j<i W:E(D)\E(J)—N
minfes H,/(f)>k'max
KB\ (B())us) =k

e 1, is the set of positive integers from 0 to £,z

E rmc(d)|-

e 7, is the set of quintuples (¢, J,T',k,C) such that (r,T") is one of (r, (K3),),
(r, (K3,3)r), or (rr, (K34)r,) such that ¢ : r — V(Gf(K;4)n;) is an injec-
tive function, J is a proper spanning subgraph of I, C C E(T'g) and « :

EM@N\E(J) = [kmaz]

e 7, = {o}

e 7, is the set of sextuplets (¢, J,I', k, C, S) such that (r,I") is one of (r, (K3),),
(r, (K33)r), or (rr, (K3 4)r, ) such that ¢ : v — V(G (K3 ,)n,) is an injective
function, J is a proper spanning subgraph of T', C C E(Tg), S C E(T)\E(J)

and # : B(D)\(E(J)US) —

[kmax] .

We are interested in the set of random variables Q (i) for k € Z,, X4 jr.x,c(7)
when (¢, J,I',k,C) € I, Y, and Zy jr ..c.s When (¢, J,T',k,C,S) € Z,. LetZ =
Ujep Zj- In order to comply with the notation of Lemma 4.11 for o € 7, we have
that Q. (i) plays the role of X, (i) and similarly for o € 7, and o € Z, we have that
Y, (i) and Z, (i) play the role of X, (¢). We will use this notation only when referring

to all random variables i.e. to X,

foro e 1.

We do not track every random variable through all of the m steps. If I' is ei-
ther (K33), or (Kj4)r we stop tracking the random variables Xy jr x c(i) and
Zs gr.k,c,s(i) forevery S € E(I')\E(J) if ¢(r) or respectively ¢(r1) becomes closed
or an edge. In case I' = (K3), we stop tracking the variables when ¢() becomes a
non-edge in a copy of K3 3in G (K3 ,)n,i-

fa(r,J)

Define
W =420
e=1/66
Uy =logn
To = logn
Si =S, =n?
ST,J,F,H,C’ - ST,J,F,H,C,S =N
1
B = o
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7.2 DIFFERENTIAL EQUATION PROOF

BrJrwc = H Br(s)

FEEMNE()
Ao = Bon®
Bo=1
Brarkc,s = H Br(s)
FEEMN\(E(J)US)
(1/22)—¢

filt ) Br24(t) exp(24W kimaz (t° + 1))

fT J Lk C( ) ( (t))E(F)_E(J)BT,J,F,n,C exp(24W]€maz (t2 + t))
= (2q(t)) exp(24W kyae (12 + 1))
frarwc, s( ) (2q(t))* DB, s 0,5 €xXP(2AW Kynas (82 + 1)).

Also define f(t) = > 1v0 fx(t) = €2q(t) exp(W (24kpqq (t2 +t)) and note that fi,(t) =
f(t)/(ek!). If we can show that the conditions of Lemma 4.11 hold then we will

have that for every o € 7
X, = <x0 + fg) Sy
So

where ¢x(t) and z, jr . c(t) are as in the previous chapter and y,(t) = 0 and
2,0 0,08 (1) = 0.

Next we define the event H;. The event H; is the union of several events, most
of which concern the number of overlapping rooted graphs.
Definition 7.1
For a set of graphs F; where i = 1..k define the set I} @ F5 ® ... ® F}, as the set of k + 1
tuples (g1, 92, ..., g, F') where g; : V(F;) — V(F) are injective functions for i = 1..k
such that the following hold

o V(F)=UL g:(V(F))
o E(F)=UL, g:/(E(F))

o forevery i,j € k| with i # j we have that g;(E(F;)) # g;(E(Fj)).

The first event is B;. Consider the rooted graphs (r/, F') which are formed of two
copies of (r,(K33),), with shared roots and an overlapping non-edge. Formally
(r', F) = (91(r), F') where (g1, g2, F') € ((K3,3)r) ® ((K3,3)r) such that g1(r) = ga(r),
and there exists e, e2 € E(K33) such that gi(e1) = ga2(e2). Let B; be the event that
for every j < i we have that for any such rooted graph the total number of copies
of F'in G (K3 4)n,; such that (', F') is rooted at an open pair is at most f(t)n°

Let C; be the event that for every j < i we have that

e for any pair of vertices u,v € V(G (K3 ,)n,;) with u # v and for any rooted
graph (r, F') € {(r1, (K3:4),,1), (r, (K3)y), (r, (K33)r)} we have that the number
of edges which when inserted into G (K 4)n,; would create multiple copies
of (r, F) rooted at u, v is at most f(t)y/n/n'/1!
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e for any four vertices uy, uz,v1,v2 € V(Gf(K3:4)n7i), with u; # vy, us # v
and for (r1, F1), (r2, F2) € {(r1, (K3 4)r), (r, (K3)r), (r, (K33))} the number
of edges which when inserted into G (K3 4)n,; would create both a copy of
(r1, F1) at {u1,v1} and (12, Fy) at ug, vy is at most f(t)y/n/n'/11.

The event D; holds if for every j < i the following hold. Select a rooted graph
(r,I) € {(r,(K3)y), (r, (K33)r), (1, (K:;4)T1)} and let (r,.J) be a proper spanning
subgraph of (r,I'). Also let (rg, F2) € {(r, (K3),), (r, (K3,3)r), (11, (K3 4)r, )} Then
for any (g1,92, F) € (J ® Fy) such that g2(r2) C ¢1(V(J)) and g1 (E(T')\E(J)) N
92(E(Fy)) = 0 we have that for any pair of distinct vertices u,v € V(G (K3 ,)n,;)
the number of edges which when inserted into the graph would create a copy of
(91(r), F) rooted at {u, v} in G (K3 4)n,; is O(nf2(r)ng),

Finally let &; be the event that for every j < i the Boundedness hypothesis
holds. Define

H, =B,NC;ND; NE;.

Note that in C; and D; we are considering non-edges not open pairs. This is
clearly an upper bound on the number of open pairs which satisfy the conditions.
Now we can state the Theorem

Definition 7.2
Let Gy, be the event that for every o € T and every i < m we have that

X, (i) = <x0(t) + f"(t)) S,.

So

Theorem 7.2
We have that G, holds a.a.s. for m = pn®/2\/Toglog n.

PROOF We will use Lemma 4.11 for the proof. The trend hypothesis is verified in
Corollary 7.14. Note that the boundedness hypothesis follows from the condition
on the high probability events. The initial conditions follow from Lemma 7.15. We
show that the number of variables is bounded in Lemma 7.16. The fact that H; is a
high probability event follows from Corollary 7.30. Finally the remaining technical

assumptions are verified in Lemma 7.31. m

PROOF (THEOREM 7.1) Theorem 7.2 implies that there are still n>—°(!) open pairs

after m steps. -

7.2.2 Basic Observations

Before continuing we first consider how two copies of (r, (K3 3),) rooted at the
same or different open pairs in Gy (K3 4)n,; can overlap.
We start by considering two copies rooted at the same open pair.
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Lemma 7.3
Let {u,v} € O(i) then any edge adjacent to w or v can be found in at most one copy of
(r, (K33),) rooted at {u,v}.

PROOF Without loss of generality assume that it is adjacent to u and let w denote
the other end of the edge. Note that v # w and that v, w must have exactly 2
mutual neighbours as two are needed for {u,w} to be in a copy of (r, (K33):)
rooted at {u,v}, but more than two would imply that the presence of a copy of
(r, (K33),) rooted at {u,v} including the {u,w} edge would also imply the pres-
ence of (r3, (K3 4)r,) rooted at {u,v}. Denote the vertices connected to both v and
w with wy and wy. A similar argument gives us that w; and wy can have at most
one mutual neighbour other then v and w. This restricts us to one possibility of

(r, (K33),) containing {u, w} as an edge. n

Lemma 7.4

For {u,v} € O(i) any edge is found in at most two copies of (r, (K3 3),) rooted at {u,v}.

PROOF In Lemma 7.3 we have seen that if the edge is adjacent to u or v then we
can have at most one copy. Now assume that {w;, wy} is not adjacent to either u or
v. In order for {w,w>} to be an edge in a copy of (r, (K3 3),) rooted at {u,v} the
copy must also contain either {u, w;} or {u, ws} as an edge. Since there are at most

one of each of these thus at most two copies containing {wy, ws}. -

Lemma 7.5
Let f € O(i). Assume that there are two copies of (r, (K3 3),) rooted at f which share a
non-edge in addition to f. Then we have that the two copies create the following constriic-

tion rooted at f:

Figure 7.1: Overlap at an open pair

PROOF Let two copies of (r, (K3 3),) rooted at f share {w;,w>} as a non-edge and

let f = {u,v}. There are two cases based on whether {wy, w2} N {u,v} =  or not.

90



7.2 DIFFERENTIAL EQUATION PROOF

In case {wy, w2} N {u,v} # O then without loss of generality we may assume that
v = w; and thus any copies which share {w;,ws} as a non-edge, must also contain
{u,ws} as an edge. However no two copies may share an edge adjacent to {u,v}
according to Lemma 7.3. Otherwise since f is open and {w;, w>} is a non-edge in a
copy of (r, (K33),) rooted at f thus {w;, w2} has exactly 2 mutual neighbours other
than u and v. Denote these vertices by w3 and ws. Thus both copies must be on
the same set of vertices and the edges spanned by wi, w2, w3, ws can be found in
both copies. Since for i = 1..4 the edge {u, w;} and {v, w;} can be found in at most
one copy of (r, (K3 3),) rooted at f hence none of the remaining edges may overlap.

The result follows. n

7.2.3 Approximations

In the following we introduce several approximations which we will rely on heav-
ily while verifying the trend hypothesis for Lemma 4.11.
The first of these is that when 0 < a < 1/2 then

1

— 14 2.
lta @

Also according to Stirling’s formula

kmax kmaz
Fmaz! = (14 0(1))v/27kma ( >
€

logn
= o(1) g 1 1)) log1 — 1/2240(1)
n°" exp (2210g10gn( + o(1))loglogn n

and note that 1/kyq.! = 0(1/5,) and also (kpmaz!)'? = o(n'/?~¢). We also have that
if G; holds then for every ¢ € 7, UZ, we have that X, = (1 + o(1))z,S,, due to the
fact that in these cases z, = w(8,n"¢) and f, < B,n°.

Lemma 7.6

We have that

k
) < (P exp(ogan ) 1) < 2

PROOF The first inequality follows from the fact that exp((2t)® exp(—(2t)?)6/4) > 1
and the second follows from the fact that (2¢)® exp(—(2t)2)%/4 < 1/4. -

Since e(J) < 9 we have that

zrarme(t) < @OV T 2ae(®) < (26)° + 1)(2a0))" DB sr e
fEEMNE()
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Also note that

(26)7 exp(—(2)2)° < i (7.4)
(20)% exp(—(26)%)6 < i (7.5)
((26)7 +1)(26)7 exp(—(20)2)° < i (7.6)
((2t)° +1)(2t)% exp(—(2)})8 < i. (7.7)

Lemma 7.7
Assuming that G; and H; hold then

ati) = (a0 + 1) 2.

o

PROOF Note that Taylor’s theorem using the Lagrange form of the remainder im-
plies that

kmaz K k+1
= 4+ .
° kzzo KT (k+ D)

Note that when z < 1/16 then ¢® < 2. Set x = (2t)% exp(—(2t)?)%/4 and (7.5) implies
that (2¢)% exp(—(2t)?)%/4 < 1/16. Therefore

8 kmax k
o (B exp(-(21) = 3 B0 e~ (20

AF ]
k=0
(2t)8+) 2\6(k+1)
24’”‘1(/-{: — exp(—(2t)%)
This implies that
= 2t)8 = (2t)8k
i) = 3 a) = exo (-2 ) et Y- G exnl-o?)
=0 k=0

4k !
k=0

8 E+1
+ 2exp <_(21)> eXp(_F(t)ZWngW exp(—(2t)%)6(k+1)

kmaz kmaax

- ) 4 20501 (1) = £ +2 ¢
;%() Qi1 (t) kz_:lqk() max g1 (1)

8 kmax 8k
— exp <_(2i> )exp(—F(t) S OO ep(— (20)2)

as we are only interested in cases when ¢t > 0. Thus we have that

o0 kEmaz Emax
Qi) =3 Q) = > Qu(i) £Yoli)) = ) (qk(t) + fk(t)) n?x 102
k=0

S S
k=0 k=0 g i

= <Q(t) + f(t)) n? + Qmax(qkmmﬂ(t))n? 4 @n2.

t>0 So
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Now all we have to show is that 2 max;>0(qx,,,.+1(t)) < f(t)/ss in fact we will

show that ¢, .. +1(t) = 0o(1/ss). We have for every k that

mgw§2%?::0<;>.

Subbing in k = k4, + 1 gives us that
2hyanr1(t) < /220 = ()
SO’

completing the proof. n

Recall that v was the indicator function whether a graph contains a copy of K3 3.
Lemma 7.8

Select (r,I') € {(r, (K3);), (r, (K33)r), (r, (K34)r,)} and J a spanning subgraph of T
such that e(J) > 1. Fix ¢ : v — V(Gp(K34)ni) with ¢(r) = {u,v} such that
Xo.g1.k,c(1) is still tracked. Assuming that G; and H; holds then for any e € E(J)
we have that

, 29()rg . rmo(t) | 329(t) frurmc®) e
> Xogermencli) = < e DAV 2 ) f
k>0 (Qt)l g )(f(t))’Y( ) So

PROOF Let e(t) = 2q(t) frsr.x,c(t) then we have that

k“’nla(l)
Z X¢7J67F7l{e,k7c(i) - Z X¢7J67F7Ke,k7c(i) :l: Z¢7J67F7K7076(i)
k>0 k=0

k“maw

1 e(t) e(t)
— r 4+ —— f2(T7J€) + fQ(TvJe)
’;:0 <33 JeLre0(t) £ 45 . >n S )"

2q(t)zr, 1 k,0(t) (20)e)\  for,a.
- ((Qt)lﬂfj(r‘é(t)c)%’) ToET, )nf( "

where ( = 2max>0 Ty, J. I k. 1,... +1,C(t) and similarly as before all we have to show

is that 2 max;>o :BT7JE,F,He,kmaz+lyc(t) < ﬁ,«ﬂ]}p,,{,c/sg. Note that

2$T7J67F:He,kmaz+1,c(t) < 2((2t)9 =+ 1) L 'BT,J,F,R,C'
max -
Also t = O(+y/loglogn) and thus
- Br.J 1 k,C
2Ty o Do g1 C(8) ST V2ETOWB G o < EEm T . “
g
completing the proof. n

Note that when e(I') — e(J) = 1 then we have that f, jr % c(t) = fr(t) and thus
2kz0 frarko(t) = f(1).
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7.2.4 Trend hypothesis
In the following Lemmas we verify that the trend hypothesis holds.

Lemma 7.9
Forall0 <i < mand k € Z,, whenever G; \'H; holds there exists a smooth function hy(t)
such that

B 017 = (4 = ) v

o

and

t
fe(t) > 2/0 hi(T)dT + Bo-

PROOF We first consider Q; (i). Clearly if k = 0 then @ (i) = 0 so we are only
interested in the cases when &k > 0. In (7.2) we used the estimate
EQE)~ g O Agli)
Q) jeo

This estimate assumed that inserting an edge creates at most one copy of (7, (K33):)
rooted at f. However this is not the case, but according to Lemma 7.4 we have that
for any given open pair of vertices inserting any open pair can create at most 2
copies. Since we are in the event C; there are at most f(t)\/n/ n'/1 such open pairs.
Since we are in G; we have that Q;_2(7) < (k — 1)Qg—1(7) thus

EQI ) = g [ 30 (440) £ Qi) ;S?lx/ﬁ)

JeOL_1(3)

s | X <Af<7:>>iw@“<i>ﬁ)

F€OK_1(4)

“an | % <Af(i)ifs(t)ﬁ>)'

f€OR_1(1) 7

We already established the following estimate in (7.1):

) 1 )
Af(i) ~ m Z Z ZX¢>,(K3,3){T,e},(Ks,s)r,k,(b(l)'

r.e€E(K3 3) ¢p:r—{u,v} k>0
r#e

However some of these edges might create multiple copies of (r, (K33),) rooted
at f and thus should not be counted. Note that assuming C; there are at most
f(t)y/n/n*/™ of these and each of them is counted at most twice. Also inserting
some of these edges might not just create a copy of (r, (K3 3),) rooted at f it could
also close f. Note that this happens if inserting an edge not only creates a copy of

(r, (K33),) rooted at f it also creates one of the following
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e acopy of (r1, (K3 4)r, ) rooted at f

e asecond copy of (r, (K3 3),) rooted at f

e a copy of (r, (K3),) rooted at a non-edge of the already present k — 1 copies
of (r, (K33),) rooted at f.

Since we are in the event C; there are at most (6(k — 1) + 2) f(t)y/n/n'/* such open

pairs. Therefore by applying Lemma 7.8
Ay(i) =2 ((2t)72q(t) exp(—6(2t)%) 3J; t)> Jn+ W\/ﬁ
= (enmat oo + 20 ys 10

_ <2(2t)72q(t) exp(—6(2t)2) + (t)> ND

So
Recall that we already had an f(t)/s, error term and by applying Lemma 7.7 we

have that

S0,

. vn Jr—1(t)
E(Q:(z)) = @ <qk_1(t) + ’“) (2(2t)72q(t) exp(—6(2t)?) £ 5

So

Note that for our range of t we have that 0 < 3f(¢)/(¢(t)ss) < 1/2 and thus

o (0= 520 (a2 oo+ 570
- 13 (st £ 2220 (07200 expl-6(20%) £ 21
1 6f(t) fre-1(t) 7 excn(_6(2)2) + SF ()
" (u ()SU) (20002 2220 (ag20y72gt0) exp-s(20) £ 210
+
<2 2t)72q(t) exp(— (2t)2)qi]é§t)ih’;£t)>
+
(4 exp )qk 1(t):th’;(t)>
=q (t)£ h+()
where
) = SLO0 (02207200 xp(—6(20%) | fus(220720(0) exp(—6(20")
¢ 200 (0
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Using (7.4) and Lemma 7.6 gives us that:

qre—1(t) qr—1(t) 14
) an "= G

We also have that f(t)/(k — 1)! < efr_1(¢) thus

hi(t) <6

f@) + fr—a(t) +8

f@) + fe-1(t).

hii (8) < (14e + 1) fro1(t) = (1de + Dk fi(t) < 43k fi.(t).

Next we consider E(Q} (¢)). (7.3) implies that

E@: @)~ gy 2. A +050).
f €0 (4)
Next we partitioned the set of open pairs which contribute to C't(4) into three parts,
Ct1(i), Cs2(i) and Cy3(i) depending on the structure this last edge completes.
Note that inserting an open pair can possibly complete multiple structures, which
would remove it from Og(i), at the same time, however since we are in the event C;
there are at most (6k + 2)2f(t)y/n/n'/*! < log®nf(t)y/n/n'/!* such pairs. Thus

B(Q; () ( > A +cf1<>+cf2<>+0f3<>ilog2n7ff/?1\/ﬁ)

fe0L(3)

@

. t
D Ap(i) + Cra(i) + Cpali )+Cf,3(2)ifs()\/ﬁ :
f€O0K(4) 7

We will examine the terms individually. Note that a similar argument as before

gives us that

aw > A = (1620 exp(-sCa) = 20 i

f €0( 7

Note that there is a k factor difference to our previous calculations which is due to
the fact that this time we sum over the open pairs in Oy () instead of the open pairs
in O;_1(7) and thus would end up with an error term of 43(k + 1) f1+1(t) = 43 fr(?).
We continue with the C(7) term. Note the additional f(t)\/n/s, term at the end

which is for completing multiple copies.

X, em N
. ¢7(K3 4){r1,e}v(K3,4)T1 ¢ f(t)

= : :|:

Cra(i) Z Z Z aut(ry, Hy, ) 50 vn

eCE((K3 4)r) LgégE((K—A)) ¢:r1—{u,v}

2-10-210.34+1

So

- (§<2t>92q<t> exp(—(20)2)0(9 + £(1)) + f<t>) Vi
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where the 2 in the error term comes from the two options for ¢, the 10 is for the 10

edges and 2!V is from the 10 non-edges which have to be considered. Therefore:

o X Gl = (w + 70)

FEOR(3) q(t) £ =5 o
1 9 2\6 216
(502000 exp(- @020+ 60) £ 2-10)) Vi
L1, 65 i)
-7 (1= i) (00227
1 9 2\6 216
(07200 exp-Co0 + €)% 50)) vi
— (a3 0 e~ + 60+ "1 ) v
where
B () = 024403 (0)3 (20)°2a(e)exp(~ (2010 + £(0)
Jr(®) 1 ax(t)
+ Wg(%)%q(t) exp(—(2¢)%)°(9 +£(t)) + 216Wf(t) + o(1/k!).

We have that 2(2t)? exp(—(2t)2)%(9 + £(¢)) < 3 for every value of ¢ thus:

hy (t) < 6“’?;? + fi(®) +216f,§f)

< 18fk(t) + fu(t) + 3 2% fr(t) < 2'8 fi ().

Next we consider C 2 (i):

. 1 . f(t)
Cf72(7’) = a.ut(Kg 3) Z Z Z X¢7(K3,3){r,e}:(K3,3)'ryc(z) + nl/llﬁ

Y re€E(Ka3) g:r—{u,v} CCE(K33)
r#e C#0

2(26 —1)3+1

So

_ (2(2t)72q(t)(1 — (exp(—(20)%))%) =

Therefore:
1 , 1 fk(t)>
— C = +
Q(7) fgk:m 2l q(t) £ %(f) (Qk(t) So

<2<2t>72q<t><1 ~ (exp(—(202)0) + W) NG

= (o) (w0 20)

(20720000 - (expl-207)" = 210 ) v

@) Vi

(026207201 - (exp(-20)%) = 2 v

So
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where

by () = 6% F02(20)720(0)(1 ~ (exp(~(20))")

)
e a2020(0)(1 — (exp(~(202))%) + 2255 6) + o(1/k)

_|_

q(t)
< 72(20)7 fi(t) + 4(20)7 fr(8) + 3 - 2° fi(t)
< (76(2t)" + 21 fr.(1).

Finally consider C 3(7). Now we need the fact that f € O (7). Assume for a mo-
ment that all of the & copies of (r, (K3 3),) rooted at f are vertex disjoint. As usual
we have to be careful with an edge completing multiple copies of (r2, (K3 4)r,)
and (r3, (K3 ,)r;) rooted at f. For each pair of non-edges belonging to a copy of
(r, (K33),) rooted at f there are at most f(t),/n/n'/!" edges which would create a
copy of (r, (K3),) rooted at both of them as we are in the event C;. Thus there are at
most 36k%f(t)y/n/n'/?2 < f(t)\/n/s, such edges. Therefore

N 3){r.e 37‘() t
SCCRE I VD VD DISD D Pttt , 10,

= So
965¢,(K3’3)T,,N0,(2)( i)ecKs 3 Eei(Kd) pr—g(e
r#e

— 6k (2(2t)2q(t) 4 6]; (t)> N fs(t)ﬁ
- <12k(2t)2q(t) + WW) N

So
Since we are in the event 5; there are at most f(¢)n® not non-edge disjoint copies in

the graph hence:

5> Cpali) = Qut) (126(2020(0) £

fEOK(H)

(36k 4+ 1) f(t)

So

) vi

- (e (( 1)2q(t) + ”)f
- st 12kt 2 IO
:< n2 <12k (2t)2 imw)\/ﬁ

)
asn® = o(n2/(kmaxlsg)) Therefore
<1 . ) ( (1) £ 2@”)

1
Z Cra(1) ol
(36k + 1)f(t)> /i

) éor 1
<12k(2t)2q(t) + -
= <12k:(2t)2qk(t) + hi(t)) vn

o
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7.2 DIFFERENTIAL EQUATION PROOF

where

hy (t) = 6 251) £ your20)9(t) + 22 Waar@ng(e) + 36k + D £8) 1 001 /a1

2(t) q(t) a(t)
= (960Kt + 108k + 3) fi.(t).

Recall that Q. (i) = (1 + o(1))gx(t) and Qi) = (1 + o(1))q(t) for 0 < t < t(m)
when G; holds thus

1 L f() (14 0(1))qr(t) f(t) 3fk(t) /-
Q(i)Qk(l) S5 = q(t) S5 Vi< So v

Define h (t) = 43 fi(t) + hy (t) + hy (t) + hg (t) + 12 f;(t) then we have shown

that _
hy, (1)

g

R(Q; (1) = (q,;<t> " ) v

Also let hy,(t) = hjf () + Ry, (t) and if we show that fi,(t) > 2 fot he(T) + Bi then we
have completed the proof. Note that this is implied if f;(0) = B, which holds by
definition and f} (¢t) > 2hy(t). Note that

hi(t) < (43k +43 +2'° +76(2)" + 2" + 960kt + 108k + 2 + 3) f1(t)
< (960t + 200)kmaz f (t)-

We also have that

i) = ¢ (t) exp(24W (12 + 1)) /k! + 24W kpax (2t 4 1) fr(t)
(

= (1 4+ 0(1))24W Epax (2t + 1) f1.(2)

as ¢'(t) exp(24W (12 +t)) = O(t® +t + 1) = O((loglogn)®) = 0(kmas). Therefore
flg(t) > 2hk(t) as W > 40. ]

Lemma 7.10
Whenever G; N ‘H; holds there exists a smooth function h,(t) such that

B0 = (0 ") va

and

t
fo(t) > 2/0 ho(T)dT + Bo.

PROOF Note that Y, (i) = 0 so we only need the expected increase. Since we
are in the event G; we have that Q(i) is concentrated around gy (t)n?and X, (i) is
concentrated around z,(¢)S,. Also note that

qkmaz_l \/ﬁ =0 <kaaz \/E)

q(t) nt/M q(t)
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7.2 DIFFERENTIAL EQUATION PROOF

therefore
E(Y;") = (1+ 0(1))(1) (@knae ((20)7)24(t) exp(—(26)%)°) v/
o (A7)
which in addition to the fact that f,(0) = 3, completes the proof. n

Next we concentrate on the random variables Xy ;1 .. c(%).

Lemma 7.11
We have that for every 1 < ¢ < m assuming G; N H; hold then:

. 1
E(qu,JF/@C' Q(z Z ZX¢J67FHMC )

e€E(J) k>0

Qb DD DR PR

FEBIMNE() €2, ;1 — (D)

D) ey (Ka)r0 ()
Gl Y ¥y Sl

CEC 9EEG sT r,c\c(?) Te€EE(K3) ¢pir—rg(c)
r#e

L (a®)frarsc®N  pon
i@(z’)( 50 >n v

PROOF First note that we are considering the mappings g € Z4 jr..c(i + 1) such

that ¢ & Z4 jrxc(i). The majority of these g come form one of the following
sets =4 J, I' ., (1) for some e € E(J), E¢,J,F,n;,c(i) for some f € E(I')\E(J) or
Eg,JTk,0\c(7) for some c € C.

However these are not the only sets g could have originated from, as it is pos-
sible for the same edge to create multiple constructions e.g. there are some open
pairs, which when inserted as edges would transfer g from = J,F,n},C\c(i) for f €
E(M\E(J)and ¢ € C'to Zy s (1) as inserting this open pair would create a copy
of (r, (K33),) rooted at g(f) and a copy of (r, (K3),) rooted at g(c). Note that if g was
transferred from =g j/ 1 v ¢/ (i) t0 Zg s 0 (14 1) during step i then e(J) —e(J') < 1
and according to Lemma 7.4 (f) — k(f") < 2 for every f € E(T')\E(J).

Start with the case when J’ # J and fix e € E(J). Since we are in the event
D; there are at most O(n/2("/)n®) elements such that inserting g(e) in step i would
transfer g to = 1 x.c(i+1). Note that ke, = n~ /22700 and that e(T") —e(J) < 10.

Hence
n® = nl/% = o(y/n(nEHN0) = o(q(t) frr o ()V/50)
thus this has little affect on the expected value.
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7.2 DIFFERENTIAL EQUATION PROOF

For the remaining =4 ;1 ./ ¢/ (i) such that g € 24 jr . /(i) can be transferred to
E4.01.5,c(1 + 1) we have that in order for g to be transferred to =y jr ..c(i + 1) at

least one of the following has to happen

e inserting an edge has to create more than one copy of (r, (K3 3),) rooted at
g(f) for some f € E(T')\E(J)

e inserting an edge has to create a copy of (r, (K3 3),) rooted both at g(f) and
g(f’") for some distinct f, f’ € E(T')\E(J)

e inserting an edge has to create a copy of (r, (K3 3),) rooted at g(f) and a copy
of (r, (K3),) rooted at g(c) for some f € E(I')\E(J)and c € C

e inserting an edge has to create a copy of (r, (K3),) rooted at g(c) and g(c’) for

some distinct ¢, ¢’ € C.

Since we are in the event C; for a fixed g there are O(f(t)y/n/n'/'!) open pairs which
would satisfy any of the above conditions. We also have that z, jr . ¢/ (t)f(t) <
207 + 1)g(t) M= B, ;0o f(t) < (loglogn)®log? ng(t) fr.sr.xc(t) and thus
this adds an error term of

0] <10g21 nq(t)fr,J,r,n,c(t)an(T’J)\ﬁl) -0 <q(t)fr,J,F,n,C(t)nfz(T’J)ﬁ) ,

nl/11 P

On the other hand we overestimate the change as not every combination we
count would actually result in a new elementin =y ;r . c(i+1). Similarly as before
this is due to the fact that when inserting an edge transfers g from Z4 j/ r ./.c (%)
to =4 jr.x,c(i + 1) more than one of J/, ' and C’ can change. Similarly as be-
fore we have to take into account the case that for some g € Zg j, rx, ,,c(i) in-
serting the edge g(e) could affect the status of g(f) for some f € E(I')\E(J).
In the previous section we considered the case when the value of x(f) was in-
creased, now we also have to consider the case when it is closed. However since
we are in D; there are O(n/2(")n®) = o(q(t) fr. 11 x.c(t)n2"7)\/n/s,) such copies.
Now fix g € Z, ij’@jo(i) then there are edges counted in A,y(i) such that in-
serting that edge does not result in ¢ € =4 jr . c(i + 1) as inserting the edge
might transfer g(f) to Oy(s)41(i + 1) or change the status of g(f’) for some f’ €
EM\(E(J) U{f}) or the status of some ¢ € C. Since we are in the event C; for
every g there are O(f(t)\/n/n'/"') non-edges which when inserted any of these

would happen. Therefore in total
O(x¢,J,F7,{Jj,C (t)”f2 (nJ)f(t) \/ﬁ/nl/n) = 0(q(t) frrkC (t)an(nJ) Vn/sq).
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7.2 DIFFERENTIAL EQUATION PROOF

Finally a similar argument gives that the same bound holds when g € Z4 ;1 . o1\ (7)

for some c € C. Therefore the total affect on the expected value is at most

1. q(t)fr,J,F,m,C(t) nfg(r,J)\/ﬁ'
Q(i) So "
Lemma 7.12

Forall0 < i <mand (¢, J,T', k,C) € Z,, whenever G; N H,; holds there exists a smooth

function h, jr . c(t) such that

E(X;bt,JFHC’( i)|Fi) = (:Ef{]’r"“’c(t) +

hT,J,F,H,C(t) ) an (rJ)

So n3/2

and .
frarec(t) > 2/ he, 5 .k,c(T)dT + Br s s,C-
o

PROOF In Lemma 7.11 we have established that

1
E(X) jr.co(i) = o0 >N Xgse i pcli)

ecE(J) k>0

1 .
+ Qi) _ Z ' Ag(p) (@)

X¢7(K3){r,e},(K3)r,@ (Z)
Z Z Z Z aut(Ks)

cEC’ 9EEG 51 k,c\c(B) ¢:r—g(c) re€E(K3)
r;ée

1 Q(t)fr,J,F,n,C’(t)> Fo(r,d)
i@(z’)( S S

and now we will analyse the individual terms one by one. Assume K33 < J

then we have that

Qb) S Koo pci)

ecE(J) k>0

_ 1 6f(t) 2q(t)xr g armc | 3€2q(t) frirrc(t) nf2(rJ)
() <1 * Q(t)sg) e(J) < 2t + P > n3/2

rec(®)  BE® nk0D)
_ (e(J)x ,J,F,t oft) | Ml )) n

So n3/2

where

T K t
ity 1) = o) L)

’ tq(t) f(t) + 6€(J)efT,J,F,/§,C(t) + O(BT,J,F,K,C)-
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Note that when K33 Z J then
rrgreo®) < @O T Qawp(®) < 20 (2q0)* B e
JEEMNE(J]))

and that in our case e(J) > 1 and e(I') — e(J) > 1 as we only track variables with

at least one open edge. Therefore

Ty 0,0 (1)

< e(J)—1 e(l)—e(J)—1
R 4(2t) (24(1)) Brarsc

< 4((20)° + 1)(2(1) DB, e
We also have that f(t)(2¢(t))*"=¢)=18, ;1 . o < efrirxc(t) and thus
i (t) < 24e(J)e((2t)° +2) fryrmc(t) < 600((2)° + 2) fr g0 .m0 (1)

On the other hand if K33 C J then since we only track one such random vari-

able we have that

Q Z > Xpgermenc(D)

) k>0

1 <1 n 6(t) > e(J) <QQ(t>$r,J,F,n,C(t) L 3e2q(t)fr7J?F’H’C(t)> nf2(rd)
- a) q(t)sq 2t&(1) Se 372
:rr JF , c (t)  hiy(t)\ nf20d)
So > n3/2

where

B Ty gTk,c(t)
hiy(t) = 6€(J)Wf(t) +6e(J)efrirkc(t) + o(Brirkc)

< 600((2t)% 4+ 2) fr yr.m.c(t)

due to a similar argument as before. Let h{” = 600((2t)® +2) f, ;1 x.c(t) then clearly
both A}, and h{, are less than h}". The second term is
1

00) > Y. A

FEBINEW) 9€2, jp o o)

= Y 1) <1 67 ) <q“(f)1(t)xr,J,F,ﬁ,C’(t> n H(f)fr,J,r,n,c(t)>

fEEM\E(J) q(t q(t)so an(f)(t) So
fa(r,J)
(2(2t)72q(t) exp(—6(26)?) + 3=’; (t )) ”n3/2

k(f)— t r K t iy fQ(T’J)
_ S 2020 2exp(—6(2t)?) 1) 1B7rrec® | b3 () ) n
feE

3/2
(D\E(J) (1) (1) 5o 3/
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where
h; (t) = 6@2(2072 eXp(*6(2t)2) Ar(f)—1 (t)xT,J,F,n,C(t)
reninaw 10 Q) (1)
+ K‘(f)fr J Ik C(t)2(2t)72q(t) exp(_6(2t)2) + i q“(f)—l(t)xT,J,F,n,C(t) 3f(t)
o Q<t) Ak (f) (t)
+o(Br,ir.k,C)-
Note that

Qo(f)—1 ()T 1,0 (1)
QH(f) (t)

k
< n(nN(@0° + 1) (B expi-20%)) a0~ srne

Now if x(f) = 1 then (2t)? + 1 < kyqe otherwise we have an exp(—6(2t)?) factor
and (2t)8((2t)° + 1) exp(—6(2t)?) < 1/4. Therefore

hy) < D (12ek(f) + k(f) + 6ekmaz) frrmc ()
FEBD\E(J)

< €(F) (55kmax)fr,J,F,l€,C(t)
< 550kmaz fr T w0 (1)

Note that for the third term we only consider random variables which are still
tracked. This is due to the fact that for a fixed ¢ € C and g € Zg jr . o\c(7) if
g(c) is a non-edge in a copy of K33 then ¢ € C. The third term is

Z Z X, (K3) {r,e3-(K3)r,0 0(7)
aut Kg)

CGC 9E€EG 51, k,c\e(®) T BEZ(KS) pr—g(c)
r*£e

_ 1 f(t) T grmc(t)exp(—(20)%) | frirec(t)
=10 (HE 2(t)s >< ep(@7) T s >
£()

(2te2000 + 20) 07

g, 17,r,0 (1) exp(—(2t)?)
(’C' I op(—(@ne)  EETC

O

n3/2
where

6/ (t) g,k (t) exp(—(2t)?)
q(t) 1 —exp(—(2t)?)

f(t) g 50m,0(t) exp(—(2)%)
q(t) 1 —exp(—(2t)?)

hy (t) = |C| 2(2t)2

+[Clfrrr,0()2(2t)2 + 3|C]
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Note that when |C| > 1 then z4 1 .. () < (2t)5Dg()*M) =) (1 — exp(—(2t)?))
and that (2t)%(—4t?) < 15 when a < 10 thus

hi (t) < |C|(4320t + 8t + 270) f, 1 x.c(t)
< |C|(4328t + 270) fr 11 k0 ()
< (47608t + 2970) fr 11 x.0 (1)

as |C| < 11.
Finally
L (4Ofrirno®)  pen o 2 (10 Frarso®) nf2(r)
Qi) 5o = q(t) S n3/2
2fr.gr.mc(t) nf2(r))
< 19~ Yy
- Sor n3/2

Define h (t) = hi (t) + hg (t) + h3 (t) + 2f, 1 x.c(t) and note that
h* () < (600(2t)® + 550kmmaq + 47608t + 2970) fr, jr .0 (t)

and that we have shown that

ht (t) ) nfa(rd)

+ N G
Xgarwcll) = <%,J,F,n,c(t)i YR

So

Now for X ;1 ~(i). We have that

E(Xg srmc(d) =

> Y. (Cop i)+ Ay (@)

FEE(T)\E(J) g€=¢,7,r,x,c (%)

(4)

X¢7(K3){T,6}7(K3)7‘7® (Z)
aut(K3)

ceC 9E€EG, 5T, r,c (1) $:r—g(c) 7, 665; Ks)
r%+e

:t 1 . Z (fT’,J,F,K,C(t> > \/ﬁan'r’yJ
Q) ‘ So
9EEy, g1k, (1)
where the last term is the usual error term for counting the same open pair multiple
times. Note that from this point on we will not consider the terms resulting from
overlaps as we are in the event H;, we have that the total error caused by them is at
most f, jr...c(t)y/nn/27) /nt/11 and that we have to consider at most log? n pairs,

thus the last term already takes them into account.
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Fix f € E(I')\E(J). Now we examine each term in the sum separately. The first
term is

- q(lt) (1 + ;(]1:)(2) (xr JTrc(t) £ fuzic(t)>
(Q(Qt)Qq(t) " 6J;§t)> n:;;;)

where

he 1) = S0

) T, g0 e,c(1)2(28)2 + fr g0 k,0(1)2(2t)2

+ ﬂcr,J,F,n,C(t)(Zg) + o(Brarkc(t))

< (144((2t) + 1)(2t) + 8t +36((2t)° + 1)) fryr.mec(t).
The second one is

1
Qi)

Z Cg(f)vl(i)

9EEg, J,1,m,c (2)

() (s 222

16 nfa(rJ)
(;(2t)92q(t) exp(—(26)%)°(9 + £(1)) £ iaf(t)) e
ho nf2(rJ)
= (xr,J,F,n,C(t) (;(2t)92 exp(—(2t)2)6(9 + 5(t))> + 159];.(75)) n3/2
where

B (1) = 6/ (t)

I (0320 2exp(—(207)°(0 + €(0)
+ %(2@92 exp(—(26)2)5(9 + £() frurmc (t)
+ q(lt)xr,J,r,n,c(tﬂmf(t) +0(Brarm0)

< (36 4+ 1+ 2'e((2t)? + 1)) frurmc(t)
< 22°((2)° + 1) frur o (b).
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The third term is

1 .
Q) Z Cy(f),2(%)

9E€E¢, 1 k,c (1)

= iy (1 fie) (oot = 2220

<2(2t)72q(t)(1 — (exp(—(2t)%))°) + 29f(t)> 4 frarmc®)n0)

Sy So n3/2

) (1:vr,J,p,ﬂ,c<t>2<2t>72q<t><1 — (exp(—(26)%)°) +

hif(t) an(T‘,J)
q(t) So

n3/2

where

By (1) = 62”53%,];,“,0@)2(%)72(1 ~ (exp(—(20)2))°)
+ fr,J,F,n,C’(t)z(zt)72<1 - (eXp(—(Qt)Q))6)
+ 29@$T,J,F,H,C(t) + o(Br,yr k)

q(t)
< (220" + 1)) frarmot)-

The fourth term is:

o > Cunald

9E€E¢, 1 x,c (1)

- L <1 + 67(0) ) (:z:r,J,p,H,C(t) + M)

0 \'* 05 -
(sn(2(2neatey = PO 0
- (q(lt)wT,J,r,n,ca)m(f)z@t)<2q<t>> s 1ot (t)) o
where
i) = 61 an s 0s( 1020
I ORI + 186 T 000) + o 0)

Note that if x(f) > 1 then
2g,00m0(1) f(1) < 2e((2)” +1)(28)% exp(—(26)*)° fryr .0 (t) /4
and (7.7) implies that

hy () < (9726(f) 4+ 966(f)1) fror,k,c

<
< (972]€m(zm + 96kma:pt)fr,J,F,n,C-
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Finally fix ¢ € C and note that for every g € =, jr...c(i) we might not be count-
ing a constant number of these, when the edges which would create the mutual

neighbour are also required for the completion of I'. Therefore

1 X6,(K3) ey (K3)r,0(E)
oW 2 22 i ()

9E€ES 1T r,c (1) $:r—g(c) re€E(K3)
r*e

- <1i 6f(t)) (wr,J,F,H,C'(t) + f"”C(t)) (2(2t)2q(t) + % (t)> nf2)

q(t) q(t)ss So Sy n3/2
B ho (t)\ nd2())
— (4(2t)$7‘7]71“7,§7c(t> ZI: 30.> n3/2
where
h; (t) = ﬁff))xr’J’F’“’C(t)éL(%) + fr,JJ‘,,@,C (t)4(2t) + 6“:;((35)).%7"’45%1*7,{’0@)

< (144((2t) + 1)(2t) + 8t +36((2t)° + 1)) fryr.mc(t).

Define h™(t) = ZfeE NE) Moy + hy ythyt hy ot Yoecche +2frirkc(t)
and note that
h™(t) < 1000k q0t + 10000k 42

and that we have shown that

h— (t)> nf2(rJ)

E(Xg jrrc() = (xq_ﬁ,J,F,n,C(t) + 32

So

Define h(t) = 1000k;q:t + 10000k;,q, and note that ht(t), h=(t) < h(t). We also
have that

2h(t) < f;,J,F,n,C(t) = (1+0(1))(24W (2kmazt + kmaz))

as W = 420 completing the proof. n

Now for the last set of random variables Zy ;1 . 5(%).

Lemma 7.13
Forall0 <i <mand (¢,J,1',k,C,S) € Z,, whenever G;\H,; holds there exists a smooth
function h, jr ..c.s(t) such that

, h )\ nf2(r))
+ _ rJ,0\w,C, S
B2 1pcs01) = (0 oS ) 20

and .
frarecs(t) > 2/ hg i1 .k,0.8(T)AT + Br iy k.C.S-
o
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PROOF Note that the expected decrease in this random variable is 0. Similarly to

the previous Lemma we have an increase from 3 cases. The first is the expected
change when an edge is added:

1 frodol ke .08 (8) nf2()
> 1+o1)—=> K

3/2
e€E(J) a(t) k>0 So n?/

We also have that for fixed e € E(J) the expected change is

kma:c
1 ZfﬁJe,F,f@e,mC,S(t) < 1 Z 2q<t)fT7Je,Fﬁe,k7C,S(t) +fr,Je,F,K,C,SUe(t)
at) = s a(t) Klsg o

k=0

kma:c
L <Z 2Q<t)fT,J,F,ne,k,C,S(t) + QQ(t)fnJ,F,n,C,S(t))

q(t) — klsey So
(2e) fr.rkcs(t)
So '

The second is when the last copy of (r, (K3 3),) rooted at f is completed. There are
two cases based on the size of S. When S = {f} then

<

1 12 7 » o
(1+ o ))@2(216) (2q(6)) exp(=(26)°) 26,00, o () 575
< ()N, 11 g nf2(D)
< fT,J,F,n,Qs(t) nf2(rJ)
B So n3/2 ‘

On the other hand if |S| > 1 then for a fixed f € S we have that the expected
change is

1 Jrars nf2(rJ)
1 1))—2(26)7(2q(t _(24)2)6 LD kmas, C. 5\
(1+o( ))q(t) (2t)"(2q(t)) exp(—(2t)7) . 7
< frarec.s(t) nf2(rJ) frarmc.s(t) nf2(rJ)
N kmaz!so n3/2 sg nd3/2

Finally the expected change for completing an element c € C

1 r w.C\es(t Ja(r,J) . . ) pf2(rd)
(1 -+ o(1)2(20) g0 LSO IR, o1y fermcsti)n

(t) So n3/2 So n3/2 °
Since in Lemma 7.11 we have established that all other contributions are small we
have that (1) )
t n 2(7,
+ NN
E(Z¢,J,F,H,C,S(l)) = (0 + 5o > n3/2
where

h(t) = (e(J)2e + |S| + CI8) frurw,c,s(t) = o(frrw0.5(t))
completing the proof.
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Corollary 7.14

For every o € 1 whenever G; N H; hold then there exists a smooth non-negative function

he(t) such that
B ) = (o2 £ 220 2,

So
and

fo(t)>/0 ho (7)dr + B,

7.2.5 Boundedness hypothesis

Note that the boundedness hypothesis holds whenever H; and G; hold as the event
& 2 H; guarantees it. Next we verify the initial conditions.

7.2.6 Initial conditions
Lemma 7.15

For all o € T we have that:

X,(0) = (xg(()) + B") Sy

3ss

PROOF Note if X;(0) = 0 then z,(0) = 0 and we are done. In the remaining cases

either o € 7, in which case we are considering Q(0) and we have that

Qo(0) = (Z) - Ti +0(n) = (; +0 (i)) n2.

Note that go(0) = 1/2 and that n=! = 0o(1/s,) = 0(Bo/s,). Otherwise we have
to consider ¢ € Z, where o is a quintuple (¢, J,I', k, C) where e(J) = 0, « is the
constant 0 function and C' = {). In these cases we have that Xy jr xc(0) = [1n]yr)—2

and recall that J is a spanning graph of I' and thus f5(r, J) = v(I") — 2. Since

(D) — — ﬁr, Tk,
|nm2wmyﬂ=MnU=o(Jrc)

So

hence the boundedness condition holds. -

7.2.7 Bounded number of variables
Lemma 7.16

Forall j € V and o € Z; we have
max{[V], |Z;[} < e*

PROOF Note that u, = log®n and thus e% = n!°¢™. Also note that |V| = 4 and that
IZ;| < O(n?log™") n) < nlos™. -
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7.2.8 High probability events
For the following proofs we will need the following result of Spencer [41].

Theorem 7.17 ([41])
Let (R, F') be a strictly balanced rooted graph where R forms an independent set and fix
€,0 > 0. Fix S C V(Gy,p) such that |S| = |R| and let X g p denote the number of copies of
(R, F) rooted at S in Gy, ,. Then there exists a K such that if p satisfies E(Xg r) > Klnn
then

P(|Xs,r — E(Xsr)| > eB(Xsr)) < o(n™°).

Actually we will only need the following corollary.
Corollary 7.18
Let (R, F) be a strictly balanced rooted graph where R forms an independent set and con-
sider G, p, with p = n~1/2%°0). Define a = max{0, fo(R, F)}. Then for every fixed § > 0
we have with probability 1 — o(n=°%) that the maximum number of copies of (R, F) rooted
atany S C V(G p) such that |S| = |R| is ne+o(l),

PROOF Let X denote the number of copies of (R, F') rooted at S in G,,, when
p =n~1/2t°() and fix § > 0. Note that E(Xg f) = n/2(tF)+o(1),

First consider the case when E(Xg ) = w(logn). Note that this holds when
f2(R, F) > 0. Applying Theorem 7.17 gives us that

P(Xsr > 2E(Xsr)) = o(n 272

since w(logn) > K logn for every K > 0 assuming n is sufficiently large. Note that
Otherwise let X ;. be the number of copies of (R, F') rooted at S in G, ,y where

~1/d(R,F)

p=n log? n. We have that p < p’ as

E(X} ) = O(n" )~ IFlpe(F)) = 9(log(F) ).
Clearly

P(Xs,r > 2E(Xgr)) <P(Xgp > 2E(Xg p)).-
Applying Theorem 7.17 implies that P(Xs r > 2E(Xg 1)) < 0(n~%72) and note that
2E(Xg p) = n°1). The statement follows by applying the union bound. n

Note that this Corollary also applies to graphs as graphs are rooted graphs with
empty roots.
Lemma 7.19
The event B; satisfies
P[Fi <m: G, N-B;] =o(1).
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PROOF Let (r, F') be the rooted graph composition described in Lemma 7.5 and
note that is is strictly balanced with d(F') = 2. Instead of counting the total number
of these graphs rooted at some open pair in G (K3 ,)s,; we will consider the num-
ber of copies of F' found in G¢(Kj ;)n,m- Denote by Ur the number of copies of F’
found in G(K3 4)n,m- Since G(m) implies that Q(m) > n*~°() thus

P(3i <m:GN-B;) < Zm:IP’(gz N-B)
=1
< iP({Q(z) > n?7°WN-B)
=1
<mP({Q(m) > n* "M} N=B,,)
< mP{Q(m) > n> MY N {Up > n°MY).

3

Note that Up > n°() is a decreasing property and thus we may apply Theorem
4.6 in order to determine this probability. Select A = (3)/Q(m) = n°® and thus
applying Theorem 4.6 gives us that it is enough to have a bound on the probability
that G, , has more than n°(!) copies of F, when p = n='/2+°(1)_ Corollary 7.18 gives
us that this is smaller than n~° for any § > 0. The statement follows by setting
0=2. n

The proofs of the remaining events C;, D; and &; will be similar, however in
these cases we will have to consider rooted graphs which are not strictly balanced.
In order to manage these cases, similarly to Bohman and Keevash [6] we define the
extension series of a rooted graph. Let (R, F') be a rooted graph. Then the extension
series R = By C By C By € ... € B, = V(F) is created in the following way.
If (B, F) is not strictly balanced, then let B;;; be a minimal set which minimises
f2(Bi, Fp,[Bit+1]) otherwise let B;y; = V(F). Bohman and Keevash [6] noted that
the rooted graphs (B;, Fis,[Bi+1]) are strictly balanced and that for i« > 1 we have
that fo(B;, F,[Bi+1]) > 0. Also we have that

v—1
fo(R,F) =Y fo(Bi, Fp,[Bisi))-

1=0

The following results follow from the proofs of Bohman and Keevash [6] which
were necessary for the strictly 2-balanced case. We need to extend their results
slightly as we have a 2-balanced graph and thus we will include a simplified ver-
sion of the proofs.

Lemma 7.20

Let (R, F') be a rooted graph where R forms an independent set and let By, By, ..., B, be
its extension series. Assume v > 1. Define a = max{ f2(Bo, F,), f2(B1,Fp,)}. Then
we have with probability 1 — o(n~2) that for any S C V(Gnyp) with |S| = |R| and

p = n~/2+°(1) that the number of copies of (R, F) rooted at S in G, , is at most n®+°(1),
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PROOF Note that Corollary 7.18 is a special case when B; = V(F). Note that
according to Corollary 7.18 we have with probability 1 — o(n™2) that for any 0 <
i <v—-1land any S C V(G,,p) with |S| = |B;| that the number of copies of
(Bi, F',[Bit1]) rooted at S in G, ;, is at most pmax{fa(Bi,Fp, [Bi1]).03+0(1)  Note that
fa(Bi, Fp,[Biy1]) > 0 fori > 1. Also since 3.~ fo(Bi, Fg,[Bit1]) = f2(Bi1, Fg,)
thus the total number of copies of (R, F') rooted at any set S with |S| = |R| in
V(G p) it at most

nmax{f2(Bo,Fp,[B1]),0}+o(1) , f2(B1,Fp, )+o(1) _ ,ato(1)

as fa(Bo, F,[B1]) + f2(Bi, F,) = f2(Bo, F,) n
Lemma 7.21

Let (R, F) be a rooted graph such that R forms an independent set and for every R C
B C V(F) we have that fo(B,F) < a for some a > 0. Then we have with probability
1 — o(n™2) that for any S C V(G ) with |S| = |R| and p = n=/2+°() that the number
of copies of (R, F) rooted at S in Gy, is at most n®+o(),

PROOF Let By, By, ..., B, be the extension series of (R, F'). We have to consider 3
cases when By = V(F) when B; = V(F) and when neither of these hold. The
case By = V/(F) is trivial as there can be only O(1) copies of F' rooted at S which

is less than n°(Y). In case By = V(F) then we can apply Lemma 7.20 and since

fo(Bi1, F,) = 0 there are at most n™*/2(B0.F'5,).0}+0(1) < pato(l) copjes. The
final case also follows from applying Lemma 7.20 as both f»(By, Fg,) < a and
f2(B1, Fp,) < a. n
Lemma 7.22

Let (R, F') be a rooted graph such that R forms an independent set and for every R C B C
V(F) we have that fo(B, F) < a for some a > 0. Let U; denote the event that for every
J < i we have that for every S C V(G ¢(Kj 4)n,i) the number of copies of (R, ) rooted at

S'in Gy(K3 4)n,i is at most n®*t°), Then we have that
P(Ji <m:G;N-U;) =o0(1).

PROOF Note that G,,, implies that Q(m D thus

P(3i <m:G N-U, P(Gi N —U;)

Ms HMS 2

IN

P({Q(i) > n*~ "} N —lh)

IA
i

mP{Q(m) > n?~°WY N =u4,,).
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Note that 4, is a decreasing property and thus we may apply Theorem 4.6 in order
to determine this probability. Let p = n~/2t°() and let I; denote the event that
for every S C V(G,, ) the number of copies of (R, F) rooted at S in G, , is at most
na—i—o(l) .

Select A = (3)/Q(m) = n°() and thus applying Theorem 4.6 gives us that
P{Q(m) > n>~ "W} N -Uy,) < P(-U) + o(n?).

Lemma 7.21 gives us that P(—/) = o(n2) and the statement follows. n

Lemma 7.23

Let (r1, F1) and (ra, F») be strictly balanced non-trivial rooted graphs, such that vy and ro
are non-edges and d(r, F1) = d(rg, F») = 2. Let (g1, g2, F') € (1, F1) & (r2, F2) and let
Sg1.92,F © B C V(F). Then we have that

fg(B, FB) < 0.

PROOF Define B; as the maximal subset of V (F}) such that g;(B;) C B and sim-
ilarly let B; be the maximal subset of V(F3) such that g2(B2) € B. Also define
Ty C V(F1), To € V(F3) as the maximal subsets such that g, (71) C V (T, 4,,7) and
g2(T) € V(Tg, go.7)- Let e(B1\T1,T1) denote the number of edges between B\
and 7T and e(B2\13, 1) is defined analogously

Note that

f2(B, Fg) < fao(B1, (F1)B,) + fo(B2 U Ty, (F2)Byur,) — e(B2\12,T2) /2
f2(B, Fg) < fo(B1 U T, (F1)Byun) + f2(Ba, (F2)B,) — e(Bi\T1,T1)/2

as the first inequality might ignore some edges in E(F;[By U T5]) and the second
some edges in E(F1[B; UTi)).

Note that since (R, F1) and (Rq, F») are strictly balanced rooted graphs we
have that for i=1,2 and every R; C S C V(F;) that f2(S, (F;)s) < 0 where equal-
ity holds only if S = R; or S = V(F;). It is enough to consider the case when
each of fo(B1, (F1)p, ), f2(B2 U Tk, (F2)Bur,), f2(B1 UTh, (F1)Byur), f2(Bz, (F2)B,),
e(B1\T1,T1), and e(B2\T3, T3) is zero.

Note that we have that B C V(F) thus either By C V(F}) or By C V(F,) and
without loss of generality we may assume that By C V(F}). Since fo(B1, (F1)B,) =
0 we have that B; = ry. Since f2(Ba, (F2)p,) = 0 we have that either By = 73 or
B, = V(F3). However the second contradicts the assumption that e(7y, 4, ) > 0
as in this case no edge in g1 (E(F")) is spanned by B and every edge in g2(E(F3)) is
spanned by B.

114



7.2 DIFFERENTIAL EQUATION PROOF

Thus we have that B; = r; and By = r2. Note that neither B; or B; spans any
edges and thus we have that 77 € By and T € Bs. We also have that B; U1} =
V(F1) and By U Ty = V(F). Since e(B;\T1,T1) = 0 and because (r1, F}) is non-
trivial we have that 71 = V(F}) and similarly 7, = V' (F3). Therefore the two copies
overlap on every vertex and ¢g;(r1) = g¢2(r2) = B. However this means that the
graph we are considering is a copy of (11, 1) with an additional edge added, and

the statement holds. -

Lemma 7.24
The event C; satisfies
PEZ <m:G;N —|C,L] = 0(1)

PROOF Recall that C; was the event that for every j < i we have that

e for any pair of vertices u,v € V(G (K3 4)n ;) with u # v and for any rooted
graph (r, I) € {(r1, (K3 4)r,), (v, (K3)r), (r, (K3,3)r) } we have that the number
of edges which when inserted into G¢(Kj ,)n,; would create multiple copies
of (r, F) rooted at u, v is at most f(t)y/n/n'/1!

e for any four vertices uq, uz,vi,v2 € V(Gf(K:;4)n,j), with u; # vy, ugs # v9
and for (r1, F1), (r2, F2) € {(r1, (K3 4)r), (r, (K3)r), (r, (K33)r)} the number
of edges which when inserted into G (K} 4)n,; would create both a copy of
(r1, F1) at {ug, v} and (ra, F») at ug, vo is at most f(t)y/n/n'/11.

Note that inserting this last edge would not only create a copy of (r1, F) rooted
at fi and a copy of (r2, F2) at f, but also it would create a copy of a rooted graph
(Rg, go.F, F) for some (g1, 92, F) € (r1,F1) ® (2, F») rooted at fi U fo. A similar
argument holds for creating multiple copies of (71, F1) at f.

We will show that the maximal number of copies of (Rg, 4,7, Fe) for any e €
E(F) rooted at any set S C V(G¢(Kj3,)) such that [S| = [Ry, g, F

Note that f3(B, (F.)B) < f2(B, Fp) + 1/2. We also have by Lemma 7.23 that
f2(B, Fp) < 0for Ry, 4, r € B C V(F)and note that f>(B, F) < 0 is equivalent to
f2(B, Fg) < —1/2 and the result follows by applying Lemma 7.22. n

is no(),

Lemma 7.25
Let (ry1, F1), (ro, F) be strictly balanced non-trivial rooted graphs such that r1 and ry are
non-edges and let (g1, g2, F') € F1 ® F; such that the following hold

o gi(E(F1)) N g2(E(F)) # 0
* g2(r2) € g1(V(F1))
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e g2(E(F2)) € g1(E(F1))

Then for any ¢g1(r1) € B C V(F') we have that f»(B, Fg) < 0.

PROOF Define B; as the maximal subset of V (F}) such that g;(B;) C B and sim-
ilarly let By be the maximal subset of V (F3) such that g2(B2) C B. Also define
Ty C V(F,) as the maximal subset such that g2(7%) C ¢1(V(F1)) N g2(V (F2)). Let
e(B2\T2, T>) denote the number of edges between B2\T and T5. Note that

fo(B, FB) < fo(B1, (F1)B,) + f2(Ba Uy, (F2)Byut,) — e(B2\ T2, T2) /2.

Note that when 7, C B, then this is equivalent to Lemma 7.23. So we will
assume that B Ny C 7. Again it is enough to concentrate on the case when
each of fa(B1, (F1)p,), f2(B2 U Ts, (F2)B,ur,), e(B2\T2,T2) is zero. We have that
f2(Bi1, (F1)B,) = 0 only if either 1y = B; or V(F) = B;. However this second case
is ruled out as g2(r2) € ¢1(V(F1)) and g2(r2) € B. Clearly ro C T3 and since it
spans no edges we have that ro C T5. Therefore since f2(B2UTy, (F2)p,ur,) = 0 we
have that B, U Ty = V(F3). Note that if (ro, F3) is strictly balanced it is connected.
Therefore since e(Bs\T2,T2) = 0 and V(Fy) = By U T; we have that Bo\Ty = ().
Thus we have that V(Fy) = T3 thus g2(V(F2)) € ¢1(Vr ). However this implies
that (g1(r1), F) is just a copy of (1, F1) with some additional edges added. The

statement follows. -

Lemma 7.26
The event D; satisfies
]P)[HZ <m:G;N —|'Dz] = 0(1)

PROOF Recall that the event D; holds if for every j < i we have the following.
Select (r,I") € {(r, (K3)), (1, (K3,3)r), (r1, (K3 4)r, )} and let (r, J) be a proper span-
ning subgraph of (r,I'). Also let (r2, F) € {(r, (K3);), (r, (K33)r), (r1, (K3 4)r )}
Then for any (g1, g2, F) € (J®F») such that g2(r2) C ¢1(E£(J)) and g1 (E(I')\E(J))N
92(E(Fy)) = 0 we have that for any pair of distinct vertices u,v € V(G (K3 ,)n.;)
the number of edges which when inserted into the graph would create a copy of
(91(r), F) rooted at {u, v} in G¢(K3 4)n,; is O(nf2(n)ne),

Fix (ro, F») € {(r, (K3)), (1, (K33)r), (r1, (K3 4)r, )} and we will show that there
are at most n/2(n/)+°(1) such edges. We are looking for the number of copies of
(91(r), Fe) rooted at {u,v} in Gf(K3,)n,; for some fixed e € E(Ty, g, 7). Lemma
7.22 implies the result if we have that fo(B, Fp) < fa(r,J) for every g1(r) C B C
V(F).
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Note that for the same g;, go we have that (g1, 92, F') € I’ ® F; such that all
the conditions of Lemma 7.25 apply as in case the last condition did not hold there
would be an edge in E(I')\ E(J), a case which is not considered. Note that any
() € B C V(E) that f-(B,(F)p) < fa(B,(F)p) + (e(T) — e(J) + 1)/2 =
f2(B, (F")B) + fa(r,J) + 1/2. Lemma 7.25 gives us that fo(B, (F')p) < —-1/2. =n

Lemma 7.27

Let (1, F1), (r2, F2) be strictly balanced non-trivial rooted graphs such that ry and ro are

non-edges and let (g1, g2, F') € F1 ® F; such that the following hold
e g2(r2) C g1(V(F1))

o g2(E(F)) € g1(E(F1))

Then for any g1(r1) € B C V(F) we have that fo(B, Fg) < 0 and equality holds only if
B =V (F)and g1(V(F1)) N g2(V(Fy)\r2) = 0.

PROOF Define B; as the maximal subset of V' (F}) such that ¢;(B;) C B and simi-
larly let By be the maximal subset of V' (F3) such that g2(B2) C B. Lemma 7.25 gives
us that the statement holds when ¢, (E(V (F1))) N g2( E(V (F2))) # (0. Otherwise let
T = g1 (V1) N g2(V2\r2). We have that

f2(B, FB) < f2(Bi, (F1)B,) + fa(r2 U Ba, (F2)B,) — [T\B.

Next we examine the cases when all of these terms are zero. As always we have
that fo(B1, (F1)p,) = 0if By = r; and when By = V(F}). In case B; = r; then
ro N By = (0 and By # (), thus fo(ro U Ba, (F2)p,) < 0. On the other hand if B; =
V(Fy) then By # V(F3) so we only have to consider the case when By = 73, in
which case 7'\ B = () completing the proof. n

Lemma 7.28

Let (r,T') be a strictly balanced rooted graph with density 2 such that r is a non-edge.
Let (g1,92,93,F) € I' ® (K33)r ® (K3)pe such that ga(r) C g1(V(J)), g2(E(F2)) €
g1(V(F1)), and g3((K3)re) Ng2(V((K33)r)) = g3(r). Then we have that for any g (r) U
gs(e) C B C V(F) we have that

fQ(B, FB) < 0.
PROOF Let V' = gl(V(F)) U gg(V((Kgyg)r)). Note that

fQ(BvFB) < f2(B N VlaFB[V/])'
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Lemma 7.27 gives us that fo(B N V', Fg[V']) = 0only if BNV’ = ¢;(V(I')) and
g (V(I) N g2(V((Kss)r)) = g2(r). Let V' = go(V((Ks3)r)) U gs(V((Ks)re)
For the remainder of the proof assume that BNV’ = ¢;(V(T')) and ¢1(V(I))
gQ(V((K&g)T)) = gg(?“). Then we have that

).
N

f2(B,Fp) = f2(BNV", Fg[V"]).

Note that g2(r) € BNV". Therefore Lemma 7.27 implies that fo(BNV", Fg[V"]) <0
as BNV" % go(V((K33)r)) completing the proof. n

Lemma 7.29
The event &; satisfies
P[Fi <m:G;,N=&l =o(l).

PROOF Recall that &; is the event that the boundedness hypothesis holds i.e.

Xi < ﬁg & _ ﬁo’nasa .
7T 2o us  nt/1llogdn

We will show that these bounds hold on a case by case basis. In every case
we will need an upper bound on the number of some rooted graphs (R, F') rooted
atany S C V(G¢(H)y,;) such that |S| = |R|. Similarly to the previous cases our
aim is to determine an upper bound for f>(B, Fiz) and then apply Lemma 7.22 to
determine the upper bound.

We start by analysing the case when our random variable is Qx (i) and Y,(7).
Assume that the edge inserted in step ¢ is f. Then the change in these variables
is determined by the number of copies of (r, (K33),.) rooted at f, the number of
copies of (r1, (K3 4)re) rooted at f and the number of copies of (r, (K3).) rooted
at some non-edge of some copy of (7, (K33),) rooted at f. Note that for any strictly
balanced rooted graph (r,I') such that d(r,I") = 2 we have that for every r C B C
V(T') that fo(B,I'g) < 0 and thus after removing an edge from it we have that
f2(B, (Te)5) < 1/2. Since there are at most n°(!) copies of (r, (K33),) rooted at any
pair of vertices Lemma 7.22 implies that the maximal change is at most n!/2+°(1),
which satisfies the conditions.

Now for X4 jr.x,c(i) and Zy jr x.c,s(i). In these cases we aim to show that the
maximal change can be bounded by S,7°(") /\/n which implies the result. Let (r, .J)
be a subgraph of a strictly balanced rooted graph (r,I"). The first case considered is
when inserting an edge creates the last edge needed in (, J). We bound the number
of such copies created by inserting an edge, by giving bounds on the number of

rooted graphs (r U e, J.) rooted at any set S C V(G ;) with |S| = |r U e| and
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p = n~1/27°(1), We have that for any rUe C B C V(J) that f2(B, J.) < f2(B,Tp) +
(e(T)—e(J))/2 = fa(B, ')+ fa(r,J) ase C B. Alsosince (r,I") is a strictly balanced
rooted graph we have that f>(B,I'p) < —1/2forany r; Ue C B C V(I') and the
statement follows from Lemma 7.22.

The second case we consider is when a mutual neighbour of a non-edge of a
copy of (r,(K33),) rooted at a specific non-edge of a copy of (r,J) rooted with
respect to ¢ is completed. In order to estimate the maximal change caused by com-
pleting such a construction we aim to bound the number of copies of the rooted
graphs (g1(r) U gs(e), F') rooted at any set S C Gy, such that |S| = |gi(r) U
g3(e)| where (g1,92,93, F) € J ® (K33)r ® (K3)re such that g2(r) € g1(V(J)),
92(E((K33)r)) € 1(E(J)) and g3(V ((K3)re)) N g2(V((K33)r)) = g3(r). This fol-
lows in the usual way from Lemma 7.28 and Lemma 7.22.

In the remaining cases let (r,I') € {(r,(K33):), (r, (K3)r), (11, (K34)r,)} and
consider (g1, g2, F') € J ® I'e such that g2(r) € g1(V(J)) and g2(E(Te)) € q1(E(J])).
Note that the maximal number of copies of (g1(r) U g2(e), F) rooted at any set of
vertices S C V(G p) with |S| = {g1(r) U g2(e) } is an upper bound on the maximal
change in these cases. Note that B # ¢1(V(J)), as g2(e) € B and ga2(e)  V(J).

Therefore the result follows from Lemma 7.27 and Lemma 7.22. -

Corollary 7.30
The event H,; satisfies
P[Fi <m:G;N—H;] =o(1).

PROOF Follows trivially from the fact that H; = B; N C; N D; N &; and that
P[Hi <m:G;N —|’H1] < Z P[Hi <m:G;N —|SZ} = 0(1).

SE{AB.LC,D,E} -

7.2.9 Additional technical assumptions
Lemma 7.31

The additional technical assumptions hold.
PROOF Note that u, = w(1). Also note that by definition A, /5, = n° therefore
s =n%? >=151log? nlog n(n"/?*=n%)? = 15us7e (g Ao/ Bs )2

also

s =n32>9pl/2eps = 9555/ Bo -
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7.2 DIFFERENTIAL EQUATION PROOF

We also have that
s Ba n3 /2

3/21
Bs,hy 18022 =M un®?\floglogn < 81 _ o
Sg Ao n

1944 1944

Also

sup qz:(t) = O(kmar(t)Qk(t)) = O(kmaztﬁk) = O(Bkna)
0<t<m/s

sup a:f(t) = O(kmaztBs) = Bon®.

0<t<m/s

We also have that )
[ hwlar < .
0

Clearly we may set h,(t) = f/(t)/2 and thus
hU(O) = O(kmax)ﬁa < n1/22,60' = SJAJ.

Finally:
m/s
/ o (D)dt < ho(m/s) < fo(m/s) < n'/?2B, = s5).
0
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